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1. Introduction

Sensing of COVID-19 spike protein in
nasopharyngeal samples using a portable surface
plasmon resonance diagnostic systemt

Hiba Saada,® Quentin Pagneux,? James Wei,® Ludovic Live,” Alain Roussel,

Alexis Dogliani, Lycia Die Morini,© llka Engelmann,® Enagnon Kazali Alidjinou,®
Anne Sophie Rolland,® Emmanuel Faure, Julien Poissy,” Julien Labreuche,’ Gil Lee]
Peng Li; Gerard Curran, Anass Jawhari,* Jhonny A. Yunda, ®' Sorin Melinte, @'
Axel Legay,' Jean-Luc Gala,™ David Devos,®

Rabah Boukherroub? and Sabine Szunerits @ *2

Rapid, yet sensitive and accurate testing concepts are critical in the control of spreading diseases. With the
COVID-19 pandemic still ongoing, the need for efficient, fast and accurate testing of the infection state of
children and the elderly traveling as well as people with symptoms has not declined. Most current methods,
which are highly sensitive, are rather slow and cannot be applied at the point of care. While rapid antigenic
tests ascertain only high viral burden, here, we demonstrate an alternative, rapid point-of-care diagnostics
with the ability to sense low viral loads. The goal of a portable and fast quantitative diagnostic device has
been achieved via the use of VHH-72-Fc, a nanobody featuring high binding strength to the spike 1
glycoprotein of the SARS-CoV-2 viral envelope, a surface plasmon resonance sensing approach, and
machine learning for predicting the cut-off value between positive and negative nasopharyngeal
swab samples. The concept was validated on 119 nasopharyngeal samples, 50 positive and 69 negative, as
identified by reverse transcription quantitative polymerase chain reaction (RT-gPCR) tests, showing a 88%
positive percentage agreement and a 92% negative percentage agreement, as compared to RT-qPCR.
Simple artificial neural network data processing revealed the influence in the sampling time to achieve
unigue performance in terms of speed, specificity and sensitivity. These sensing features combined with no
sample preparation and portability of the diagnostic device suggest that this approach is well-adapted to
be operated in hospital or laboratory located diagnostic centres.

reaction (RT-qPCR)-based technologies of high accuracy and
specificity."™ Yet, the impact of RT-qPCR is hindered by slow

The recent pandemic caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has highlighted the
importance of analytical approaches, which are currently
divided into rapid antigenic detection with limited sensitivity,
and reverse transcription quantitative polymerase chain
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delivery of results, with rapid testing based on enzyme-linked
immunosorbent assays and lateral flow assays technology
often preferred as pre-screening methods with results
available in 10-20 min.* With a cycle threshold (Ct) cut off
correlating to Ct = 28 in the best cases, concerns regarding
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the high frequency of false negative results raised research
efforts in finding alternative strategies to real-time RT-qPCR
tests. A large number of electrical and electrochemical
approaches have been proposed as point-of-care strategies,”®
with an original COVID-19 detection using an organic
electrochemical transistor.” The combination of a solution-
processable conjugated polymer as a transistor channel
together with nanobody-SpyCatcher fusion protein surface
receptors allowed SARS-CoV-2 spike protein (S1) detection in
nasopharyngeal swab samples of different viral loads.” Similar
to other coronaviruses, the surface of SARS-CoV-2 is decorated
with spike glycoproteins that bind host angiotensin-
converting enzyme 2 (ACE2) receptors to mediate the fusion
of viral and host cell membranes.” Targeting the spike
glycoprotein is considered a direct way to measure the
COVID-19 infectivity state of a patient,"®™* which is different
from the most commercial antigen kits targeting the
nucleocapsid protein."® Some of us have recently reported on
an efficient electrochemical platform for the quantification of
SARS-CoV-2 viral particles in nasopharyngeal swab samples
based on the functionalization of gold electrodes with highly-
oriented Llama nanobodies specific to the three N-terminal
receptor binding domain (RBD) of S1."* The electrochemical
sensor provided results in 10 min of exposure to 200 uL of
unprocessed nasopharyngeal swab samples with an efficiency
of 90% positive and 90% negative percentage agreement on
clinical samples, as compared to RT-qPCR.

The goal of this study was to develop an optical biosensor
in the form of a portable surface plasmon resonance (SPR)
point-of-care device through a nanobody-modified SPR chip
for the detection of SARS-CoV-2 in nasopharyngeal samples.
The label-free sensing ability of plasmonic-based sensors,
allowing real-time sensing together with short response times
of some minutes, with the possibility of sensing in
multichannel format have made this testing approach widely
accepted.” The interest of SPR is broad and includes its use
for the wunderstanding of avidity-induced affinity
enhancements for the SARS-CoV-2 spike protein and ACE2
interaction,'® a screening approach of affinity constants
between bioreceptors and viral proteins,’”*® as well as a
rapid diagnostic tool for detection of SARS-CoV-2
antibodies'® involved in severe acute respiratory syndrome>’
and more recently for the diagnosis of COVID-19
infection.>** While the large size of the instrument has
been a limitation for a large implementation in diagnostics,
portable SPR devices in the wavelength interrogation
mode®™***” display unique point-of-care features allowing
viral sensing under safe conditions and optimal detection
protocols offered by emerging machine learning tools.®
Huang et al®" developed recently a spike protein
specific plasmonic sensor and tested its performance on a
SARS-CoV-2 pseudovirus. The format is based on SARS-CoV-2
monoclonal antibodies as surface receptors and gold
nanoparticles labelled with ACE2 protein or SARS-CoV-2
monoclonal antibodies for signal amplification. This
sandwich SPR-based immunoassay format achieved a
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theoretical detection limit of 370 viral particles per mL. While
this sensor has potential to detect SARS-CoV-2 in
nasopharyngeal swab samples, its real performance has not
been discussed.

Herewith, we show the performance of a portable SPR
sensor (Fig. 1a) using a direct detection scheme for SARS-
CoV-2 using VHH-72-Fc bioreceptors (Fig. 1b) referring to
VHH-72 fused to a human IgG1 Fc domain by a GS(GGGGS)2
linker, as reported by Wrapp et al'” The VHH-72-Fc
nanobodies were immobilized on SPR chips via a carboxylic-
acid functionalized polyethylene glycol (PEG)-surface anchor,
where the presence of the hydrophilic PEG chain suppressed
efficiently non-specific adsorption of proteins and cells
present in the transport medium used for collecting
nasopharyngeal swab samples. Validation on 119
nasopharyngeal samples (50 positive and 69 negative) showed
a 88% positive percentage agreement (PPA) and a 92%
negative percentage agreement (NPA), as compared to RT-
qPCR. A clear correlation between the Ct as determined by
RT-qPCR and the RU indicated by 15 min SPR sensorgrams
is observed (Fig. 1c). Furthermore, with the access to raw
clinical data, machine learning (ML) methods®>*® have been
applied to grasp the characteristics of SPR sensing curves
and to estimate the cut-off value for assigning positive and
negative responses. Our study highlights that 1 min SPR
sensorgram data is sufficient to match the inferred results
from 15 min sensing data. The novelty of the work resides in
the demonstration, that a plasmonic device with adapted
surface ligands and surface chemistry can indeed work under
clinical settings with reasonable accuracy and good sensitivity
not only for standard solutions but also on real clinical
samples, in this case nasopharyngeal samples. The work
presented here showed that the approach is applicable to the
current pandemic situation by sensing the spike protein of
the SARS-CoV-2 viral envelop, a direct manner to sense viral
infectivity. While the SARS-CoV-2 variants encode mutations
in the virus envelop spike protein, the main advantage using
the S1 protein as sensing target over other viral components
such as RNA or the nucleocapsid protein, packaging the viral
RNA to form a helical capsid, is that no virus lysing is
required to have access to the biomarkers. The possibility to
decrease the sensing time down to 1 min vie ML without loss
in sensitivity makes the approach of interest for fast sample
screening in emergency cases.

The sensing device is competitive with other optical
sensing platforms recently described and developed.’”*® By
engineering gold nanospheres to distinctively bind with the
outer surface of the SARS-CoV-2 virus, the resonance
frequency was adjusted to the visible range (380-700 nm). It
was shown that the broadband absorption of the virus
merges with the visible spectrum when the virus is partially
covered with gold nanoparticles at a specific coverage
percentage and this feature can be used in efficient and
accurate colorimetric plasmon sensors for COVID-19 detection.
Rodriguez Diaz et al. developed colorimetric sensors based on
gold nanoparticles for recognition of SARS-CoV-2 RdRp, E

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Label-free detection of SARS-CoV-2 virus particles in nasopharyngeal swab samples. (a) Portable surface plasmon resonance device used in
this work. (b) Schematic diagram of the plasmonic sensor modified with SARS-CoV-2 S1 nanobodies together with the structure of the VHH-72-Fc.
(c) RT-gPCR categorized nasopharyngeal swab samples into positive and negative, and the corresponding sensorgrams on nanobody-modified
SPR chip. The indicated cut-off between the positive and negative samples (186 RU) is obtained by analysing the SPR response with machine

learning algorithms at different sampling times and sensorgram lengths.

and S structural proteins and were able to detect medium
and high viral loads (>10°-10" viral RNA copies per uL) in
patient samples.?®

2. Results and discussion

2.1. SPR bioassays using VHH-72-Fc nanobody as SARS-CoV-2
S1 specific surface receptor

Despite the nanomolar affinity of VHH-72 for the SARS-CoV-2
RBD reported by SPR," the rapid dissociation is believed to
effect negatively the SPR read out. The bivalence of VHH-72-
Fc, due to the Fc domain of human IgG1 genetically linked
by a HHHHHHRENLYFQG linker to the VHH domain
(Fig. 1), results in nanomolar affinity constant of K = 1.5 x
107° M with a ko of 1.2 x 10> M™* s™* and an improved ko
equal to 1.8 x 107 s7', as determined by the portable P4 SPR
(Affinité Instruments) device (Fig. 2a). Indeed, the
results are comparable to those recorded on a Biacore T200
(Cytiva Life Science) instrument (Fig. S1f) using the same
running buffer. The interaction of the VHH-72-Fc nanobody
with the RBD of SARS-CoV-2 (Fig. 2b) is expected not to be
altered with the current mutations (Fig. 2¢). As seen from the

© 2022 The Author(s). Published by the Royal Society of Chemistry

molecular surface structure of the RBD with the fingerprint
of VHH-72-Fc included, even the 15 mutations of Omicron
variant are not interfering with the RBD/VHH-72-Fc
overlapping positions.

2.2. VHH-72-Fc modified SPR chips towards quantitative
analysis of receptor binding domain (RBD) proteins

Dynamic binding of SARS-CoV-2 spike proteins was
investigated on SPR chips modified first with a short
heterofunctional poly(ethylene glycol) (PEG) linker, HS-PEGg-
COOH, followed by covalent VHH-72-Fc¢ coupling using
standard amide coupling procedure (NHS/EDC) (Fig. 1a). The
immobilization steps were monitored through X-ray
photoelectron  spectroscopy (XPS) (Fig. S2f). Upon
functionalization with VHH-72-Fc, bands corresponding to
Cisy O1s, Szp and Auye were observed. The high resolution Cy
XPS spectrum of Au-S-PEG4-COOH sensing chips reveals
bands at 285.0 eV (C-C/C-H), 286.7 eV (C-S/C-O) and 288.6
eV (0-C=0). Integration of VHH-72-Fc via amide linkage
shows significant change in the C,; feature with bands at
285.0 eV (C-C/C-H), 286.3 eV (C-O, C-N, C-S) and 288.2 eV

Sens. Diagn., 2022, 1,1021-1031 | 1023
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Fig. 2 VHH-72-Fc interaction with the RBD of SARS-CoV-2. (a) SPR
sensorgram measuring the apparent binding affinity of RBD Wuhan
(Acrobiosystems, Ref. SPD-C52H3) to surface immobilized VHH-72-Fc
modified SPR chip. The SPR binding curves were recorded with a P4
SPR (Affinité Instruments, Canada) using as running buffer HBS-P+ 1x
(containing 0.01 M HEPES, 0.15 M NaCl and 0.05% v/v surfactant P20).
Surface modification response of 1 RU is equal to 1 pg mm™2 and the
change of 2000 RU was targeted with VHH-72-Fc. The interaction with
RBD Wuhan (5, 25 and 250 nM in HBS-P+) was recorded at a flow rate of
30 pL min™. The binding curve is colored in black and the fit of the data to
a 1:1 Langmuir based binding curve is colored in red. (b) Representation of
the molecular surface of the RBD (grey colour) together with the VHH72
fingerprint (light green colour). The 3 hot spots (hydrogen bonding with
side chains) are colored in dark green. (c) Representation of the molecular
surface of the RBD | with the 15 mutations of the Omicron variant (salmon
colour). The overlapping positions (light green colour) correspond to
interactions with atoms of the RBD main chain.

(0-C=0 and N-C==0). In all cases, signals of the underlying
Auyy are visible, indicating that surface modifications result
in film thicknesses below 10 nm.

From the SPR signal change as a function of wavelength
after immobilization of VHH-72-Fc (Fig. 3a), the surface
concentration, /, of VHH-72-Fc was estimated as 1.12 ng

mm 2 using eqn (1):
(-l _ Ahspr
r(5) (e ) W

where I" is the surface concentration of VHH-72-Fc (ng cm2),
p the density of VHH-72-F¢ (1.33 x 10° ng mm™), I4 the
penetration distance of the surface plasmon wave (230 x 10°°

1024 | Sens. Diagn., 2022, 1,1021-1031
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mm), Algpr the wavelength difference corresponding to the
minimum in the SPR transmittance curve of the pristine Au
dove prism and after modification with VHH-72-Fc (3.12 x
10™® mm), m the sensitivity of the SPR system (m = 2136 nm
RIU™") and An the difference in refractive index of VHH-72-Fc
(n = 1.54) and the running buffer (n = 1.33) (An = 0.21 in our
case). Indeed, with m being 2136 x 10™® nm RIU™ and 1 RU
(1 RU =1 x 10~° RIU)*® being equal to 1 pg mm >, Alspg of
3.12 nm corresponds to a mass change of 1.46 ng mm™?, in
agreement with the results above using eqn (1).

Exposure of VHH-72-Fc modified SPR gold chips to
increasing RBD concentrations results in an increase in the
SPR response until saturation at ~100 nM, according to RU =
4.15 + 1.05 x [RBD] (nM) (R = 0.9962), with a detection
limit of about 10 + 2 nM from five blank noise signals (95%
confidence level) (Fig. 3b). These results indicate, as shown
previously in several reports,**™** that the portable spectral
mode SPR is well-adapted for precise analytical sensing.

The data can be fitted with a Langmuir isotherm model
(Fig. 3c) according to eqn (2) with RU(c,) being the initial
response units, RU(c..) the response units in the presence of
RBD and K, the affinity constant between VHH-72-Fc and
RBD:

© = RU(Co)/RU(C.) = Ky X ¢ol(1 + Ky X ¢p)- (2)

From the S-shaped curve, a half saturation-constant
corresponding to an analyte concentration to occupy 50% of
the surface receptors of 44 + 6 nM was calculated.

The risk with the direct detection of the virus via its S1
spike protein is that possible RBD mutations might have
reduced binding affinity with the VHH-72-Fc nanobody
epitopes. Fig. 3d screens for the change in SPR signal upon
the interaction of VHH-72-Fc modified SPR chips with
different RBD mutations, in particular the UK, South African
and Omicron variants. The Omicron variant is by far the
most divergent SARS-CoV-2 variant. The S-shaped curves
prove no significant difference towards different UK and
South African mutants. This is in line with the K, values
determined for each mutant (Fig. S31) with the values listed
in Table 1.

2.3. SPR bioassays of SARS-CoV-2 virus in cultured virus
samples

To validate the performance of the SPR interface, the VHH-
72-Fc modified SPR chips were exposed to cultured SARS-
CoV-2 viral particles (clade 20A.EU2, EU variant) of different
concentrations diluted in the SPR running buffer HBS-P+ 1x
(containing 0.01 M HEPES, 0.15 M NaCl and 0.05% v/v
surfactant P20) (Fig. 4a). The running buffer in absence of
SARS-CoV-2 cultured viral particles was used as control blank
group. From the dynamic binding curves of nanobody-virus
interactions, it can be seen that the control solution yields a
10 RU response, corresponding to the background signal.
Fig. 4b depicts the linear relationship between the SPR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Interaction of RBD with VHH-72-Fc modified SPR chips of the portable diagnostic device. (a) Transmittance as a function of wavelength

before (grey) and after (black) VHH-72-Fc receptor immobilization (50 ug mL™) onto the SPR chip via amide linkage to surface attached thiol-
PEGe-COOH (Fig. 1a). (b) SPR response as a function of different RBD concentrations (Wuhan, Acrobiosystems, Ref. SPD-C52H3). The dotted line
corresponds to the detection limit (10 RU) of the SPR instrument. (c) Langmuir adsorption isotherm obtained by plotting the surface coverage (eqn
(2)) as a function of RBD Wuhan concentration. The black curve is a fit to the isotherm determined using eqn (2). The RU value at 400 nM was set
to 1. (d) Langmuir adsorption isotherms on VHH-72-Fc modified gold prims using RBD from different variants: Wuhan (black, Acrobiosystems, Ref.
SPD-C52H3), UK (green, Sinobiological Ref. 40592-V0O8H8), South African (blue, Acrobiosystems, Ref. SPD-C52H), Omicron (violet, Acrobiosystems,

Ref. SIN-C52Ha).

response and the viral load between 5.9 x 10* and 1.9 x 10*
copies per mL with a limit of detection (LoD = (3 x noise)/
sensitivity, with a noise equal to 10 RU) of 2.9 x 10" viral
particles per mL. Indeed, to correlate the RU changes of
Fig. 4a to the absolute number of virions, the number of viral
RNA genomes has to be determined by RT-qPCR for each
viral dilution, assuming that each genome is associated with
a virion.™ Calibration of Ct values to viral copies per mL was
performed lately by us using a commercially available

standard (Exact Diagnostics SARS-CoV-2 Standard SKU:
COV019)." It has to be kept in mind that there is considerable
variability in Ct values of a given concentration when using
different primers and probes and the IP4 assay used here
gives relatively high Ct values compared to some other
techniques.”> The most diluted solution (Fig. 4a) has in our
case a Ct = 40 and correlated to 1.5 x 10* viral RNA genomes
per mL. This concentration is not detectable by the SPR set
up as it is within the background signal. The assumption

Table 1 Affinity constants and ko, and k¢ determined from SPR sensorgrams using different RBD mutants (100 nM)

RBD Reference Ky (M) kofr (s7) kon M5
RBD Wuhan Acrobiosystems Ref. SPD-C52H3 (1.47 +0.3) x 10™° 0.000356 2.4 x10°
RBD UK Sinobiological Ref. 40592-VO8HS8 (1.01 + 0.6) x 107° 0.000365 3.6 x 10°
RBD South African Acrobiosystems Ref. SPD-C52H (1.35 + 0.9) x 10™° 0.000352 2.6 x 10°
RBD S1 Omicron Acrobiosystems Ref. SIN-C52Ha (1.32 £ 0.9) x 107° 0.000762 5.7 x 10°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Performance of the portable SPR functionalized with VHH-72-Fc as surface receptor on cultured SARS-CoV-2 virus samples. (a) SPR
sensorgrams upon flowing cultured viral particles of different dilutions (D1 to D9, 7.1 x 10° to 1.1 x 10° viral RNA copies per mL) over the SPR chip.
The flow rate is 60 pL min™ and the running buffer HBS-P+ 1x (containing 0.01 M HEPES, 0.15 M NaCl and 0.05% v/v surfactant P20). (b) Dose-
dependent response curve toward SARS-CoV-2 cultured virus clade 20A.EU2 (EU variant) using t = 30 min as reading point. The dotted line
indicates the experimentally determined LoD and the solid line is a fit to the data (Hill-Langmuir).

made for linking viral RNA genomes to viral particles is  EU2 (EU variant) was compared to that of clade201/501Y.V1
tremendously important. If a large fraction of the viral RNA (UK variant), clade 20H/501Y.V2 (South African variant), clade
copies is present as naked RNA and not encapsulated inside  B.1.617.2 + AY.1 + AY.2 (Delta variant) as well as clade
the viral particles, the use of viral RNA copies as an  B.1.1.529 (Omicron variant). Fig. 5a indicates that the VHH-
approximation for the number of viral particles leads to an  72-Fc SPR interface detects equally well the UK, South African
overestimation of the number of viral particles. The detection = and EU variants. In the case of the Delta strain, generally
limit of 2.9 x 10" viral particles per mL can be correlated to  larger RU responses were obtained for viral copies >10°,
about Ct = 32.5."* suggesting stronger binding to the SPR linked receptors or
the presence of higher density of S1 proteins on these
virions.

The sensor was tested in addition for its selectivity in
To assess the risk of RBD mutants that could interfere with  discriminating between SARS-CoV-2 and Influenza A H1N1,
the nanobody epitopes (Fig. 2), viral titration of clade 20A.  the causal factor of recent flu pandemics. As seen in Fig. 5b,

2.4. Selectivity and specificity towards SARS-CoV-2 mutants

(a) (b)
250 250
e EU ® H1N1
e UK
e SA
2001 ® Delta 2001
=) ® Omicron =)
e x
o 150 o 150
2 2
o o
Q. Q.
%) 7]
£ 100 £ 100
o 14
(2 o
w [2]
50 50|
0 —— 0 e e ol vl v vl
10°  10°  10*  10°  10° 10" 10°  10° 10* 10° 10° 10"
Viral RNA copies mL™' Viral RNA copies mL™"
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discrimination with influenza A(N1H1) is insured even at
higher viral titers of HIN1.

2.5. Sensor performance on clinical samples

To understand the clinical relevance of the developed sensor,
its performance was evaluated on 119 nasopharyngeal swab
samples (50 positive and 69 negative samples, as identified
by RT-qPCR) collected from patients at a clinical testing
facility. The collection medium for the nasopharyngeal
samples was PBS (1x, pH 7.4). Before analysis, 200 pL of the
collected sample was diluted with SPR running buffer in a
1/50 ratio. Indeed, a negative nasopharyngeal sample when
diluted 1/50 with running buffer displays a background
signal of <30 RU (Fig. S4f), while an undiluted
nasopharyngeal sample and a sample diluted 1/1 exhibited a
response up to 300 RU. Fig. S5 shows complete SPR
sensorgrams for the 50 positive and 69 negative samples.
Using a cut-off value of 186 RU (Fig. 6a), from the 50 nasal
swab samples that had been confirmed by RT-qPCR to be
positive (Fig. 6b), 44 were identified as COVID-19 positive.
With 44 samples correctly identified out of 50, an accordance
with RT-qPCR corresponding to a 88% positive percentage
agreement (PPA) was determined. Out of 69 nasal samples
confirmed by RT-qPCR as negative, 64 were identified as
negative by SPR, revealing a 92% negative percentage
agreement (NPA). The results, notably the PPA value being
equivalent to the sensitivity of the system, are outperforming
most commercial SARS-CoV-2 rapid antigen tests, displaying
sensitivities against the gold standard RT-qPCR ranging from
65 to 89%.** Out of the five false positive (negative
nasopharyngeal samples by RT-qPCR but positive by SPR)
cases, three patients could be indeed classified as confirmed
COVID-19 cases (interstitial pneumoniae and/or pulmonary
embolism with anti-SARS-CoV-2 specific IgM onset, positive
RT-qPCR days later). For the 6 patients in the COVID-19
positive series, showing discordant results between the SPR
and RT-qPCR diagnostics, the medical history was analyzed a
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posteriori and classified as confirmed/probable COVID-19
cases, as defined by World Health Organization.*”> Only one
out of the 6 samples was considered as a false RT-qPCR
positive with no medical history compatible with COVID-19
disease.

To see if quantitative analysis was reached with the sensor
concept, the patient samples were ordered from high viral
loads (Ct = 15) to lower viral loads (Ct = 40) (Fig. 6b).
Infectivity cut off was set at Ct = 33. A correlation of higher
RU values with higher viral loads was crudely observed.

2.6. Machine learning analysis

To assess the influence of data acquisition and preprocessing
on machine learning algorithms, the sampling time was
chosen as 125, 250 and 1000 ms. Additionally, to underpin
the influence that the association stage in the present SPR
method has for COVID-19 diagnosis, measurement intervals
of 1, 5 and 15 min have been selected. For 1 and 5 min
sensorgram lengths, only the beginning of the association
phase is taken into account, while the 15 min sensorgrams
are composed of the full 10 min association stage and a 5
min dissociation stage. A multi-layer perceptron classifier has
been used®** ' and k-fold cross validation (k = 10) has been
implemented to avoid adverse effects of overtraining.*” The
test database consisted of 36 sensorgrams, including 15
positive cases and 21 negative cases. Table S1{ shows the
performance of models trained for sensorgrams with
different sampling and acquisition times. When analyzing
the entire sensorgram of 15 minutes, including both
association and dissociation stages, it is observed that in all
cases, the specificity reaches 95%, revealing the robustness of
the models for predicting negative cases by using the entire
sensorgram. The accuracy increases with the sampling time.
Moreover, for 1 s sampling time, the Cohen's Kappa value is
0.9434. Typically, while the specificity decreases upon
reducing the acquisition time, with 250 ms sampling time
and 1 min acquisition time, it is still possible to match the
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Fig. 6 Performance of the SPR sensor on 119 clinical samples. (a) Correlation between RT-qPCR positive (50) and negative (69) nasopharyngeal
samples and SPR data. (b) Ct values as a function of RU change recorded from COVID-19 patients. Cut-off between positive and negative was 186

RU (dotted red lines).
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results obtained for 1 s sampling time and 15 min
acquisition time. These results obtained for the SPR-based
test corroborate findings of deep learning models that used
datasets with medical images for COVID-19 diagnosis, for
which the sensitivity and accuracy exceeded 90%.%

Within the same data analysis framework, an estimation
of the cut-off between positive and negative classes can be
performed by analysing the SPR response ranges for different
sampling times (Table S2 and Fig. S67), assuming the entire
15 min sensorgram length. In the analysed raw sensorgrams,
the sampling time ranges from 341 to 681 ms. For the
downsampled model assuming 1 s sampling time, it was
observed that sensorgrams higher than a cut-off value of 148
RU were predicted positive, while the upsampled model
assuming 250 ms sampling time provided a cut-off value of
224 RU. Therefore, taking into account the distribution of the
real sampling times, an average value of 186 RU can be
inferred for the present dataset.

Conclusion

The RT-qPCR of nasopharyngeal swab samples is the gold
standard for COVID-19 diagnostics. Even though this method
is reliable and very sensitive, it is time-consuming and costly.
The possibility to use SPR for sensing the SARS-CoV-2 Spike
envelop protein S1 as alternative approach was investigated
here. The strategy relies on the utilization of SPR chips
functionalized with the nanobody VHH-72-Fc receptor. The
sensing approach tested on 119 nasopharyngeal patients’
samples showed a 88% PPA and 92% NPA concordance with
RT-qPCR. The data collected in this work show that the
developed diagnostic test has a high level of sensitivity (88%)
and specificity (92%) due to its concordance with the
reference PCR test, whose relevance is not in doubt. When
compared to antigenic tests reputed to be >90%, most of
them are established according to in vitro laboratory
standards for regulation approval. Many biases reduce the
capacity of the test in real life however with a real-life
sensitivity well below 90% and sometimes close to 60%. The
approach presented here has been validated in terms of
sensitivity and specificity under real conditions of use,
considering all possible inherent biases. As revealed by data
analysis based on feedforward artificial networks in addition,
this work opens up the possibility of point-of-care detection
of SARS-CoV-2 infection due to unique sensitivity and lateral
flow assay-comparable response time and could add strongly
to the current COVID-19 diagnosis scenario.

3. Experimental section
3.1. Materials

3-Mercaptoundecanoic acid (98%), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), ethanolamine, tris(2-

carboxyethyl)phosphine (TCEP) and ethanol were purchased
from Sigma-Aldrich and used as-received. Phosphate saline
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solution (PBS, 1x) was obtained from Thermo Fisher
Scientific. Maleimide-PEG,-amine (MW 1 kDa) was purchased
from Interchim Uptima. Milli-Q (MQ) water was used
throughout the whole study.

Recombinant Omicron SARS-CoV-2 spike glycoprotein S1
was obtained from Acrobiosystems (Ref. SIN-C52Ha). RBD
Wuhan and South African were purchased from
Acrobiosystems (Ref. SPD-C52H3; SPD-C52H). RBD UK was
purchased from Sinobiological (Ref. 40592-VOS8HS8 and S1N-
C52Ha).

3.2. Surface plasmon resonance (SPR)

SPR measurements were made on a portable P4 SPR platform
from Affinité Instruments, Canada. The resolution of the
detector is 1.34 nm full width at half maximum. The
minimum in the SPR signal is followed using a proprietary
algorithm that provides a final instrumental resolution of
0.004 nm. The standard deviation on the noise signal over 5
minutes is <5 RU and the peak-to-peak variation is 0.2 pRIU.
As a LED is used in the setup and not a halogen lamp, there
is essentially no light source drift with time. SPR curves were
recorded using as running buffer HBS (0.01 M HEPES, 0.15
M NaCl and 0.05% v/v Tween 20) at a flow rate of 60 uL
min~". Surface modification of the gold dove prisms was
performed outside the SPR instrument. The prisms were
coated with 500 pL of an ethanol:water (8:2) solution of 5
mM HS-PEG¢-COOH (MW 2000 g mol ™, Uptia-Gv9852) for 24
h. The surface was then washed with MQ-water and dried at
RT under an air flow. The PEG,-COOH modified interface
was immersed into an aqueous solution of Fc-VHH-72 (10 pg
mL™", PBS 1x) containing EDC/NHS (1/1 molar ratio, 15 mM)
and left for 1 h. The surface was further incubated for 12
min in ethanolamine (1 M), washed with MQ-water and dried
at RT under an air flow and stored at 4 °C. The interaction
with RBD was performed at a flow rate of 30-60 uL min ™. All
experiments in this study were conducted at 25 °C and all
sensorgrams were fitted using Prism v7 software.

X-ray photoelectron spectra (XPS) were recorded with an
SPECSLAB II (Phoibos-Hsa 3500 150, 9 channels) SPECS
spectrometer with Al Ko source (E = 1486.6 €V) operating at
12 KV, pass energy (Epass = 40 €V), 0.1 €V energy step and
acquisition time of 1 s per point. The residual pressure inside
the analysis chamber was ~1 x 10™® Torr. All XPS were
referenced according to the adventitious C;5 peak at 284.5 eV.

3.3. Nanobodies

VHH-72-Fc are mutated nanobodies fused with a human
IgG1 FC domain. They were produced in HEK Expi293 cells
cultured in Expi293 expression medium from ThermoFisher
at 37 °C, 150 rpm until the cell density reached about 1 x 10°
cells per mL. At this stage, cells were transfected with 75 ng
of DNA and 225 pg of PEI Max-transfection grade linear
(Polysciences) and the cells were grown for an additional
96 h. After the first 24 h, additives were added on the cells:
0.5 mM of valproic acid, 4 g L™ of glucose and 20%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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tryptone N1. After 96 h, cells were pelleted by
centrifugation for 10 min, 700g, at 4 °C and the
supernatant was then purified on a 5 mL Ni-NTA column
(GE Healthcare) in 50 mM Tris, 5% glycerol, 5 mM
imidazole, 300 mM NacCl, at pH 8.0. The fractions eluted in
250 mM imidazole were concentrated by centrifugation
using an Amicon Ultra 10 kDa cutoff concentrator prior to
being loaded onto a HiLoad 16/60 Superdex 75 pg gel
filtration column (GE Healthcare) equilibrated in phosphate
buffered saline (PBS). The purified nanobodies-FC were
concentrated by centrifugation; their concentration was
determined by measuring the absorbance at 280 nm with a
NanoDrop 2000 (Thermo Scientific) and the denaturation
curve determined using a Tycho NT.6 from
Nanotemper Technologies.

was

3.4. Cell culture

Vero E6 cells (ATCC CRL-1586) were cultured in Dulbecco's
modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% t-glutamine, 1% antibiotics
(100 U mL™" penicillin, and 100 ug mL™" streptomycin), in a
humidified atmosphere of 5% CO, at 37 °C.

3.5. Virus titration

Vero E6 cells were plated in 96-well plates (2.5 x 10> cells per
well) 24 h before performing the virus titration. Clinical
isolates, obtained from a SARS-CoV-2 positive specimen, were
cultured on Vero E6 cells. Infected cell culture supernatant
was centrifuged for 10 min at 1500 rpm at 4 °C to obtain a
virus suspension. The virus suspension was used undiluted
and in serial ten-fold dilutions (107" to 107°). Virus
suspensions were distributed in 6 wells in DMEM
supplemented with 10% FBS to Vero E6 cells, 1% antibiotics
(100 U mL™ penicillin, and 100 ug mL™" streptomycin), and
1% 1-glutamine. The plates were incubated for 6 days in 5%
CO, atmosphere at 37 °C. The plates were examined daily
using an inverted microscope (ZEISS Primovert) to evaluate
the extent of the virus-induced cytopathic effect in the cell
culture. The estimation of the virus concentration was carried
out by the Spearman and Karber methods*®*” and expressed
as TCIDs, mL™" (50% tissue culture infectious dose). The
TCIDs, mL ™" values were transformed to PFU mL ™" by using
the formula PFU mL ™" = TCID5, mL ™" x 0.7.

3.6. SARS-CoV-2 RT-qPCR analysis

A PCR method developed by the French Reference Center for
respiratory viruses was used.*® This method is a duplex RT-
gPCR targeting two regions in the RdRp gene, namely IP2
and IP4. GGPDH RT-qPCR using primers G6PDH-6(GAAGGT
GAAGGTCGGAGT), G6PDH-231(GAAGATGGTGATGGGATTTC)
and the probe G6PDH-202(5'FAM-CAAGCTTCCCGTTCTC
AGCC-3'BHQ) was additionally performed to monitor for
specimen quality, extraction and PCR inhibition.
Undetectable SARS-CoV-2 levels were set to Ct = 40.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Amplification was performed on 7500 real-time PCR system
(Applied Biosystems, USA).

3.7. Clinical study

CorDial-S study “Rapid, ultrasensitive and parallel COVID-19
detection” is a case control study that enrolled in total 119
participants from consultation (outpatient), hospitalisation
and intensive care unit (mean age: 55 + 16 years (min = 5
year, max = 91 years), sex ratio male/female: 1.2) including
the 50 first people with a positive diagnosis of SARS-CoV-2
and the 69 first people with a negative diagnosis of SARS-
CoV-2 by the medical team (from September to November
2021). The same nasopharyngeal swabs were used for COVID-
19 RT-qPCR and SPR measurements under the CorDial-S
study.

The study (Ref. Protocol: 2021/0063; Ref. IDRCB: 2021-
A00387-34; Ref. promotor CHU of Lille: 21.02.11.57302) was
approved by the independent ethics committee of Ile de
France Paris IX on 7th of April 2021 (No. 2021/22). The study
has been registered on https://ClinicalTrials.gov ID:
NCT04780334. All the persons provided written, informed
consent before screening and inclusion. All experiments are
performed in compliance with the CHU Lille guidelines and
French ethic commissions.

3.8. Machine learning

Standard scaling was used to get all sensorgrams with the
same size and with 0 as mean and 1 as variance, which
allows suppressing variations due to dispersion of the signal
and transforming all sensorgrams to the same scale.® A
multi-layer perceptron classifier has been used®*>' and
k-fold cross validation (k = 10) has been implemented to
avoid adverse effects of overtraining.*” The training was
performed with the stochastic gradient descent as an
optimization algorithm with 1000 epochs. The architecture of
models consisted in 80 neurons with hyperbolic tangent as
activation function, distributed in two hidden layers (60 :20)
for 1 min sampling time and in four hidden layers (30:20:
20:10) for the 250 ms sampling time. The learning rate
coefficient was increased from 0.001 for the 15 min
sensorgram length to 0.010 for the 1 min sensorgram length.
The database was splitted 70% and 30% for training and
testing, respectively, and Fi1-score has been used as an
optimization parameter.®> The test database contained 15
positive cases and 21 negative cases (36 sensorgrams).
Metrics (accuracy, precision, sensitivity, specificity, F1-score,
and Cohen's Kappa coefficient) were calculated from the
confusion matrix obtained by execution of each model over
the test database.
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