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Graphical Abstract

______________________

Abstract. Dipstick assays using silver nanoparticles (AgNPs) stabilized by a thin calix[4]arene-
based coating were developed and used for the detection of Anti-SARS-CoV-2 IgG in clinical
samples. The calixarene-based coating enabled the covalent bioconjugation of the SARS-CoV-
2 Spike Protein via the classical EDC/sulfo-NHS procedure. It further conferred a remarkable
stability to the resulting bioconjugated AgNPs, as no degradation was observed over several
months. In comparison with Lateral-flow Immunoassays based on classical gold nanoparticles,
our AgNPs-based system constitutes a clear step forward, as the limit of detection for Anti-
SARS-CoV-2 IgG was reduced by one order of magnitude and similar signals were observed
with 10 times less particles. In real clinical samples, the AgNPs-based dipstick assays showed
impressive results: 100% specificity was observed for negative samples while a sensitivity of
73% was determined for positive samples. These values match the typical sensitivities obtained
for reported LFIAs based on gold nanoparticles. These results i) represent one of the first
example of the use of AgNPs-based dipstick assays in the case of real clinical samples, ii)
demonstrate that ultra-stable calixarene-coated AgNPs could advantageously replace AuNPs in

LFIAs and thus ii1) open new perspectives in the field of rapid diagnostic tests.

Keywords: Silver Nanoparticles - Plasmonic Materials - Lateral Flow Immunoassays - SARS-

CoV-2 - Rapid Diagnostic Test.
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1. Introduction

The enzyme-linked immunosorbent assay (ELISA) is commonly used as a serological
test for detecting proteins (e.g. biomarkers, antibodies). If ELISAs enable an accurate and
sensitive detection, they however suffer from severe drawbacks including high production cost,
long experiment time and the need for trained operators.! The COVID-19 crisis has shown that
the development of alternative point-of-care (POC) methods allowing a convenient and rapid
screening is urgently required.> Among all the rapid diagnostic tests (RDTs) developed over
the past years, Lateral-flow Immunoassays (LFIAs) are probably the most widely used.>®
Indeed, LFIAs combine all the POC features such as simple read-out signal (naked eye
observation), low cost and ease of use.’

Gold nanoparticles (AuNPs) are classically used as the colorimetric reporter in LFIAs
because they exhibit a Localized Surface Plasmon Resonance (LSPR) band in the visible region
and absorb light with an extinction coefficient higher by at least 3 orders of magnitude than any
organic molecule.®? In addition, their synthesis!® as well as their surface modification with
biomolecules!'!"!3 are well established. Nevertheless, if compared to ELISAs that often exhibit
a limit of detection (LOD) in the nanomolar to picomolar range,'* current AuNP-based LFIAs
suffer from a poor sensitivity (LOD in the micromolar range). Recent efforts to improve the
sensitivity of LFIAs have focused on signal amplification or on the use of a secondary signal
obtained through fluorescence, surface-enhanced Raman spectroscopy or electrochemistry. !>
Unfortunately, most of these approaches require additional steps or supplementary equipment,
which is not compatible with point-of-care testing.

To address this, we envisioned the use of a colorimetric reporter that would exhibit
better optical properties than AuNPs, as it would not increase the assay time or its complexity.

In this regard, silver nanoparticles (AgNPs) are plasmonic nanoparticles that also display a
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LSPR band in the visible region but with an extinction coefficient one order of magnitude
higher than the one of AuNPs of similar size. AgNPs could therefore lead to more sensitive
LFIAs than AuNPs.!® Their use has however been scarcely reported for the detection of
proteins.!*2° It is in part due to the weak chemical and colloidal stabilities of AgNPs in complex
media or over time.?!' In contrast to AuNPs, AgNPs are indeed very sensitive to oxidation and
their conjugation with biomolecules is thus difficult to achieve without important particles loss
or degradation.?’*> Moreover, their dispersion in biological fluids remains highly challenging.

Calix[4]arene-based coatings have recently been shown to improve drastically the
colloidal stability of AgNPs as compared to commercially available ones.?® These coatings are
easily obtained via the irreversible reduction of calix[4]arene-tetradiazonium salts, leading to
robust and thin organic monolayers (with typical thickness of ca. 2 nm).>*?® In addition, we
have shown that these ultra-stable AgNPs can be easily manipulated and conjugated to
biomolecules such as proteins.?’ In this global pandemic context, we envisioned that calixarene-
coated AgNPs could be advantageously used as colorimetric reporter in LFIA for the detection
of Anti-SARS-CoV-2 immunoglobulins G (Anti-SARS-CoV-2 1gG). Up to now, more than 400
million people have been infected by SARS-CoV-2, causing more than 5.79 million reported
deaths and making COVID-19 one of the worst plague of the 21% century (based on Johns
Hopkins University data). Serological LFIAs using gold nanoparticles were rapidly and widely
commercialized, as they enable the detection of IgM and IgG that are produced 3-6 days and 8
days after coronavirus infection, respectively.?® Our hope was that AgNPs-based LFIAs would
lead to a more reliable and efficient serological test with lower detection limits than AuNPs-
based LFIAs.!

Herein we show with a dipstick design that calixarene-coated silver nanoparticles are
valuable candidates for the development of LFIAs able to detect Anti-SARS-CoV-2 IgG in

buffer, human plasma and real clinical samples.
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2. Materials and methods

2.1. Chemical and biomolecules. All chemicals were at least reagent grade. Recombinant
SARS-CoV-2 RBD Spike Protein were obtained from RayBiotech (230-30162) and Goat Anti-
human IgG from Sigma-Aldrich (12136). Fully human SARS-CoV-2 IgG were purchased from
GeneTech. Blocker Casein Buffer (PBS) was obtained from Thermo Fisher and bovine serum
albumin (BSA) >98 % from Sigma-Aldrich. Rabbit IgG (PP64) and Goat Anti-Rabbit IgG
(SAB3700848) were obtained from Sigma-Aldrich. Commercial Prot A/G dipsticks were
obtained from Abcam as part of “Check and go” conjugation kit. NC membranes were obtained
from Cytiva for HP170 and Sartorius for CN140. Absorbent Pads SureWick (1.7x30 cm) were
purchased from Sigma-Aldrich. The synthesis of the calix[4]arene-tetraacid tetradiazonium salt
X4 was achieved according to the literature® from commercially available p-fBu-calix[4]arene
(note however that the reduction of the nitro groups of the intermediate tetra-nitro derivative
was achieved through hydrogenation (H2, Pd/C) and not by using SnCl,, as it was previously
described). AuNPs-citrate with a mean core diameter between 15 and 20 nm were synthesized

following a previously reported procedure.*”

2.2. Characterizations and measurements. UV-Vis absorption spectra were recorded with a
UV-Vis spectrophotometer in disposable semi-micro cuvettes (PMMA). As synthesized NPs
were diluted by a factor of 10 in 1 mL aqueous solution, unless otherwise noted. Attenuated
Total Reflection Fourier-transform Infrared (ATR-FTIR) spectra were recorded at 20°C on a
FTIR spectrophotometer equipped with a liquid-nitrogen-cooled mercury—cadmium—telluride
(MCT) detector. The silver nanoparticles were centrifugated and 2 pl of the pellet were
deposited on a germanium internal reflection element (triangular prism of 6.8x45 mm? with an
internal angle of incidence of 45°). Water was removed with a flow of nitrogen gas. Opus

software (4.2.37) was used to record 128 scans with a resolution of 2 cm ™! under a continuous
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flow of nitrogen gas over the sample. Data were processed and analysed using the Kinetics
software in MatLab 7.1 (Mathworks Inc.,Natick, MA) by the subtraction of water vapour,
baseline correction, apodization at 4 cm™!, and flattening of the CO» signal. Finally, the spectra
were normalized at 1459 cm™! (aromatic ring stretching band from the calixarenes) to
compensate for variations in the number of AgNPs present on the spot of the Ge crystal where
the measurement was performed. Images of the AgNPs/AuNPs were obtained with a
Transmission Electron Microscope (TEM) equipped with a lanthanum hexaboride (LaB6)
crystal at a 200 kV accelerating voltage. The average size and standard deviation were
determined by measuring the size of more than 150 NPs for each sample. Samples were
characterized by dynamic light scattering (DLS) with back scattering (NIBS 173°).
Measurements were performed at 25°C using a refractive index of 1.34 for the silver
nanoparticles. AgNPs (5 pL~ 1 nM) were dispersed in lichrosolv water to obtain 1 mL of
AgNPs (~0.05 nM) in disposable semimicro cuvettes (PMMA), and multiple DLS
measurements were performed. The reported values are the average hydrodynamic diameter
obtained from three independent measurements using the Z average as calculated by the

Zetasizer software.

2.3. Synthesis of AgNPs-Xs. AgNPs-X4 were synthesized following a previously reported
procedure.?* In a Protein-LoBind 50 mL-Falcon, 3 mL of AgNOs (10 mM) were mixed with
7.2 mL of an aqueous solution of calixarene X4 (5 mM). 11.5 mL of lichrosolv water were then
added. Finally, the pH was adjusted to 6.5 through the addition of the appropriate volume of
IM NaOH and, rapidly after this, 8.2 mL of sodium ascorbate were added. The resulting
mixture was then heated at 60 °C and stirred at 1000 rpm using a thermomixer. After 16 hours
of reaction, 60 pL of NaOH 1M were added in the tube. The Falcon was then centrifugated at
18,000 g for 20 minutes. The supernatant was discarded, and the particles were resuspended in

a 5 mM NaOH solution. This washing cycle was repeated three times except that after the last
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centrifugation the NPs were resuspended in MilliQ H»O rather than in a 5 mM NaOH solution.

The resulting AgNPs-X4 were stored at room temperature.

2.4. Preparation of AgNPs-Xs-Prot-S or AgNPs-Xs-Goat 1gG. In a 1.5 mL Protein Lobind
Eppendorf, 500 pL of AgNP-X4 (OD=6.2), 50 uL of MES buffer (100 mM, pH 5.8), 10 uL of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide chlorhydrate (EDC.HCI) (6 mM) and 10 puL
of N-hydroxysulfosuccinimide (sulfo-NHS) (10 mM) were added successively. The activation
step was carried out for 1 hour and the activated nanoparticles were centrifugated once (15 min.,
15,000 g). The supernatant was discarded. The pellets were resuspended in MilliQ H>O (500
pL) and then transferred in a 1.5 mL glass vial. Then, 50 pL of goat IgG (0.2 mg/mL) or 3 pL
of SARS-CoV-2 recombinant protein (30 uM) were added and the reaction mixture was stirred
for 4 hours at 1000 rpm at room temperature. 0.1 mL of 1% casein in 100 mM phosphate buffer
(PB) pH 7.4 (with 150 mM NaCl) was added to the solution to block the AgNP surface. After
incubation for 5 min at room temperature, the mixture was centrifuged at 15,000 g for 20 min.
The supernatant was discarded and the AgNP conjugate was resuspended in 1.5 mL of 0.1%
casein in 10 mM PB (with 15 mM NaCl). The centrifugation and resuspension cycle was
repeated twice, and the final suspension solution was resuspended in 1X PBS. The resulting

AgNPs-X4-Prot-S or AgNPs-X4-Goat IgG were stored at 4°C.

2.5. Preparation of AuNPs-citrate-Prot-S, AuNPs-citrate-Goat 1gG or AuNPs-citrate-
Rabbit 1gG. 10 pL of SARS-CoV-2 recombinant protein (30 uM) or 20 pL of goat IgG (2
mg/mL) or 20 uL of rabbit IgG (2 mg/mL in 1X PBS) were added to a mixture of 1 mL AuNPs-
citrate (OD=2) and 0.1 mL of borate buffer (0.1 M, pH 8.5). After incubation for 2h at room
temperature, 0.1 mL of 1% casein in 100 mM phosphate buffer pH 7.4 (with 150 mM NaCl)
was added to the solution to block the AuNP surface. After incubation for 15 min at room
temperature, the mixture was centrifuged at 15,000 g for 20 min. The supernatant was discarded

and the AuNP conjugate was resuspended in 1.5 mL of 0.1% casein in 10 mM phosphate buffer

7
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pH 7.4 (with 15 mM NacCl). The centrifugation and resuspension cycle was repeated twice and
the final suspension solution was resuspended in 400uL of 1X PBS. The resulting AuNPs-

citrate-Prot-S, AuNPs-citrate-Goat IgG or AuNPs-citrate-Rabbit IgG were stored at 4°C.

2.6. Dipstick assembly. Anti-Rabbit IgG (2 mg/mL) were immobilized on the nitrocellulose
membrane as the control line (C) and Goat Anti-Human IgG (2 mg/mL) were immobilized as
the test line (T). The NC membrane was dried for 2 hours at 37°C and was then incubated for
10 minutes in the appropriate blocking buffer: 0.5% Casein or 1% BSA in water. After
incubation, NC membranes were washed 5 times with MilliQ H>O and dried at 37°C for 2
hours. Then, the absorbent pad was added on the NC membrane (with an overlap of 3 mm).

Dipstick were cut into 5-mm strips and stored in a desiccator.

2.7. Dipstick assay procedure. In a disposable cuvette, 40 uL of running buffer (5% BSA,
0.2% Tween 20, 1% PEG-6000 in 0.5X PBS) and 10 pL of AgNP-X4-Prot-S (OD=5) were
mixed with 10 pL of plasma. After 15 minutes, the dipstick was partially immersed into the

solution and read-out was performed after 15 minutes.

2.8. Sample collection. Serum samples were collected in the “Princesse Paola Hospital" of
Marche-en-Famenne and in the "Sainte-Thérése Hospital" of Bastogne from March 27 to May
4, 2020. Permission to conduct this study was obtained from the Ethics Committee of the
VIVALIA Hospital group (study OM 152). Positive samples were obtained from adult patients
tested positive for SARS-CoV-2 by PCR. A written informed consent was signed for all patients
by patients themselves or by their legal representative if they were unable to give it. Control
serums were collected in the beginning of January 2020 before the emergence of the SARS-

CoV-2 in Belgium from a group of patients without any respiratory/infectious diseases.

2.9. ELISA procedure. Total and IgM antibodies specific for the receptor-binding domain of

SARS-CoV-2 spike protein were analyzed using the Wantai SARS-CoV-2 Ab ELISA (Wantai
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Biological Pharmacy, Beijing, China) (Wantai ELISA) following the manufacturer’s
recommendations. Results were calculated by relating each specimen absorbance value to the
Cut-off value obtained from the absorbance of three negative calibrators. Results with a ratio
greater than 1 are considered positive. Spike (S1/S2) specific IgG antibodies were analyzed
using the LIAISON® SARS-CoV-2 IgG kit (DiaSorin S.p.A., Saluggia, Italy). This assay was
performed on a LIAISON® XL Analyzer according to the manufacturer’s instructions. The
obtained results are quantitative and given as arbitrary units per milliliter (AU/mL). Values

<12 AU/mL are considered negative.

3. Results and discussion

3.1. Preparation and characterization of calix[4]arene-coated silver nanoparticles. Readily
available calix[4]arene-tetraacid tetradiazonium salt (X4)*° was deemed the ideal candidate for
the development of dipstick devices as its four carboxyl groups can be covalently conjugated
to proteins (Figure 1A). First, the corresponding calix[4]arene-coated silver nanoparticles
(AgNPs-X4) were obtained via the reduction of silver nitrate in the presence of calixarene X4.>
AgNPs-X4 were then conjugated to the receptor binding domain (RBD) of the SARS-CoV-2
Spike Protein (Prot-S) via the classical EDC/sulfo-NHS procedure. After conjugation, the
surface of the nanoparticles was blocked with casein to avoid further non-specific binding of
endogenous proteins. The resulting nanoparticles AgNPs-X4-Prot-S were thoroughly washed
through several centrifugation/resuspension cycles and finally suspended in phosphate-buffered
saline (1X PBS) solution.

The nanoparticles AgNPs-X4 and AgNPs-X4-Prot-S were characterized by UV-Vis and
IR spectroscopies as well as by dynamic light scattering (DLS) and transmission electron

microscopy (TEM). TEM analysis of AgNPs-X4 revealed spherical monodisperse particles with

a core size of 22 + 3 nm (Figure 1B). AgNPs-X4 exhibited a sharp and intense LSPR band with
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a maximum (Amax) centered at 417 nm, conferring to the suspension a bright yellow color
(Figure 1C). The conjugation of Prot-S to the particles led to a 7 nm red-shift of Amax, in
agreement with the presence of a protein corona around the AgNPs-Xs-Prot-S (Figure 1C). No
additional significant modification of the LSPR band could be observed, indicating that the
silver nanoparticles did not aggregate during the conjugation process. Hydrodynamic diameters
of approximately 35 nm and 67 nm were determined by DLS for AgNPs-X4 and AgNPs-X4-
Prot-S, respectively (Figure 1D). These values are in good agreement with what was reported
in the literature for the increase of the hydrodynamic diameter of AgNPs due to the adsorption
of biomolecules.!”” AgNPs-X4 as well as AgNPs-Xs-Prot-S (before the addition of casein in
order to be able to distinguish the signals from the Prot-S) were characterized by FT-IR
spectroscopy (Figure 1E). The typical bands corresponding to the calixarene structure®! (i.e. at
ca. 1450 and 1050 cm™! for the aromatic ring stretching and the symmetric COC ar stretching,
respectively) were visible on both types of NPs, indicating that the calixarene layer remained
stable during the conjugation step. Moreover, intense amide I and II bands (at 1650 and 1530
cm’!, respectively) were visible after bioconjugation, confirming the presence of Prot-S at the
AgNPs surface.

Finally, the stability of AgNPs-X4-Prot-S in non-diluted plasma was evaluated by UV-
Vis spectroscopy. Strikingly, the thin calixarene-based coating conferred a remarkable stability
to the functionalized NPs as no change of the LSPR band was observed over a period of one
hour (Figure S1). This result highlights the fact that AgNPs-X4-Prot-S are stable in complex
media and opens the route to their use in real medical samples. It is worth noting that even in
the absence of the protein corona, the particles (i.e. AgNPs-X4) are stable in the presence of

high salt concentration (1M NaCl) (Figure S2).
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Figure 1. (A) Illustration of the synthesis of AgNPs-X4-Prot-S. Note that the representation of the NP is schematic,
as all calixarenes are not necessarily attached with four bonds to the surface and each Prot-S could be linked to
multiple calixarenes. (B) TEM image of AgNPs-X4. (C) UV-Vis spectra recorded in water at pH 7 for AgNPs-X4,
before and after the coupling of Prot-S (AgNPs-X4-ProtS). (D) average hydrodynamic diameter obtained by DLS
in water at pH 7. (E) IR spectra of AgNPs-X4 (black dashed line) and AgNPs-X4-Prot-S (blue plain line); *: before

the addition of casein.

3.2. General principle of the dipstick assay for the detection of Anti-SARS-CoV-2 IgG.
Dipsticks composed of a nitrocellulose (NC) membrane and an absorbent pad were used for the
development of the assay (Scheme 1). The test line (T) was coated with Anti-Human IgG and
the control line (C) was coated with Anti-Rabbit IgG. AgNPs-X4-Prot-S were used as the
colorimetric reporter for the test line whereas rabbit IgG labelled AuNPs (AuNPs-citrate-Rabbit
IgG, see the experimental part and Figure S3 for characterization) were used as the control
colorimetric reporter. AgNPs-X4-Prot-S were first incubated for 15 minutes with the plasma
sample to form the SARS-CoV-2 antigen-antibody complexes. The dipstick was then immersed

partially into the solution and this latter migrated entirely towards the absorbent pad in 15

11
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minutes. In the presence of Anti-SARS-CoV-2 IgG in the plasma sample, the AgNPs-X4-ProtS-
antibody complexes were captured by the IgG-binding proteins at the T line, generating a

yellow-colored signal.

- ~

.
7
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i T | ! gl = ~A4-Frot-
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Scheme 1. Dipstick assay principle for the detection of Anti-SARS-CoV-2 IgG with calixarene-coated AgNPs. A
mixture containing AgNPs-X4-Prot-S and AuNPs-citrate-Rabbit IgG is first incubated with a plasma sample
containing Anti-SARS-CoV-2 IgG. After immersion of the dipstick and migration of the solution, the test line (T)
and control line (C) are easily observed with the unaided eye as a yellow-colored line and a red-colored line,

respectively.

3.3. Evaluation of silver nanoparticles as colorimetric reporter for dipstick assays. Before
developing the AgNPs-based dipstick assay for Anti-SARS-CoV-2 IgG, we first determined
the minimal amount of silver nanoparticles required to obtain a signal unambiguously
observable with the naked eye. For this, we designed a simplified dipstick assay based on
AgNPs-X4 modified with goat IgG (i.e. AgNPs-X4-goat IgG) and a commercial dipstick only
displaying a T line coated with protein A (no C line). The high affinity of protein A for any IgG
led to the immobilization of AgNPs-X4-goat IgG and, as a result, to a yellow-colored T line that
was observed at optical densities (OD) ranging from 0.4 to 0.01, which approximately

corresponds to concentrations from 80 to 2 pM in AgNPs (Figures 2a and 2b).

12
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For comparison purposes, similar experiments were performed with citrate-capped gold
nanoparticles (AuNPs-citrate), as these NPs are the reference material used in commercial
LFIAs. AuNPs-citrate of 20 nm were synthesized and modified with goat IgG (see the
experimental part and Figure S4 for characterization). In this case, the goat IgG was adsorbed
on AuNPs-citrate, as these particles are not stable enough to endure the EDC/NHS coupling
conditions. It is worth noting that various AuNPs allowing covalent conjugation of antibodies
have been reported in the literature but commercial LFIAs are mostly based on AuNPs-citrate
with adsorbed antibodies. The resulting AuNPs-citrate-goat IgG led, at optical densities of 0.4
and 0.1, to similar T line intensities than the corresponding AgNPs (Figures 2a and 2b). For
optical density of 0.01 or below, the signal of the silver nanoparticles was slightly more intense
than the one of the AuNPs, probably because of the higher stability conferred by the calixarene
coating. Despite a lower contrast of the yellow line obtained with AgNPs compared to the red
one obtained with AuNPs on a white background, it is noteworthy that naked eye detection
could be obtained with both sets of particles at similar OD. However, at same OD, ten times
less AgNPs are used, as their molar extinction coefficient is approximately one order of
magnitude larger than that of their Au counterparts. Less reporter nanoparticles means that less
biomolecules are needed to prepare them and, consequently, a reduced production cost for the
LFIA. In other words, these first results confirmed that AuNPs could be advantageously

replaced by calixarene-coated AgNPs for the design of dipstick assays or LFIAs.

13
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Figure 2. (a) Picture of the protein A dipstick incubated with decreasing concentrations of either AgNPs-X4-goat
IgG or AuNPs-citrate-goat IgG. (b) Concentration values of AgNPs-X4-goat IgG and AuNPs-citrate-goat IgG for
the different investigated optical densities (OD) in PBS. Pictures of dipsticks used to detect different concentrations
of Anti-SARS-CoV-2 IgG with either (c) AgNPs-X4-Prot-S or (d) AuNPs-citrate-Prot-S. Labels represent the
concentration in ng/mL. *: 500 ng/mL of Anti-SARS-CoV-2 added to AgNPS-X4. **: 500 ng/mL of goat IgG to

AgNPs-X4-Prot-S.

The detection of monoclonal Anti-SARS-CoV-2 IgG with AgNPs-X4-Prot-S was then
evaluated in PBS, using a similar simplified dipstick system (i.e. with a half-strip displaying
only a T line coated with Protein A). AgNPs-X4-Prot-S with OD = 0.1 were mixed with buffered
solutions of Anti-SARS-CoV-2 IgG at concentrations ranging from 0 to 500 ng/mL. After 15
minutes of incubation, the dipsticks were immersed in the solution and, 15 minutes later, the T
line was analyzed (Figure 2c¢). According to this procedure, a limit of detection (LOD) of 5
ng/mL was determined, which corresponds to an Anti-SARS-CoV-2 IgG concentration of ca.
33 pM. Replicates can be found in the Supporting Information as well as the detection of
intermediate values (i.e., 20, 10 and 2 ng/mL) that confirm a LOD of 5 ng/mL (Figure S5). Note

14
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that the visual observation results were confirmed through a quantification of the signal
intensity using ImageJ software®? (Figure S5D).

Control experiments showed the high selectivity of the calixarene-coated AgNPs
system. Indeed, no colored T line was observed in the absence of Anti-SARS-CoV-2 IgG as
well as upon the addition of (i) 500 ng/mL of Anti-SARS-CoV-2 IgG to unmodified AgNPs
(i.e. AgNPs-X4) or (i1) 500 ng/mL of goat IgG to AgNPs-Xs-Prot-S (Figure 2¢). A comparison
with the actual gold-standard material for LFIAs (i.e. AuNPs-citrate) with the protein-S
adsorbed at its surface (i.e. AuNPs-citrate-Prot-S) was performed at similar ODs. A LOD of ca.
50 ng/mL was obtained with these particles (Figure 2d), as expected due to their inferior light
extinction efficiency. Furthermore, a red trail was observed on all dipsticks, whatever the
concentration of Anti-SARS-CoV-2 IgG investigated, which could lead to false positive errors.
Taken together, these results show that i) the calixarene-coated AgNPs are particularly well-
adapted to the design of efficient and highly sensitive LFIAs (with a sensitivity close to the one
of traditional ELISAs) and ii) AgNPs-X4 are excellent colorimetric reporters for this type of
system, as the LOD is reduced by one order of magnitude compared to classical AuNPs as a
signal of at least similar intensity is obtained with 10 times less particles.

Finally, the detection of Anti-SARS-CoV-2 was performed with AgNPs-X4-Prot-S
stored at 4 °C for six months. The UV-Vis spectra of both freshly prepared and aged AgNPs-
X4-Prot-S were almost identical (Figure 3). Very interestingly, 6 months aged AgNPs-X4-Prot-
S remained capable of detecting 50 ng/mL of Anti-SARS-CoV-2 IgG in buffered solution with
the same sensitivity and intensity than freshly prepared NPs (Figure 3, insets). This long shelf
life of AgNPs-Xs-Prot-S can be explained by (i) the remarkably robust calixarene-based coating
that strongly protects the AgNPs and (ii) the covalent immobilization of the Prot-S to the
calixarene layer. This unique stability of calixarene-based AgNPs opens new perspectives in

the field of RDTs, as particles shelf-life is a common issue for LFIAs.
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Figure 3. UV-Vis spectra of an AgNPs-X4-Prot-S dispersion, as freshly prepared (black dashed line) and 6 months
later (red plain line). Insets show the pictures of the dipstick used for the detection of 50 ng/mL of Anti-SARS-

CoV-2 in PBS with either AgNPs-Xs-Prot-S freshly prepared (black dashed box) or 6 months later (red box).

3.4. Optimization of the Anti-SARS-CoV-2 IgG detection in a complex matrix. The
serological testing for COVID-19 in biological fluids (e.g. blood, plasma or serum) is more
complicated than in buffer solutions. Indeed, interferences between endogenous molecules and
the AgNPs-Prot-S conjugates or with the proteins coating the dipstick could lead to a significant
decrease of the signal intensity. As an example, the Protein A coated strips could not be used
for the detection of Anti-SARS-CoV-2 IgG in spiked human plasma, as nearly no colored line
could be observed even at high concentration (5 pg/mL) of Anti-SARS-CoV-2 IgG (Figure S6).
It was thus necessary to optimize the dipstick assay to allow detection in human plasma.
Parameters such as the composition of the dipstick, the type of membrane or the running buffer
were screened. Best results were obtained when an intermediate-size pore CN140 membrane
was used, and the test line was coated with goat Anti-human IgG (2 mg/ml) (Figures S7a-b).
Moreover, it was shown that a blocking step of the membranes with a 0.5%wt casein buffer
was crucial to avoid false positive results (Figure S7c¢). Finally, a running buffer containing
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5%wt BSA, 0.2%wt Tween 20, 1%wt PEG 6000 and 0.5X PBS was determined as the most

suitable (see Table S1 for details on running buffer screening).

The optimized dipstick assay was then used for the detection of monoclonal Anti-SARS-
CoV-2 IgG spiked in human plasma as depicted in Scheme 1. For this, 10 uL of plasma were
mixed with 10 pL of AgNPs-X4-Prot-S (OD=5) dispersed in the running buffer. A yellow-
colored T line was clearly observed until a concentration of Anti-SARS-CoV-2 IgG as low as
1.5 pg/mL (i.e. 10 nM) (Figure 4a). For lower concentrations, the intensity of the yellow line
was too low to be detected unambiguously with the naked eye. The lower LOD obtained in
plasma (1.5 pg/mL) compared to the one that was obtained in buffer (5 ng/mL) may be
explained by the numerous immunoglobulins that can interact with the anti-human IgG
immobilized on the T line and interfere with the immobilization of the particles. The
experiments were repeated three times with three independent batches of AgNPs-Xs-Prot-S and
the same LOD was determined by a panel of 5 observers (see Figure S8 for the pictures of the
replicates). The signal intensity was also quantified using the ImageJ software,*? confirming
the LOD determined by visual observation (Figure 4b). It is worth mentioning that the median
blood concentration of Anti-SARS-CoV-2 IgG is 16 pg/ml twenty days after the infection.*?
Similar experiments were performed with AuNPs-Prot-S and false positive results were
obtained with plasma in the absence of Anti-SARS-CoV-2 IgG (Figure S9). This demonstrates
the superiority of the AgNPs-X4 as a colorimetric reporter for LFIAs. Also, it is worth noting
that, 6-months aged AgNPs-Xs-Prot-S could still detect with the same sensitivity and intensity

the Anti-SARS-CoV-2 IgG in human plasma (Figure S10).
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Figure 4. (a) Picture of the optimized dipstick assays used to detect different concentrations of monoclonal Anti-
SARS-CoV-2 IgG spiked in human plasma. (b) Signal quantification from the pictures of the dipstick assays using

Image] software (R>=0.965). Note that the intensity values correspond to the average values of the three replicates.

3.5. Serological testing for Anti-SARS-CoV-2 IgG in real human samples. The detection
conditions being optimized, the dipstick assay described in Scheme 1 was used for the
serological testing of Anti-SARS-CoV-2 IgG in 15 positive clinical samples (P1-15, confirmed
by RT-PCR), obtained from SARS-CoV-2 infected patients, as well as in 10 negative samples
(N1-10). The positive samples were first analyzed by Wantai Ig Total ELISA to sort them in
three distinct groups of five samples (i.e. high, moderate and low Total Ig concentration
groups), depending on their concentration in Anti-SARS-CoV-2 immunoglobulins (IgG, IgM,
IgA, etc.). Furthermore, ELISA quantification of Anti-SARS-CoV-2 IgG was performed for all
samples to better rationalize the results obtained from the dipstick assays (See Table S2 for
ELISA titer value of all samples). Anti-Rabbit IgG were immobilized on the control line to bind
AuNPs modified with Rabbit IgG (Scheme 1). This Rabbit /Anti-Rabbit IgG system was chosen
at the C line to (i) avoid any cross-reactivity and (ii) to easily distinguish the red-colored C line
from the yellow-colored T line thanks to the different plasmonic properties of AuNPs and
AgNPs. All samples were analysed in duplicate, and the results were monitored independently
by two operators.
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The ten negative samples N1-10 were first tested, and no yellow T line was observed,
indicating a 100% specificity of the AgNPs-X4-Prot-S (Figures Sb and S11). The 15 PCR
positive samples were then tested with our dipstick assay and 11 of them displayed a yellow
band on the test line.

In the low concentrations Ig groups, 4 out of the 5 samples (P1-P4, Figure S12)
displayed an IgG titer value below the cut-off level of ELISA (< 12 AU/mL). For samples P1
and P3-P4, the IgG titer values were however higher than the values measured for PCR negative
samples. Interestingly, our lateral flow test presented a positive signal for these three samples,
suggesting the detection of very small amounts of SARS-CoV-2 IgG, i.e. below the Elisa cut-
off level. In the case of sample P2, the ELISA IgG titer value could not be distinguished from
those obtained with PCR negative samples (< 3.8 AU/mL) which might explain why our
dipstick assay was negative for that sample. Considering only the ELISA positive samples (titer
above the threshold value), a yellow-colored test line was detected in eight (P5-P8, P10, P12,
P14-15) out of the eleven positive samples (P5-15), which corresponds to a sensitivity of 73%
(see Figure 5a for the moderate concentration Ig group and Figure S12 for the two other
groups). The corresponding ELISA titers of Anti-SARS-CoV-2 IgG for the moderate Ig group
are displayed in Figure Sc. Note that no correlation between signal intensities and ELISA titers
was observed. It is worth mentioning that a sensitivity of 73% is also obtained if all PCR
positive samples (P1-15) are considered, including those showing the lowest IgG titers.

The comparison of the results of the dipstick assays as function of PCR or ELISA
analysis are summarized in Figure 5d. Regarding the ELISA positive samples, two of the three
negative lateral flow tests belong to the high concentration Ig group (P11 and P13) and one to
the moderate group (P9). Therefore, the absence of signal is not related to the limit of detection.
A plausible explanation stems from the fact that other types of Ig (IgM, IgA) could bind to

AgNPs-X4-Prot-S or other types of IgG to the Anti-IgG line, respectively, interfering with and
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limiting the immobilization of the particles on the test line. Nevertheless, these results are
extremely promising. Indeed, they represent one of the first example of the use of a AgNPs-
based dipstick assay in the case of real clinical samples.>* Moreover, our system exhibits
analytical performances that are similar to those of systems based on AuNPs (61-69 %
sensitivity)*> while using 10 times less particles to reach the same optical signal density (see
Table S3 for some examples of commercial serological tests based on AuNPs and their
sensitivity and specificity). Finally, we checked if our dipstick system could be used to design
a real LFIA for the detection of Anti-SARS-CoV-2 IgG. To our delight, due to their high
stability, the AgNPs-X4-Prot-S could be dried on the conjugate pad and the resulting LFIA led
to a similar detection performance than the dipstick assays (see the Supporting Information for

the design of the LFIAs and Figure S13).

a b
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P6 P7 P8 P9 P10 N1 N2 N3 N4 N5

| |
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Figure 5. Pictures of dipstick assays for (a) the moderate Ig concentration positive sample group and (b) negative
samples. (c) Quantification of Anti-SARS-CoV-2 IgG by Wantai ELISA for moderate concentration Ig group. (d)

Analytical performance table.

4. Conclusion

We have shown that ultra-stable silver nanoparticles coated by a thin layer of calix[4]arenes
bearing carboxyl groups could be covalently conjugated with the SARS-CoV-2 Spike Protein
(Prot-S) via the classical EDC/sulfo-NHS procedure. The resulting AgNPs-X4-Prot-S are stable
in complex matrixes such as human plasma and can be stored for months without any
observable degradation, allowing their use for the development of LFIAs and the monitoring of
real clinical samples. LOD of 5 ng/mL and 1.5 pg/mL were determined for the detection of
Anti-SARS-CoV-2 IgG in buffer and in serum, respectively. These values are ten times lower
than those obtained with traditional AuNPs-citrate despite the fact that ten times less AgNPs
are used. These results suggest that the use of calixarene-coated AgNPs instead of AuNPs-
citrate for the design of LFIAs could allow to improve the limit of detection as well as the
operating cost while ensuring a long shell-live (more than six months) to the particles. Our
AgNPs-based dipstick assay was used for the detection of SARS-CoV-2 IgG in clinical samples
of patients tested positive (RT-PCR) for SARS-CoV-2 infection. A high specificity was
obtained as no false positive was detected. Moreover, a sensitivity of 73% was determined,
which corresponds to that of the traditional AuNPs-based LFIAs. All these results highlight the
superior optical properties of AgNPs, compared to AuNPs, and the ultra-stability conferred by
the calixarene coating to nanomaterials. These findings could benefit to anyone developing
LFIAs, whatever the type of biomarker. Indeed, the high stability of the calixarene-based
AgNPs and their conjugation capacity enable the covalent immobilization of a wide range of
biomolecules such as proteins, antibodies, peptides, DNA aptamers, etc. Future work will be
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directed toward the extension of our strategy to other types of silver nanomaterials in order to

develop LFIAs displaying colored lines with a better contrast on a white substrate.

ASSOCIATED CONTENT

Supporting Information. UV-Vis and TEM characterization of AuNPs, detailed results about
assay optimization, pictures of the dipstick assay for low and high Ig Tot group and ELISA titer

tables of each clinical sample.
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