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Introduction

The detection of specific antibodies has been playing a crucial
role in many aspects of the clinical practice." It is widely
employed for the indirect diagnosis of infectious diseases (e.g.,
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The lateral flow immunoassay (LFIA) technique is largely employed for the point-of-care detection of
antibodies especially for revealing the immune response in serum. Visual LFIAs usually provide the
qualitative yes/no detection of antibodies, while quantification requires some equipment, making the
assay more expensive and complicated. To achieve visual semi-quantification, the alignment of several
lines (made of the same antigen) along a LFIA strip has been proposed. The numbering of the reacting
lines has been used to correlate with the quantity of some biomarkers in serum. Here, we designed the
first semiquantitative LFIA for detecting antibodies and applied it to classify the immune response to
SARS-CoV-2 raised by vaccination or natural infection. We used a recombinant spike receptor-binding
domain (RBD) as the specific capture reagent to draw two test lines. The detection reagent was selected
among three possible ligands that are able to bind to anti-spike human antibodies: the same RBD,
staphylococcal protein A, and anti-human immunoglobulin G antibodies. The most convenient detector,
adsorbed on gold nanoparticles, was chosen based on the highest correlation with an antibody titre of
171 human sera, measured by a reference serological method, and was the RBD (Spearman’s rho =
0.84). Incorporated into the semiquantitative LFIA, it confirmed the ability to discriminate high- and low-
titre samples and to classify them into two classes (Dunn's test, P < 0.05). The proposed approach
enabled the semiquantification of the immune response to SARS-CoV-2 by the unaided eye observation,
thus overcoming the requirement of costly and complicated equipment, and represents a general
strategy for the development of semiquantitative serological LFIAs.

HIV,>* HCV,* syphilis,” Zika virus® and many others) and
autoimmune diseases (e.g., hepatitis,” post-transfusion pur-
pura and neonatal alloimmune thrombocytopenia,® systemic
autoimmune rheumatic disease cardiac autoimmunity,>'®
encephalitis,"* and haemolytic anaemia'?), as well as for the
monitoring of immunosuppression in organ transplants,"*'* or
other clinical immune-related pathologies.'® It is also employed
for the analysis of the acquired immunity from neutralizing
antibodies,"® for therapy monitoring® and for the extrapolation of
information for vaccine design.'”” Immunoassays, based on the

¢ In3diagnostic srl, Largo Braccini 2, Grugliasco (TO), Italy

9 A.0. Ordine Mauriziano, Ospedale Umberto I di Torino, Via Magellano 1, Turin,
Italy

+ Electronic supplementary information (ESI) available: (S1) salt-induced aggre-

gation test; (S2) gold conjugate synthesis; (S3) optimization of the three serolo-

gical LFIA device for format selection by design of experiments; (S4)

characterisation the AuNP conjugates. See DOI: https://doi.org/10.1039/

d3tb02895j

This journal is © The Royal Society of Chemistry 2024

specific interaction between antigens and specific antibodies, are
the most widely and routinely employed analytical techniques for
this purpose in clinical laboratories."®?° Laboratory methods
perform quantitative analyses and provide accurate results. The
detection techniques include colorimetry, fluorescence, chemilu-
minescence, electrochemistry, and bioluminescence.'® Neverthe-
less, in circumstances where a considerable number of analyses is

J. Mater. Chem. B, 2024, 12, 2139-2149 | 2139


https://orcid.org/0000-0002-5353-647X
https://orcid.org/0000-0003-0497-4251
https://orcid.org/0000-0001-9271-5174
https://orcid.org/0000-0003-1024-2532
https://orcid.org/0000-0002-8315-0316
https://orcid.org/0000-0002-2920-0140
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tb02895j&domain=pdf&date_stamp=2024-02-05
https://doi.org/10.1039/d3tb02895j
https://doi.org/10.1039/d3tb02895j
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tb02895j
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB012008

Open Access Article. Published on 26 January 2024. Downloaded on 4/2/2026 6:07:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

required, or in low-resource settings, low cost and portable
screening techniques should be preferred. The lateral flow immu-
noassay (LFIA) is widely employed as a point-of-care test (POCT)
for antibody testing. LFIA devices are portable, low cost and easy
to use and these are the reasons for their massive employment in
the last few decades and for the crucial role played during the
SARS-CoV-2 pandemic.”'* A typical LFIA device is a portable
cassette including a strip composed of overlayered materials,
which contains all the reagents required for the test. The device
allows for the detection of the target molecule by exploiting the
affinity and specificity of the antibody-antigen interaction. The
LFIA can be completed in 5-15 min, and the results, especially
with the typical colorimetric (visual) format, are simple to read,
speeding up decision making and intervention.>® The major
drawback of the LFIA is represented by the qualitative nature of
the information provided. Quantitative detection capability has
been introduced as well, through the integration of the LFIA with
transducers, readers, smartphone-based apps and so on.*® This
upgrade, however, reduces the portability, increases the cost, and
requires an energy source, thus lowering the affordability of the
devices. In fact, the qualitative LFIA, based on the visual inspec-
tion of results, still represents more than 80% of the employed
LFIA devices.”” Ideally, the unaided eye readout of the colorimetric
LFIA should also be maintained in the (semi)quantitative LFIA
without the need for any external tool or complicated technology.
Few works have been reported on visual semiquantitative LFIAs
(sqLFIA). Hong and collaborators, in 2012, reported the detection of
a cartilage oligomeric matrix protein using a LFIA equipped with a
multi-spot pattern in the test zone for the semi-quantification.”®
Anyway, the device required a commercial scanner and an imaging
software program for the interpretation of results. The first truly
stand-alone sqLFIA was proposed in 2019 by Oh et al., who devel-
oped a multi-test line LFIA for the semi-quantification of transferrin
glycoforms in serum.* The semi-quantification was achieved by
counting the number of coloured test lines, which was directly
proportional to the amount of the target protein. Similarly, Sereb-
rennikova and collaborators developed a sqLFIA for procalcitonin.®
In 2020, Lee and collaborators included semi-quantification of
microalbumin in urine through naked eye interpretation, based on
printing the test zone as multiple spots; the quantitative information
was achieved simply by counting the number of coloured spots.**
In this work, we developed a visual (colorimetric) LFIA for
the semi-quantitation of specific antibodies in serum. As a case
of study, we considered the immune response to Covid-19
vaccination also because of the importance of monitoring the
efficacy of the vaccination and the duration of the immunity
towards SARS-CoV-2 over time. SARS-CoV-2 rapidly spread
worldwide after December 2019 and caused 6.5 million con-
firmed deaths in the following two years of world pandemic,
according to WHO reports.*> The disclosure of the sequence
and structure of proteins encoded by this virus was crucial both
for diagnostic purposes and for the management of the emer-
gence through the development of vaccines.**** From this
point of view, the most relevant SARS-CoV-2 proteins are the
spike (Sp) and the nucleocapsid (Np) proteins. The Sp is a
trimeric protein, located on the membrane, and used by the
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virus for the anchoring to the receptor (ACE-2) of target cells
through a receptor binding domain (RBD). The Np is a RNA-
binding protein necessary for the conservation of the folding of
the viral genome. Both proteins can elicit an immune response
in the host,> and this aspect has been massively exploited.
On the one hand, the immune response against Sp, and even
more against Np, was used for the indirect diagnosis of infec-
tion by serological testing. In the very first phase of the
pandemic, serology was employed as a screening tool to help
diagnosis along with a laboratory testing based on molecular
methods (RT-PCR).**> Most importantly, the spike protein was
exploited to produce vaccines. In fact, the antibodies stimu-
lated by the immune system against Sp have a neutralizing
power, representing a temporary barrier against new infections.
The first vaccines, therefore, contained the spike protein or
mRNA encoding information for spike protein production.*¢~®
Undoubtedly, vaccination programs (first dose and boosters)
allowed for a relatively rapid overcoming of the emergency
state.>**° Nevertheless, the immunity provided by different
vaccines, as well as the one acquired after the infection, is a
matter of discussion.”’™° The appearance of variants of SARS-
CoV-2, differing mostly in the Sp than in other proteins,
questioned the efficacy of the vaccines.”’° In addition, the
concurrence of natural infections, and the severity of symptoms,
primed differently the immune response and the proneness to
reinfection.” The vaccination efficacy and persistency are not
univocal in cases of vaccination, natural (from infection), and
hybrid immuneresponse.**>® Moreover, even if it is strongly
recommended, the management and scheduling of booster doses
is critical for susceptible individuals, such as elderly or immuno-
compromised population,”’*® patients with haematological
malignancies,®”®" cancer,***® multiple sclerosis® and other patho-
logical conditions.*® These populations, in addition, should be
monitored after vaccination for the average lower immunity
compared to the rest of the population. The aspect of planning
booster doses, future immunization policies and disease preven-
tion strategies in highly vulnerable population led to the develop-
ment of many serological tests for detecting antibodies to SARS-
CoV-2. Both laboratory techniques®*® and POCTs*>”° have been
made available so far, including LFIA devices.””* These systems
provide qualitative results and, in some cases, quantitative estima-
tion with the introduction of equipment as reading systems.

In our study, we pursued the realization of the visual sqLFIA
for specific antibody quantification. To this aim, we first com-
pared three assay formats for antibody detection by the LFIA and
then evaluated the conversion into sqLFIA (Fig. 1). The same
specific capture reagent (RBD) was used to design the LFIA
formats, while the detection of the captured antibodies was
accomplished using three different probes, comprising gold
nanoparticles adsorbed with (1) again RBD, (2) staphylococcal
protein A (SpA), and (3) anti-human immunoglobulin G antibody
(anti-hIgG). The three formats aimed at detecting specific anti-
spike antibodies, but with some substantial differences in terms
of proneness to matrix effects and biological variability (inter-
ference or enhancing effects caused by other non-specific immu-
noglobulins present in the serum). The SpA, for example, can

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Scheme of the conversion of the qualitative serological LFIA to semiquantitative LFIA. The detector (gold nanoparticles functionalized with a
ligand specific to anti-spike human antibodies) was selected comparing three specific ligands: the RBD from the spike protein (Sp), staphyloccoccal
protein A (SpA), and anti-human immunoglobulin G (anti-hlgG). After selection, the addition of the second test line for the capture of exceeding anti-
spike antibodies in the high positive samples leads to the design of the sqLFIA with the ability of discriminating low- and high-titre positive samples,

according to the number of coloured lines formed upon sample addition.

react with immunoglobulins (Igs) and create lattices of gold-
conjugates crosslinked by non-specific immunoglobulins,
increasing the signal and, ultimately, increasing the sensitivity.
The same is true for the anti-human immunoglobulin G anti-
body, however with different affinities and with the exception of
Igs of A and M classes. The double antigen approach could be
more prone to the saturating effect,’>’® as, in this case, the
binding of the target antibodies to the labelled antigen may
prevent the interaction with the antigen deposed onto the
membrane. On the other hand, it should not suffer interference
from the non-specific Igs. Each format was evaluated by testing
171 human sera (92 collected pre-covid and 79 belonging to
vaccinated individuals) previously characterized by their anti-
body content by a reference serological method (SARS-CoV-2 IgG
II Quant, Abbott Diagnostics, USA). The performances of the
three prototypal devices were compared in terms of diagnostic
sensitivity and correlation of the colour intensity of the test line
with the specific antibody titre, as measured by the reference
assay. Once selected, the best format was exploited to design the
semi-quantitative device for the discrimination between

This journal is © The Royal Society of Chemistry 2024

different populations of ‘positive’ individuals (classified accord-
ing to their anti-Sp antibody titre).

The principle of the semi-quantification consisted of using
the same RBD spotted on two following test lines. In the case of
high-titre sera, the second test line was supposed to capture the
excess of anti-spike antibodies that were not retained by the first
test line. In this way, two coloured lines became visible for high
positive samples. On the other hand, low positive samples were
supposed to provide just one coloured test line, since the few
antibodies present were efficiently captured by the first test line
(Fig. 1). The 171 samples were assayed once again by the sqLFIA
and classified according to the number of coloured lines formed.
The results were correlated with the amount of the antibody, and
boxplots, one-way ANOVA on Ranks (Kruskal-Wallis), statistical
pairwise comparisons (Dunn’s test), and ROC curves were made
to characterise the discrimination capacity of the sqLFIA.

We also produced a recombinant RBD via mammalian
expression strategy, using a high-yield transient expression
system based on high density, suspension adapted, HEK cells,
to obtain a highly concentrated antigen. Protein purification
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was achieved directly from culture supernatants, using the
twin-Strep-Tag/Strep-Tactin XT™ affinity matrix, combining
high specificity, mild conditions, and low temperature. This
strategy enabled us to circumvent the limited stability of the
commercial recombinant RBD, which is a major challenge in
the development and production of devices including this
bioreagent. The new RBD was incorporated into the LFIA
devices and compared to the commercially available analogue.

Experimental
Chemicals and materials

Gold(m) chloride trihydrate (ACS reagent), staphylococcal protein
A (SpA), bovine serum albumin (BSA), casein sodium salt from
milk, avidin, and sucrose were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Sulfo-NHS-LC-Biotin was obtained from
Thermo Scientific (Waltham, MA, USA). The commercial recom-
binant spike protein (cSp) was purchased from Rekom Biotech
(Granada, Espana). Materials for the synthesis of the new recom-
binant spike protein (nSp) production were purchased from
Genscript (Leiden, Netherland), Thermo Fisher Scientific (Waltham,
MA, USA) and IBA-lifesciences (GOttingen, Germany). Tween20 and
other chemicals were purchased from VWR International (Milan,
Italy). The anti-human IgG antibody (anti-hIgG) produced in
the mouse was purchased from Medix Biochemica (Espoo,
Finland). Nitro-cellulose membranes, cellulose absorbent pads,
and blood separator sample pads were purchased from MDI
membrane technologies (Ambala, India). Glass fibre conjugate
pads were obtained from Merck Millipore (Billerica, MA, USA).

Serum samples

Whole blood from donors was collected by venous puncture,
after collecting informed consensus. Serum was obtained on the
same day of collection, immediately heat inactivated at 56 °C for
30 min and stored at —20 °C until analysis. Samples were
transported and handled in compliance with international stan-
dards for biosecurity and biocontainment. A total of 79 serum
samples belonging to vaccinated/recovered individuals were
collected, and 76 were diagnosed as positive for the antibodies
directed to the spike protein from SARS-CoV-2 (Fig. S1, ESIY).
The serological reference method was performed at the Bio-
chemical Laboratory of A.O. Ordine Mauriziano, Ospedale
Umberto I by means of SARS-CoV-2 IgG II Quant (Abbott
Diagnostics, USA) coupled with an Alinity analyser detecting
antibodies towards the RBD of the spike protein from SARS-
CoV-2 and the positivity was intended for values of antibody titre
>15 AU mL~"”” To assess diagnostic specificity, 92 pre-covid
serum samples were tested in this work. All serum samples used
in this work were collected in accordance with the approval of
the ethical committee Prot. n. 0432967 del 21/07/2023 - [UOR:
S1000045 - Classif. 111/11].

Production of the recombinant RBD spike subunit

The spike gene subunit encoding for the receptor binding
domain (RBD) was PCR amplified and cloned into the pBRICO
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eukaryotic expression vector in a frame with a secretory leader
peptide and twin-strep-tag peptide, enabling efficient purifica-
tion from the culture supernatant. The Expi293 expression
system was employed according to the guideline and reagents
were provided by the manufacturer. The culture supernatant
after transfection was directly used for protein purification
using Strep-Tactin XT 4Flow and using a buffer set and protocol
recommended by IBA biosciences. The purity and yield of the
recombinant antigen were evaluated by SDS-PAGE and Brad-
ford methods, respectively.

Labelling functional proteins with gold nanoparticles

AuNPs with a localized surface plasmon resonance (LSPR) of
525.5 nm (a mean diameter of ca. 32 nm)’® were prepared by
tetrachloroauric acid reduction with sodium citrate’”® as
reported in previous works®*®' (see the ESIf for details).
Characterization of the AuNPs was performed by means of
transmission electron microscopy (TEM, Fig. S2, ESIt) and
visible spectrophotometry (Table S1 and Fig. S3, ESIf). Three
gold conjugates were synthesized by adsorbing the following
proteins onto the surface of AuNPs: (i) a commercial recombi-
nant spike RBD protein from SARS-CoV-2 (AuNP-cSp); (ii)
staphylococcal protein A (AuNP-SpA); (iii) anti-human G immu-
noglobulin antibody produced in the goat (AuNP-anti-hIgG). In
addition, a new recombinant spike RBD protein from SARS-
CoV-2 was produced and adsorbed onto the gold nanoparticle
surface (AuNP-nSp). Gold conjugates were obtained by passive
adsorption of bioreagents (cSp, nSp, SpA, and anti-human IgG
antibody) onto the surface of the AuNPs, by mixing different
amounts of the protein (1-2-4 pg of c¢Sp, nSp, SpA, and 5-10-
15 pg of anti-hIgG) to 1 mL of gold nanoparticles at an optical
density of 1. Details for the preparation and characterisation of
the gold conjugates included in this work are reported in the
ESL.f To incorporate the control line into the LFIA device
including AuNPs adsorbed with spike RBD proteins, an addi-
tional gold conjugate was produced by adsorbing biotinylated
bovine beta casein on AuNPs (10 ug mL™"). The bovine beta
casein was linked to Sulfo-NHS-LC-Biotin following the proto-
col recommended by the manufacturer and the gold conjugate
AuNP-biotin was prepared as reported in a previous work.5

Design of experiments for optimizing AuNP-protein conjugates

The best performing gold conjugate for each serological LFIA
format was defined based on the best compromise between the
amount of a functional protein adsorbed on the AuNPs
(protein-to-AuNP ratio, pg OD ') and the amount of a gold
conjugate in the single strip (optical density, OD), as previously
described.®® Designing of experiment sets was performed to
individuate the conditions providing the highest analytical
signal (colour intensity on the test line). The levels of the
protein-to-AuNP ratio were chosen upon the minimum stabilising
amount, defined through the salt-induced aggregation test
(Fig. S4, ESIt). The salt-induced aggregation test was performed
on AuNPs adjusted to pH 8, except for SpA (pH 6, see the ESIt for
further details). The test defines the minimum amount of protein
needed for stabilising the AuNPs from aggregation caused by a

This journal is © The Royal Society of Chemistry 2024
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saline shock. The levels used in the optimisation were factors of
this amount (0.5x-1.0x-2.0x). As a positive control, a high titre
human serum (#1001) was used for the full set of experiments and
a pre-covid serum (negative control) was used for confirming the
absence of the non-specific binding signal (false positive). Details
on the experimental designs are reported in the ESL¥

Production of the qualitative LFIA strips

The recombinant RBD of the spike protein was applied to the
nitrocellulose (NC) membrane to form the test lines (the RBD
from the spike protein 1.0 mg mL™"). Avidin (1.0 mg mL™") was
used in the control line. Reagents were dotted at 1 uL cm™ " by
means of a XYZ3050 platform (Biodot, Irvine, CA, USA),
equipped with a BioJetQuanti™ 3000 Line Dispenser for non-
contact dispensing, keeping 3 mm between the lines. The gold
conjugates were absorbed onto the glass fibre conjugate pad
previously saturated with the AuNP storage buffer (see the ESIT
for details on the buffer composition). The conjugates were
mixed with a ratio of X/1 (AuNP-protein/AuNP-biotin, where X is
the optimal OD of the specific gold conjugate) and diluted with
the AuNP storage buffer. The pad was dipped in the gold
conjugate mix solution and dried for 4 h at room temperature.
NC membranes were dried at 37 °C for 60 min under vacuum,
layered with samples, conjugates and absorbent pads, cut into
strips (4.2 mm width) by means of a CM4000 guillotine (Biodot,
Irvine, CA, USA) and inserted into plastic cassettes (Kinbio,
Shangai, China) to fabricate the ready-to-use LFIA devices.
Cassettes were stored in the dark, in plastic bags containing
silica at room temperature until use.

Testing serum samples with the LFIA

The three qualitative LFIA formats were evaluated with 76
positive, 3 negative, and 92 pre-covid samples.

On the day of the analysis, sera were thawed for 30 min at
room temperature, gently shaken and diluted 1:10 by using the
running buffer (34 mM tris/80 mM glycine buffer pH 8.2, 1%
BSA, 1% Tween 20, and 0.05% sodium azide). Assays to detect
SARS-CoV-2 antibodies were conducted at room temperature,
by adding 80 pL of the diluted serum to the sample well.
Qualitative results were judged by the naked eye after 20 min
from the sample application. Samples were analysed in dupli-
cate, and results were observed by three operators. The test line
intensities were acquired by means of a portable scanner
(OpticSlim 550 scanner, Plustek Technology GmbH, Norder-
stedt, Germany) and the area of the coloured lines was quanti-
fied using a QuantiScan 3.0 software (BioSoft, China). Values
below 15 arbitrary units (a.u.) corresponded to no signal
detected by the naked eye and were then set at zero.

The sqLFIA device to visually discriminate high/low positive
samples

The conversion to the sqLFIA was achieved by interposing a
second test line between the first test and the control lines. The
concentration of the second test line was varied (1.0-0.5-0.25-
0.1 mg mL™") and the discrimination power was checked
by using 4 serum samples representing a high titre (#1001,

This journal is © The Royal Society of Chemistry 2024
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5680 AU mL '), a medium-high titre (#1010, 3238 AU mL '), a
medium-low titre (#1048, 417 AU mL™"), and a low titre (#1050,
90.5 AU mL™ ).

Both the RBD and SpA detectors were considered in the
study. Finally, the sqLFIA was fabricated by drawing two test
lines (1.0 and 0.1 mg mL ", respectively) and using the AuNP-
cSp detector.

In addition, another prototype was produced by substituting the
commercial RBD (cSp) with the in-house produced recombinant
RBD (nSp). The nSp was applied at 1 mg mL ™" and 0.25 mg mL ™"
to form the first and second test lines, respectively.

Data analysis

The D-optimal design of experiments and elaboration of the
results were performed using a Chemometric Agile Tool. Sta-
tistical calculations were carried out using a SigmaPlot 14.0
software (SyStat Software Inc, Palo Alto, CA, USA). The distribu-
tion of serological titres of the positive samples was evaluated
according to the Shapiro-Wilk normality test. The number of
positive results from the three qualitative LFIAs was used to
define the diagnostic sensitivity (Se%). The Spearman correla-
tion (Spearman’s rho, rs) for the non-Gaussian distribution
(according to Shapiro-Wilk test <0.05%) was calculated by
plotting the colour intensity on the test line against the anti-
spike antibody titre obtained from the reference method. ROC
curves were made to define the titre cut-off level for different
sqLFIA prototypes. The Mann-Whitney test was run for deter-
mining the statistical significance of differences between the
high-titre and low-titre groups.

Results and discussion
Selection of the serological LFIA format

The strategy for the development of the semiquantitative LFIA
for monitoring the antibody response to SARS-CoV-2 included,
as the first step, the individuation of the LFIA format most
convenient for the purpose of quantitation. For this reason,
three qualitative (single line) LFIA formats were studied. The
capture reagent was kept constant (RBD spike protein) while
different detectors were investigated (Fig. 1). One format (LFIA-1)
was based on the ‘double antigen’ approach, and the detector
was made by absorbing the commercial spike RBD to the AuNP
(AuNP-cSp). The second format (LFIA-2) employed the bacterial
ligand SpA as the specific ligand adsorbed to the AuNP (AuNP-
SpA). SpA was considered because of its high binding capacity
towards immunoglobulins. The third (LFIA-3) was a typical
serological format, including a secondary antibody directed
towards human immunoglobulin G as the detector (AuNP-anti-
hIgG). First, the three AUNP-protein conjugates were optimized
by means of an experimental design by varying the levels of the
protein adsorbed (protein-to-AuNP ratio) and the amount of the
detector (optical density of the conjugate solution) included in
the LFIA device (Table S2 and Fig. S5, ESIt). The combinations
were studied by applying a negative sample and a positive
sample and recording the signal formed in the test line.
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The optimal detector was defined according to maximizing the
signal for the positive sample and showing no false positivity for
the negative sample. For the LFIA-1, the best combination was
characterised by 1 pg of the recombinant RBD absorbed for each
optical density unit of the AuNP, and an optical density of 4 in
the assay. The optimal combination for the LFIA-2 was charac-
terised by 4 pg of SpA absorbed for each optical density unit of
the AuNP, and an optical density of 9 in the assay, while, for the
LFIA-3, the best detector was characterised by 15 pg of the anti-
hIgG antibody absorbed for each optical density unit of the
AuNP, and an optical density of 6 in the assay.

The three optimized qualitative LFIA devices were applied to
detect the presence of anti-spike antibodies in 171 human sera.
The rate of true positive results (diagnostic sensitivity) is
reported in Table 1, along with the correlation of the measured
signal intensity with the results of the serological reference
assay. Among the three, the LFIA-2 approach showed the highest
diagnostic sensitivity (93.8%, C.1.95%: 88.6-99.1), while the
LFIA-3 resulted as the less sensitive (85.2%, C.1.95%: 77.4—
92.9). We hypothesized that non-SARS specific immunoglobulins
reacted differently with the probes, and therefore, the inter-
individual variability impacted differently on the assay formats.
Some samples probably had a high concentration of non-specific
Igs so preventing the probes from binding to the specific
antibodies. In general, the highest values of the test line intensity
were recorded with the LFIA-2. This result may be explained by
the valency of SpA, which has up to five binding domains for
IgGs, and likely rendered it less prone to saturation. In addition,
SpA also enabled enhancing the specific signal via cross-linking
of several AuNPs mediated by non-specific immunoglobulins.

Concerning the correlation with the reference serological test,
the highest Spearman’s rho value was recorded for the LFIA-1
format (0.84 for cSp). This was explained by considering the
double specificity of the antigen-antibody recognition both in
capture and in detection, which resulted in the absence of
interference from non-specific immunoglobulins. In contrast,
the correlation for the LFIA-2 (0.48) and LFIA-3 (0.47) was
significantly lower probably because the gold labelled proteins
interacted with both specific and non-specific antibodies,
increasing the dispersion of data (Fig. 2).

Conversion of LFIA-1 into sqLFIA

Among the three qualitative formats used to detect anti-spike
antibodies in the serum, the LFIA-1 was the most performing
one in terms of correlation with quantitative measurements.

Table 1 The figures of merit of the three qualitative formats calculated by
testing 76 human sera belonging to vaccinated subjects and containing variable
amounts of anti-spike antibodies according to the reference serological method

Format Protein Sensitivity % (C.1.95%) Correlation®, rg
LFIA-1 cSp 86.4 (79.0-93.8) 0.84
LFIA-2 SpA 93.8 (88.6-99.1) 0.47
LFIA-3 anti-hIgG 85.2 (77.4-92.9) 0.48

“ Spearman’s rho towards the serological reference method, calculated for
not normally distributed data (according to Shapiro-Wilk one-way ANOVA).

2144 | J Mater. Chem. B, 2024,12, 2139-2149

View Article Online

Journal of Materials Chemistry B

Thus, we investigated further this approach for the develop-
ment of a (semi)quantitative visual LFIA. To this aim, we added
an additional test line comprising the same capture protein
used in the previous experiments. The test lines were located as
close as possible to the sample well to minimize the contact
time between the target antibodies and the detector before they
reached the capture reagent. Actually, when the same reagent
was used for capturing and detection, a competition for the
binding to target antibodies occurred, analogously to what
happens for the single-epitope sandwich in the antigenic
LFIA7>%8% The effect of the competition was a reduction of
the sensitivity, which could be counteracted efficiently by the
precaution of narrowing the distance between the test lines and
the sample application point.”*8%84

The concentration of the second test line (T2) was defined
according to the ability of correctly classifying four samples
chosen to have a high titre (#1001, 5680 AU mL '), a medium-
high titre (#1010, 3238 AU mL™"), a medium-high titre (#1048,
417 AU mL™ %), and a low titre (#1050, 90.5 AU mL™%). In
particular, the interpretation rule was defined as follows: the
high-titre sample should provide two coloured test lines, the low-
titre sample should provide one coloured test line, and the negative
control should provide no coloured test lines. Examples of results
are shown in Fig. S6 and are summarised in Table S3 (ESIY).

The sqLFIA was able to discriminate high and low titre
samples by using a concentration of the RBD to form the
second test line T2 of 0.1 mg mL ™" (Fig. S6a, ESI{). Under this
condition, the LFIA device allowed us to discriminate also
between the #1048 (medium-low-titre) and #1050 (low-titre)
samples (Fig. 3a). To confirm the results obtained by exploiting
the LFIA-1 format, a second prototype sqLFIA was prepared,
based on the LFIA-2 format. This last was characterized by
higher sensitivity, but a lower correlation with quantitative
measurements. The prototype derived from LFIA-2 resulted less
efficient in discriminating among high and low positive sam-
ples, despite the ability to detect extremely low titre sera. In this
format, the second test line showed a parallel behaviour to the
first, without adding information compared to the device with a
single test line (Fig. S6b, ESIt). Then, a total of 171 samples,
including negative and positive sera, were tested with the
SqLFIA device based on the double antigen format (LFIA-1).
The classification ability and the discrimination cut-off, in
terms of antibody titre, were determined. According to the
Shapiro-Wilk normality test, the set of positive sera was not
normally distributed; therefore, non-parametric statistics were
used. Samples that gave two test lines (2xT), one test line (1xT),
and no test line (neg) responses were clustered and analysed for
their distribution by means of a Kruskal-Wallis one-way analy-
sis of variance on ranks, and the significance of the differences
was determined by Dunn’s method for all pairwise multiple
comparison procedure (Table 2). The 2 x T cluster enclosed 48
samples with a median antibody titre of 977 AU mL " (25-75%:
797-3548 AU mL™ "), 1 x T contained 21 samples with a median
of 238 AU mL™' (25-75%: 0-552 AU mL™ "), and negative
responses were given by 102 samples, including the pre-covid
ones. The results are also reported as box plots in Fig. 3b. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Results from the three qualitative LFIA formats obtained by analysing 79 human sera from vaccinated subjects. The colour measured at the test
line was plotted towards antibody titre measured by the reference The serological reference method was performed.

boxes are separated among the three clusters and Dunn’s clusters (Table 2). The discrimination level between the 2 x T
method confirmed the significant difference between the and 1 x T groups was defined through the ROC curve and
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Fig. 3 (a) Images of typical results of sqLFIA for a high-titre positive (left), a low-titre positive (middle) and a negative (right) sample. The boxplot in (b)
represents the classification of the 171 samples provided by the three sqLFIA prototype LFIA.
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Table 2 Results from the semiquantitative LFIA device for the 171 serum
samples. The number of coloured test lines (2xT, 1xT, and neg) were
clustered and analysed for their distribution by means of a Kruskal-Wallis
one way analysis of variance on ranks, and the significance of the differences
by Dunn’s method for all pairwise multiple comparison procedure

Kruskal-Wallis one
way analysis of
variance on ranks

All pairwise multiple
comparison procedures
(Dunn’s method)

N Median 25-75% Diff of ranks Q P < 0.05
2xT 48 977 797-3548 2xT vs. 1XT 46.03 3.554 Yes
IxT 21 238 0-552 2XT vs. neg 89.086 10.28 Yes
neg 102 0 0 1xT vs. neg 43.056 3.629 Yes

resulted in 750 AU mL ™" with a sensitivity (Se, probability to
correctly classify the 2 x T) of 93% and a specificity (Sp,
probability to correctly classify the 1 x T) of 93% (Fig. 4).

Number of test lines in the sqLFIA

Since adding a second test line enabled us to introduce semi-
quantification ability to the LFIA, the addition of a third test
line, again composed of the RBD spotted at 0.1 mg mL™" was
investigated to verify if the discrimination power could be
improved. The 171 samples were tested using a three-test-line
SqLFIA device (Fig. S7, ESI{). Despite the trends of responses
agreed with serum titres, and 4 clusters of samples were
obtained, with a distinct number of coloured test lines (3 x T,
2 x T, 1 x T, and neg), the number of samples in two of these
clusters (2 x T and 1 x T) was very low. The Mann-Whitney
pairwise comparison confirmed that there was no significant
difference between the 2 x T and 1 x T clusters (Table S4, ESIT).

Therefore, the following work was carried out by maintain-
ing the 2-test-line configuration.

Production of the RBD

The gene subunit encoding RBD was successfully amplified by
the PCR, digested with appropriate restriction enzymes, and

100 | o O 5500
0750
0.75 g_%oo
c
¥ 0.50
0.25
0.00
000 025 050 075 1.00
1-Sp

Fig. 4 ROC curves for the sqlLFIAs including the commercial RBD. The
red dots represent the estimation of the discrimination value of antibody
titre (AU mL™Y) that enabled the best classification of serum samples.
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cloned into a mammalian expression vector. Sequence analysis
of at least two positive clones confirmed the authenticity and
the correct frame of the gene of interest. Plasmid midiprep was
then performed using the endotoxin free method and used for
the transfection experiment. Expy293F cells were cultured in
25 mL culture volume in Erlenmeyer flasks (125 mL capacity),
incubated at 37 °C with 80% humidity and 8%CO, using an
orbital shaker platform (120 rpm) until reaching a density of
3 x 10° viable cells/mL and transfected according to the
expression system recommendation. Up to 5 flasks were trans-
fected and the culture medium was harvested 5 days post
transfection (p.i.). Purification with the Strep-Tactin® XT affi-
nity matrix was conducted with 1 mL of the resin column by
gravity flow and eluted in 3 fractions (0.6 mL E1; 1.6 mL E2;
0.8 mL E3), being fraction E2 expected to contain most of the
eluted protein (Fig. S8, ESIT). The protein concentration was
measured using the Bradford method and fraction E2 reached
3 mg mL ™" of the pure RBD (4.8 mg).

Inclusion of the new RBD into the sqLFIA

The newly produced RBD was linked to the gold nanoparticles
(AuNP-nSp) and was optimised as described above for the
commercial protein. The gold-protein conjugates were spectro-
photometrically characterised (Fig. S9 and Table S5, ESIt) and
submitted to the experimental design to identify the combi-
nation providing the highest colour intensity of the test line for
the positive sample. The optimized detector was the one
including 2 pg with an optical density of 4 in the assay (Table
S6 and Fig. S10, ESIf). It was used to prepare a new qualitative
LFIA, which was tested again by applying the 171 serum
samples. The analytical performances were comparable, or
even superior, to the ones achieved by the commercial protein.
In particular, the sensitivity was higher (Se%: 93.5, C.1.95%:
86.4-98.2) and the correlation with reference measurements
was comparable (Spearman’s rho: 0.87). Then, we converted it
into a two line (sqLFIA) format using the same concentration to
form the second test line of the LFIA-1 (0.1 mg mL™'). The
classification ability was confirmed as the device discriminated
between the #1010 (medium-high-titre) and #1050 (medium-
low-titre) samples (Table S7, ESIT). The classification of the 171
serum samples furnished by the new sqLFIA was quite different
compared to the one provided by the LFIA including the
commercial RBD. The majority of the samples (59) resulted in
a 1 x T response, with a median of 715 AU mL ™" (25-75%: 329~
974 AU mL %), while the 2 x T samples were 14, pooled in the
highest values of the antibody titre corresponding to the
maximum limit of the serological reference method, with a
median of 5680 AU mL ' (25-75%: 3017-5680 AU mL ).
Interestingly, the sqLFIA based on the new recombinant RBD
furnished a lower number of false negative results (6), which,
furthermore, were given by samples characterised by antibody
titres <100 AU mL™'. The overlapping between the 2 x T and
1 x T clusters, due to the high dispersion of the antibody titres
of the samples included in the 1 x T cluster, is appreciable from
the boxplot (Fig. S11a, ESIt). The pairwise multiple comparison
Dunn method confirmed that there was no significant

This journal is © The Royal Society of Chemistry 2024
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difference between the 2 x T and 1 x T groups (Table S8, ESIT).
Nevertheless, the ROC curve individuated a discrimination level
(4500 AU mL '), with a Se of 78% and a Sp of 97% (Fig. S$12a,
ESIt). Apparently, a higher amount of the new recombinant
RBD on the second test line was needed to replicate the
behaviour of the commercial one, in terms of classification
power. In fact, the prototype employing 0.25 mg mL ™" of the
RBD as the second test line allowed us to discriminate between
the #1048 (medium-low-titre) and #1050 (low-titre) samples
(Table S7 and Fig. S11b, ESIt). Samples were also clustered
likewise: 54 samples with a median at 969 AU mL ™" (25-75%:
784-3253 AU mL ™) were included in the 2 x T cluster, 19 samples
with a median of 238 AU/mL (25-75%: 90-341 AU mL ') in the 1 x
T cluster, and 98 were assigned as negative samples. The differ-
ence between clusters was significant using Dunn’s method
(Table S8, ESIt). The discriminating value between the 2 x T
and 1 x T groups, individuated by the ROC curve, was between
400 AU mL ™" (Se: 93%; Sp: 97%) and 500 AU mL ™" (Se: 98%; Sp:
94%) (Fig. S12b, EST}).

Conclusions

To the best of our knowledge, in the present work, we report the
development of the first semiquantitative serological LFIA
based on visual interpretation. Based on our results, the double
antigen format was the most suitable for pursuing quantitation
by colorimetric LFIA. We hypothesized that the higher correla-
tion with quantitative measurement of anti-spike antibodies
reached by the double antigen format was due to the absence of
interference by non-specific immunoglobulins present in the
serum, which may vary largely among samples belonging to
different subjects. We also suggested that the use of staphylo-
coccal protein A as the detector enabled us to reach high
diagnostic sensitivity (positive/negative discrimination); how-
ever, it was less suitable for developing quantitative serological
LFIAs. In addition, two RBD spike subunits, a commercial and
a newly produced one, were employed to set up sqLFIAs based
on multiline interpretation, in which samples (containing high
and low amounts of antibodies) were discriminated by number-
ing the coloured test lines formed upon the application to the
device. Interestingly, the two recombinant RBD proteins clus-
tered samples in distinct groups, which may be explained by a
different affinity towards antibodies present in the samples. In
both cases, the multiline strategy was effective for achieving
semi-quantification through visual inspection of LFIA devices
(allowing us to reach sensitivity and specificity above 90%)
without requiring additional equipment or complicated, multi-
step protocols.
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