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Abstract

A rapid test for detecting total immunoglobulinsredited towards the nucleocapsid protein (N) of sewacute
syndrome coronavirus 2 (SARS CoV-2) was developaded on a multi-target lateral flow immunoassaymadsing
two test lines. Both test lines bound to severassts of immunoglobulins (G, M, and A). Specifidi-&ARS
immunoglobulins were revealed by a colorimetric ggrdormed by N and gold nanoparticles. Targetimg total
antibodies response to infection enabled achietd@6 diagnostic specificity (95.75-100, C.l. 95%886 healthy and
with other infections individuals) and 94.6% seingif (84.9-98.9, C.I. 95%, n= 62 SARS CoV-2 infedtsubjects) as
early as 7 days post confirmation of positivity.réging results with a reference serological ELISAravachieved,
except for the earlier detection capability of theid test. Follow up of the three seroconvertiatjgnts endorsed the
hypothesis of the random rise of the different immglobulins and strengthened the ‘total antibodssgiroach for the

trustworthy detection of serological response t&RSACoV-2 infection.
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Introduction

The global diffusion of the new beta coronavirusRBAC0OV-2 (Severe acute respiratory syndrome coiarea?) since
January 2020 has posed an unexpected and terrifylisigal threat. The virus causes a severe respjraloess
characterized by fever, headache, body aches, aaligh, hypoxia, and to a lesser extent pneumdmansmission
occurs by contact with infectious material, suchiespiratory droplets or body fluids. The mottahnd morbidity of
the pandemic SARS CoV-2 are still uncertain. Furttere, the rate of infection and mortality seemdakde around
the world and certain regions have been much mdveraely impacted than others [1]. A possible caseafor the
inefficacy of containment actions is the failingd®layed identification of infected people. In & feountries, the use of
diagnostic testing on a massive scale has beemnarstone of successful containment strategiesoitrast, several
countries have encountered the rapid spreadingeofntfection due to the limited testing capacity dine insufficient
provision of reagents for executing the test onglobal scale. The current standard method fodtagnosis of SARS
infection is based on the detection of the viral RN nasopharyngeal swabs. Viral RNA is detectedrsans of the
reverse-transcriptase real-time polymerase chaaction (rRT-PCR [2,3]. Recently, laboratory-basestokgical
methods, such as ELISA (Enzyme-linked Immuno-sdarBesay) and CLIA (Chemiluminescence immuno-assang,
emerging as complementary diagnostic tools in ttemgt of widening access to diagnosis, screengygnatomatic
persons, and providing information on immunity stédr recovered persons to end isolation [2]. Receviews have
shown that nucleic acid-based methods are profese negative results because of insufficienth\RIdA at the point
of detection [4], and that antibody-based methoalgehslightly lower sensitivity but higher accuraoympared to
molecular assays [5]. Serological assays have beggested for the diagnosis of the infection [6] anmbining the
two methods is recommended to improve the dete@@muracy of COVID-19 [4-5]. Although accurate, dadtory-
based assays cannot guarantee the massive cageg fiswl helping curb the epidemic. They suffer fromany
limitations, such as long turnaround times (theyegelly take on average over 2 to 3 hours to gémersults).
Furthermore, rRT-PCR tests require certified labmias, expensive equipment, and trained techrsdiaroperate, thus
limiting the outbreak containment effort. Thesellgrames may be even greater in low-resource ssttideggent clinical
and public health needs are driving an unprecedegtebal effort to increase testing capacity forR8ACoV-2

infection [2].



Point-of-care devices based on the lateral flow imaassay (LFIA) principle have been made availdlyleseveral
manufacturers, as well. These devices aim at detethe serologic response to the infection by #igedy and
separately targeting immunoglobulins belonging te M and G classes in the serum of the subject. idlba
underneath the assay design is that the contaltthet virus elicits first the production of immunolgulins M (IgM)
that initially raise and rapidly decrease, whileniomoglobulins G (IgG) are produced in a second tme persist in
the blood after recovery [7]. Therefore, the apibf recognizing the class of anti-SARS CoV-2 immglobulins has
been regarded as a viable way to identify infegatients and to discriminate those who surpassedltiess and can
safely end isolation. The point-of-care tests dewedl in the early phase of the outbreak considiredhe positivity to
the sole IgM or IgG were linked to diagnosis oflgamfection and past infection (i.e. recoveredjsab), respectively.
The contemporary presence of both classes of imgiahaolins was regarded as the indication of sereesion.
Unfortunately, as reported for previous SARS and R8Evirus, the sequential production of IgM and IG5
guestionable when the immune system encounter S2ZdRE2 [7-8]. IgM responses were either found eathan IgG,
or together with 1gG, later than IgG, or were migsiTherefore, the separate determination of Igd ByG cannot
support distinction between early, intermediatel past infections [9-11]. The determination of Ig&tead of IgM has
been suggested by some authors as a more acciagtestic tool [9-10]; however data on IgA respanaee still
limited. Bauer has proposed a model based on theepd of antibody avidity to account for the vaiiiéyo observed in
the serological response to SARS CoV-2 infectioh].[According to these observations, the separatection of
immunoglobulins seems useless for defining theest#gthe infection while reduces the analyticalss@vity as the
individual amount of each immunoglobulin class gates a signal lower than the one produced by sagmp all
contributes. Furthermore, the poor specificity apdsitivity of the serological approach has le@ twide disbelief on
the usefulness and informative capability of rapédts and sometimes of serological tests in genferalthe
management of the pandemic. With this in mind, tLale developed a rapid test combining the IgM &3 detection
as a rapid diagnostic tool for SARS CoV-2 infect[@h The architecture of the LFIA device was thaditional one,
with two test lines comprising anti-human IgM amdidauman IgG as the capturing reagents and a reitamt SARS
CoV-2 antigen labelled with gold nanoparticle (GN#) the probe to generate visible signals. Indegr@hdon the
immunoglobulin detected, the test was assignedoasgtiye. The diagnostic sensitivity improved; howgvat the
expenses of the specificity, which resulted affédtg the sum of matrix interference on each line.

As other virus affecting the respiratory traitssamlSARS CoV-2 elicits the production of anothersslaf specific
immunoglobulins A (IgA) in respiratory specimenslahe presence of specific anti-SARS CoV-2 IgAhia blood has
also been reported [5-11]. Hence, we conceivedvalmtiagnostic strategy that aimed at targeting'tdwal antibody’
response elicited by SARS CoV-2 infection to enleasensitivity and, hopefully, expedite diagnosistifis purpose,
we designed a double line LFIA, in which both linesre able to bind to human IgG, IgM and IgA indisgnately.
The specific detection of anti-SARS CoV-2 antibadwas guaranteed by the probe, which comprised¢@meinant
SARS CoV-2 nucleocapsid protein (N) and gold nantigjas as colorimetric signal reporters. The naclpsid
protein of SARS-related virus has high immunogeutivity and is abundantly overexpressed duringdtibn. In fact,
several serological assays for detecting SARS Cafftbodies employ the N protein as the antigen14p In
addition, antibodies towards N have been showretalile to neutralize the virus, with an excelletrelation between
the existence of anti-N antibodies and the neuiraiability of the serum [10,15]. Hence, we creladerecombinant N
antigen and expressed it in E.coli. The full opeading frame encoding the N protein of SARS CoVaswmplified
and cloned in a prokaryotic expression vector Wtherminal fusion of 6xhis tail and was purified bymobilized

metal affinity chromatography (IMAC). The two tdimes were formed by Staphylococcal protein AAPftest line
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1) and the N antigen (test line 2). SpA is knowbind to Fc domain of human IgG; moreover, hasits®wn to bind
to Fab domains of some IgM and IgA [16-17]. The ofthe antigen as the capturing and detectionemgigig sandwich
ELISA has also been reported as a convenient girate increase sensitivity and reduce matrix imtefice in
serological assays [18-19]. The higher sensitiaitg ability of double-antigen ELISAs to detect semversion earlier
than conventional direct/indirect ELISA rely exgatin the response to total antibodies presentdrséimple, regardless
to the class of Ig revealed. A double-antigen sacld\iZLISA based on the nucleocapsid antigen has bebcated as
an effective screening method for the serodiagrfSBARS-associated coronavirus [20].

The clinical performance of the ‘total antibody’ I&Fwas tested on eighty-five sera collected in 2@&fore SARS
CoV-2 outbreak) and on sixty-two infected subjgcisnfirmed as SARS CoV-2 positive by the refererR€-PCT)
enrolled from three different centres. The sama segre also analysed by a validated ELISA targesinti-SARS
CoV-2 IgG in the view of rationalize results frohetLFIA. Finally, the LFIA was applied to follow sonversion of
three hospitalized patients.

Materials and methods
Immunoreagents, chemicals and materials

Gold (Ill) chloride trihydrate (ACS reagent), stgfdtoccal protein A (SpA), casein sodium salt fromik, avidin,
sucrose, polyethylene glycol 10000 (PEG), bovimarsealbumin (BSA) were obtained from Sigma—Aldr{&t. Louis,
MO, USA). Tween20 and other chemicals were purahdsem VWR International (Milan, Italy). Nitro-cellose
membranes with cellulose adsorbent pad and blogadratr sample pads were purchased by MDI membrane
technologies (Ambala, India) and glass fibre coajagpads were obtained from Merck Millipore (Biitgr, MA, USA).
The ELISA kit was an indirect ELISA for the detextiof anti SARS-CoV2 antibodies (ERADIKIT™ COVID1§6
from In3diagnostic srl, Turin, Italy) [21]. The wnercial ELISA kit was registered as IVD-CE accaglto European
Directive 98/79/CE for the detection of IgG in sargamples. The performances declared by the maowacre:
sensitivity of 96% if the ELISA test is performed gamples collected after 20 days after the ficstitive swab;
analytical and diagnostic specificity of 100%; refability and reproducibility: Coefficient of Vatian <5%.
Statistical calculations were carried out with Sidttot 11.0 software.

SARS CoV-2 nucleocapsid recombinant protein (N)

The full open reading frame encoding the N prote@s RT-PCR amplified from a nasal swab of SARS Qovifected
donor and cloned into pSER prokaryotic expressientar in frame with 6xhis tail as described [22]adPid
preparation from at least two PCR positive cultwere extracted and sequenced to confirm presergte@mect in
frame orientation of N gene. The protein of inténeas induced in early log phase positive cultuyrd®TG 1mM for 2
hours. Bacteria were collected by centrifugatiod &msed by physical-chemical methods. The reconmiiiaprotein
was recovered in the 1M urea extraction fractiod parified by immobilized metal affinity chromataghy under
denaturing condition. Fractions of eluted proteirese analysed by SDS-PAGE and concentrations wan@ated by
DC protein assay (BioRad, Hercules, CA, USA). FdtRGconjugation, pooled eluted fractions were dietiagainst

100 volumes of carbonate/bicarbonate buffer.

Preparation of GNPs and conjugation of SARS CoW@aocapsid to GNPs (GNP-N)
GNPs with a SPR band at 525 nm and mean diametes.. 30 nm were prepared by tetrachloroauric aitliction

with sodium citrate [23]. Signal reporters usedhie LFIA were prepared by adsorbing SARS CoV-2 eocapsid (N)
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protein onto GNPs. In details, 100 pg of N wereeatldropwise to 10 ml of GNPs under gentle stirfimg40 min at
room temperature. Then, 1 ml of casein (5% in leokatffer) was added and reacted for 10 min to atduree GNP
surface. GNP-N conjugates were recovered by cagatfon (10000 rpm, 15 min) and washed twice wihabe buffer
supplemented with 0.5% casein. Finally, GNP-N wersuspended in GNP storage buffer (borate buffér 5%
casein, 0.25% Tween 20, 2% sucrose, and 0.02% reodaide) and stored at 4°C until use. Bovine batein was
linked with Sulfo-NHS-LC-Biotin (Thermo ScientificWaltham, MA, USA) following protocol recommended b
manufacturer. The probe GNP-biotin was then prepbyepassive adsorption of the ca-sein-biotin dalP by using

the same protocol as above.

Fabrication of the LFIA device

The protein A was applied to the nitrocellulose jN@mbrane to form the first test line (0.5 mg/and the protein N
was applied to form a second test line (1.0 mg/A¥jdin (1.0 mg/ml) was used as the capturing reader the GNP-
biotin conjugate at the Control line. Reagents wawded at 1 pL cm-1 by means of a XYZ3050 platf@Biodot,

Irvine, CA, USA), equipped with BioJetQuanti™ 30Qfhe Dispenser for non-contact dispensing, kee@Bnmm

between the lines. The signal reporters (GNP-N @hiP-biotin conjugates mix) were absorbed onto thsgfibre
conjugate pad previously saturated with GNP dilutiuffer (borate buffer with 0.25% Tween 20, 2%rege and
0.02% sodium azide). The conjugates were mixed wittatio of 4/1 (GNP-N/GNP-biotin) and diluted wibNP

dilution buffer to optical density 2.5. The pad wdipped into GNP conjugate mix solution and dried 4 hours at
room temperature. NC membranes were dried at 3@f®0 minutes under vacuum, layered with samplejugate

and absorbent pads (Fig. 1), cut into strips (@ width) by means of a CM4000 guillotine (Biodtitjine, CA,

USA) and inserted into plastic cassettes (Kinbibjn&) to fabricate the ready-to-use LFIA devices$edtes were

stored in the dark in plastic bags containing aiit room temperature until use.

2.5 The Lateral Flow ImmunoAssay for SARS CoV-@agical diagnosis

Donors’ whole blood was collected by venous purgtafter collecting informed consensus. Serum vaaaioed in the
same day of collection, immediately heat inactidaae56°C for 30 minutes and stored at -20°C wamtélysis. Samples
were transported and handled in compliance witlriational standards for biosecurity and biocomiaint. The day of
the analysis, sera were thawed for 30 min at roemperature and gently shaken. For the analysisplss were
thawed at room temperature, carefully mixed andteld by 1:10 using the running buffer (Tris 34 mN\j#ne 80 mM
buffer pH 8, 0.2% casein, 1% Tween 20, 0.05% sodigide). Assays to detect SARS CoV-2 antibodieswarried
out at room temperature, by applying @®f diluted serum to the sample well.

Qualitative results were judged by the naked eyer 20 minutes from sample application. Samplesvesralysed in
duplicate and results were observed by three apmsralmages of LFIA devices were also acquired hyodable
scanner (OpticSlim 550 scanner, Plustek Tech-no®oyoH, Norderstedt, Germany) and the area of theuoed lines
was quantified by means of the ImageJ soft-wardéd(NUSA). Values below 100 arbitrary units (a.u.jregsponded to

no signal detected by the naked eye and were #teat gero.
Resultsand Discussion

Recombinant nucleocapsid production

The N recombinant antigen was successfully expdeasepartially soluble protein. Purification wasiaved under

mild denaturing condition (1M urea fraction) andiksated by SDS-PAGE, showing a single protein bafndolecular
5



weight corresponding to the expected size. Sequanalysis of each of two bacterial clones confirntesidentity and

correct orientation of the insert.
Design of the ‘total antibodies’ LFIA device

Conventional strategies to design rapid testsrffactious disease diagnosis involve dropping aipemtigen (either
native or recombinant) to form the test line argkling high affinity anti-human immunoglobulinsrfthe detection of
the binding event occurred between the antigentcag reagent) and the patient’ serological resgorTypically,
anti-human immunoglobulins G (anti-lgG) are usedtfe purpose [24]. The reverse option (i.e. th@wang reagent
comprises anti-lgG while the specific recognitioveet is linked to the binding to the labelled aatigfrom the
pathogen) has the advantage that several linebeanranged on a single strip test and the seaabgésponse to the
infection can be discriminated, thus providing mif@tion on the stage of the seroconversion. Evéipfube capability
of detecting IgM be-sides IgG helps earlier diagsmodevices based on the reverse approach havespeedily made
available for the rapid and point-of-care diagnagiSARS CoV-2 infection [25-33]. However, as ohsal for SARS
and MERS virus [7-8], also the new coronavirusitithe random production of either IgM or 1gG hetacute phase
of the infection. In addition, secretory IgA haveeln found in the blood of infected individuals dave been shown to
correlate with the neutralizing effect of the imneuasponse [9]. All considered, we designed a nietll antibodies’
approach for revealing all classes of immuno-glotsulwith the aim of increasing the diagnostic sy and
enabling the as early as possible identificatiomfifcted individuals. Accordingly, we used a retdmant N antigen as
the capturing agent and as the detection probihidrdouble-antigen approach SARS CoV-2 specifimimoglobulins
interacted with the N protein that formed the tiais¢ and were revealed by the same N protein latellith a
colorimetric reporter (Figure 1, test line 2), ipéadently on the Ig class.

Although the prompt identification of infected ind@luals is a relevant concern to circumvent theeagrof the
infection, equally important is the trustworthinessth which positivity is ascertained. Indeed, a@sé positive
assignment is detrimental for the subject (who begome confident in a false immunity) and for theisty because is
still susceptible of being infected and of spregdime infection. Therefore, the as high as possltagnostic specificity
is an imperative demand for serological tests, afl as sensitivity. In this view, we inserted a aeat test line
comprising staphylococcal protein A as the capturgagent. Protein A was chosen for its uniqueibgbehaviour. It
binds major human IgG subclasses and, to a vareadént, human IgA and IgM classes. Moreover, uSip4 allowed
us to envisage the use of the assay without furkdaptation to detect Sars-Cov2 antibodies in campaanimals,
which are known to be susceptible to the virus [34]

During the initial stage of the study both Nuclemsid (N) and Skype proteins (namely S1 subunitisn®BD) were
expressed and applied to a subset of negative @sitive samples. N was selected for its greateresgion efficiency
and signal to noise reactivity displayed in ELISFhe choice of viral N protein may raise concernténms of
specificity, being humans infected with endemicotaviruses. However, when potential cross-reagtvitN protein
between SARS-CoV-2 and human alpha and beta-coiroisawas evaluated, no reactivity was shown ag#29E,
0C43, HKU1 and NL63 by western blot and ELISA [35].

Ideally, both test lines were able to reveal thespnce of the complete serological response to SB&RE2 while we
expected that non-specific interactions differeaffigcted the two lines.

Accordingly, the colouring of one test line canrbgarded as a (maybe false) positive outcome, wtihidecoloured test
lines represented a strong evidence of positivity.the other hand, no signal present in correspmadef both test

lines was considered as a robust indication of ttya The overall architecture and the principliefunctioning of the
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multi-target LFIA are depicted in Figure 1. Sevepalrameters affect LFIA performance, such as thalityuand
amount of bioreagents used. Especially, the cdlathbility of the GNP conjugates largely impamtsthe outcome of
the test, both in terms of sensitivity and spettificWell-dispersed and stable probes were obtamedptimizing all
the phases in which GNP-N were involved from tipeeparation to the environment in which they weaogesdried in
the device to the resuspension buffer (detailshendptimization are described in the Sl). The GM&be showed a
large shift of the localized surface plasmon reseraband (from 525 to 536 nm) compared to the GM® and a
corresponding significant increase of the mean dgginamic diameter, as measured by dynamic lightesoag (from
32 #0.1 to 114.3 +0.5 nm, Figure S1). However, ldgely negative zeta potential and the polydisperisdex
confirmed the stability of the probe and the absesfcaggregation due to the adsorption of the Ngant The amounts
of SpA, N and avidin to from the two test and ommteool lines, respectively, and of GNP-N probe wededined
according to reaching clearly visible red colourofgthe lines for a known positive sample (as wdte the reference

ELISA kit) and no signal for a pre-covid negatiarple (Table S4).

Characteristics of the total antibodies LFIA

The double-test line LFIA was tested on a totaBbfnegative human sera kindly provided by the SgiLGonzaga
Hospital (Orbassano, Torino, Italy) and collected 2018. Among them, 25 samples were known to pertai
individuals with other infections (hum immunodeéinocy virus n=2, hepatitis C virus n=6, Epstein Barus n=3,
cytomegalovirus n=4) or monoclonal gammopathy (=180 false positive results (0/85) were obseraedhe T1
line, while 2 false positive were found at the Ti2el (false positive rate, FPR = 2.4%). Based on dbmbined
interpretation of the two lines, 100% (95.75-100%4, 95%) diagnostic specificity was achieved.Hbsld be noticed
that we were not able to test pre-covid sera bgianto patients infected by other respiratory sjrand, in particular,
by other human coronaviruses. However, with a rietakception of SARS-CoV/2003 and MERS-CoV (thexfer not
circulating since 2004 and the latter restrictedniddle east area), the N antigen employed in sk showed less
than 28% amino acid homology with other human alphabeta-coronavirus. Moreover, cross-reactivityswet
observed in a previous study using the same antigeBELISA or western blot, when human plasma witlsifive
antibodies against NL63, 229E, 0C43 and HKU1 (gygt® human coronavirus strains) were probed [35].

The ability of the multi-target LFIA of detectingi&SARS CoV-2 antibodies was investigated on 62nan sera
belonging to individuals with confirmed infectiohhe diagnosis was made according to the referdR€€PCR on oral
nasal swab. Serum was obtained from individualtuded in the study at different times from the diagis and, in
some cases, after their recovery (defined as stib-yeho were tested negative by two rRT-PCR onemlsnt swabs).
A description of the population included in thedstus shown in Table S5. Parallel to the LFIA as#y sera were
submitted also to a serological ELISA kit targetiagti-SARS CoV-2 IgG. The ELISA kit was a semi-gitative
assay, which provided results as “percentage dadasity” (pOD). The relative amounts of the Ig@rev calculated
according to manufacturer’s instruction as (OD wwn — OD negative control) / (OD positive contrdDb negative
control) x100. Therefore, we were able to correldA outcomes to the clinical classification oftlsamples and, in
addition, to the presence, and partially to the @mhoof IgG in them. According to manufacturer’stimiction, 47 sera
out of the 62 provided pOD values exceeding theoffulevel of 40% and were classified as positiMegativity to the
serological assay for known infected individualssvedtributed to either the closeness in time frafadtion of blood
collection or to showing an IgG level close to the-off level. Notwithstanding, two individuals amently did not

develop a strong immune response to the infectien after weeks from the confirmation of infection.



The ‘total antibodies’ LFIA tested as positive Blividuals based on the colouring of the T1 linel @& based on
colouring of both test lines. No samples providelbaring of the T2 line in the absence of any Tiklsignal. Possibly,
when limited amounts of antibodies were presethénsample, they were captured by the first testéind were unable
to significantly accumulate at the second one. rAl&vely, the different response of the two linepresented the
different ability of the two capturing reagentsimeract with immunoglobulins. In such a case, $twwed higher
affinity than the antigen to-wards antibodies. &hen these results and on the specificity stugyppted for judging
the positivity according to the colour of the Tadi With this definition, almost perfect agreemeeatween the LFIA
and the ELISA kit was estimated by the Cohen’s .BgDand by the accuracy values (95.2%, 90.4-98.Mo)eover,
disagreeing results were observed for six sampkswere close to the cut-off level for the ELIS®&nd which were
scored as positive by the LFIA, and for one samopliected after 12 days post-infection, which wagative according
to the ELISA kit while judged positive by the LFIM this respect, the “total antibodies” LFIA camfied to be highly
sensitive.

To rationalize the binding events occurring attthe lines, semi-quantitative information from th&IA devices was
calculated as the colour intensity by digital pessing of images. Interestingly, signals from bt lines were
correlated to ELISA with positive Spearman corielat coefficients and P values below 0,050. A sigaift
relationship was observed also between SpA and ridblas in the correlation table, though data friva double
antigen T2 line were more scattered compared teetfoom the T1 line (Figure S2). Furthermore, sa@amples
showed more intense colour at the T1, others af théne (Figure 2a) without apparent relationshiph the ELISA
score or other relevant factor, such as the sek@rsion period. We interpreted that both test liwese able to detect
IgG in the human serum; however, they also reveatedr immunoglobulins and the kind and/or the préipn in
which they were detected varied among the linesn@aoing signals from the two test lines by the M&vhitney test,
there was not a statistically difference amongdae (P=0,264, Figure 2b). To further confirm tthegt LFIA was able
to reveal immunoglobulins A and M and that thesesglof antibodies contributed to the overall obsgrsignal, we
labelled an anti-human IgA and an anti-human IgMbaadies with gold nanoparticles [36]. The probesavseparately
incorporated into a LFIA device including the N igeh as the test line (T2) and the usual contnoé.liTwo
representative samples, chosen within positive ,omese analysed by the “single antibody” LFIA (itee two positive
shown in Fig. 2a). Interestingly, we observed argrsignal at the test line for one sample wheimisiga with the anti-
IgA, while the other one did not provide any coldbigure S3). In particular, the sample containigg was the one
with the stronger colouring at the T2 line (compate the T1). Staining with anti-lgM also displaysaime relevant in-
formation. The signal at the test line was cleaiible for both samples, but the intensity waseirsely correlated to
the one measured in the “total antibody” mode (F8g83). Although based on just two samples, we loded that
anti-SARS CoV-2 IgA and IgM were present at leasisome of the analysed samples, and, most impbytame
illustrated the ability of the N antigen to captared reveal them.

Detection of anti-SARS CoV-2 antibodies by theirtarget LFIA

The diagnostic performance of the “total antibodigSIA are summarize in Table 1. The signal genedaat the test
line formed by SpA provided diagnostic sensitivitijove 94%, considering samples collected afterveeek from

infection confirmation and 88.7% (78.2-95.3%) irihg samples collected during the first week afte-PCR

diagnosis. The combination of the two lines slightecreased the sensitivity as the second testpliaeided three

additional false negative results. According tacdssion above, the SpA seemed to be able to captuyeefficiently



the antibodies. However, some samples showed a faéry colour at the T1 line while the T2 line wagensely

coloured, which can help the visual interpretatibthe result.

Plotting signals from the LFIA device towards time from infection and from recovery did not allaves to draw
any conclusions about the existence of a correlatigtween values measured for the colour at thdites and the
time from infection confirmation and/or recoveryowever, it seemed indicated a different temporalgion of the

response provided by the two lines (Figure 3).émais, the T2 line, which relied on the doubleigen strategy, was
higher in the second-third week from infection donfition and sharply decreased upon recovery. \Weea that the
polymeric IgM were more capable of binding contenapy to the labelled and immobilized antigens coragao the

monomeric IgG and therefore, that the T2 line wasensensitive to this class of antibodies. Theifd, Iconstituted of
SpA as the capturing reagent, showed limited vditialas a function of time from molecular diagn®sind persisted
after the viral load become undetectable. We hygmitted that the SpA test line was principally asged to the 1gG
presence. The signal produced at SpA line indictitatithe serological response to SARS CoV-2 risg¢be second
week from infection confirmation and persists,estst for some weeks after recovery. The abilitgroimptly detecting
the serological response to SARS CoV-2 infectiors father ascertained by following the seroconwersif three

donors (Figure 4). Identification of specific ahtidies was achieved as early as five days poshdsig Although with
different intensities, both test lines revealedhesence of immunoglobulins in the patients’ sefith) qualitatively no

distinction while with a large inter-individual vability in terms of the signal intensities.

The assay was designed to have a high diagnosaifigity in order to exclude that individuals b&ee confident in a
false immunity to COVID-19. A negative result didtrexclude an active infection (at least in theyview days from

infection), while excluded that the individual hadti-SARS CoV-2 antibodies. On the other hand, sitpve result

suggests following up with diagnostic tests (i.eoleoular assays, laboratory-based serological apysagyd to

guarantine precautionary.

Conclusions

The role that serological tests can play in the agement of the pandemic has been limited becaasdidlynosis was
largely delayed compared to rRT-PCR and, therefoseifficient for a prompt intervention. Here, thaethors propose
a point-of-care tool for the early and sensitivéedBon of the serological response to SARS CoVH2dtion. The
LFIA device candidates itself as a useful tool fi@wnitoring the spread of the infection and to confrecovery, and
perhaps moving in the future, as a tool for popoitasero-survey to determine immune populations.

The novel strategy aimed at non-selectively detextotal serological response to infection comhittethe production
of an efficient probe including the SARS CoV-2 reaitapsid protein enabled the rapid and effectiveatien of
seroconversion in human serum at as early as 7 mastsdiagnosis of infection. We showed that ttalsylococcal
protein A could play the role of a broad-specifapturing reagent towards human immunoglobulins. gamed to the
double-antigen approach showed similar or evenrgupdiagnostic validity and contemporary early dodg-term
ability to detect the antibodies elicited by theFEA\CoV-2 virus. Although the test line comprisihg N antigen as the
capturing reagent was apparently useless, its pcesean help increasing the robustness of thetresgecially when
the test is judged by untrained operators andyigndense, can be regarded as an internal doubtdedi positivity. As
an alternative, we illustrated that a LFIA deviceluding SpA enabled achieving the 100%-specifigipal and,
contemporary high sensitivity when associated tithdetection by the labelled N antigen.

Diagnostic performance of the ‘total antibodies’|ARvere superior to those reported by existing dageist to detect
SARS CoV-2 antibodies [6, 8,26-28].



As the ultimate goal will be the application of th&lA to finger prick blood, further validation ceidlering this

specimen are ongoing.
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Tables

Table 1 Diagnostic performance of the ‘total antibodieB1A

T1line(C.1.95%) T1+T2lines(C.l. 95%)
Sensitivity* (95% C.I) 94,55% (84,88-98,86) 89,00% (77,75 — 95,89)
Specificity** (95% C.I) 100% 100%
Positive predictive value 100% 100%
Negative predictive value 96,59% (93,27-99,56) 93,41% (86,95 — 96,79)
Accuracy 97,86% (93,21-99,56) 95,71 (90,91 — 98.41)

*Positive samples belonged to individuals with thiection as confirmed by rRT-PCR. Only sampledemtéd from
seven days post confirmation were included in thbld.

** Negative samples were sera collected pre-SARBreak.
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Figure captions

Figure 1 Scheme of the LFIA device for the rapid serolagitiagnosis of SARS CoV-2. (a) The strip is congubef
the analytical membrane onto which the protein AAS the SARS CoV-2 nucleocapsid protein (N) andliavare
coated to form the two test (T1 and T2) and therodC) lines, respective-ly. The signal repoiitemade of a mix of
GNP-labelled N and biotin. (b) A single visiblediiC) is expected for a human serum that doesarmdam any anti-N
antibodies (negative sample, b). (c) The presefspexific anti-N antibodies (IgG, IgM and IgA) isvealed because
of the simultaneous binding to the labelled N am&pA (T1) and/or to N (T2).

Figure 2 Comparison of the response provided by the twblitges. Images of the LFIA for detecting anti hibodies
for a negative and two positive samples (a) anttibigion of signals provided by the two test lirfes the 62 rRT-
PCR+ samples (b).

Figure 3.Signals from the Staphylococcal protein A (T1) &nel antigen N (T2) were quantified and plotted aovs
time delay from the confirmation of infection (rRAICGR+) and recovery (rRT-PCR-), respectively, agidamed by the

reference molecular diagnosis.
Figure 4.Time evolution of the serological response to SARY-2 infection as detected by the ELISA kit (apay

the total antibodies LFIA (b-d) for three individsa Empty and full symbols represent negative anditive

classification, respectively. Bars represent stechdaviations of duplicate experiments.
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Figure 3.
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Figure 4.
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Graphical Abstract

A rapid test based on the lateral flow immunoadeahnology was established to detect the totalegical response
to the SARS CoV-2 infection.
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Highlights

e Asensitive and specific lateral flow immunoassay for detecting antibodies to Covid-19

e Broad-specific agents to capture total immunoglobulins enabled increasing the sensitivity
¢ Two test lines were combined to guarantee no false positive results

e Diagnosis based on the multi-target LFIA can complement molecular assays
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