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On the caveats of a multiplex 
test for SARS‑CoV‑2 to detect 
seroconversion after infection 
or vaccination
Lorena O. Fernandes‑Siqueira1,4, Fabiana A. P. Ferreira1,4, Bruna G. Sousa1, 
Nathane C. Mebus‑Antunes1, Thais C. Neves‑Martins1, Fabio C. L. Almeida1,2, 
Gustavo C. Ferreira1, Didier Salmon1, Luciana S. Wermelinger3 & Andrea T. Da Poian1*

The Covid-19 pandemic, caused by SARS-CoV-2, has resulted in over 6 million reported deaths 
worldwide being one of the biggest challenges the world faces today. Here we present optimizations 
of all steps of an enzyme-linked immunosorbent assay (ELISA)-based test to detect IgG, IgA and 
IgM against the trimeric spike (S) protein, receptor binding domain (RBD), and N terminal domain of 
the nucleocapsid (N-NTD) protein of SARS-CoV-2. We discuss how to determine specific thresholds 
for antibody positivity and its limitations according to the antigen used. We applied the assay to a 
cohort of 126 individuals from Rio de Janeiro, Brazil, consisting of 23 PCR-positive individuals and 103 
individuals without a confirmed diagnosis for SARS-CoV-2 infection. To illustrate the differences in 
serological responses to vaccinal immunization, we applied the test in 18 individuals from our cohort 
before and after receiving ChAdOx-1 nCoV-19 or CoronaVac vaccines. Taken together, our results show 
that the test can be customized at different stages depending on its application, enabling the user to 
analyze different cohorts, saving time, reagents, or samples. It is also a valuable tool for elucidating 
the immunological consequences of new viral strains and monitoring vaccination coverage and 
duration of response to different immunization regimens.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified in December 2019 in Wuhan, 
China, and has rapidly spread worldwide, as the causative agent for the current Covid-19 pandemics (COrona-
VIrus Disease 2019)1,2. This betacoronavirus is an enveloped positive-sense single-stranded RNA virus formed 
by four structural proteins: nucleocapsid (N), membrane (M), envelope (E), and spike (S). SARS-CoV-2 entry 
into the target cells involves the binding of a region of S protein, the receptor binding domain (RBD), to the 
cell surface angiotensin-converting enzyme 2 (ACE2)3. Most infected people have cold-like symptoms or are 
asymptomatic. However, in some individuals, infection may result in a multisystem disease, progressing mainly 
to an acute respiratory distress syndrome (ARDS). So far, over 6 million deaths have been associated to Covid-
19 around the world4.

Social distancing, use of masks and immunization are the most effective strategies to control the dissemina-
tion of the disease5–7. Therefore, populational testing is critical to accurately monitor the course of the disease 
and drive policies for the mitigation of the disease outcomes8. Additionally, there is a latent risk of the emergence 
of new variants9 with greater virulence or for which the effectiveness of the vaccines is reduced. These factors 
pinpoint the importance of customizable tests for the antigens of interest, allowing a quick and effective response 
in monitoring infection, as well as contributing to the elucidation of the immunological consequences of the 
new strains.

Serological tests vary in their individual performance characteristics. Currently, they are not recommended 
to assess for immunity to SARS-CoV-2 following vaccination since some of the tests do not detect the antibodies 
generated by Covid-19 vaccines10. In this context, a wide variety of assays to detect immunological reactivity 
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against SARS-CoV-2 antigens are still being developed, tested, and applied. It is important to highlight the high 
costs of the commercial SARS-CoV-2 serological kits, which also can limit their use11.

Here, we describe an efficient in-house enzyme-linked immunosorbent assay (ELISA) that assesses the pres-
ence of three different antibody isotypes, IgA, IgM and IgG, directed against multiple SARS-CoV-2 antigens 
used in the diagnosis of Covid-19 (the trimeric spike protein, S; the S protein receptor binding domain, RBD; 
and the N terminal domain of the nucleocapsid protein, N-NTD). Some possible applications of the developed 
assay are also presented.

Results
Choice of antigens.  Most serological diagnostic tests for SARS-CoV-2 use S and N proteins as the main 
antigens due to their high immunogenic characteristic11,12. In addition, serum reactivity to RBD has also been 
reported as a good predictor of SARS-CoV-2 infection13–15. For the assay described here, we used three different 
antigens: the trimeric S; the RBD (residues 319 to 541 of S protein); and the N-terminal domain of N protein 
(residues 44 to 180 of N protein; N-NTD) (Fig. S1). We evaluated separately the reactivity of 3 immunoglobu-
lins (IgG, IgA and IgM) to each of the antigens (S, RBD, N-NTD), so that the test provides 9 different reactivity 
results for each serum.

Assay development.  The assay presented here was adapted from a previously reported protocol16 to allow 
the analysis of 3 types of serum antibodies—IgG, IgA, and IgM—against 3 SARS-CoV-2 antigens—trimeric 
Spike (S), RBD and N-NTD. To set the best assay conditions, we varied the antigen coating density, sera and 
detection antibodies’ concentration, as well as the incubation time with blocking solution, sera, detection anti-
bodies and chromogenic substrate for assay development. A schematic representation of the complete assay is 
shown in Fig. 1.

To determine the best conditions of plate coating with the viral antigens, and the appropriate dilutions of sera 
and secondary antibodies, we used serum samples from 23 individuals with positive PCR result for SARS-CoV-2, 
as well as three sera collected before SARS-CoV-2 pandemic (Table 1). Since PCR + samples reacted differently 

Figure 1.   Scheme summarizing the assay steps. Step 1 corresponds to an overnight plate coating with each 
of the three SARS-CoV-2 antigens used in the assay—S, RBD and N-NTD recombinant proteins. In the step 
2, the empty spaces on well surface are filled with 3% BSA solution (blocking solution). In the step 3, serum 
samples are added to allow the specific binding of sera immunoglobulin to the antigen. Step 4 corresponds to 
the addition of peroxidase-conjugated antibodies that specifically bind to sera IgG, IgA or IgM bound to the 
plate. Step 5 correspond to the addition of the chromogenic reagent TMB that is reduced as peroxidase reaction 
proceeds, developing a blue color. In step 6 peroxidase reaction is stopped by HCl addition, which also converts 
blue TMB in a yellow compound that is quantified spectrophotometrically at 450 nm. Created with BioRender.
com.
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with each of the antigens, the 4 most reactive samples for a given antigen were chosen for the optimization of 
the respective test.

Antigen coating density.  For an in-house ELISA, determining the ideal antigen concentration to coat the plates 
is particularly important when the antigens are also produced in-house. To define the best antigen coating den-
sity, we performed two-fold serial dilution of each antigen (S, RBD and N-NTD), ranging from 0.25 to 16 µg/
ml, with 50 µl of antigen solution applied per well (12.5 to 800 ng antigen per well). For each antigen, tests were 
conducted using the 4 most appropriate PCR + and 3 pre-pandemic samples assayed for either IgG (Fig. 2A–C), 
IgA or IgM detection (Fig. S2). We observed no reactivity of pre-pandemic sera at any condition tested, while a 
dose-dependent antigen recognition profile was identified for most PCR + samples. We then chose the concen-
tration of 4 μg/ml for all antigens to perform the subsequent assays.

To evaluate the actual contribution of RBD to sera reactivity to S, we performed an assay coating the plates 
with S or RBD with the concentrations adjusted to maintain the same amount of RBD epitopes. Since S and RBD 
molecular masses are approximately 180 kDa and 26 kDa, respectively, we compared sera reactivity using 4 μg/ml 
S with 0.6 μg/ml RBD (RBD molar equivalent in the complete S) or 4 μg/ml RBD (maintaining the same protein 
mass) (Fig. S3). We observed a high reactivity to RBD even when used at a lower concentration. This result may 
be associated with a large amount of sample antibodies directed to the RBD, suggesting that this domain has a 
major contribution in the reactivity against the entire S. No significant changes were observed in the results of 
PCR + samples for IgG when 4 or 0.6 μg/ml RBD concentration were used, suggesting that using 0.6 μg/ml RBD 
is enough to ensure reliable results for this immunoglobulin. However, for the IgA and IgM detection assay, a 
better separation of positive samples was revealed when 4 μg/ml RBD was used.

Sera dilution.  To determine the best sera concentration to be used in the assay, we performed two-fold serial 
dilution of the 4 most appropriate PCR + and 3 pre-pandemic sera samples, with dilutions ranging from 1:25 to 
1:800. Assays were performed by using 4 μg/ml of the antigens to coat the plates, assessing reactivity to either 
IgG (Fig. 2D–F), IgA or IgM (S4). We found that, especially for IgG reactivity against all the antigens (Fig. 2D–F) 
and for all antibodies tested against N-NTD (Figs. 2F and S4E,F), dilutions lower than 1:50 result in a substantial 
increase in the background of some negative samples, which may generate false positive results. For most cases 
of PCR + samples, the ideal dilution was between 1:50 and 1:100 (to reach values that allow a good separation of 
positives from negatives samples).

To evaluate quantitatively the assay sensitivity, we broadened the sera dilution range (tenfold serial dilu-
tions) using three different groups of positive samples: (i) 23 PCR + sera collected before vaccination has started 
(PCR +); (ii) 4 sera from individuals vaccinated with two doses of ChAdOx1 nCoV-19 vaccine who were not 
reactive before vaccination (Vaccinated—previously non-reactive); and (iii) 4 sera from individuals vaccinated 
with two doses of ChAdOx1 nCoV-19 vaccine who were reactive before vaccination (Vaccinated—previously S 
IgG reactive). As negative controls, we used 10 sera samples collected before pandemic. Sera titration revealed 

Table 1.   Cohort characteristics. ND not detected; NA not applicable.

Characteristics
Pre-pandemic 
(n = 42)

Asymptomatic 
(n = 63)

Symptomatic 
without PCR 
confirmation 
(n = 40)

PCR-positive 
(n = 23)

Vaccinated 
(previously non-
reactive) (n = 11)

Vaccinated 
(previously reactive 
to S IgG) (n = 7)

Seroconversion 
(IgG), %

Spike (S) ND 8 17 100 100 100

RBD ND 8 11 78 100 100

N-NTD ND 14 17 52 0 60

Age, average (range) 38 (19—70) 33 (20—66) 36 (24—61) 37 (21–62) 43 (27–59) 27 (22–36)

Sex, % Female 43 66 68 75 73 86

Male 57 34 32 25 27 14

Main symptoms, %

Fever NA ND 40 25 NA 0

Cough NA ND 55 46 NA 14

Anosmia/ageusia NA ND 27 46 NA 57

Sore throat NA ND 60 37 NA 14

Sneezes NA ND 62 37 NA 28

Nasal congestion/
runny nose NA ND 67 37 NA 71

Headache NA ND 45 46 NA 28

Chills/myalgia NA ND 22 33 NA 57

Gastrointestinal 
symptoms NA ND 25 33 NA 28

Days post PCR at 
collection date, aver-
age (range)

NA NA NA 51 (10—167) NA NA

Vaccine, %
CoronaVac NA NA NA NA 36 29

ChAdOx1 nCoV-19 NA NA NA NA 64 71
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that reactive samples may show very different antibody titers (Fig. 3). Calculations of the area under the curves 
(AUC) showed that sera from vaccinated individuals who tested positive before vaccination presented signifi-
cantly higher titers when compared to sera from vaccinated individuals who were non-reactive when receiving 
the first vaccine dose. It is also clear the high antibody titer variability among the pre-vaccination PCR + sera 
(Fig. 3A,C). This variability would be explained by the timing, severity of symptoms and longevity of the humoral 
response against SARS-CoV-2, as those sera were collected in different time points after individuals were infected, 
or by differences in the response intensity within a population. Additionally, individuals with lower titers before 
vaccination had significantly greater increases in antibody titers when compared to individuals with high titers 
before vaccination (Fig. 3C, colored symbols). Altogether, the results show the importance of sample dilution for 
quantitative analysis, highlighting that dilutions between 1:50 and 1:100 were suitable for differentiating negative 
and positive samples without background increase and false positives.

Dilution of the detection antibodies.  The dilution of the detection antibody must also be adjusted to avoid high 
backgrounds in the assay. Here we evaluated the best conditions for detection antibodies for three immuno-
globulins, IgG, IgA and IgM, using S as antigen (Fig. 2G–I). Dilutions of less than 1:10,000 of anti-IgG or anti-

Figure 2.   Sera reactivity to SARS-CoV-2 antigens in different assay conditions. (A–C) Effect of antigen density: 
SARS-CoV-2 antigens S (A), RBD (B), or N-NTD (C) were serially diluted in PBS and used as antigens to 
coat ELISA plates in assays in which sera were used at a 1:50 dilution. (D–F) Effect of sera concentration: sera 
samples were serially diluted in a 1% BSA solution in PBS-T and assay was conducted using plates previously 
coated with 4 µg/ml of S (D), RBD (E) or N-NTD (F). (G–I) Effect of secondary antibody dilution: reactivity 
of serum IgG (G), IgA (H) or IgM (I) to S protein was accessed using the respective detection antibody 
serially diluted in a 1% BSA solution in PBS-T, in a plate previously coated with 4 µg/ml S, incubated with 
the sera samples at a 1:50 dilution. For all the conditions tested, the plates were incubated with the antigens 
overnight, at 4 °C, blocked for 1 h with 3% BSA in PBS-T and incubated for 2 h with 3 sera collected before 
pandemic (grey symbols) or 4 sera from PCR + individuals (black symbols). Sera reactivity was quantified 
spectrophotometrically after incubation with the respective detection antibody for 1 h followed by the addition 
of the chromogenic substrate.



5

Vol.:(0123456789)

Scientific Reports |        (2022) 12:10366  | https://doi.org/10.1038/s41598-022-14294-8

www.nature.com/scientificreports/

IgA resulted in high backgrounds, clearly observed for the pre-pandemic samples (Fig. 2G,H, respectively). On 
the other hand, dilutions above 1:20,000 impaired the detection IgA positive samples. IgM reactivity remained 
detected throughout the dilution range tested (Fig. 2I). Based on the results, we chose a 1:10,000 dilution for all 
three detection antibodies.

Incubation periods for each assay step.  To optimize the time spent in the complete assay, we set the duration for 
each step of the protocol: incubation with the serum sample (Fig. 4A–C), detection antibody (Fig. 4D–F), and 
chromogenic substrate (Fig. 4G–I). Sera reactivity reached a plateau from 1 h of incubation under all conditions 
analyzed. However, differences amongst IgG positive samples were detected between 10 and 30 min of reaction. 
These differences were reduced or lost when the samples were incubated for 2 h, when the absorbance values 
exceeded the linearity limit of the assay (Fig. 4A–C). A similar profile was observed for the incubation with the 
detection antibody. For IgG and IgA, it was possible to differentiate positive from negative samples earlier than 
for IgM, for which 1 h was the most adequate incubation period for better separation between the negative 
and positive groups (Fig. 4D–F). Regarding the incubation time with the chromogenic substrate TMB, more 
pronounced differences were observed depending on the class of antibodies to be detected. For IgG, 4 min of 
reaction was enough to separate positive from negative samples, while for IgA and IgM, 8 min incubation was 
needed to obtain a proper separation of negative and positive groups (Fig. 4G–I).

We also set the conditions for plate blocking. Plate incubation for different time periods with 3% BSA solution 
revealed that a 10-min incubation was enough to completely reduce the background of the assay (Fig S5A). A 
comparison between blocking with either 3% BSA or 3% milk powder solution showed no significant difference 
(Fig S5B).

Pitfalls and troubleshooting.  Sample stability.  When sera samples potentially containing infectious 
agents are handled, heat inactivation at 56 °C for 30 min is recommended to minimise risk of infection. Thus, 
to ensure assay reproducibility, it is important to evaluate temperature stability of the serum antibodies. In ad-
dition, sample collection can often be frozen and thawed for many tests. To assess serum antibodies stability to 
temperature variations, we performed the assay using non-inactivated and inactivated samples (Fig. S6A), as 
well as comparing the results obtained using fresh samples or samples subjected to 10 freeze and thaw cycles 
(Fig. S6B). We observed no significant differences between the reactivity of samples tested, suggesting that the 
antibodies present in the serum are stable under these conditions.

Reproducibility.  The pH of the solutions used in the assay  is an important factor to ensure reproducibility. 
To assess the effect of pH variation, we quantified the reactivity of IgG against S protein at pH 6.6, 7.4 and 8.0 
(Fig. S6C). We found that at mild acidic pH (pH 6.6), 11 of 12 positive sample tested negative, with a drastic 
reduction in their absorbance. At weak basic pH (pH 8.0), only 1 of 12 positive sample tested negative, although 
the remaining 11 showed an important reduction in their absorbance. Therefore, it is crucial to carefully adjust 
the antigen dilution buffer to the optimal pH for the assays (pH 7.4).

The use of non-sterile buffer solutions is one of the main causes of background increase due to proteolysis of 
blocking solution or antigens. Therefore, the utilization of plates coated for more than 24 h should be avoided. 
In addition, it is recommended that all reagents are at room temperature before starting the test. Non-uniform 

Figure 3.   Titration of serum antibodies against SARS-CoV-2 S protein. Sera from 10 pre-pandemic (white 
symbols) and 23 PCR + (grey symbols) individuals (A) or sera from individuals vaccinated with two doses of 
ChAdOx1 nCoV-19 who were reactive (PCR +) (colored symbols) or not (black symbols) before vaccination (B) 
were serially diluted in a 1% BSA solution in PBS-T and incubated for 2 h in plates previously coated with 50 μl 
solution of S protein at 4 μg/ml, overnight, at 4 °C, and blocked for 1 h with 3% BSA in PBS-T. IgG reactivity was 
quantified spectrophotometrically after incubation with the respective detection antibody for 1 h followed by the 
addition of the chromogenic substrate. The values for the area under the curves (AUC) obtained for each sample 
are represented in (C). * p = 0.004, n.s. = non significative.
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spread of the antigen on the well during the plate coating may also contribute to large variation between replicate 
samples. This can be avoided by gently tapping the plate with the fingers to ensure that the entire well is covered 
with the coating solution. Complete removal of the blocking solution (for instance tapping the plate on a paper 
stack) is also important to avoid non-reproducible results. Bubbles formed during sample dilution should be 
removed from the assay, as they can interfere with the binding of the sample to the antigen.

Cut‑off determination and assay performance.  Determination of the cut-off values is an important 
step to be taken when the assay is used for diagnosis purposes. Here, we first determined the sensitivity (true 
positive rate) and specificity (true negative rate) of the assays using as the negative group 42 sera samples col-
lected before 2019 (pre-pandemic sera) and as the positive group, 23 sera collected from individuals who tested 
positive for SARS-CoV-2 infection between June 2020 and April 2021 (PCR + sera). Two different approaches 
were used to establish the cut-off value (Figs. 5, S7). In the first approach, it was used the three standard devia-
tions from the mean, which is a common cut-off in practice for identifying outliers in a Gaussian or Gaussian-
like distribution of ELISA results based on OD ranges17. In this heuristic approach, the cut-off was calculated as 
the mean + 3 SD of the absorbance values of the 42 sera pre-pandemic samples. Thus, PCR + samples with an OD 
higher than the mean of the negative controls + 3 SD were considered true positive and inversely, pre-pandemic 
samples with an OD higher than the mean of the negative controls + 3 SD were considered true false positive. 
Using this method, we identified 2 false positive samples for IgG reactivity to S and for IgA reactivity to N-NTD, 
corresponding to a specificity of 95.2% for the reactivity of both immunoglobulins. For IgM reactivity to the 3 
antigens and for IgA reactivity to RBD, we identified 1 false positive, corresponding to a specificity of 97.6%. For 

Figure 4.   Setting the incubation time for each step of the protocol. ELISA plates were coated with 4 µg/ml S and 
the reactivity to sera in PCR + (black symbols) and pre-pandemic sera (grey symbols) was followed at different 
periods of sera incubation (A–C), detection antibody incubation (D–F) and TMB incubation (G–I) to IgG, IgA 
and IgM, respectively. The plates were incubated with the antigens overnight, at 4 °C, blocked for 1 h with 3% 
BSA in PBS-T and incubated with the sera at a 1:50 dilution. Reactivity was quantified spectrophotometrically 
after incubation with each detection antibody by the addition of the chromogenic substrate.
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IgA reactivity to S and IgG reactivity to N and RBD, no false positives were found, corresponding to a specificity 
of 100%.

To determine the assay accuracy, ROC analysis was performed using OD data of all ELISA assays (Fig. 5, 
Table 2, and suppl. Fig S7). Figure 5B–D shows the ROC analysis of the optimized assay for IgG reactivity to S, 
RBD, or N-NTD. The area under the curve (AUC) graphs were generated to graphically represent the perfor-
mance of the assays, and the distribution graphs represent the dispersion of the PCR-positive and pre-pandemic 

Figure 5.   Cut-off determination in the optimized in-house ELISA. (A) Reactivity of IgG, IgA and IgM in 42 
pre-pandemic sera to S, RBD and N-NTD. (B, C, D) Receiver operating characteristics (ROC) analysis of the 
optimized in-house ELISA for IgG reactivity to S (B), RBD (C) or N-NTD (D). Forty-two pre-pandemic sera 
(grey symbol) and 23 PCR + sera were diluted 1:50 in a 1% BSA solution in PBS-T and incubated for 2 h in 
plates previously coated with 50 μl solution of antigens at 4 μg/ml, overnight, at 4 °C, and blocked for 1 h with 
3% BSA in PBS-T. For each antigen, IgG, IgA or IgM reactivity was quantified spectrophotometrically after 
incubation with the respective detection antibody for 1 h followed by the addition of the chromogenic substrate. 
AUC represents the area under the curve. In the top panels, the dotted diagonal lines represent the theoretical 
performance of a test with no discriminatory ability, corresponding to an AUC of 0.5. Horizontal and vertical 
dotted lines correspond to the sensitivity and 1-specificity, respectively, which indicates the optimal cut point 
value for each ELISA test, as defined by the Youden index (J) (crossed out square). In the distribution graphs 
(bottom panels), solid and dotted lines correspond, respectively, to PCR-positive and pre-pandemic serum 
samples, the vertical dotted lines indicate the optimal cut-off for each ELISA test determined by ROC analysis 
calculated by Youden method (Table 2).

Table 2.   Performance of the in-house ELISA using different methods of cut-off calculation. CI confidence 
interval; NaN not a number; Inf infinity; AUC​ area under curve.

Performance measures

In house ELISA assays

IgG S IgG RBD IgG N

Performance of the in-house ELISA using the average OD + 3 SD of the pre-pandemic samples

Cut-off 0.940 1.033 1.51

Sensitivity (95% CI) 1 (0.851-NaN) 0.791 (0.578–0.928) 0.458 (0.255–0.671)

Specificity (95% CI) 0.952 (0.838–0.942) 1 (0.915-NaN) 1 (0.915-NaN)

Positive Predictive Value 0.997 (0.990–0.999) Inf (Inf-NaN) Inf (Inf-NaN)

Negative Predictive Value 1 (0.999-NaN) 0.201 (0.103–0.355) 0.086 (0.063–0.123)

Positive Likelihood Ratio 0.210 (0.054–0.812) 0 (0-NaN) 0 (0-NaN)

Negative Likelihood Ratio 0 (0-NaN) 0.211 (0.103–0.456) 0.541 (0.373–0.781)

Performance of the in-house ELISA using the ROC analysis

AUC (95% CI) 1 (1–1) 0.885 (0.765–1) 0.818 (0.707–0.930)

AUC standard error 0 0.060 0.056

Optimal cut-off (Youden) 1.042 1.073 0.583

Sensitivity (95% CI) 1 (0.858-NaN) 0.783 (0.563–0.925) 0.750 (0.533–0.902)

Specificity (95% CI) 1 (0.916-NaN) 1 (0.916-NaN) 0.786 (0.632–0.897)

Positive Predictive Value 1 (0.862-NaN) 1 (0.824–1) 0.667 (0.484–0.860)

Negative Predictive Value 1 (0.913-NaN) 0.894 (0.750-NaN) 0.846 (0.677–0.929)

Positive Likelihood Ratio Inf (Inf-NaN) Inf (Inf-NaN ) 3.50 (1.876–6.529)

Negative Likelihood Ratio 0 (0-NaN) 0.217 (0.100–0.472) 0.318 (0.156–0.648)
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serum samples relatively to the optimal cut-off for each ELISA. AUC values were high for all three assays, with 
highest value for the S-IgG ELISA (range 1–1). The Youden method that integrates both sensitivity and specific-
ity of the test allows selecting the best cut-off values, which were estimated in a range of 0.583 to 1.073 units 
of absorbance (Table 2). These calculated cut-off values determined the classification of the samples (positive 
and negative predicted values and likelihood ratios) for subsequent analyses (Table 2). While the cut-off values 
calculated based on two different approaches were very similar for IgG reactivity to S and RBD, they were very 
different regarding N-NTD (0.53 and 1.51 units of absorbance for ROC and mean + 3 SD analyses, respectively). 
This apparent discrepancy is mainly due to the high dispersion of the pre-pandemic results for IgG reactivity to 
N-NTD (two small peaks in the distribution plot in Fig. 5D), which very likely results from false positive sam-
ples (non-specific reactivity and/or cross-reactivity to N-NTD). In addition, the low sensitivity results obtained 
for N-NTD, especially in the approach using the mean + 3 SD, may be explained by the absence of antibodies 
against this protein in the PCR + samples used in the assay. Similar results of high sensitivity and specificity were 
obtained for IgA reactivity to S and RBD, while poor specificity and sensitivity was observed against N-NTD 
(Fig. S7). Finally, IgM reactivity to S was found to be very sensitive and specific, in contrast to reactivity to RBD, 
which was neither specific nor sensitive (Fig. S7).

Validation of the in‑house ELISA assays.  In order to validate our in-house ELISA, we applied the com-
plete assay to 3 different groups of samples: (i) sera collected from 23 individuals who tested positive in a PCR 
test for diagnosis of SARS-CoV-2 infection (PCR + samples); (ii) 206 sera samples collected from 103 individuals 
(2 samples from each individual, collected in October–November 2020 and February–April 2021) who were not 
diagnosed for SARS-CoV-2 infection and before receiving any type of vaccine for SARS-CoV-2 (Non-diagnosed 
individuals); and (iii) 26 sera samples collected from 13 individuals vaccinated against SARS-CoV-2 (Vaccinated 
individuals), being 2 samples from each individual, the first before vaccination and the second 20 days after the 
first dose of ChAdOx-1 nCoV-19 (7 individuals) or CoronaVac (6 individuals) vaccines (Table 1). Among these 
13 individuals, 8 were not reactive for SARS-CoV-2 antibodies and 5 tested positive in a PCR test for diagnosis 
of SARS-CoV-2 infection before vaccination. All results obtained were grouped as a heatmap graph (Fig. 6).

PCR + samples.  Applying the test to the PCR + samples, we found 100% IgG reactivity to S, 78% to RBD and 
52% to N-NTD (Fig. 6A). The detection of IgG against the 3 antigens was observed in 47% of the samples. The 
4 sera that were negative for IgG against RBD had the lowest IgG titer against S, highlighting the importance 
of RBD epitopes to the serological reactivity to S. IgA and IgM reactivity to S were found in 80 and 60% of the 
samples, respectively. Among the samples reactive to RBD, 72% were positive for IgA and 44% for IgM, while for 
N-NTD, 58% of the reactive samples were positive for IgA and only 8% for IgM.

Non‑diagnosed individuals.  The analysis of the serological response of the first sample collected (November 
2020) of all the non-diagnosed individuals showed that 12.6% of them were positive for S IgG, 11.6% for RBD 
and 11.6% for N-NTD IgG. Only 4.8% of the samples were positive for all antigens (Fig. 6C). Demographic 
analysis of these individuals revealed that 39% (40 out of 103 individuals) reported some flu-like symptoms 
before November 2020 (Table 1). From this sub-group, 17% showed IgG reactivity to S and N-NTD and 11% 
to RBD (Fig. 6C). Among the other 63 asymptomatic individuals, only 8% showed IgG reactivity to S and RBD, 
while 14% were positive to N-NTD. In addition, it is important to note that 7 individuals (4 from the 63 asymp-
tomatic individuals—9.3%—and 3 from the 40 symptomatic—5%) showed serologic response only to N-NTD 
IgG, which can be interpreted as a non-specific reactivity and/or a cross-reaction to N-NTD of other corona-
viruses or even to proteins from other viruses that are endemic in Brazil18. Analyses of samples collected from 
those individuals (non-diagnosed in November 2020; Fig. 6E) until 5 months later, to April 2021, revealed an 
important seroconversion, with a 100% increase in S and RBD IgG incidence and a 16% increase in N-NTD IgG 
detection (Fig. 6D). Differently from the PCR + samples, only 30% of the positive sera for IgG against any of the 3 
antigens were also positive for IgA, and only 20% for S IgM and 8% for RDB and N-NTD IgM. Very few samples 
showed only IgA or IgM reactivity.

Vaccinated individuals.  As the vaccination progress, seroconversion from SARS-CoV-2 infection overlaps with 
the serological response to vaccines. To illustrate the potential differences that can be detected by assessing 
serological responses at a time when a substantial part of the population is vaccinated, we performed our in-
house using serum samples collected from individuals who tested positive for SARS-CoV-2 infection or from 
non-reactive individuals before and after receiving the first dose of CoronaVac or ChAdOx-1 nCoV-19 vaccines 
(Fig. 6B). CoronaVac is an inactivated virus vaccine, so that the individual is immunized by the contact with all 
the viral proteins19. In contrast, ChAdOx-1 nCoV-19 vaccine consists of an adenoviral vector containing the full-
length SARS-CoV-2 S protein20. As expected, all sera from vaccinated individuals were positive for S IgG, but, 
for these analyzed samples, IgG reactivity to RBD was more evident in PCR + individuals after immunization 
for both vaccines. Despite containing N protein, CoronaVac did not induce a significant N-NTD IgG response 
in the tested samples. ChAdOx-1 nCoV-19, but not CoronaVac, increased the S IgA titer in the subjects previ-
ously diagnosed with SARS-CoV-2 infection and induced this response in individuals who were previously 
not-reactive. Only 1 PCR + individual showed IgA reactivity to RDB after receiving ChAdOx-1 nCoV-19. No 
induction of IgM response was seen for any of the three antigens after immunization with any of the vaccines.
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Discussion
In this study we developed a serological test with high sensitivity and specificity to assess the presence of the 
three main immunoglobulin isotypes targeted against the main antigens routinely used in Covid-19 diagnosis. 
Serological tests may represent important tools not only for serosurveillance but also for monitoring vaccination 
coverage and the duration of immune response to the vaccine21, being especially interesting in a country such as 
Brazil, which shows the highest number of confirmed cases of Covid-19 in Latin America although it has started 
mass vaccination of its population against Covid-19 since January 2021. One advantage of the present test is that 
it can be customized in different stages according to its application, enabling the user to save time, reagents, and/
or samples, as well as to use it for the analysis of different cohorts. This flexibility is useful since multiplexing the 
test increases its efficiency and facilitates antigen substitution (e. g. by including mutations present in circulating 
variants). Furthermore, the overall cost compared to those of commercial kits is considerably reduced.

Several studies have shown the importance of combining more than one antigen to increase the efficiency of 
serological assays13,22. Here, we selected the antigens considering the strong immune response to N-NTD23 and 
the high specificity of the response to S24 and RBD25. Moreover, the level of antibodies directed to RBD strongly 
correlates with a neutralizing response14,26,27, providing useful information when handling the viral particle is not 

Figure 6.   In-house ELISA application in different groups of samples. Reactivity of sera IgG, IgA and IgM 
against S, RBD and N-NTD. (A) Sera from individuals who tested positive for SARS-CoV-2 infection 
(PCR + samples) shown in ascending order of days post confirmed PCR; (B) Vaccinated individuals; (C) Fist 
sera collected in November 2020 from individuals without diagnosis for SARS-CoV-2 infection shown in 
ascending order of S IgG OD value and (D) second sera collected in April 2021; (E) Comparison between 
the results of samples analysis shown in (C) and (D). Sera were diluted 1:50 in a 1% BSA solution in PBS-T 
and incubated for 2 h in plates previously coated with 50 μl solution of antigens at 4 μg/ml, overnight, at 
4 °C, and blocked for 1 h with 3% BSA in PBS-T. For each antigen, IgG, IgA or IgM reactivity was quantified 
spectrophotometrically after incubation with the respective detection antibody for 1 h followed by the addition 
of the chromogenic substrate.
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possible. Furthermore, the combination of three antibody isotypes (IgG, IgA and IgM) improves the efficiency of 
using the test for diagnostic purposes28. While IgM may represent a recent infection complementing the molecu-
lar diagnosis for SARS-CoV-229, a recent study showed a high incidence of IgA response in PCR + samples, even 
when they did not show IgM reactivity30.

One of the main obstacles in the development of an in-house serological test for SARS-CoV-2 is to evaluate 
the diagnostic performance and cut-off value of the assay, as reliable positive (PCR +) and negative (pre-pan-
demic) samples are required. Since the emergence of the virus is quite recent and the appearance of new variants 
is frequent and unpredictable, the details of the humoral immune response to its antigens are still unknown. In 
continuous diagnostic clinical testing, establishing and maintaining a reliable threshold is crucial to discriminate 
between infected (true positive) and uninfected (true negative) subjects. Particularly for in house ELISAs, the 
cut-off value may be defined as the average + 3 SD of the absorbance values obtained for the negative samples, a 
common approach used in many studies24,31. On the other hand, threshold value calculation using ROC curves 
represents the ad hoc methodology used in most diagnostic tests, allowing to assess test performance and 
robustness32. The difficulty in determining cut-off values for the SARS-CoV-2 serological tests can be clearly 
illustrated by the analysis of our pre-pandemic samples. We observed a high reactivity for IgG and IgM against 
RBD in a substantial number of samples. Conversely, a previous report showed high specificity for the serologi-
cal response against RBD25, suggesting that negative samples’ particularities may generate different results. This 
discrepancy reinforces how we are still far from a complete understanding of the immune response against 
SARS-CoV-2. We also detected non-specific reactivity to the three antibody isotypes against N-NTD in the pre-
pandemic samples. Accordingly, other studies have reported cross-reactivity between SARS-CoV-2 and other 
coronaviruses’ N proteins, including SARS-CoV33 and MERS-CoV34. This is expected given the high homology 
between the amino acid sequence of these proteins, which is 90.5% and 46.1%, respectively33. Additionally, cross-
reactivity among SARS-CoV-2 and the alpha-coronaviruses HCoV-NL63 and HCoV-229E N proteins has also 
been reported. Since amino acid sequence homology in much lower in this case, it is possible that cross-reactivity 
may also result from protein similarities at the conformational level35. It should also be considered that Brazil 
is a country where dengue virus (DENV) is endemic and a possible cross-reactivity between DENV and SARS-
CoV-2 antibodies has already been reported36. In addition, infection by other arboviruses, such as the Zika virus, 
may contribute to false positive results, as reported for the application of a commercial SARS-CoV-2 ELISA test 
in patients with acute Zika virus infection18. Therefore, further analysis of the impact of arbovirus infections 
on SARS-CoV-2 serological tests is needed. Interestingly, false negative results were observed in PCR-positive 
samples, which was particularly the case of IgM and IgG reactivity against N-NTD in our test. This undetected 
reactivity could be explained by late sampling of these immunoglobulin isotypes, which are detected very early 
after the onset of symptoms33.

The validation of the assay presented here was performed using 23 sera from PCR + individuals, with 100% 
of the samples positive for IgG against S and 78% against RBD. Interestingly, samples that did not show IgG 
response against RBD presented low S IgG titers. Regarding the response to N-NTD, 52% of our PCR + samples 
were classified as reagent for N-NTD IgG. This relatively low reactivity for N-NTD would be explained by the fact 
that serological response to N protein tends to occur earlier37,38, and our PCR + cohort is composed of samples 
collected in a range from 20 to 157 days after PCR confirmation. In the case of IgM response, we found a low 
incidence for samples positive for S and RBD, and an even rarer reactivity for N protein. Indeed, the incidence of 
IgM against protein N seems to be lower than for other antigens29, so that the analysis of this response in samples 
collected at the onset of the symptoms should be considered. It is also important to consider that here we ana-
lyzed samples from individuals who presented mild symptoms and were fully recovered, which may explain the 
lower incidence observed for some immunoglobulin isotypes, as antibody titers strongly correlates with disease 
severity39–41. Indeed, studies performed with hospitalized patients have reported up to 94% seroconversion of 
against N protein42–44.

Among the participants of the present study, 63 were asymptomatic individuals, from whom the samples 
of 8% were identified as positive for IgG reactivity to S and RBD. Furthermore, in the symptomatic non-diag-
nosed group of our cohort, 17% of the individuals who seroconverted reported only mild symptoms. This result 
reinforces the robustness of the test, especially in this type of cohorts, since some studies have not detected 
SARS-CoV-2 antibodies in asymptomatic individuals or individuals with mild and short duration symptoms45,46. 
Interestingly, for the group of individuals who were not diagnosed for SARS-CoV-2, we investigated samples 
collected at two time points before vaccination (November 2020 and April 2021). We found a twofold increase 
in the incidence of positive cases in the second sample when compared to the first sample. These data are con-
sistent with the increased incidence of new daily cases observed in the state of Rio de Janeiro (Brazil) during 
this period. In November 2020, an incidence of up to 1500 new cases per day was reported, while in April 2021, 
3000 new daily cases were reported47.

There are currently different types of vaccines in clinical use. In the current pandemic phase, seroconversion 
can result either from contact with the virus or from vaccinal immunization. Here we applied our assay to sera 
from individuals with or without a previous SARS-CoV-2 infection, who were vaccinated with CoronaVac (a 
purified inactivated SARS-CoV-2 vaccine)19, or ChAdOx1 nCoV-19 (the adenovirus-vectored vaccine encod-
ing SARS-CoV-2 spike protein)20. Due to the contact with all the viral proteins in vaccination with CoronaVac, 
a serological response to protein N is expected and detected in other studies19,48, although we did not observe 
this result in the tested samples. On the other hand, the response against N-NTD can be useful to identify pre-
vaccination infections.

Finally, despite the very satisfactory effectiveness of vaccines to reduce the worsening of symptoms and the 
number of deaths associated with Covid-19, it is also believed that a high percentage of immunization in the 
world’s population will be necessary to prevent the chain of virus transmission and avoid the appearance of new 
variants. As we currently face the extension of the pandemic, health agencies are recommending booster doses 
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for the population. Heterologous immunization (the same individual receiving different immunizations at dif-
ferent doses) seems to represent an important tool to increase effectiveness of immunization49. In this context, 
the serological test developed here allows the identification of diverse immune responses to various vaccine 
antigens, enabling a more precise understanding of the different immunization regimens across more specific 
populations (age, sex, comorbidities and so on). It is known that antigen polymorphism of pathogens has the 
potential to reduce the performance of the serological diagnostic tests. The emergence of new variants, as the 
recent Omicron variant, accumulating a high level of mutations in both spike and RBD could impair the sensi-
bility of serodiagnosis tests of SARS-CoV-2. Omicron RBD, which contains 15 mutations in the RBD, shows a 
significantly weaker binding to antibodies of human serum from SARS-CoV-2 vaccinated and Covid-19 patients 
(alpha variant) in comparison to the RBD of the original Wuhan strain50. Thus, the use of a diagnostic test with a 
multiplex strategy using different antigens with different selective pressure has a clear advantage over tests using 
only RBD as antigen. Therefore, we believe that our multiplex ELISA test represents a valuable tool for defining 
more effective public health policies to fight this deadly contagious disease, thus contributing to the definition 
of vaccine strategies to be used in the future.

Limitations
In this article we present a customizable ELISA-based test to detect IgG, IgA and IgM against three SARS-CoV-2 
proteins: trimeric S, RBD and N-NTD. This assay allows the user to analyze different cohorts, saving time, rea-
gents, and samples. One of the main limitations of this assay is the need of a cohort of pre-pandemic samples to 
establish reliable cut-offs. Although the assay allows to easily distinguish between positive and negative samples, 
even when the positive samples have lower antibodies’ titers, sera titration experiments may be required to 
access differences between samples with higher antibodies’ concentrations. The correlation between the reactivity 
against N protein and the actual contact with SARS-CoV-2 (or its components, in the case of whole virus vac-
cines) is still controversial and consists in a major limitation. In some cases, individuals previously infected with 
SARS-CoV-2 do not show a detectable response against N protein. Therefore, it is possible that some samples 
classified as N protein-reactive are resultant of serum cross-reactivity to proteins from other coronaviruses or 
even from viruses of other families.

Methods
Antigens’ expression and purification.  S protein.  The trimeric S protein produced in HEK293-3F6 
cells, was kindly provided by Dr. Leda Castilho, COPPE, UFRJ)24.

Receptor‑binding domain (RBD).  RBD expression was adapted from a previously described protocol51. 
HEK293T cells were transfected with pcDNA3.1( +) vector (GenScript, New Jersey, USA) containing residues 
319 to 541 of SARS-CoV-2 S protein using PEI MAX 40 K (Polysciences, Warrington, USA) in a 3:1 ratio of 
PEI to DNA. The day before transfection, cells were seeded on 100 mm dishes at a density of 4.0 × 106 cells 
with viability greater than 95%. The cells were maintained in Opti-MEM medium (Gibco, Massachusetts, USA) 
supplemented with 5% fetal bovine serum (FBS; Invitrogen, Massachusetts, USA) and 1 mM sodium pyruvate 
(Gibco), in a CO2 humid incubation chamber, at 37 °C. Next day, PEI:DNA complexes were prepared with 16 µg 
of plasmid DNA for each cell dish in serum-free Opti-MEM, incubated for 20 min at room temperature (RT) 
and added to the cell culture. Cells were maintained in a CO2 humid incubation chamber, at 37 °C, overnight. 
Then, the culture medium was removed, the cells were washed gently with phosphate-buffered saline (PBS) to 
remove residual FBS and the medium was replaced with a serum-free Opti-MEM supplemented with 4 mM 
L-glutamine (Sigma-Aldrich, Missouri, USA) and 1 mM sodium pyruvate (Gibco). The supernatant containing 
the expressed proteins was collected 72 h after transfection, centrifuged for 20 min at 4,000 g, 4 °C and filtered 
through a 0.22 μm filter to remove cells and debris. Phenylmethylsulfonyl fluoride protease inhibitor (PMSF; 
Sigma-Aldrich) has been added to prevent protein degradation. The supernatant was purified on a HisTrap FF 
column (GE Healthcare Life Sciences, New Jersey, USA) by immobilized metal affinity chromatography (IMAC) 
using IMAC equilibration buffer (50 mM Tris–HCl (pH 8), 500 mM NaCl, 20 mM imidazole, 10% glycerol) and 
IMAC elution buffer (50 mM Tris–HCl (pH 8), 500 mM NaCl, 500 mM imidazole, 10% glycerol). The protein 
was eluted with a linear 20–500 mM imidazole gradient. For buffer exchange and protein concentration, the elu-
ate was placed in a Amicon Ultra-4 3 K Centrifugal Filter Device (Merck Millipore, Massachusetts, USA). The 
device was loaded with a RBD:PBS 1:3 v/v ratio and centrifuged at 4,500 g at 4 °C until only 500 µl remained in 
the unit. This step was repeated twice. Sample purity was confirmed by 15% SDS–PAGE gels. The expression, 
purification and protein analysis can be found in supplementary material.

N protein N‑terminal domain (NTD).  Escherichia coli BL21 (DE3) was transformed with a pET28a His-tagged 
construct (GenScript New Jersey, USA) encoding for the amino acid residues 44 to 180 of the N-terminal RNA-
binding globular domain of the Nucleocapsid protein, N (N-NTD)52. Bacteria were grown in LB medium with 
50 μg/ml kanamycin. Protein expression was induced with 0.2 mM IPTG when optical density (OD) reached 
0.6–0.8 at 600 nm. After 16 h of induction at 16 °C, cells were centrifuged, pelleted resuspended and disrupted 
by ultrasonication in lysis buffer: 50 mM Tris–HCl (pH 8), 500 mM NaCl, 20 mM imidazole, 10% glycerol, and 
43 mg/L of protease inhibitor cocktail (P8465—Sigma-Aldrich, Burlington, MA, USA). The lysate was centri-
fuged at 12,000 g for 60 min at 4 °C. The supernatant was filtered and applied to an HisTrap FF affinity col-
umn (GE Healthcare Life Sciences, New Jersey, USA). N-NTD recombinant protein was purified by IMAC as 
described previously for RBD. For the preparation of the sample used in this study, His-tag was removed by an 
overnight cleavage with TEV protease (TEV:protein 1:10 molar ratio) during dialysis against 50 mM Tris–HCl 
buffer, pH 8, containing 500 mM NaCl and 1 mM DTT, followed a reverse IMAC at a flow rate of 1 ml/min. 
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However, to the best of our knowledge, we are unaware of evidence indicating that the His-tag tail interfere with 
the assay. At the end of the purification, 500 µM PMSF, 3 mM sodium azide, and 3 mM EDTA were added to 
pooled fractions containing the protein. The purity of the samples was confirmed by 18% SDS–PAGE gels.

Sera samples.  A total of 240 blood samples were collected from 126 individuals in the Laboratory of Clini-
cal Analysis of the School of Pharmacy at Federal University of Rio de Janeiro (UFRJ). All participants com-
pleted a written informed consent and answered a survey providing data on demographics, medical history, 
symptoms, and history of travel abroad before enrolled in the study, which was approved by the local ethics 
committee (CEP HUCFF/UFRJ approval #35,303,120.5.0000.5257). The cohort was divided into two groups: (i) 
samples collected from 23 individuals who tested positive in a PCR assay for SARS-CoV-2, between April 2020 
and January 2021, before enrolling in the study (PCR +); and (ii) samples collected form 103 individuals without 
confirmed diagnosis for SARS-CoV-2 infection, from whom samples were collected twice, firstly between Octo-
ber and November 2020 and then between February and April 2021. From these two groups, 7 individuals from 
the PCR + group and 11 individuals from the undiagnosed group were selected for blood collection 20 days after 
they received the first dose of ChAdOx1 nCoV-19 or CoronaVac vaccines. All the sera samples were aliquoted, 
heat inactivated at 56  °C for 30 min and stored in − 80  °C until further analysis. Additionally, pre-pandemic 
samples collected from 42 individuals before 2019 used as negative controls.

Enzyme‑linked immunosorbent assay (ELISA).  The assay presented here was adapted from a previ-
ously reported protocol16. Reactivity of types of sera antibodies—IgG, IgA, and IgM—against three SARS-CoV-2 
antigens—trimeric Spike (S), RBD and N-NTD was analyzed. Briefly, each 96-well plate (Corning™ Costar™, Life 
Science, New York, USA) was coated with 50 μl per well of one of the antigens and incubated at 4 °C overnight. 
After blocking, 80 μl serum samples (heat-inactivated at 56 °C for 30 min) were added per well. The presence 
of reactive IgG, IgA or IgM in sera samples was detected using mouse anti-human IgG (Fc specific), goat anti-
human IgA (α-chain specific), or goat anti-human IgM (μ-chain specific), respectively, conjugated with HRP 
(Sigma-Aldrich, Missouri, USA). Sera reactivity was developed using the chromogenic reagent 3,3′,5,5′-Tetra-
methylbenzidine dihydrochloride (TMB substrate solution, Thermo Fisher, Massachusetts, USA). Absorbance 
values at 450 nm were determined on a VICTOR Multilabel plate reader (PerkinElmer).

Cut‑off calculations.  The cut-off values for each antigen and each detection antibody were first determined 
using the average OD plus 3 standard deviations (SD) of the 42 pre-pandemic samples. The evaluation of the 
performance of the tests was assessed by calculating sensitivity, specificity, positive and negative predicted values 
with their 95% confidence intervals using Prism v8 (GraphPad, USA). Alternatively, the receiver-operating char-
acteristic (ROC) curve was generated for each test to define the optimal threshold cutoff value that distinguishes 
positive from negative samples. The area under the curve (AUC), sensitivity and specificity for all thresholds 
were determined using the online calculator easyROC53. Then, the optimal cutoff point was selected based on 
the point with the highest Youden index J (J = sensitivity + specificity − 1). This is the point on the curve where 
the distance to the diagonal line (line of equality) is maximum.

Statistical analysis.  Statistical analyses were performed using Prism v8 (GraphPad, USA) and easyROC 
online web-tool for ROC curve analysis (ver. 1.3.1)53.

Ethics approval.  This study was performed according to the principles of the Declaration of Helsinki under 
approval by the local ethics committee CONEP/CEP HUCFF/UFRJ #35303120.5.0000.5257.

Consent to participate.  Informed consent was obtained from each participant included in this study.

Data availability
The original datasets and analyses of this study are available in the figshare repository https://​doi.​org/​10.​6084/​
m9.​figsh​are.​19203​893.

Received: 7 February 2022; Accepted: 3 June 2022

References
	 1.	 Wu, F. et al. A new coronavirus associated with human respiratory disease in China. Nature 579, 265–269 (2020).
	 2.	 Zhu, N. et al. A novel coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med. 382, 727–733 (2020).
	 3.	 Hoffmann, M. et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibi-

tor. Cell 181, 271–280 (2020).
	 4.	 WHO. WHO Coronavirus (COVID-19) Dashboard. https://​covid​19.​who.​int/
	 5.	 Lewnard, J. A. & Lo, N. C. Scientific and ethical basis for social-distancing interventions against COVID-19. Lancet Infect. Dis. 

20, 631–633 (2020).
	 6.	 Song, F. & Bachmann, M. O. Vaccination against COVID-19 and society’s return to normality in England: A modelling study of 

impacts of different types of naturally acquired and vaccine-induced immunity. BMJ Open 11, e053507. https://​doi.​org/​10.​1136/​
bmjop​en-​2021-​053507 (2021).

	 7.	 Landsberg, H. E. et al. Efficacy of Pfizer-BioNTech in SARS-CoV-2 Delta cluster. Int. J. Infect. Dis. 114, 62–64 (2021).
	 8.	 Theel, E. S. et al. The role of antibody testing for SARS-CoV-2: Is there one?. J. Clin. Microbiol. 58, e00797-e820. https://​doi.​org/​

10.​1128/​JCM.​00797-​20 (2020).

https://doi.org/10.6084/m9.figshare.19203893
https://doi.org/10.6084/m9.figshare.19203893
https://covid19.who.int/
https://doi.org/10.1136/bmjopen-2021-053507
https://doi.org/10.1136/bmjopen-2021-053507
https://doi.org/10.1128/JCM.00797-20
https://doi.org/10.1128/JCM.00797-20


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:10366  | https://doi.org/10.1038/s41598-022-14294-8

www.nature.com/scientificreports/

	 9.	 Van Egeren, D. et al. Controlling long-term SARS-CoV-2 infections can slow viral evolution and reduce the risk of treatment 
failure. Sci. Rep. 11, 22630. https://​doi.​org/​10.​1038/​s41598-​021-​02148-8 (2021).

	10.	 CDC (2021) Interim Guidelines for COVID-19 Antibody Testing in Clinical and Public Health Settings. https://​www.​cdc.​gov/​coron​
avirus/​2019-​ncov/​lab/​resou​rces/​antib​ody-​tests-​guide​lines.​html

	11.	 Machado, B. A. S., Hodel, K. V. S., Barbosa-Júnior, V. G., Soares, M. B. P. & Badaró, R. The main molecular and serological methods 
for diagnosing COVID-19: An overview based on the literature. Viruses 13, 40. https://​doi.​org/​10.​3390/​v1301​0040 (2020).

	12.	 Shrock, E. et al. Viral epitope profiling of COVID-19 patients reveals cross-reactivity and correlates of severity. Science 370, 
eabd4250. https://​doi.​org/​10.​1126/​scien​ce.​abd42​50 (2020).

	13.	 Becker, M. et al. Exploring beyond clinical routine SARS-CoV-2 serology using MultiCoV-Ab to evaluate endemic coronavirus 
cross-reactivity. Nat. Commun. 12, 1152. https://​doi.​org/​10.​1038/​s41467-​021-​20973-3 (2021).

	14.	 Piccoli, L. et al. Mapping neutralizing and immunodominant sites on the SARS-CoV-2 spike receptor-binding domain by structure-
guided high-resolution serology. Cell 183, 1024–1042 (2020).

	15.	 Iyer, A. S. et al. Persistence and decay of human antibody responses to the receptor binding domain of SARS-CoV-2 spike protein 
in COVID-19 patients. Sci. Immunol. 5, eabe0367. https://​doi.​org/​10.​1126/​sciim​munol.​abe03​67 (2020).

	16.	 Stadlbauer, D. et al. SARS-CoV-2 seroconversion in humans: A Detailed protocol for a serological assay, antigen production, and 
test setup. Curr. Protoc. Microbiol. 57, e100. https://​doi.​org/​10.​1002/​cpmc.​100 (2020).

	17.	 Saraswati, K., Phanichkrivalkosil, M. & Day, N. P. J. Blacksell SD The validity of diagnostic cut-offs for commercial and in-house 
scrub typhus IgM and IgG ELISAs: A review of the evidence. PLoS Negl. Trop. Dis. 13, e0007158. https://​doi.​org/​10.​1371/​journ​al.​
pntd.​00071​58 (2019).

	18.	 Faccini-Martínez, Á. A. et al. Serological cross-reactivity using a SARS-CoV-2 ELISA test in acute Zika virus infection, Colombia. 
Int. J. Infect. Dis. 101, 191–193 (2020).

	19.	 Gao, Q. et al. Development of an inactivated vaccine candidate for SARS-CoV-2. Science 369, 77–81 (2020).
	20.	 van Doremalen, N. et al. (2020) ChAdOx1 nCoV-19 vaccine prevents SARS-CoV-2 pneumonia in rhesus macaques. Nature 586, 

578–582 (2020).
	21.	 Krammer, F. Simon V Serology assays to manage COVID-19. Science 1227, 1–5 (2020).
	22.	 Mariën, J. et al. Evaluating SARS-CoV-2 spike and nucleocapsid proteins as targets for antibody detection in severe and mild 

COVID-19 cases using a Luminex bead-based assay. J. Virol. Methods 288, 114025. https://​doi.​org/​10.​1016/j.​jviro​met.​2020.​114025 
(2020).

	23.	 Phan, I. Q. et al. In silico detection of SARS-CoV-2 specific B-cell epitopes and validation in ELISA for serological diagnosis of 
COVID-19. Sci. Rep. 11, 4290. https://​doi.​org/​10.​1038/​s41598-​021-​83730-y (2021).

	24.	 Alvim, R. G. F., Lima, T. M., Rodrigues, D. A. S., Marsili, F. F., Bozza, V. B. T., Vale, A. M. Development and large-scale validation 
of a highly accurate SARS-COV-2 serological test using regular test strips for autonomous and affordable finger-prick sample 
collection, transportation, and storage. Preprint at medRxiv https://​doi.​org/​10.​1101/​2020.​07.​13.​20152​884 (2021).

	25.	 Premkumar, L. et al. The receptor binding domain of the viral spike protein is an immunodominant and highly specific target of 
antibodies in SARS-CoV-2 patients. Sci. Immunol. 5, eabc8413. https://​doi.​org/​10.​1126/​sciim​munol.​abc84​13 (2020).

	26.	 Robbiani, D. F. et al. Convergent antibody responses to SARS-CoV-2 in convalescent individuals. Nature 584, 437–442 (2020).
	27.	 Peterhoff, D. et al. A highly specific and sensitive serological assay detects SARS-CoV-2 antibody levels in COVID-19 patients that 

correlate with neutralization. Infection 49, 75–82 (2021).
	28.	 Yuen, R. R. et al. Novel ELISA protocol links pre-existing SARS-CoV-2 reactive antibodies with endemic coronavirus immunity 

and age and reveals improved serologic identification of acute COVID-19 via multi-parameter detection. Front Immunol. 12, 
614676. https://​doi.​org/​10.​3389/​fimmu.​2021.​614676 (2021).

	29.	 Ha, B. et al. Evaluation of a SARS-CoV-2 capture IgM antibody assay in convalescent Sera. Microbiol Spectr 9, e0045821. https://​
doi.​org/​10.​1128/​Spect​rum.​00458-​21 (2021).

	30.	 Infantino, M. et al. Closing the serological gap in the diagnostic testing for COVID-19: The value of anti-SARS-CoV-2 IgA anti-
bodies. J. Med. Virol. 93, 1436–1442 (2021).

	31.	 Sil, B. K. et al. Development and performance evaluation of a rapid in-house ELISA for retrospective serosurveillance of SARS-
CoV-2. PLoS ONE 16, e0246346. https://​doi.​org/​10.​1371/​journ​al.​pone.​02463​46 (2021).

	32.	 Lopez-Raton, M., Rodriguez-Alvarez, M. X., Cadarso-Suarez, C. & Gude-Sampedro, F. OptimalCutpoints: An R package for 
selecting optimal cutpoints in diagnostic tests. J. Stat. Soft. 61, 1–36 (2014).

	33.	 Guo, L. et al. Profiling early humoral response to diagnose novel coronavirus disease (COVID-19). Clin. Infect. Dis. 71, 778–785 
(2020).

	34.	 Bates, T. A. et al. Cross-reactivity of SARS-CoV structural protein antibodies against SARS-CoV-2. Cell Rep. 34, 108737. https://​
doi.​org/​10.​1016/j.​celrep.​2021.​108737 (2021).

	35.	 Dobaño, C. et al. Immunogenicity and crossreactivity of antibodies to the nucleocapsid protein of SARS-CoV-2: utility and limita-
tions in seroprevalence and immunity studies. Transl. Res. 232, 60–74 (2021).

	36.	 Masyeni, S. et al. Serological cross-reaction and coinfection of dengue and COVID-19 in Asia: Experience from Indonesia. Int. J. 
Infec. Dis. 102, 152–154 (2021).

	37.	 Burbelo, P. D. et al. Sensitivity in detection of antibodies to nucleocapsid and spike proteins of severe acute respiratory syndrome 
coronavirus 2 in patients with coronavirus disease 2019. J. Infect. Dis. 222, 206–213 (2020).

	38.	 Murrell, I. et al. Temporal development and neutralising potential of antibodies against SARS-CoV-2 in hospitalised COVID-19 
patients: An observational cohort study. PLoS ONE 16, e0245382. https://​doi.​org/​10.​1371/​journ​al.​pone.​02453​82 (2021).

	39.	 Röltgen, K. et al. Defining the features and duration of antibody responses to SARS-CoV-2 infection associated with disease severity 
and outcome. Sci. Immunol. 5, 0240. https://​doi.​org/​10.​1126/​sciim​munol.​abe02​40 (2020).

	40.	 Garcia-Beltran, W. F. et al. COVID-19-neutralizing antibodies predict disease severity and survival. Cell 184, 476–488. https://​
doi.​org/​10.​1016/j.​cell.​2020.​12.​015 (2021).

	41.	 Dan, J. M. et al. Immunological memory to SARS-CoV-2 assessed for up to 8 months after infection. Science 371, eabf4063. https://​
doi.​org/​10.​1126/​scien​ce.​abf40​63 (2021).

	42.	 Liu, W. et al. Evaluation of nucleocapsid and spike protein-based enzyme-linked immunosorbent assays for detecting antibodies 
against SARS-CoV-2. J. Clin. Microbiol. 58, e00461. https://​doi.​org/​10.​1128/​JCM.​00461-​20 (2020).

	43.	 McAndrews, K. M. et al. Heterogeneous antibodies against SARS-CoV-2 spike receptor binding domain and nucleocapsid with 
implications for COVID-19 immunity. JCI Insight 5, e142386. https://​doi.​org/​10.​1172/​jci.​insig​ht.​142386 (2020).

	44.	 Garritsen, A. et al. Two-tiered SARS-CoV-2 seroconversion screening in the Netherlands and stability of nucleocapsid, spike 
protein domain 1 and neutralizing antibodies. Infect. Dis. (Lond.) 53, 498–512 (2021).

	45.	 Long, Q. X. et al. Clinical and immunological assessment of asymptomatic SARS-CoV-2 infections. Nat. Med. 26, 1200–1204 
(2020).

	46.	 Xiao, T. et al. Early viral clearance and antibody kinetics of COVID-19 among asymptomatic carriers. Front. Med. (Lausanne) 8, 
595773. https://​doi.​org/​10.​3389/​fmed.​2021.​595773 (2021).

	47.	 Dong, E., Du, H. & Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Inf. Dis. 20, 533–534 
(2020).

	48.	 Bochnia-Bueno, L. et al. Dynamic of humoral response to SARS-CoV-2 anti-Nucleocapsid and Spike proteins after CoronaVac 
vaccination. Diagn. Microbiol. Infec.t Dis. 102, 115597. https://​doi.​org/​10.​1016/j.​diagm​icrob​io.​2021.​115597 (2021).

https://doi.org/10.1038/s41598-021-02148-8
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/resources/antibody-tests-guidelines.html
https://doi.org/10.3390/v13010040
https://doi.org/10.1126/science.abd4250
https://doi.org/10.1038/s41467-021-20973-3
https://doi.org/10.1126/sciimmunol.abe0367
https://doi.org/10.1002/cpmc.100
https://doi.org/10.1371/journal.pntd.0007158
https://doi.org/10.1371/journal.pntd.0007158
https://doi.org/10.1016/j.jviromet.2020.114025
https://doi.org/10.1038/s41598-021-83730-y
https://doi.org/10.1101/2020.07.13.20152884
https://doi.org/10.1126/sciimmunol.abc8413
https://doi.org/10.3389/fimmu.2021.614676
https://doi.org/10.1128/Spectrum.00458-21
https://doi.org/10.1128/Spectrum.00458-21
https://doi.org/10.1371/journal.pone.0246346
https://doi.org/10.1016/j.celrep.2021.108737
https://doi.org/10.1016/j.celrep.2021.108737
https://doi.org/10.1371/journal.pone.0245382
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1016/j.cell.2020.12.015
https://doi.org/10.1016/j.cell.2020.12.015
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1128/JCM.00461-20
https://doi.org/10.1172/jci.insight.142386
https://doi.org/10.3389/fmed.2021.595773
https://doi.org/10.1016/j.diagmicrobio.2021.115597


14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:10366  | https://doi.org/10.1038/s41598-022-14294-8

www.nature.com/scientificreports/

	49.	 Shaw, R. H. et al. Heterologous prime-boost COVID-19 vaccination: initial reactogenicity data. Lancet 397, 2043–2046 (2021).
	50.	 Schubert, M., Bertoglio, F., Steinke, S. et al.. Human serum from SARS-CoV-2 vaccinated and COVID-19 patients shows reduced 

binding to the RBD of SARS-CoV-2 Omicron variant in comparison to the original Wuhan strain and the Beta and Delta variants. 
Preprint at medRxiv. https://​doi.​org/​10.​1101/​2021.​12.​10.​21267​523 (2021)

	51.	 Tai, W. et al. Characterization of the receptor-binding domain (RBD) of 2019 novel coronavirus: Implication for development of 
RBD protein as a viral attachment inhibitor and vaccine. Cell Mol. Immunol. 17, 613–620 (2020).

	52.	 Altincekic, N. et al. Large-scale recombinant production of the SARS-CoV-2 proteome for high-throughput and structural biology 
applications. Front. Mol. Biosci. 8, 89. https://​doi.​org/​10.​3389/​fmolb.​2021.​653148 (2021).

	53.	 Goksuluk, D., Korkmaz, S., Zararsiz, G. & Karaagaoglu, A. E. easyroc: An interactive web-tool for roc curve analysis using r 
language environment. R. J. 8, 213–230 (2016).

Acknowledgements
We thank Dr. Marcos Fleury and all the members of Laboratory of Clinical Analysis of the School of Pharmacy 
(LACFar, UFRJ, Brazil) for performing blood collections and sample preparation; Dr. Orlando Ferreira, Dr. 
Amilcar Tanuri and the Laboratory of Molecular Virology (UFRJ, Brazil) for providing the pre-pandemic sera; 
and Dr. Leda Castilho (COPPE, UFRJ, Brazil) for providing the S protein. We kindly thank the fundamental 
administrative and financial support received from our colleagues of the Instituto de Bioquímica Médica Leo-
poldo de Meis, UFRJ.

Author contributions
Conceptualization and design: all authors contributed to the study conception and design; Methodology: ELISA 
was performed by L.O.F.S., F.A.P.F.; Antigen expression and purification was performed by F.A.P.F., B.G.S., 
N.C.M.A., T.C.N.M.; Formal analysis and investigation: L.O.F.S., F.A.P.F., D.S.; Writing—original draft prepara-
tion: L.O.F.S., F.A.P.F., D.S., G.C.F., A.T.P.; Writing—review and editing: L.O.F.S., F.A.P.F., D.S., A.T.P., L.S.W., 
G.C.F.; Funding acquisition: A.T.P.; Resources: A.T.P., G.C.F., F.C.L.A.; Supervision: A.T.P.

Funding
This work was supported by Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro 
(FAPERJ), Brazil, grant numbers E-26/201.173/2021, E-26/211.128/2021; and Conselho Nacional de Desenvolvi-
mento Científico e Tecnológico (CNPq), Brazil, grant number 312650/2021–3.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​14294-8.

Correspondence and requests for materials should be addressed to A.T.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1101/2021.12.10.21267523
https://doi.org/10.3389/fmolb.2021.653148
https://doi.org/10.1038/s41598-022-14294-8
https://doi.org/10.1038/s41598-022-14294-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	On the caveats of a multiplex test for SARS-CoV-2 to detect seroconversion after infection or vaccination
	Results
	Choice of antigens. 
	Assay development. 
	Antigen coating density. 
	Sera dilution. 
	Dilution of the detection antibodies. 
	Incubation periods for each assay step. 

	Pitfalls and troubleshooting. 
	Sample stability. 
	Reproducibility. 

	Cut-off determination and assay performance. 
	Validation of the in-house ELISA assays. 
	PCR + samples. 
	Non-diagnosed individuals. 
	Vaccinated individuals. 


	Discussion
	Limitations
	Methods
	Antigens’ expression and purification. 
	S protein. 
	Receptor-binding domain (RBD). 
	N protein N-terminal domain (NTD). 

	Sera samples. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Cut-off calculations. 
	Statistical analysis. 
	Ethics approval. 
	Consent to participate. 

	References
	Acknowledgements


