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A B S T R A C T   

Large-scale serosurveillance of severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) will only be 
possible if serological tests are sufficiently reliable, rapid and affordable. Many assays are either labour-intensive 
and require specialised facilities (e.g. virus neutralization assays), or are expensive with suboptimal specificity (e. 
g. commercial ELISAs and RDTs). Bead-based assays offer a cost-effective alternative and allow for multiplexing 
to test for antibodies against multiple antigens and against other pathogens. Here, we compare the performance 
of spike (S) and nucleocapsid (NP) antigens for the detection of SARS-CoV-2 specific IgG, IgM and IgA antibodies 
in a panel of sera that includes recent (up to six weeks after symptom onset, severe n = 44; and mild cases n = 52) 
and old infections (five months after symptom onset, mild n = 104), using a Luminex-bead based assay and 
comparison to a virus neutralization test. While we show that neutralizing antibody levels are significantly lower 
in mild than in severe cases, we demonstrate that a combination of the recombinant nucleocapsid protein (NP) 
and receptor-binding domain (RBD) results in highly specific (99 %) IgG antibody detection five months after 
infection in 96 % of cases. Although most severe Covid-19 cases developed a clear IgM and IgA response, titers 
fell below the detection threshold in more than 20 % of mild cases in our bead-based assay. In conclusion, our 
data supports the use of RBD and NP for the development of SARS-CoV-2 serological IgG bead-based assays.   

1. Introduction 

Since December 2019, severe acute respiratory syndrome coronavi
rus type 2 (SARS-CoV-2) has spread at an unprecedented speed and 
scale, resulting in 1,460,000 deaths, 62,800,000 diagnosed (as of 30/ 
11/2020) (Johns Hopkins University, 2020) and likely many more un
diagnosed cases with mild or no symptoms (Centers for disease control 
and prevention, 2020). While it is now clear that most people develop a 
protective antibody response after recovery, it remains unknown how 
long the antibodies remain detectable (Zhang et al., 2020a; Lassaunière 

et al., 2020; Okba et al., 2020). Such serological data can be used to 
determine the overall attack rate and level of herd immunity in a given 
population, and lay the foundation for control and prevention policies. 

Serological tests exist in a variety of different formats but not all are 
appropriate for large-scale serosurveillance (Zhang et al., 2020a; 
Krammer and Simon, 2020). The gold standard for serological testing 
remains the virus neutralization test (VNT) (Lassaunière et al., 2020). 
This assay format is very specific and directly assesses the neutralizing 
capacity of antibodies in serum (Xun et al., 2020). However, VNTs are 
also labour-intensive and generally require highly trained staff to work 
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in BSL3 laboratory conditions. In contrast, enzyme-linked immunosor
bent assays (ELISAs) require less trained operators and allow 
high-throughput screening, but are usually less specific due to 
cross-reactivity with other coronaviruses or other pathogens. Further
more, ELISAs are relatively expensive since sufficient recombinant an
tigens needs to be produced (Amanat et al., 2020). Nevertheless, many 
commercial ELISAs became rapidly CE-labelled and are currently used 
for serosurveillance studies (Lassaunière et al., 2020). Since ELISAs as 
well as VNTs have important limitations for large-scale serosurveillance, 
microsphere bead-based assays using the Xmap Luminex technology 
have been increasingly developped (Dobaño et al., 2020; Rosado et al., 
2020). This high-throughput platform allows the simultaneous detection 
of antibodies against different antigens from SARS-CoV-2, which can 
significantly increase the specificity of serological testing, in contrast to 
ELISA that usually includes only one antigen. Additional advantages of 
the bead-based assays are the need for lower serum amounts (<1 μl) and 
the lower cost (as less recombinant antigen is required) (Kerkhof et al., 
2015). 

Evaluating a set of compatible immunogenic antigens is essential for 
the development of these multiplex bead-based assays. For many SARS- 
CoV-2 antibody tests, the main targets are the large spike glycoprotein 
(S) and the nucleocapsid protein (NP) (Taskin Tok et al., 2017). The S 
protein is a trimeric class I fusion protein that consists of two subunits, 
namely S1 and S2 (Wang et al., 2020; Walls et al., 2020). The S1 protein 
mediates binding to host cells via interactions with the human receptor 
angiotensin converting enzyme 2 (ACE2) and is very immunogenic with 
its receptor-binding domain (RBD) as the main target for neutralizing 
antibodies (Premkumar et al., 2020). The S2 subunit regulates fusion of 
the viral and host cellular membrane. The S protein, therefore, is an 
important target for the development of medical treatments and vac
cines due to its role in cell binding and entry (Padron-Regalado, 2020). 
The NP plays a vital role in the transcription and replication of the virus, 
and is suggested to be more sensitive than the S protein for detecting 
early infections (Taskin Tok et al., 2017; Burbelo et al., 2015). Here, we 
evaluate the performance of these four antigens (NP, RBD, S1, S1S2) for 
the detection of SARS-CoV-2 IgG, IgM and IgA antibodies in a 
bead-based assay using sera from severe and mild cases in the early 
convalescent phase (<6weeks) and later during the infection (>5 
months). We also examine correlations between levels of SARS-CoV-2 
neutralizing antibodies and those of antigen-binding antibodies 
measured by our Luminex assay. 

2. Methods 

2.1. Human serum samples 

We used a panel of 296 serum samples: 44 samples from 22 hospi
talized COVID-19 patients (severe cases) at the University Hospital of 
Antwerp (UZA), 156 samples from COVID-19 positive healthcare 
workers confirmed to have antibodies by VNT (mild/asymptomatic 
cases), and 96 leftover samples from the travel clinic of the Institute of 
Tropical Medicine (ITM) in Antwerp that we expect to be antibody 
negative because they were sampled prior to the pandemic in November 
2019 (negative cases). Samples from severe cases were collected be
tween March,3th and April, 6th from RT-qPCR confirmed COVID-19 
cases (median days post symptom onset = 17, Q1 = 10 and Q3 = 22). 
Of these, 22 severe cases were sampled two times over a period of one or 
two weeks. Samples from 52 healthcare workers were collected <6 
weeks post symptom onset between April,22th and April,26th in 17 
different hospitals in Belgium (median days post symptom onset = 22, 
Q1 = 18 and Q3 = 35). Samples from 104 healthcare workers were 
collected five months post symptom onset (Aug 2020). Infectivity of 
health care workers from the second group was also confirmed via a 
nasopharyngeal swap and RT-qPCR (Corman et al., 2020). All samples 
from healthcare workers belonged to different individuals. 

2.2. SARS-CoV-2 neutralization test 

Serial dilutions of heat-inactivated serum (1/50-1/1600 in assay 
medium consisting of EMEM supplemented with 2 mM L-glutamine, 100 
U/ml - 100 μg/ml of Penicillin-Streptomycin and 2 % foetal bovine 
serum) were incubated with 3xTCID100 of a primary isolate of SARS- 
CoV-2 during 1 h (37 ◦C / 7 % CO2). Sample-virus mixtures and virus/ 
cell controls were added to Vero cells (18.000cells/well) in a 96well 
plate and incubated for 5 days (37 ◦C / 7 % CO2). The cytopathic effect 
caused by viral growth was scored microscopically. The Reed-Muench 
method was used to calculate the neutralising antibody titre that 
reduced the number of infected wells by 50 % (NT50) or 90 % (NT90) 
(Reed and Muench, 1938), these values were used as proxy for the 
neutralizing antibody concentration in each sample. 

2.3. Luminex bead-based immunoassay 

We ordered commercially available recombinant NP, RBD, S1 and 
the complete Spike unit (S1S2) antigens derived from SARS-CoV-2 at 
Sino Biological (BIOCONNECT, Huissen, The Netherlands). The lyoph
ilized proteins were resuspended in a buffer according to the manufac
turer’s instructions and stored until use. Each antigen was coupled to a 
maximum of 1.25 × 10^6 (Krammer and Simon, 2020) paramagnetic 
MAGPLEX COOH-microsphere beads from Luminex Corporation (Aus
tin, TX), as described previously (Kerkhof et al., 2015; Ambrosino et al., 
2010). Different concentrations of binding-antigens were titrated and 
we choose a concentration that yield 70–80 % of the maximum signal, as 
this should provide the largest linear dynamic range for the assay 
(Angeloni et al., 2013). Consequently, we coupled 1 μg of RBD, S1 and 
S1S2 and 2 μg of NP to 1.25 × 10^6 (Krammer and Simon, 2020) beads 
for IgG detection. Because we obtained the best results with RBD and NP 
(and observed high correlations between RBD and S1/S1S2), we 
continued only with these antigens for the further analyses. We 
increased the antigen concentrations for IgA detection to 2 μg for RBD 
and 4 μg for NP. 

We followed the protocol as described in Ayouba et al. 2020 (Ayouba 
et al., 2020) for the assay. In brief, a microsphere working mixture was 
prepared in a hypertonic phosphate buffered saline-BSA (PBS-BN) so
lution with a concentration of 2000 beads/antigen/well. To choose an 
appropriate serum concentration, titers were measured in serial di
lutions (1/150-1/6400). We observed that a 1/300 serum dilution gave 
the best signal to noise ratio for IgG and IgM and 1/150 for IgA (Sup
plementary Figs. 1 and 2). For the IgM detection in serum, we added 
Gullsorb™ IgG inactivation reagent in a 1/10 dilution. Beads and 
diluted sera were added to each well in a final volume of 150 μl. Plates 
were incubated at room temperature for two hours in the dark for IgG 
and IgA and for four hours for IgM, and then washed with 200 μl/well of 
PBS-BN buffer. Reactions were read after incubation (30 min) with a 
biotin-labelled anti-human IgG, IgA or IgM secondary antibody and 
streptavidin-R-phycoerythrin conjugate (10 min) using a Luminex® 
100/200 analyzer. Results were expressed as median fluorescent in
tensities (MFI). 

2.4. Statistical evaluation and diagnostic performance 

We assessed the sensitivity and specificity of the Luminex bead-based 
assay by looking at Receiver Operating Characteristics (ROC) curves for 
the different groups of infected COVID-19 patients: Recent-Severe (RS), 
Recent-Mild (RM) and Old-Mild (OM). First, sensitivity and specificity 
were traded-off to calculate cut-off values for SARS-CoV2 antigens in 
single-plex. To test which combinations of antigens could best improve 
the accuracy of the test in multiplex, we checked ROC curves calculated 
by supervised machine learning Random Forest (RF) algorithm models, 
as implemented in the R-package ‘randomForest’ (Breiman and Cutler, 
2018). Variable (antigen) importance was assessed using the ‘varImplot’ 
function of the same package. Antigens with the lowest ‘mean decrease 
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in accuracy’ and ‘mean decrease in Gini’ were removed from the bead 
set. Selection of antigens was performed based on the Area Under a 
Curve (AUC) values. Because it was clear that including S1 and S1S2 
antigens to the bead set did not improve the classification performance 
of the IgG test (Table 1), we excluded these antigens for the statistical 
analyses. 

We then investigated if mean MFI (NP and RBD) for all isotypes and 
neutralizing antibody levels differ between the different groups of 
COVID-19 cases using a Tukey’s test. We corrected for a potential 
sampling time effect and dependency bias by excluding all samples that 
were taken from severe COVID-19 cases in the first week after hospi
talization. All antibody levels were log-transformed to meet normality 
assumptions. All P-values were corrected for multiple testing bias using 
the Bonferroni method. To assess the relationship between the different 
antigen levels and the neutralizing antibody response, we correlated the 
NT50 measurements to MFI values using a nonparametric Spearman’s 
rank (rs) test. All analyses were performed in the statistical software 
R.3.6.1. 

3. Results 

3.1. Performance assessment of the Luminex bead-based assay 

Sensitivity and specificity were first calculated for individual anti
gens using a ROC analysis (Fig. 1 and Table 1). For the IgG assay, var
iations in AUC values suggest differences in classification performance 
for each antigen in single-plex. IgG-RBD had the highest classification 
performance and IgG-S1 the lowest, while IgG-S1S2 and IgG-NP had a 
similar classification performance. Subsequently, we used a random 
forest algorithm to test if combinations of different antigens could 
improve the classification performance of the assay. While multiplexing 
all antigens gave the best specificity (99 %) and sensitivity (95–100 %), 
the removal of IgG-S1 and IgG-S1S2 resulted in an almost similar AUC. 
The variable importance scores (‘mean decrease in accuracy’ and ‘mean 
decrease in Gini’) also suggested that IgG-S1 and IgG-S1S2 can be 
removed from the multiplex without reduction in classification perfor
mance (Supplementary Fig. 3). We detected four negative control sam
ples for which the IgG-NP MFI values clearly fell above the 99 % 
specificity cut-off and one sample for which the IgG-RBD MFI value 
exceeded the cut-off value. However, the positive IgG-RBD sample was 
different from the four positive IgG-NP samples, showing that combining 
IgG-RBD and IgG-NP can significantly increase the specificity of the IgG 
test (to 100 %). Because the negative serum samples were anonymized, 
it was impossible to link these non-specific reactivity to any co-infection. 

The sensitivity of the IgA assay was high for recent severe COVID-19 

cases at both high and low specificity cut-offs (92 and 97 %, respec
tively), but lower in recent mild (60 and 84 %, respectively) and old mild 
cases (<17 % and 42 %, respectively). Similarly, the sensitivity of the 
IgM assay was high for recent severe COVID-19 cases (90 and 100 %, 
respectively), but much lower in recent (35 and 68 %, respectively) and 
old mild cases (20 and 65 %, respectively). These results suggest that IgA 
and IgM are not useful for follow up beyond the acute phase of the 
infection, but could be applied to detect re-infection of a patient. 

3.2. Differences in antibody levels between severe and mild cases 

We investigated whether MFI (NP and RBD) and neutralizing anti
body levels differ between severe and mild cases, and whether they 
change over time (Fig. 2 and Table 2). Neutralizing antibody levels 
(NT50 and NT90) were significantly higher for severe than for mild 
cases, but did not differ between recent and old mild cases. Interestingly, 
neutralizing antibodies (at NT50) were absent in only two samples five 
months after infection. IgG antibody levels were significantly lower in 
the old compared to the recent infections for IgG-NP, while IgG-RBD 
levels only differed between the severe-recent and mild-old infection 
groups. Similar as for NT50, all levels for IgG-RBD and most (>96 %) 
IgG-NP levels remained higher than the cut-off values (at 99 % sensi
tivity) of the negative controls five months after infection. IgA and IgM 
antibody levels decreased significantly over time for both IgA- and IgM- 
RBD and NP, but IgA-NP did not differ significantly between recent se
vere and mild. In general, antibody levels for both RBD and NP were the 
highest for recent-severe cases and the lowest for mild-old cases for all 
isotypes. 

3.3. Correlations between neutralizing antibody titers and Luminex RBD 
and NP levels 

To assess if MFI levels can be used as proxy for the neutralizing ca
pacity of serum, we correlated these levels to the NT50 (Fig. 3). We 
found strong correlations between NT50 and IgG-RBD (rs = 0.71, 
p < 0.0001). Weaker correlations were observed for IgA and IgM-RBD 
(rs = 0.38-0.47, p < 0.0001) and for IgG, IgA and IgM-NP (rs = 0.40- 
0.50, p < 0.0001). 

4. Discussion 

While a plethora of commercial serological tests became available 
months after the discovery of SARS-CoV-2, researchers have already 
experienced problems in terms of sensitivity and specificity with many 
early market commercial tests (Krammer and Simon, 2020). Problems 

Table 1 
Performance of the IgG, IgA and IgM assays. AUC and sensitivities (sens) are presented for different categories of infection for a low (>90 %) and high (>99 %) 
specificity (spec) target.   

Recent infections (<6 weeks) Old infections (>5 months) 

Severe Mild Mild 

Isotype Antigen AUC Sens (at 90 % 
Spec) 

Sens (at 99 % 
Spec) 

AUC Sens (at 90 % 
Spec) 

Sens (at 99 % 
Spec) 

AUC Sens (at 90 % 
Spec) 

Sens (at 99 % 
Spec) 

IgG 

RBD 0.94 99 91 0.93 98 98 0.94 99 96 
S1 0.90 92 84 0.92 94 93 0.93 95 47 
S1S2 0.92 92 90 0.91 92 79 0.94 99 95 
NP 0.92 95 85 0.93 98 70 0.68 95 85 
RBD + NP + S1+S1/ 
2 

0.98 99 95 0.99 99 99 0.99 99 97 

RBD + NP 0.98 99 94 0.99 99 99 0.99 99 96 

IgA 
RBD 0.94 97 66 0.88 84 47 0.66 42 5 
NP 0.94 97 92 0.77 62 42 0.53 15 3 
RBD + NP 0.98 97 92 0.92 84 60 0.69 42 17 

IgM 
RBD 0.94 100 72 0.79 68 30 0.69 65 10 
NP 0.94 97 90 0.71 53 35 0.68 46 19 
RBD + NP 0.98 100 90 0.79 68 35 0.82 65 20  
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may arise because tests were initially evaluated on sera from severe 
COVID-19 patients, who are suggested to develop a much higher im
mune response than mild or asymptomatic cases (Zhang et al., 2020b). 
Here, we show that neutralizing and binding IgG, IgA and IgM antibody 
levels are indeed higher for severe than mild cases in the early conva
lescent phase (<6 weeks) (Fig. 1). Furthermore, given that antibody 
levels directed to other human coronaviruses are suggested to decrease 
rapidly after infection (usually after 0.5− 1 year) (Edridge et al., 2020a, 
b) and seroreversion (antibody positive to negative) has already been 
shown/demonstrated for asymptomatic SARS-CoV-2 infections (Long 
et al., 2020; Seow et al., 2020; Perreault et al., 2020), it was expected 

that antibody levels of mild/asymptomatic cases might drop rapidly 
below the cut-off value of many diagnostic tests within months after 
infection. Our data, however, show that both neutralizing and IgG an
tibodies remain detectable in the majority (>96 %) of PCR-confirmed 
cases at least five months after symptom onset of mild/asymptomatic 
infections. While it cannot be excluded that seroreversion will happen 
after this time window and the first re-infections have been noted (Tillett 
et al., 2020; Selhorst et al., 2020), we highlight that the absence of 
detectable antibody levels does not necessarily mean that the majority of 
recovered people will become completely susceptible for COVID-19 
(immunity also depends on the T-cell mediated immune responses that 

Fig. 1. Receiver Operating Characteristic (ROC) curves for combinations of RBD and NP antigens in multiplex as calculated by a random forest algorithm for IgG, IgA 
and IgM isotypes. Different colours represent different groups of recent/old and severe/mild infections. 

Fig. 2. Boxplots representing differences in log(neutralizing antibodies) and log(MFI levels) for NP and RBD between recent-severe (n = 22), recent-mild (52), old- 
mild cases (n = 104) and the negative control (n = 96) group for all isotypes. 
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might last much longer) (Gutierrez et al., 2020). Nevertheless, a po
tential decrease in IgG antibody levels might complicate the epidemio
logical assessment and should be taken into account by mathematical 
models that aim to understand/predict the transmission dynamics in the 
population (Rosado et al., 2020; Borremans et al., 2020). Because of the 
much faster decline in IgM and IgA antibodies (half of them were not 
detectable five months after infection in our study), these isotypes seem 
to be useless for serosurveillance purposes. However, they could be 
relevant to better detect recent infections or to assess if re-infection 
occurred. 

The ROC analyses showed that NP and RBD antigens can be used to 
develop a highly specific (99 %) and sensitive (96 %) Luminex SARS- 
CoV-2 antibody detection assay. Although these antigens performed 
well in single-plex (Table 1), a combination of the two antigens clearly 
increased the assay’s prediction performance in comparison to the best 
performing single-plex for the IgG assay (RBD, ΔAUC = 0.04). The in
crease in specificity is explained by the multiplexing of two antigens in 
relation to the random forest algorithm. For example, a few non-specific 
bindings were noted in the negative control samples (4x NP and 1x RBD) 
(Fig. 2). While these samples would clearly be categorized as positives in 
a single-plex assay, they were actually categorized as negative by the 
random forest as the aspecific binding did not happen in the same 
sample. This aspect makes a multiplex assay appealing for seros
urveillance in sub-Saharan Africa, where more infectious diseases occur 
that can cause false positive results in serological assays (Esbroeck et al., 
2016). We highlight that the exclusion of IgG-S1S2 and IgG-S1 is not due 
to their bad prediction performance, but rather because they behave 
almost identical as RBD (i.e. they are redundant in the multiplex). The 
observation that RBD slightly outperformed the other spike antigens in a 

single-plex can be explained by the fact that this region is less conserved 
between different coronaviruses in contrast to the whole spike protein, 
which might increase RBD’s specificity (Edridge et al., 2020b; Pre
mkumar et al., 2011; Du et al., 2009; Ng et al., 2020). Consequently, a 
combination of NP with RBD/S1 is also put forward in two independent 
Luminex bead-based assays that were recently published (Dobaño et al., 
2020; Ayouba et al., 2020). 

Because VNTs are labour-intensive, require biosafety level-3 (BSL-3) 
conditions and specific training skills, simple serological tests that could 
predict individual levels of protecting-immunity are highly needed to 
assess the effect of vaccine campaigns (Premkumar et al., 2020). For this 
reason, we correlated neutralizing titers (NT50) to antibody levels ob
tained by this Luminex assay. The highest correlations were observed to 
the IgG-RBD, suggesting that IgG-RBD levels can be used as proxy to 
predict levels of neutralizing antibodies. Although IgA and IgM were 
suggested to contribute to a much larger extend to virus neutralization 
compared to IgG in the early convalescent phase (Sterlin et al., 2020), 
we found moderate-to-weak correlations to IgA and IgM in general. This 
pattern is likely explained by the absence of IgA and IgM later during the 
infection, while neutralizing antibodies remain clearly present. 

In conclusion, we have evaluated a highly sensitive and specific 
serological assay for the detection of SARS-CoV- 2 IgG antibodies using a 
robust and high-throughput technology. The assay predicts relatively 
accurately neutralizing antibody levels in the early convalescent phase 
and later in the infection. We also found that neutralizing and binding 
IgG antibodies remain detectable at least five months after the infection, 
but that titers differ between severe and mild/asymptomatic COVID-19 
cases. The latter highlights that serological tests are best evaluated on 
serum panels that include mild and asymptomatic cases before use in 
large-scale serosurveillance settings. 

Ethics statement 

Approval to sample from COVID-19 cases was obtained from the 
Ethical committee of the University of Ghent (BC-07587), local com
mittees of each participating hospital and all participants provided 
consent to participate. All serum samples from severe and mild/ 
asymptomatic cases underwent a viral inactivation protocol by heating 
at 56 ◦C for 30 min. The use of prepandemic leftover samples was 
approved by ITM’s internal review board. We declare that the planning 
conduct and reporting of the study was in line with the Declaration of 
Helsinki, as revised in 2013. 

Table 2 
Bonferroni corrected P-values expressing the effects of disease severity (severe, 
mild) and time since symptom onset (recent, old) on antibody levels as measured 
by the Luminex or VNT.  

Antigen Group IgG IgA IgM Titer VNT 

RBD 
MO vs MR 0.264 <0.001 0.288 

NT50 
1 

SR vs MR 0.156 0.723 <0.001 <0.001 
SR vs MO <0.001 <0.001 <0.001 <0.001 

NP 
MO vs MR 0.006 <0.001 1 

NT90 
1 

SR vs MR 1 <0.001 <0.001 0.007 
SR vs MO <0.001 <0.001 <0.001 0.005 

MO =mild old; MR = mild recent; SR = severe recent. 

Fig. 3. Correlations between log(NT50) and log(MFI) levels to RBD and NP for IgG, IgA and IgM, as calculated by the nonparametric Spearman correlation test (rs). 
Seropositivity cut-off levels are indicated by the dashed grey lines. 
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