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ABSTRACT
The RBD, S, and N proteins, the three main antigens of  the SARS-CoV-2 virus, activate the host immune system 
and cause the formation of  IgM and IgG antibodies. While IgM indicates an early, acute infection stage, IgG shows 
a past infection or persistent sickness. This study used an indirect ELISA assay that targets the S1 subunit of  the 
SARS-CoV-2 S protein to create an in-house, qualitative serological test specific to COVID-19. A total of  60 serum 
samples were examined using ELISA for anti-SARS-CoV-2 IgG, and 50 of  those results were positive. An addition-
al 20 samples were taken from cases that occurred before the pandemic. For the in-house ELISA assay, a plasmid 
containing the gene coding for the S1 subunit was transformed into E. coli DH5ɑ bacterial cells and the protein was 
synthesized and purified. The purified protein was utilized to coat the ELISA plate, which was subsequently used 
to assess the levels of  IgG among individuals with SARS-CoV-2 infection. The study found a significant association 
(p-value=0.01) between the in-house and the commercial anti-S1 subunit IgG antibodies kits. The in-house ELISA 
responded well, with a sensitivity and specificity of  75.0% and 88.89%, respectively. Furthermore, a library of  SARS-
CoV-2 recombinant S1 subunits was created by competent bacteria and may be employed for various tasks, such as 
creating diagnostic tools and scientific investigation. Overall, the in-house anti-SARS-CoV-2 human IgG-ELISA 
proved to be sensitive and specific for identifying IgG antibodies in patients exposed to SARS-CoV-2.
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INTRODUCTION

The RBD, S, and N proteins of  SARS-CoV-2 are the prima-
ry antigens that cause a host immune response and the subse-
quent production of  immunoglobulin A (IgA), immunoglobulin 
M (IgM), and immunoglobulin G antibodies (IgG) [1]. Mucosal 
immune responses to SARS-CoV-2 are reflected in the titer of  
secretory IgA. In contrast to IgG, indicative of  a chronic illness 
or a prior infection, IgM suggests the early, acute infectious stage 
[1]. The temporal dynamics of  these antibodies can vary across 

studies, even though IgM and IgG were more frequently detected 
than IgA in connection to SARS-CoV-2 antibodies. IgA and IgM 
were detected on day five (median), and IgG was detected on day 
fourteen (study) (median) [2].  

Tests based on the S antigen have demonstrated cross-reactivity 
with the Middle East respiratory syndrome coronavirus (MERS-
CoV). However, the S1 protein within the S antigen is significant-
ly more specific than the S protein and exhibits 100% specificity 
for coronaviruses other than SARS-CoV [3]. This is because the 
S2 subunit has less antigenic variation and is more stable than the 
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S1 subunit, which may explain the observed pattern. Tests based 
on the N protein showed cross-reactivity with SARS-CoV and 
MERS-CoV [4, 5].

Serological tests utilized for determining patient antibodies in-
clude rapid diagnostic tests (RDTs), enzyme-linked immunosor-
bent assays (ELISAs), chemiluminescent immunoassays (CLIAs), 
and neutralization assays. RDTs often take the form of  lateral 
flow assays [6]. These tests are valuable for estimating the cu-
mulative incidence of  prior infections [7]. When combined with 
the patient's medical history, physical examination, and imaging 
results, the test outcomes can provide reliable information for di-
agnosing SARS-CoV-2 infection. However, these findings need 
a thorough analysis of  asymptomatic individuals or regions with 
low disease prevalence. It is critical to be aware of  the advan-
tages, disadvantages, and utility of  a particular test to be able to 
assess its diagnostic efficacy. Moreover, incorporating additional 
diagnostic tests that offer a detailed analysis of  the results is essen-
tial, considering the implications for both the patient and society 
[8]. The study aimed to develop a COVID-19-specific qualitative 
serological test using an indirect ELISA assay targeting the S1 
subunit of  SARS-CoV-2 S antigens.

MATERIALS AND METHODS

Study design and samples collection   

This study utilized a laboratory-based experimental design to 
develop a COVID-19-specific qualitative serological test using an 
indirect ELISA assay targeting the S1 subunit of  SARS-CoV-2 S 
antigens. The study aimed to assess the accuracy, sensitivity, and 
specificity of  the in-house designed ELISA assay compared to a 
commercial anti-S1 IgG antibody test. Twenty-six serum speci-
mens were collected from individuals who tested positive for IgG 
antibodies, including ten samples obtained before the pandem-
ic. Sample collection took place between January 4 and April 1, 
2022.

Plasmid transformation and ELISA measurement  

The plasmid containing the gene code for the S1 subunit was 
transformed into E. coli DH5ɑ bacterial cells, followed by protein 
synthesis and purification. The purified protein was then used to 
coat the ELISA plate and then used for subsequent measurement 
of  IgG concentrations in individuals with SARS-CoV-2 infec-
tion.

Production of SARS-CoV-2 (2019-nCoV) spike S1 
protein

Competent bacterial cell preparation   

Competent E. coli cells were prepared by inoculating 10 ml 
of  brain-heart infusion broth medium at 37 degrees Celsius for 
24 hours. Four sterile petri plates were prepared and inoculated 
with 4 milliliters of  the culture. The experiment was incubated 
overnight at 37 degrees Celsius. Sterile polypropylene tubes were 
used to inoculate 10 mL of  LB broth with a single colony from 
the overnight culture.  The tubes were placed on ice for 5-10 
minutes to maintain the cells at a low temperature throughout 
the subsequent procedures. Afterward, the tubes were centri-

fuged at 4°C and 1600 g for 7 minutes. Each pellet was resus-
pended in 10 ml of  the ice-cold solution of  calcium chloride after 
the excess solution was removed. The cells were all meticulously 
resuspended and kept on ice. 

Transformation of competent cells 

Fifty µL of  competent cells were added to 5 µL of  vector in 
a 1.5 ml polypropylene tube. After gently mixing the contents 
of  the tube, it was placed in an incubator on ice for 30 minutes. 
The cells were heat shocked by submerging the tubes in a 42°C 
water bath for 30 seconds after incubation. The tube was left on 
ice for an additional two minutes. The cells were cultured for 
1 hour at 37 °C in 2 ml of  the LB broth culture medium. The 
transformation culture was plated on Kanamycin LB medium 
and incubated at 37 °C overnight.

Protein expression cultures  

The procedure was conducted over three days. On the first 
day, transformed-competent cells were added to the LB medium 
and cultured overnight at 37 °C. The following day, 10 mL poly-
propylene tubes were filled with 5 mL LB medium supplemented 
with kanamycin. The tubes were inoculated with a single colo-
ny using a disposable loop and incubated overnight at 37 ◦C. 
On the third day, the content of  the tubes became cloudy due 
to bacterial growth and was transferred into a freshly autoclaved 
LB broth medium with kanamycin. The flask was covered with 
cotton and incubated at 37°C with regulatory shaking. The cell 
growth was monitored by measuring the optical density using a 
spectrophotometer (A600) until it reached 0.7–1, typically taking 
approximately 8 hours. Once A600 reached the desired level, 0.2 
g/liter of  IPTG (isopropyl β-D-1-thiogalactopyranoside) was 
added to activate the bacterial promoter that controls the tran-
scription on the plasmid. This stimulation initiated the produc-
tion of  the target protein by the E. coli culture. The culture was 
then incubated overnight at 37 °C. To harvest the cells, they were 
centrifuged at 4000 x g for 20 minutes and frozen overnight at 
-20 °C.

Manual protein purification   

The cleared E. coli lysates were prepared, and manual pro-
tein purification was conducted using a magnetic agarose-based 
protocol targeting the DYKDDDDK-tagged protein. The tubes 
were incubated for 5 minutes at room temperature with frequent 
vortexing to facilitate the elution of  the purified protein.

After incubation, the tubes were centrifuged, and the super-
natant containing the eluted protein was carefully collected and 
preserved. The magnetic agarose beads were removed and col-
lected, leaving the purified protein in the supernatant behind. To 
neutralize the low pH of  the eluate, 15 μL of  neutralizing buffer 
was added for every 100 μL of  the eluate.

ELISA assay 

Preparation of indirect ELISA    

To prepare the indirect ELISA, the SARS-CoV-2 S1 protein 
was diluted to a final concentration of  2 µg/mL in 1X coating 
buffer, a sodium bicarbonate buffer solution with pH 9.6. The 
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dilution was performed using the S Lab synthesis protein (Elab-
science). The 96-well microtiter plates were coated with 100 µl 
of  diluted S Lab synthesis protein and then incubated at four 
degrees Celsius for 12 hours. Following incubation, the plate re-
ceived three washes in 250 µl of  PBST (PBS with 0.1% Tween 
20). The plate was then sealed with a plate sealer and incubated 
for 12 hours at 4 °C. The wells were washed three times in 250 µl 
of  phosphate-buffered saline (PBS) washing solution. The coated 
wells received 200 µl of  1% bovine serum albumin (BSA) (block-
ing buffer), and the plate was sealed again with plate sealer, which 
was incubated overnight at 4 °C.  Samples of  serum were added 
in 100 µL after the plate was cleaned as previously mentioned. 

In-house designed indirect ELISA kit optimization  

ELISA plate was coated with five different concentrations of  
S1 subunit prepared by dilution with phosphate buffer saline 
(PBS) to determine the optimal detection concentration. A sin-
gle serum sample obtained from a patient who tested positive for 
SARS-CoV-2 by RT-qPCR and exhibited a high IgG neutral-
izing antibody, as measured by the SUNLONG ELISA kit, was 
used for the optimization process. The IgG level in the serum 
sample was measured using the in-house designed indirect ELI-
SA kit, and the absorbance was read at 450nm using BIOTEK 
ELISA Reader/USA.

Statistical Analysis   

Data analysis was performed using Microsoft Excel 2016, 
GraphPad Prism version 6, and SPSS software version 26. De-
scriptive statistics, such as mean and standard deviation, were 
calculated to estimate the IgG concentrations in the serum sam-
ples of  patients. Pearson's correlation coefficient was employed 
to assess the statistical association or differences between the 
two groups, with significance determined at a p-value of  <0.05. 
Graphs were generated using GraphPad Prism version 6 soft-
ware. 

RESULTS

Result of in-house designed indirect ELISA kit 
optimization   

To optimize the in-house designed indirect ELISA kit, the ELI-
SA plate was coated with five different concentrations of  the S1 
subunit. A single serum sample from a SARS-CoV-2 RT-qPCR 
positive patient with a high level of  IgG neutralizing antibody, as 
measured by the SUNLONG ELISA kit, was used. The optimal 
concentration of  the S1 subunit for detection was determined to 
be 2 µg/mL based on the highest optical density value obtained 
(OD = 2.71) at 450 nm, as shown in Figure 1.

Limit of detection (LOD) and limit of quantification 
(LOQ)  

The concentration ranges of  neutralizing antibody levels in 
samples were determined using the in-house SARS-CoV-2 S1 
subunit neutralizing ELISA test. The assay provided information 
on both the upper and lower limits of  the neutralized antibody 
levels. The limit of  detection (LOD) for the in-house designed 
ELISA assay was 23.20 ng/mL, and the limit of  quantification 
(LOQ) was 70.31ng/mL. The commercial ELISA assay had a 

LOD of  67.29 ng/mL and a LOQ of  203.93 ng/mL. The sam-
ples included the top and lower limits of  the quantities of  neu-
tralized antibodies as determined by the Human SARS-CoV-2 
Spike Protein S1 IgG (S1-IgG) ELISA assay.

Standard curve for Human SARS-CoV-2 Spike Protein 
S1 IgG (S1-IgG) ELISA assay

Figure 2 illustrates the standard curve generated using a com-
mercial ELISA kit for the Human SARS-CoV-2 Spike Protein S1 
IgG (S1-IgG) ELISA assay. The scatter plot presents the average 
OD absorbance measurements (x-axis) corresponding to differ-
ent log concentration levels (y-axis) of  SARS-CoV-2 neutralizing 
antibody standards. The data points on the graph form a straight 
line, representing the standard curve. Statistical analysis revealed 
a strong inverse relationship between the OD absorbance and the 
log level of  neutralizing antibodies, as evidenced by a coefficient 
of  determination (R2) value of  0.9615. The slope of  the line was 
determined at 0.0078, and the intercept was 0.249. These results 
highlight the robust correlation between the OD absorbance and 
the concentration of  neutralizing antibodies in the commercial 
ELISA assay.

In-house ELISA assay standard curve 

Figure 3 displays the average OD absorption values for each 
SARS-COV-2 neutralizing antibody generated during the in-
house neutralization ELISA experiment. The scatter plot dis-
plays the OD absorbance values (x-axis) and log concentration 
values (y-axis), with the standard curve depicted as a series of  
dots forming a straight line. The statistical analysis, using a co-
efficient of  determination (R2), revealed a strong negative cor-
relation between the OD absorption and the log concentration 
of  neutralizing antibodies. The slope of  the line was determined 
to be 0.0077, indicating the rate of  change in OD absorption 
concerning the concentration. The coefficient of  determination 
(R2) was 0.9965, indicating a high degree of  linearity in the re-

Figure 1. Five concentrations of SARS CoV-2 
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itive samples exhibited an average CV% that reflected both high 
and low values. The concentration means ranged from 96.345 
ng/mL to 312.245 ng/mL. Regarding the intra-assay variability, 
the CV% ranged from 1.39% to 16.35%, with an average CV% 
of  7.18%. The concentration means showed a wider range of  
variation within the positive samples.

In-house IgG concentration vs. commercial IgG 
concentration (Pearson’s correlation)  

The relationship between the in-house anti-S1 subunit IgG 
neutralizing antibody kit and the commercial anti-S1 subunit 
IgG neutralizing antibody kit was evaluated using Pearson's cor-

lationship. The intercept of  0.086 represents the estimated OD 
absorption value when the log concentration is zero.

ELISA inter and intra assay  

The precision or repeatability of  the in-house designed ELISA 
assay was assessed by measuring the concentrations of  positive 
samples in duplicate within each run (intra-assay) and across two 
different runs (inter-assay). The percent coefficient of  variability 
(CV%) was calculated to determine the variability of  the ELISA 
results, focusing on the concentration values in ng/mL. For the 
inter-assay variability, the CV% ranged from 2.79% to 7.79%, 
with an average CV% of  6.59%. The concentrations of  the pos-

Figure 2. Standard curve of commercial ELISA kit

Figure 3. Standard Curve of in-house ELISA kit
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relation coefficient analysis. A total of  60 serum specimens were 
tested for IgG concentrations using both kits. The analysis re-
vealed a significant association between the IgG concentrations 
measured by the two kits, with a correlation coefficient ranging 
from 0.088 to 0.578 at a 95% confidence interval. The p-value 
of  0.01 indicates a statistically significant correlation (Figure 4).

Overall accuracy, sensitivity, and specificity of the in-
house designed ELISA assay  

The overall performance of  the in-house designed ELISA 
assay was evaluated in terms of  accuracy, sensitivity, specificity, 
positive predictive value (PPV), and negative predictive value 
(NPV). The assay demonstrated a sensitivity of  75.00% (95% CI 
63.40% to 84.46%) and a specificity of  88.89% (95% CI 65.29% 
to 98.62%). The positive predictive value was 96.43% (95% 
CI 87.89% to 99.01%), while the negative predictive value was 
47.06% (95% CI 67.79% to 85.87%). The overall accuracy of  
the test was 77.78% (95% CI 67.79% to 85.87%).

Results of in-house designed indirect ELISA kit and 
Human SARS-CoV-2 Spike Protein S1 IgG (S1-IgG) ELISA 
kit  

In addition, serum samples from all 60 subjects enrolled in 
the study were analyzed for anti-SARS CoV-2 IgG antibodies 
using both kits. Descriptive statistics were calculated for differ-
ent severity groups. For mild serum samples, 18 out of  20 were 
positive for IgG when measured by the in-house designed kit, 
with a mean concentration of  200.57 ng/ml (SD 99.03), while 17 
samples were positive with a mean concentration of  222.85 ng/
ml (SD 75.51) when measured by the commercial kit. Similarly, 
all 20 moderate serum samples tested positive when measured by 
the in-house designed kit, with a mean concentration of  172.77 

ng/ml (SD 81.03), and 18 samples were positive with a mean 
concentration of  182.30 ng/ml (SD 91.4) when measured by 
the commercial kit. Among the severe serum samples, 16 were 
positive with a mean concentration of  185.78 ng/ml (SD 82.9) 
using the in-house designed kit, while 17 samples were positive 
with a mean concentration of  156.8 ng/ml (SD 102.07) using 
the commercial kit. Finally, all 10 pre-pandemic serum samples 
tested negative when measured using the in-house designed and 
commercial kits.

DISCUSSION
The S1 antigen is more specific than the S antigen for detect-

ing coronaviruses other than SARS-CoV because the S antigen 
is cross-reactive with MERS-CoV [2]. The SARS-CoV-2 S1 pro-
tein ELISA protocol developed in this study provided an accurate 
screening method for anti-S1 IgG antibodies in individuals who 
have recently been infected with SARS-CoV-2 or have been pre-
viously exposed to or vaccinated against it. This protocol offers a 
cost-effective ELISA technique with qualitative and quantitative 
capabilities, with an estimated cost of  no more than 3 USD per 
individual test.

Controlling the COVID-19 pandemic and preventing future 
ones require effective SARS-CoV-2 screenings. Direct detection 
techniques like RT-PCR and antigen tests are excellent at iden-
tifying viral nucleic acid (RNA) and surface proteins when the 
virus is actively reproducing, but their detection rates drastically 
decrease once the virus has stopped [9]. S-protein is employed 
in many vaccines because it is thought to be a key antigen of  
virus-neutralizing antibodies [10], so an in-house ELISA kit can 
be used as an effective tool for screening anti-SARS-CoV-2 IgG 
antibodies in vaccinated people. 

In the current investigation, an in-house ELISA protocol for 
the SARS CoV-2-S1 protein was employed to evaluate the qual-

Figure 4. In-house IgG vs. commercial IgG concentrations 
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ference may be attributed to variations in the concentrations of  
the coated proteins. It also appears that the in-house ELISA kit, 
utilizing a recombinant protein, demonstrated a detection capac-
ity that was not comparable to that of  the commercial ELISA kit. 
A similar observation was found in another study that compared 
the in-house ELISA kit with MyBioSource ELISA Kit, and the 
outcomes revealed a significant difference between the two kits 
[19]. Additionally, there was no statistically significant difference 
between the immunodiagnostic kit and the in-house developed 
ELISA kit in the same study (p=0.313) [19].

The overall accuracy, sensitivity, and specificity of 
the in-house designed ELISA assay  

Serum samples from all 60 subjects enrolled in the study were 
analyzed for anti-SARS-CoV-2 IgG antibodies using the ELI-
SA protocol. When IgG levels were measured in 20 mild serum 
samples, 18 were positive using the in-house-designed kit, and 17 
were positive using the commercial kit. For 20 moderate serum 
samples, all were positive for IgG when measured with the in-
house designed kit, and 18 were positive when measured with 
the commercial kit; for 20 severe serum samples, 16 were posi-
tive when measured with the in-house designed kit, and 17 were 
positive when measured with the commercial kit. Finally, the 
pre-pandemic 10-serum samples revealed negative results when 
measured by the in-house-designed and commercial kits.

In the current work, the in-house developed ELISA performed 
well with a sensitivity of  75.00% and a specificity of  88.89%. 
It also demonstrated a 96.43% positive predictive value and a 
47.06% negative predictive value. Finally, the accuracy of  the test 
was 77.78%.  Among the 50 serum samples taken from SARS-
CoV-2 infected people and the 10 serum samples from pre-pan-
demic individuals, 16 were confirmed negative by an in-house-
designed kit for anti-S1 SARS-CoV-2 IgG (88.89% specificity). 
Several false-positive anti-S1 Abs sera in the in-house developed 
ELISA assay might occur due to the low level of  LOD (23 ng/
mL) calculated for the in-house ELISA kit compared to the LOD 
calculated for the commercial ELISA kit, which is 67 ng/mL. 
The in-house ELISA kit demonstrated moderate sensitivity and 
high specificity, with a few false-negative and false-positive results, 
possibly due to pipetting errors, sample quality, and processing. 
Moreover, the purity of  the fixed S1 recombinant protein may 
negatively affect the sensitivity and specificity of  ELISA results.

Our research findings align with the observations made by 
Eberhardt et al. in 2021, where they reported the sensitivities of  
two anti-S1 tests from Euroimmun and Immun-diagnostic as 
77.13% and 89.23%, respectively [20]. Researchers in Marburg, 
Germany, successfully identified IgG antibodies against the S1 
component of  the SARS-CoV-2 spike protein in the serum of  
COVID-19 patients using a new indirect ELISA. These results 
show the high specificity, sensitivity, and precision of  the SARS-
CoV-2 ELISA, making it ideal for epidemiological investigations 
and for assessing the immunogenicity of  existing vaccine com-
petition since the spike protein is used as a protein of  interest 
in most vaccines against SARS-CoV-2[13]. The sensitivity of  
the IgM and IgG ELISA in the other research was 83 and 65%, 
respectively, whereas the sensitivity of  the total Ab ELISA was 
93.1% [21]. Roy et al. (2020) conducted a study in the USA and 
found that IgG antibody specificity and sensitivity varied during 
the days following symptom onset, namely between days 8 and 
14 (specificity 99.57%) and days 14 and 28 (76.67%). Both spec-

itative agreement of  the results compared to a commercial an-
ti-S1 IgG antibody test, which served as the gold standard assay. 

The optimization of  the in-house indirect ELISA kit involved 
coating the ELISA plate with different concentrations of  the S1 
subunit. The optimal concentration of  the S1 subunit was deter-
mined to be 2 µg/mL based on the best result of  optical density 
(OD = 2.71) at 450 nm. The molecular weight of  the S1 subunit 
has an essential role in the concentration of  the coating protein. 
The protein concentration range used in this study for coating 
the ELISA plate with the S1 subunit is consistent with the rec-
ommendations provided in The Immunoassay Handbook. The 
range of  1-10 µg/mL in a volume of  50-100 µL is considered 
suitable for saturating accessible sites on a polystyrene plate [11]. 
This finding aligns with a study by Daniel Stadlbauer et al. in 
2020 in the USA, where a recombinant trimeric SARS-CoV-2 S 
protein was coated at a concentration of  2 µg/mL [12]. Another 
investigation used a concentration of  1 µg/mL for coating the 
S1 recombinant protein [13]. In a study by Brandi Freeman et 
al. in 2020 in Atlanta, a protein concentration of  0.15 µg/mL 
was used, which was shown to provide a saturating signal in re-
covering sera even at higher levels of  serum dilution [14]. The 
variation in the protein concentrations used in different studies 
may be attributed to factors such as the molecular weight of  the 
protein used and the specific requirements of  the assay.

ELISA inter and intra assay  

The percent coefficient of  variability (CV%) of  the ELISA as-
say for the concentration in ng/ml ranged from 2.79 to 7.79% 
for inter-assay, with an average CV% of  6.59%. For intra-assay, 
the CV% ranged from 1.39 to 16.35%, with an average CV% 
of  7.18 %.  The concentrations mean ranged from 96.345 to 
312.245 ng/ml. Moreover, values below 10% for intra-assay and 
below 15% for inter-assay are suitable and indicate reliable re-
sults [15]. 

Interestingly, the pre-pandemic samples exhibited minimal re-
activity, especially in the S1-IgG ELISA, indicating a slight poten-
tial for cross-reactivity with pre-existing immunoglobulins. This is 
because the S1 subunit, which is more resilient than other spike 
protein components and has a high affinity for SARS-COV-2, 
is responsible. These findings are consistent with the study con-
ducted by Carolina de la et al. in Panama in 2021, where most 
COVID-19 patients exhibited strong antibody reactivity towards 
the receptor binding domain and the whole spike protein. In 
contrast, the pre-pandemic specimens did not indicate reactiv-
ity [16]. Similarly, Shi et al. in 2020 in China emphasized the 
specificity of  S1 antigen-based detection compared to the S anti-
gen, which demonstrated cross-reactivity with MERS-coronavi-
rus [3]. According to certain studies, human samples have been 
observed to have antibody cross-reactivity in response to many 
coronaviruses [17, 18]. 

In-house IgG vs. commercial IgG concentrations 
(Pearson’s correlation)   

Regarding the relationship between the in-house and the 
commercial anti-S1 subunit IgG antibody, we found important 
variations in their capacities to detect SARS-CoV-2 antibodies. 
Pearson's correlation analysis of  IgG concentrations showed a 
significant difference (p-value=0.01) between the two kits, with a 
95% confidence interval ranging from 0.088 to 0.578. This dif-
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ificity and sensitivity reached 100% more than 21 days after 
symptom onset. Antibodies that target different regions of  the S 
antigen or induce new antibody effector activities can potentially 
impact immunization outcomes [22]. In this study, using different 
fixed target S1 subunits in the in-house and commercial kits may 
have contributed to false-negative and false-positive results. The 
choice of  the target region within the S antigen plays a critical 
role in determining the specificity and sensitivity of  serological 
assays.

CONCLUSION

Developing a library of  SARS-CoV-2 recombinant S1 sub-
units has provided valuable resources for various applications, in-
cluding diagnostic tools and research. The in-house anti-SARS-
CoV-2 human IgG-ELISA demonstrated high sensitivity and 
specificity in identifying IgG antibodies in patients exposed to 
SARS-CoV-2. This assay holds promise for the development of  
more accurate and reliable serological tests, as well as for evaluat-
ing the immunogenicity of  current vaccine candidates.

ACKNOWLEDGMENTS

Conflict of interest
The authors declare no conflict of  interest. 

Ethical approval
The study was approved by the Institutional Review Board at 

the College of  Medicine, Al-Nahrain University, Baghdad, Iraq, 
under reference no. 20200983 (dated January 10, 2021), adhering 
to ethical principles rooted in the Declaration of  Helsinki. This 
work is part of  a thesis submitted to the College of  Medicine and 
the Committee of  Graduate Studies of  Al-Nahrain University 
- Iraq/Baghdad as Partial Fulfillment of  the Requirements for 
the Degree of  Philosophy of  Doctorate in Medical Microbiology. 

Consent to participate 
Written informed consent was obtained from participants. 

Personal thanks  
We would like to express our sincere gratitude and apprecia-

tion to the Central Public Health Laboratory team, particularly 
to Iman M. Aufi, the Director of  the Microbiology Virology De-
partment, for their invaluable cooperation and kindness through-
out this study.

Authorship
ASA-S was the lead researcher and principal investigator, 

conceived and designed the study and the project's execution, 
data analysis, interpretation, and writing the manuscript. GTA 
provided the recombinant bacteria. ASA is the main supervisor 
of  the research, and developed the basic plan for the research. 
He made the important observations and modifications in the 
research.

REFERENCES

1.	 Kam YW, Kien F, Roberts A, Cheung YC, et al. Antibodies against trimeric S 
glycoprotein protect hamsters against SARS-CoV challenge despite their capacity 
to mediate FcgammaRII-dependent entry into B cells in vitro. Vaccine. 2007 Jan 
8;25(4):729-40. doi: 10.1016/j.vaccine.2006.08.011 

2.	 Shereen MA, Khan S, Kazmi A, Bashir N, Siddique R. COVID-19 infection: Origin, 
transmission, and characteristics of  human coronaviruses. J Adv Res. 2020 Mar 
16;24:91-98. doi: 10.1016/j.jare.2020.03.005.

3.	 Shi J, Han D, Zhang R, Li J, Zhang R. Molecular and serological assays for 
SARS-CoV-2: insights from genome and clinical characteristics. Clin Chem. 
2020;66(8):1030-1046. doi: 10.1093/clinchem/hvaa099.

4.	 Guo L, Ren L, Yang S, Xiao M, et al. Profiling early humoral response to diagnose 
novel coronavirus disease (COVID-19). Clin Infect Dis. 2020;71(15):778-785. doi: 
10.1093/cid/ciaa310.

5.	 Okba NM, Müller MA, Li W, Wang C, et al. Severe acute respiratory syndrome 
coronavirus 2-specific antibody responses in coronavirus disease patients. Emerg 
Infect Dis. 2020;26(7):1478. doi: 10.3201/eid2607.200841.

6.	 Ravi N, Cortade DL, Ng E, Wang SX. Diagnostics for SARS-CoV-2 detection: A 
comprehensive review of  the FDA-EUA COVID-19 testing landscape. Biosens 
Bioelectron. 2020;165:112454. doi: 10.1016/j.bios.2020.112454.

7.	 Okba NMA, Müller MA, Li W, Wang C, et al. SARS-CoV-2 specific antibody responses 
in COVID-19 patients. medRxiv. 2020. doi: 10.1101/2020.03.18.20038059.

8.	 Al-Ibraheemi JSS, Al-Saeedi AS. The relationship between IgG and IgM levels and 
severity of  symptoms in COVID-19 patients confirmed by rapid antigen test. J Med 
Life. 2021;14(6):790-796. doi: 10.25122/jml-2021-0124.

9.	 Luo J, Brakel A, Krizsan A, Ludwig T, et al. Sensitive and specific serological ELISA 
for the detection of  SARS-CoV-2 infections. Virol J. 2022;19(1):1-10. doi: 10.1186/
s12985-021-01632-0.

10.	 DomBourian MG, Annen K, Huey L, Andersen G, et al. Analysis of  COVID-19 
convalescent plasma for SARS-CoV-2 IgG using two commercial immunoassays. J 
Immunol Methods. 2020;486:112837. doi: 10.1016/j.jim.2020.112837.

11.	 Wild D. The immunoassay handbook: theory and applications of  ligand binding, 
ELISA and related techniques. Newnes; 2013.

12.	 Stadlbauer D, Amanat F, Chromikova V, Jiang K, et al. SARS-CoV-2 seroconversion 
in humans: a detailed protocol for a serological assay, antigen production, and test 
setup. Curr Protoc Microbiol. 2020;57(1):e100. doi: 10.1002/cpmc.100.

13.	 Krähling V, Halwe S, Rohde C, Becker D, et al. Development and characterization 
of  an indirect ELISA to detect SARS-CoV-2 spike protein-specific antibodies. J 
Immunol Methods. 2021;490:112958. doi: 10.1016/j.jim.2021.112958.

14.	  Freeman B, Lester S, Mills L, Rasheed MAU, et al. Validation of  a SARS-CoV-2 spike 
protein ELISA for use in contact investigations and serosurveillance. bioRxiv. 2020. 
doi: 10.1101/2020.10.29.359471.

15.	 Thomsson O, Ström-Holst B, Sjunnesson Y, Bergqvist A. Validation of  an enzyme-
linked immunosorbent assay developed for measuring cortisol concentration in 
human saliva and serum for its applicability to analyze cortisol in pig saliva. Acta Vet 
Scand. 2014;56(1):1-5. doi: 10.1186/s13028-014-0087-8.

16.	 de la Guardia C, Rangel G, Villarreal A, Goodridge A, et al. Development of  in-
house, indirect ELISAs for the detection of  SARS-CoV-2 spike protein-associated 
serology in COVID-19 patients in Panama. PLoS One. 2021;16(9):e0257351. doi: 
10.1371/journal.pone.0257351.

17.	  Faccini-Martínez ÁA, Rivero R, Garay E, García A, et al. Serological cross-reactivity 
using a SARS-CoV-2 ELISA test in acute Zika virus infection, Colombia. Int J Infect 
Dis. 2020;101:191-193. doi: 10.1016/j.ijid.2020.10.054.

18.	 Ladner JT, Henson SN, Boyle AS, Engelbrektson ALet al. Epitope-resolved profiling 
of  the SARS-CoV-2 antibody response identifies cross-reactivity with endemic human 
coronaviruses. Cell Rep Med. 2021;2(1):100189. doi: 10.1016/j.xcrm.2020.100189.

19.	 Ratu SPP, Mariya S, Noviana R, Saepuloh U, Darusman HS. Development and 
Optimization of  an Immunoassay for the Detection of  Antibodies Against SARS-
CoV-2 with In-house Recombinant RBD Protein. Makara J Sci. 2022;26(3):1. doi: 
10.7454/mss.v26i3.15440.

20.	 Eberhardt KA, Eberhardt K, Dewald F, Heger E, et al. Evaluation of  a new spike (S)-
protein-based commercial immunoassay for the detection of  anti-SARS-CoV-2 IgG. 
Microorganisms. 2021;9(4):733. doi: 10.3390/microorganisms9040733.

21.	 Lassaunière R, Frische A, Harboe ZB, Nielsen ACY, et al. Evaluation of  nine commercial 
SARS-CoV-2 immunoassays. medRxiv. 2020. doi: 10.1101/2020.05.26.20112741.

22.	 Roy V, Fischinger S, Atyeo C, Slein M, et al. SARS-CoV-2-specific ELISA development. 
J Immunol Methods. 2020;484:112832. doi: 10.1016/j.jim.2020.112832.


