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Abstract

Background: The early and accurate diagnosis of COVID-19'is essential for efficient disease
management. Traditionally, Enzyme-Linked Immunosorbent Assays for detecting 19G
antibodies to SARS-CoV-2 have relied on single .antigens, such as the Spike or
Nucleoprotein. However, the test sensitivity has not been satisfactory. This study diverges
from conventional approaches by developing an'indirect ELISA assay utilizing a novel
highly-sensitive fusion antigen incorporating both‘the Receptor-Binding Domain (RBD) and
Nucleoprotein (N). The physicochemicalicharacteristics of this unique antigen were examined
and confirmed through experimental validation in our recent research. Our primary objective
is to augment the diagnastic sensitivity and accuracy of the ELISA assay.

Materials and Method: The indirect ELISA assay was developed using a novel fusion
antigen incorporating. both the Receptor-Binding Domain (RBD) and Nucleoprotein (N) of
SARS-CoV-2. A cohort of 112 patients presenting with COVID-19 symptoms was evaluated
to detect SARS-CoV-2 RNA. Additionally, 25 serum samples from healthy individuals were
selected as the negative control group. The study was conducted in Tehran province, Iran,
from March to July 2022. Serum samples from patients who tested positive using the real-
time PCR method were collected, and an in-house indirect ELISA assay was developed. The
sensitivity and specificity of the assay were evaluated and compared with the commercial
Euroimmun anti-SARS-CoV-2 1gG assay results, which served as the gold standard. The
ROC curve was analyzed using GraphPad Prism to assess the accuracy and reliability of the
in-house ELISA assay.
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Results: The in-house ELISA assay developed in this study demonstrated successful
performance and showed 100% sensitivity and 96% specificity in detecting anti-SARS-CoV-
2 1gG antibodies. Receiver operating characteristic (ROC) analysis yielded an area under the
curve (AUC) of 0.976, indicating high accuracy.

Conclusions: Our in-house ELISA assay exhibits high sensitivity and specificity,
highlighting its suitability for commercial development as a reliable diagnostic kit for
detecting COVID-19 cases.
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1. Introduction

SARS-CoV-2 is a member of the Coronaviridae family, classified as a positive-sense, single-
stranded, enveloped RNA virus. Its genome, spanning 30 kb, encodes four crucial structural
proteins, namely spike (S), envelope (E), membrane (M);.and nucleocapsid (NP), alongside
various nonstructural proteins. (1,2)

Accurate, prompt, and targeted diagnostic tests for SARS-CoV-2 infection are essential for
safeguarding public health, particularly in the identification of asymptomatic individuals who
may be contagious. Among the various diagnostic methods, serological assays like Enzyme-
Linked Immunosorbent Assay (ELISA) have played a significant role in detecting antibodies
against SARS-CoV-2:{(3,4)

In serological diagnesis using indirect ELISA for SARS-CoV-2, the nucleocapsid (N) and
spike (S) proteins are commonly employed as antigens. Notably, selecting the receptor binding
domain (RBD).and Nucleoprotein as targets in this assay is a critical decision that significantly

influences its efficacy. (5,6).

The Receptor Binding Domain (RBD) of the spike protein is a critical component in the
interaction between the virus and host cell receptors, making it a valuable target for antibody
detection in ELISA assays. (7).

The specificity of the receptor-binding domain (RBD) in targeting antibodies generated
against SARS-CoV-2 is crucial for accurately identifying immune responses to the virus. A
detailed study involving the design of single-domain antibody (sdAb) libraries and the



construction of synthetic sdAbs highlights the importance of antigen-binding affinity and
specificity, which are vital for accurately targeting and neutralizing the virus (8,9).
Additionally, utilizing the RBD in ELISA assays enhances the ability of the assay to
discriminate between antibodies produced in response to SARS-CoV-2 infection and those
from other coronaviruses, thereby improving the accuracy of the assay and reliability in
antibody detection. In one study, the sensitivity and specificity of the SARS-CoV-2 S1
subunit, receptor-binding domain (RBD), and the native state S trimer in detecting anti-
SARS-CoV-2 antibodies from COVID-19 convalescent patients were compared. Their
findings revealed that while the S1 subunit exhibited superior sensitivity over RBD and S
trimer, it also showed cross-reactivity with antibodies elicited by wother circulating
coronaviruses. Therefore, RBD is considered the best-option for achieving high specificity
(10).

The unique structure of the RBD and its immunogenicity. contribute significantly to its
effectiveness as an antigen in ELISA assays, facilitating the specific detection of antibodies
directed against SARS-CoV-2. A study on the ‘preclinical immunogenicity and protective
efficacy of an RBD-based vaccine against SARS-CoV-2 demonstrated the effectiveness of
the RBD as an antigen. (11,12).

In contrast to the RBD, the Nucleoprotein of SARS-CoV-2 is highly abundant during viral
infection and it plays a crucial role in wiral ‘replication and packaging (13-15). While the
Nucleoprotein is immunogenicand elicits a robust antibody response, its use as an antigen in
ELISA assays may present challenges due to potential cross-reactivity with antibodies from
other coronaviruses. Cross-reactivity can lead to false-positive results or reduced assay
specificity, impacting the accuracy of antibody detection. Despite these challenges, the
Nucleoprotein remains a valuable antigen in ELISA assays, particularly for its ability to
detect antibodies against a conserved viral component which could provide valuable insights
into the immune response to SARS-CoV-2 over time. (16).

Traditional ELISA assays typically rely on single antigens, such as the Spike (S) protein or the
Nucleoprotein (N), which have inherent limitations affecting their diagnostic performance.
This means that the assays might not detect low levels of antibodies in individuals who have
been exposed to the virus, particularly in the early stages of infection or in mild cases. This
limitation can lead to false-negative results, thereby missing potential cases of infection.
Relying on a single epitope, such as the RBD of the Spike protein, might not capture the full

spectrum of the immune response in all individuals. Moreover Variability in individual
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immune responses and mutations in the virus can affect the binding efficacy of antibodies to
these single epitopes, impacting the overall performance of the assay. (17,18,19)

Developing fusion protein antigens represents a novel approach for detecting antibodies
against SARS-CoV-2. In our previous research conducted by Sam et al. 2024, we combined
two Receptor Binding Domain (RBD) domains representing the Delta and Omicron variants,
along with a C-terminal domain (CTD) from the Nucleoprotein. (20) This design aims to
capture immune responses directed towards key epitopes on the spike protein variants and the
Nucleoprotein for early detection of COVID-19 infection, thereby enhancing the sensitivity
and specificity of the assay in distinguishing SARS-CoV-2 Delta and Omicron variants.'(20)
variations in how patients' immune systems produce antibodies over time complicate
standardized measurement, and pre-existing health conditions or'medications might interfere
with assay results, affecting ELISA reliability. Furthermore, the ongoing. evolution of the
virus introduces antigenic drift, necessitating continuous updates to the assays to maintain

their effectiveness in identifying current strains. (21224, 30,31).

the variations in ELISA assays for detecting COVID-19 antibodies underscore the importance
of considering factors such as assay type, antigen selection, sensitivity, specificity, and
practicality. Understanding these differences and selecting the most suitable assay based on
specific requirements can improve diagnostic-capabilities and aid in effective pandemic
management. (25)

In conclusion, there is a clear necessity for improved serological assays that can offer higher
sensitivity and specificity. The ongoing evolution of SARS-CoV-2 and the emergence of new
variants further highlight the need for robust diagnostic tools. By utilizing a combination of
multiple «antigens or epitopes, such as the Receptor-Binding Domain (RBD) and the
Nucleoprotein. (N), these advanced assays can potentially overcome the drawbacks of
traditional methods. The fusion of these antigens can provide a broader range of antibody
detection, ensuring better diagnostic accuracy and reliability.

In this study, our aim was to advance SARS-CoV-2 antibody detection, by evaluating the
efficacy of novel fusion protein antigens. These antigens combine the Receptor Binding
Domain (RBD) from these variants with the Nucleoprotein antigen. Our findings indicate that
this approach significantly enhances the sensitivity of detecting IgG antibodies in COVID-19

patients, thereby contributing to better disease management and control efforts. These results



were compared with those obtained using the Euroimmune Anti-SARS-CoV-2 IgG Kit,

considered the gold standard in antibody detection.

2. Materials and methods

2.1 Molecular Diagnosis of COVID-19
2.1.1 RNA Extraction of SARS-CoV-2

Nasal swab samples were collected from 112 suspected patients referred to the medical
laboratory of Tajrish Hospital, Tehran, Iran. The study was conducted in Tehran province,
Iran, from Murch 2022 to July 2022

RNA extraction was performed using the QIAcube HT system, which employs the QlAamp
96 Virus QlAcube HT Kit from China. We carefully followed the instructions provided by the

manufacturer to make sure we got pure RNA.

2.1.2 One-step Quantitative Real-time PCR

The Real-time RT-PCR method.was-employed for cDNA synthesis and amplification of
genome material using the 2019-nCoV Nucleic Acid Diagnostic Kit (PCR-Fluorescence
Probing) developed by Sansure.Biotech, Changsha, China. This kit targets specific regions of
the SARS-CoV-2 genome, including the ORFlab and the conserved coding sequence of the
nucleocapsid. protein N gene. The process involved a one-step procedure, including cDNA
synthesis and amplification to detect viral RNA in the samples.

The cDNA synthesis.and amplification process began with a reverse transcription step of
50°C for 20 minutes, followed by an initial denaturation at 95°C for 2 minutes. Amplification
was carried out over 35 cycles, consisting of denaturation at 95°C for 15 seconds, annealing
at 65°C for 20 seconds, and extension at 72°C for 1 minute. Finally, there was an extension
step at 72°C for 5 minutes. This entire procedure was performed using the ABI 7500 Real-
Time PCR System. (Table 1,2). Furthermore, we employed a real-time PCR setup targeting

the Spike and N genes utilizing specifically designed primers to confirm the kit results.



(Fotouhi et al., 2021) specific primer sequences used in this setup can be found in (Table 3).
(Table 1,2 and 3 here).

2.2 ELISA Assay for detecting SARS-CoV-2 1gG

2.2.1 Euroimmune 1gG ELISA Assay

The ELISA assay was performed using the Euroimmune Anti-SARS-CoV-2 IgG Qualitative
indirect ELISA assay from Germany as a gold standard. A total of 76 serum samples were
included, comprising 51 samples with confirmed COVID-19 infection and 25.6amples from
healthy individuals prior to the pandemic. The assay was performed  following the
instructions of the manufacturer guidelines, incorporating controls and calibrators provided

within the kit to ensure precision and reliability.

2.2.2 In-house in direct ELISA assay

2.2.2.1 Antigen preparation

Based on our previous research, using bioinformatic and experimental methods, a multi-
domain SARS-CoV-2 antigen (CoV2-Pro) was designed and used in this study. This antigen
encompasses the Receptor Binding Domain (RBD) from both the Omicron and Delta variants
of SARS-CoV-2, along with the C-terminal domain of the Nucleoprotein. The antigen was
synthesized, cloned into a pET-32b(+) vector, expressed in E. coli Shuffle T7, and verified
and validated via SDS-PAGE and Western blot analysis. (20).

2.2.2.2 Optimization of ELISAassay

The main components of the ELISA assay, including antigen concentration, serum dilution,
BSA concentration, and anti-human 1gG concentration, were optimized.

To determine the optimal antigen concentration for coating, we prepared 5, 2.5, 1.25, and
0.625 pg/ml of antigen by diluting the stock solution in coating buffer (PBS, phosphate-
buffered saline, pH"7.2). Additionally, positive control serum samples underwent dilution at
ratios of 1:100, 1:500,71:1000, and 1:2000 using PBS buffer to ascertain the most suitable
serum dilution. Furthermore, we optimized the blocking step by employing various Bovine
Serum Albumin (BSA) concentrations, incorporating 1%, 2%, and 3% in PBS with 0.05%

Tween 20 to minimize the signal-to-noise ratio.

2.2.2.3 The In-house ELISA Assay Procedure
The in-house ELISA assay was performed on 51 COVID-19-confirmed serums and 25 serum

samples from the negative control group.



To perform the ELISA assay, 100 ul of Cov2-Pro antigen with a concentration of 1.25 pg/mi
was added to each 96-well ELISA plate (SPL Life Sciences Co.). The plate was then
incubated overnight at 4°C to facilitate the adhesion of the antigen to the well surface.
Following incubation, the plate was washed four times with wash buffer (PBS, pH 7.2, with
0.05% Tween 20) to remove any unbound antigens. Subsequently, the remaining protein-
binding sites on the plate were blocked by adding 100 ul of blocking buffer (3% BSA from
Sigma) to each well and incubating for 1 hour at room temperature. After blocking, the plate
was rewashed four times with wash buffer to remove excess blocking buffer. Next, 100 ul of
COVID-19 confirmed patient serum, diluted at a ratio of 1:1000, was added to the wells of
the ELISA plate. The plate was then incubated for 2 hours at 37°C to allow the antibodies in
the serum to bind to the Cov2-Pro antigen. Following incubation, the plate was washed four
times with wash buffer to remove any unbound antibodies. Subsequently, 100 pl of HRP-
conjugated anti-human IgG antibody solution (1:30,000 ‘dilution in PBS with 1% blocking
buffer and 0.05% Tween 20) from Sigma was added to each well. The plate was then
incubated for 1 hour at 37°C to allow the secondary antibody to bind to any bound primary
antibodies.

After the secondary antibody incubation, the plate was washed four times with wash buffer to
remove any unbound secondary “antibody. A substrate solution (3,3'5,5'-
Tetramethylbenzidine, TMB from.Sigma) was added to each well and incubated for 20
minutes at room temperature in a dark environment to initiate the colorimetric reaction. The
reaction was then stopped by adding 1M sulfuric acid as the stop solution. Finally, the
absorbance of each well was measured at 450 nm against a reference wavelength of 630 nm
using a BioTek ELISA reader, USA.

2.3 Statistical Analysis

2.3.1 Determining the Cut-offs Value or ELISA assay

The cut-off value for the ELISA assay was determined based on the optical density readings
of the negative control group. Firstly, the mean optical density (OD) and standard deviation
(SD) were calculated for the negative control samples. The cut-off value was then established
as the mean OD of the negative controls plus two standard deviations. Additionally, it is
worth noting that the cut-off value determination was confirmed using GraphPad Prism 10.2
software to ensure accuracy and reliability. Formulas 1 and 2 are used to calculate SD and

Cut-off value.



(1) Standard Deviation = sqrt ((Z (x_i - X) *2) / (n-1))
(2) Cut-off Value =x + (2 * SD)

>: sum over all sample points,

x_i: each individual sample point,

X: the mean of the sample points,

n: the number of sample points.

2.3.2 Determining Sensitivity and Specificity of ELISA Assay

In this research, we determine the sensitivity and (Specificity of. our ELISA design by
performing and comparing the results of the ELISA assay with the Euroimmun SARS-CoV-2
IgG assay. The sensitivity of a test indicates the conditions under which a test accurately
detects a type of disease present in the patient. When the sensitivity of a test is high, the
probability of false negative results is minimal. Specificity in. a test refers to the ability of an
assay to identify individuals who do not have the disease correctly. In other words, in a test
with high specificity, a negative result is truly negative. Conversely, a test with low
specificity may vyield false positiveresults, even.in'the absence of the disease. Formulas 3 and
4 are used to determine sensitivity.and specificity. (29).

(3) Sensitivity = (True Positives) / (True Positives + False Negatives)

(4) Specificity = (True Negatives) / (True Negatives + False Positives)

True Positives: Number of individuals correctly identified as having the disease.

False Negatives: Number of individuals incorrectly identified as not having the disease.

True Negatives: Number of individuals correctly identified as not having the disease.

False Positives: Number of individuals incorrectly identified as having the disease when they

do not.

2.3.3 Assessment of the Precision of ELISA Assay

To assess the precision of the test, we conducted a receiver operating characteristic (ROC)
analysis. ROC is a statistical method used to determine the performance of diagnostic
systems in binary classification. It plots the True Positive Rate (TPR), or sensitivity, against
the False Positive Rate (FPR), or 1 - specificity, across various threshold values. Each point
on the ROC curve represents a different threshold value, with the proximity of the curve to

the top-left corner and an Area Under the Curve (AUC) approaching 1 indicating superior
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classifier performance. TPR and FPR are calculated for every threshold, which is then used to
construct the ROC curve with TPR on the y-axis and FPR on the x-axis. The AUC is
computed to provide a singular scalar value that encapsulates the overall effectiveness of
classifier. This methodology is particularly valuable when a balance between sensitivity and
specificity is crucial, aiding in determining an optimal threshold that maximizes diagnostic
accuracy by balancing true positive detection with false positive avoidance. This study used

GraphPad Prism 10.2 software to draw the plot.

3. Results
3.1 Real-time qPCR detection of COVID-19

From the 112 patients examined for the presence of virus RNA, 51 samples were found to be
positive for SARS-CoV-2 using the Nucleic Acid Diagnostic Kit.-developed by Sansure
Biotech. Furthermore, these positive results were corroborated by the amplification curves
observed using our homemade RT-gPCR assay..Additionally; the viral load in each positive
sample was quantified using Ct values. Ct'values below 35 are considered positive.

3.2 Euroimmune Qualitative 1gG ELISA Assay

The results from the Euroimmun ELISA assay demonstrated that all 51 sera samples from
COVID-19-confirmed patients tested positive for SARS-CoV-2 antibodies. Furthermore, all
25 samples from the negative control group tested negative, affirming the specificity of the

assay in accurately identifying negative samples.

3.3 Antigen/Preparation and confirmation

the CoV2-Pro antigen was confirmed successfully through SDS-PAGE and Western blot
analyses. Using.anti-RBD and anti-His-tag antibodies in Western blotting, we detected the
CoV2-Pro protein in_E. coli cell extracts. The Western blot revealed a distinct band at
approximately 83.2 kDa, matching the anticipated size of the antigen. In parallel, the SDS-
PAGE analysis also showed a prominent band at 83.2 kDa, indicating the purity of the
antigen. These combined results verify that the CoV2-Pro protein was successfully expressed
and purified from the cell lysate, ensuring its suitability for subsequent experimental
applications. (Figure 1 and 2). (Figure 1 and 2 here).

3.4 In-house indirect ELISA Assay

10



To develop an in-house indirect ELISA, we carefully assessed absorbance values to identify
robust signals. Through this evaluation, we concluded that an antigen concentration of 1.25
pg/ml and a serum dilution of 1/1000 were optimal for our ELISA setup, as it resulted in a
slightly strong optical density (OD) without saturation. (Figure 3). A BSA concentration of
3% and an anti-human IgG antibody dilution of 1:30000 were also determined to be most
suitable. (Figure 3 here).

The in-house ELISA assay was performed on 51 COVID-19-confirmed serums and 25 serum
samples from the negative control group. (Table 4). Results showed that all 51 PCR-
confirmed samples tested positive, indicating the accuracy of the assay in detecting SARS-
CoV-2 antibodies. However, among the 25 samples from the negative control group, one
sample unexpectedly yielded a positive result. This pesitive result in the negative control
group warrants further investigation to determine the causessuch as potential cross-reactivity
or assay interference. This assay obtained a cut-off value of 0.827. ,Samples with values

exceeding the cut-off were deemed positive. (Table5). (Table 4 and 5 here)

3.5 Determining Sensitivity and Specificity of in-house ELISA Assay

For assessing sensitivity and specificity, the results of the in-house ELISA assay were
compared with those of the Euroimmun kit. The comparison revealed a strong correlation
between the two methods, indicating similar~performance in terms of sensitivity and
specificity for detecting SARS-CoV-2 IgG antibodies. According to the results of ELISA
assays using both our in=house method and the Euroimmun Kit, we did not observe any false
negatives in the assays. However, we did encounter one false positive in our assay.
Additionally, using GraphPad Prism 10.2 software, we further analyzed the specificity and
sensitivity of our assay. The results showed that the in-house ELISA assay exhibits a
sensitivity of 100% and a specificity of 96%. These findings validate the performance of our
assay and its suitability for detecting SARS-CoV-2 antibodies in patient samples.

3.6 Precision of In-house ELISA Assay

To evaluate the performance of our diagnostic system, we employed the construction of a
Receiver Operating Characteristic (ROC) curve. This graphical representation illustrates the
trade-off between sensitivity (True Positive Rate) and 1 - specificity (False Positive Rate)
across various threshold values. Utilizing GraphPad Prism, we computed the Area Under the
Curve (AUC) using the Wilson-Brown method.

The resulting AUC value was calculated to be 0.9765, with a p-value below 0.0001. This

indicates a statistically significant deviation from the null hypothesis of no discrimination
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(AUC = 0.5). Therefore, our diagnostic system demonstrates exceptional discriminatory
power in distinguishing between positive and negative samples with a high level of accuracy.
(Figure 4). (Figure 4 here)

4. Discussion

Early and precise detection of COVID-19 facilitates timely isolation and treatment of infected
individuals, thereby reducing the risk of transmission and preventing virus spread within
communities. The indirect ELISA assays present several advantages, “including high
sensitivity, versatility in detecting various antibodies, cost-effectiveness, ‘and the ability to
perform qualitative or quantitative analysis. This makes it a valuable tool. for both research
and clinical diagnostics.

In this study, we developed an indirect qualitative ELISA assay to detect/1gG antibodies
specific to COVID-19. This study was based on our previous research, where we successfully
engineered a multi-domain SARS-CoV-2 fusion .antigen for use~in ELISA assays. The
primary objective was to enhance sensitivity and facilitate early detection of COVID-19. In
previous investigations, we extensively analyzed the structural characteristics of this antigen,
the results of which were published in reputable journal. (Sam et al., 2024).

The key difference between our ELISA assay and conventional ELISA assays lies in the
composition of the antigens used. While conventional ELISA assays typically employ a
single protein or fragment, such as a spike (S1), spike trimer, or Nucleocapsid protein (N
Protein), our assay utilizes a multi-epitope antigen. This multi-epitope feature provides
several advantages, including cost-effectiveness and increased sensitivity. Furthermore, the
RBD domain.not only facilitates the identification of active SARS-CoV-2 infections but also
enables the detection of neutralizing antibodies because most SARS-CoV-2 neutralizing
antibodies are.made against RBD domains.

In this study, we focused on investigating the early stages of the disease while ensuring the
specificity of our test. The study samples were gathered through the medical laboratory of
Tajrish Hospital in Tehran. Additionally, we incorporated patients who tested positive for
Real-time PCR, as this method is recognized for its ability to detect the virus in the early
stages of the disease and confirm COVID-19 cases. To ensure the reliability of our findings,
we performed Real-time PCR using a commercial QlAamp 96 Virus QlAcube HT Kit and a
homemade real-time PCR method. This approach allowed us to validate the results of our

tests and enhance the robustness of our findings.
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In the present assessment, we validated our findings by comparing the results of our ELISA
assay with those obtained from the Euroimmune qualitative IgG kit, which is considered a
gold standard for COVID-19 detection. Notably, we observed a high degree of agreement
between the outcomes obtained from these two assays, confirming the reliability and
accuracy of the in-house ELISA assay.

The sensitivity of our in-house ELISA assay was determined to be 100%, indicating its
capability to identify true positive cases precisely. Additionally, the specificity was calculated
at 96%, indicating a minimal occurrence of false positive results. These values were derived
using GraphPad Prism 10.2 software, which suggests a score allowing for a. balanced
selection between sensitivity and specificity.

Regarding the acquired specificity, we believe that the-single false positive in-house ELISA
assay may be attributed to the antigen used in the ELISA; which contains a nucleoprotein
domain. This domain exhibits conserved regions among various coronaviruses, potentially
leading to the persistence of antibodies against it in.the body for several years. (26,27) As a
result, cross-reactivity with antibodies from previous infections might lead to false positive
results in our assay.

While this study provides valuable insights, certain aspects need consideration. The data was
collected from a small sample size, so further studies with a broader range of participants
would be beneficial. Additiopally,~as this is a qualitative study, incorporating quantitative
assessments in future research’ could enhance the evaluation of antibody levels and their
correlation with clinical outcomes. Future research should prioritize developing quantitative
ELISA assays to ‘evaluate the dynamic antibody response to COVID-19. Furthermore,
strategies for validating and optimizing ELISA protocols across diverse populations and
varying disease severities are crucial for ensuring accurate and reliable results. Assessing
neutralizing antibodies in future studies could also provide valuable insights into vaccine
seroprevalence and immune response evaluation.

In conclusion, our ELISA design effectively diagnoses COVID-19 cases with high sensitivity.
It is also well-suited for various applications, including large-scale seroprevalence studies and
point-of-care testing. Its affordability, simplicity, and high sensitivity make it ideal for
population-wide screening and monitoring of COVID-19 immunity. Moreover, this robust
design is particularly suitable for commercial kit development, ensuring widespread

accessibility and utility.
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Figure 1. SDS-PAGE Analysis of CoV2-Pro Antigen. The SDS-PAGE gel shows a prominent band at
83.2 kDa, indicating the successful expression and purification of the CoV2-Pro protein from E. coli
cell extracts. Lane P1 shows. the lysis extract, and lane P2 shows the purified antigen. Lane M

contains the molecular weight markers, which are indicated on the left side of the gel.
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Figure 2. Western Blot Analysis of CoV2-Pro Antigen. Western blot shows a specific band at

approximately 83.2 kDa, Lane L1 shows the ith -RBD antibody, Lane L2 shows the

molecular weight markers, and Lane L3 ¢ ns the detection with anti-His-tag antibody
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Figure 3. Displays the plot of optimization for an in-house ELISA assay. The experiment
evaluated four different coating antigen concentrations (5, 2.5, 1.25, and 0.625 pg/ml) along
with four different positive serum dilutions (1:100, 1:500, 1:1000, and 1:2000). The optical
density (OD) obtained from the assay is plotted on the vertical axis, while the antigen
concentration is shown on the horizontal axis. Each line represents a specific serum dilution.
The chart shows that for all serum dilutions used, the OD decreases as the antigen
concentration decreases, except for the 1:100 dilution line (red line). The objective is to select
an antigen concentration and serum dilution that yields a relatively strong positive optical
density and also not being saturated. The optimal combination identified was an antigen

concentration of 1.25 pg/ml with a serum dilution of 1:1000 (purple line), achieving an OD
of 1.584.
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Figure 4. Displays an ROC curve with high diagnostic performance. An AUC (Area Under the Curve)
of 0.976 indicates excellent sensitivity and specificity in the binary classification task. This plot
illustrates the trade-off between the true positive rate (100% sensitivity) and the false positive rate
(96% specificity), with the curve closely approaching the top-left corner, signaling a high true positive
rate, combined with a low false positive rate across various threshold levels. The near-perfect AUC

underscores the exceptional capability of the model to differentiate between the two classes
accurately.
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Tables

Table 1: QRT-PCR Reaction Mixture for SARS-CoV-2 RNA Detection

QRT-PCR Reaction Components and Volumes

Component Volume per Test
RNA Sample 20 ul

PCR Enzyme (RT Enzyme, Taq polymerase) 4 uL

PCR Mix (PCR Buffer, dNTP, Mgcl2) 26 uL

Total Volume 50 pL

Table 2: QRT-PCR Amplification Program for Spike and Nucleocapsid Gene

QRT-PCR Amplification Program

Step Temperature (°C) Time Number of Cycles
Reverse Transcription 50 20 minutes 1
Initial Denaturation 95 2 minutes 1
Denaturation 95 15 seconds 35
Annealing 65 20 seconds 35
Extension 72 1 minute 35
Final Extension 72 5 minutes 1
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Table 3. Primer Sequences for Spike and Nucleocapsid Gene

Forward and Reverse Primers for Spike and Nucleocapsid Genes of SARS-CoV-2

Nucleocapsid (N) Gene F: 5-GACCCCAAAATCAGCGAAATG-3'
P R: 5- GTAGCACGATTGCAGCATTG-3'
Spike gene (S) Gene F: 5-TCAGACAAATCGCTCCAGGG-3'
PIxe g R: 5-AGCAACTGAATTTTCTGCACCA-3'

Table 4. displaying the number of patient samples and their respective Optical Density (OD)
values obtained from an in-house ELISA assay,»alongside 'the number of negative control
samples and their corresponding OD values

Patients Patient Patients NO. Patient Negative Negative
No. Samples OD Samples OD Control No. | Control OD
1 3.807 27 1.393 1 0.68
2 1.783 28 2.213 2 0.758
3 2.236 29 2.755 3 0.345
4 1.815 30 1.733 4 0.726
5 2.973 31 2.926 5 0.239
6 1.656 32 2.474 6 0.519
7 1.956 33 2.794 7 0.293
8 1.847 34 1.103 8 0.662
9 1.695 35 2.622 9 0.372
10 0.98 36 1.352 10 0.641
11 1.653 37 1411 11 0.48
12 3.747 38 142 12 0.561
13 2.057 39 3.043 13 0.237
14 0.907 40 2.083 14 0.199
15 0.864 41 2.982 15 0.745
16 3.793 42 1.002 16 0.328
17 3.806 43 3 17 0.29
18 3.021 44 2.784 18 0.671
19 1.708 45 3.163 19 2.436
20 2.098 46 1.391 20 0.35
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21 3.103 47 1.685 21 0.643
22 0.944 48 1.663 22 0.297
23 3.342 49 2.422 23 0.382
24 1.975 50 1.934 24 0.791
25 3.19 51 2.765 25 0.332
26 2.787

Table 5. Summarizing diagnostic performance metrics at various cut-off values from GraphPad
Prism analysis. The optimal cut-off identified is 0.82, achieving a sensitivity of 100% and specificity
of 96%. The highest likelihood ratio observed is 25, indicating a strong association between test

results and the presence of the condition

Cutt-Off Values | Sensitivity% 95% CI Specificity%o 95% CI Likelihood ratio
>0.2180 100.0 93.00% to 100.0% 4,000 0.2052% to 19.54% 1.042
>0.2380 100.0 93.00%.t0-100.0% 8.000 1.421% to 24.97% 1.087
> 0.2645 100.0 93.00% to 100.0% 12.00 4.167% to 29.96% 1.136
>0.2915 100.0 93.00% to 100.0% 16.00 6.403% to 34.65% 1.190
> 0.2950 100.0 93:00% to 100.0% 20.00 8.861% to 39.13% 1.250
>0.3125 100.0 93.00% to 100.0% 24.00 11.50% to 43.43% 1.316
> 0.3300 100.0 93.00% to 100.0% 28.00 14.28% to 47.58% 1.389
> 0.3385 1000 93.00% to 100.0% 32.00 17.21% to 51.59% 1.471
> 0.3475 100.0 93.00% to 100.0% 36.00 20.25% to 55.48% 1.563
>0.3610 100.0 93.00% to 100.0% 40.00 23.40% to 59.26% 1.667
>0.3770 100.0 93.00% to 100.0% 44.00 26.67% to 62.93% 1.786
>0.4310 100.0 93.00% to 100.0% 48.00 30.03% to 66.50% 1.923
> 0.4995 100.0 93.00% to 100.0% 52.00 33.50% to 69.97% 2.083
> 0.5400 100.0 93.00% to 100.0% 56.00 37.07% to 73.33% 2.273
>0.6010 100.0 93.00% to 100.0% 60.00 40.74% to 76.60% 2.500
>0.6420 100.0 93.00% to 100.0% 64.00 44.52% to 79.75% 2.778
> 0.6525 100.0 93.00% to 100.0% 68.00 48.41% to 82.79% 3.125
> 0.6665 100.0 93.00% to 100.0% 72.00 52.42% to 85.72% 3.571
>0.6755 100.0 93.00% to 100.0% 76.00 56.57% to 88.50% 4.167
>(.7030 100.0 93.00% to 100.0% 80.00 60.87% to 91.14% 5.000
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> 0.7355 100.0 93.00% to 100.0% 84.00 65.35% t0 93.60% 6.250
>0.7515 100.0 93.00% to 100.0% 88.00 70.04% to 95.83% 8.333
> 0.7745 100.0 93.00% to 100.0% 92.00 75.03% to 98.58% 12.50
> 0.8275 100.0 93.00% to 100.0% 96.00 80.46% t0 99.79% 25.00
> 0.8855 98.04 89.70% t0 99.90% 96.00 80.46% t0 99.79% 2451
> 0.9255 96.08 86.78% t0 99.30% 96.00 80.46% t0 99.79% 24.02
>0.9620 94.12 84.08% to 98.40% 96.00 80.46% t0 99.79% 23.53
>0.9910 92.16 81.50% to 96.91% 96.00 80.46% t0 99.79% 23.04
>1.053 90.20 79.02% to 95.74% 96.00 80.46% t0 99.79% 22.55
>1.228 88.24 76.62% to 94.49% 96.00 80.46% t0 99.79% 22.06
>1.372 86.27 74.28% t0 93.19% 96.00 80.46% t0 99.79% 21.57
>1.392 84.31 71.99% to 91.83% 96.00 80.46% t0 99.79% 21.08
>1.402 82.35 69.75% t0 90.43% 96.00 80.46% to 99.79% 20.59
>1.416 80.39 67.54% to 88.98% 96.00 80.46% t0/99.79% 20.10
>1.537 78.43 65.37% to 87.51% 96.00 80.46% t0 99.79% 19.61
>1.655 76.47 63.24% to 86.00% 96.00 80.46% t0°99.79% 19.12
>1.660 7451 61.13% to 84.45% 96.00 80:46% t0 99.79% 18.63
>1.674 72.55 59.05% to 82.89% 96.00 80.46% t0 99.79% 18.14
>1.690 70.59 57.00% to 81.29% 96.00 80.46% 10 99.79% 17.65
>1.702 68.63 54.97% to 79.67% 96.00 80.46% t0 99.79% 17.16
>1.721 66.67 52.97% to 78.03% 96.00 80.46% t0 99.79% 16.67
>1.758 64.71 50.99% to 76.37% 96.00 80.46% t0 99.79% 16.18
>1.799 62.75 49.03% to 74:68% 96.00 80.46% t0 99.79% 15.69
>1.831 60.78 47.09% to 72.97% 96.00 80.46% t0 99.79% 15.20
>1.891 58.82 45.17%to 71.25% 96.00 80.46% t0 99.79% 14.71
>1.945 56.86 43.27% 10 69.50% 96.00 80.46% t0 99.79% 14.22
> 1.966 54.90 41.38% to 67.73% 96.00 80.46% t0 99.79% 13.73
>2.016 52.94 39.52% t0.65.95% 96.00 80.46% t0 99.79% 13.24
>2.070 50,98 37.68% 10 64.14% 96.00 80.46% t0 99.79% 12.75
>2.091 49.02 35.86% to 62.32% 96.00 80.46% t0 99.79% 12.25
> 2.156 417.06 34.05% to 60.48% 96.00 80.46% t0 99.79% 11.76
>2.225 45.10 32.27% to0 58.62% 96.00 80.46% t0 99.79% 11.27
>2.329 43.14 30.50% to 56.73% 96.00 80.46% t0 99.79% 10.78
>2.429 41.18 28.75% to 54.83% 96.00 80.46% t0 99.79% 10.29
> 2.455 41.18 28.75% to 54.83% 100.0 86.68% to 100.0%
>2.548 39:22 27.03% t0 52.91% 100.0 86.68% to 100.0%
>2.689 37.25 25.32% to 50.97% 100.0 86.68% to 100.0%
>2.760 35.29 23.63% to 49.01% 100.0 86.68% to 100.0%
>2.775 33.33 21.97% to 47.03% 100.0 86.68% to 100.0%
>2.786 31.37 20.33% to 45.03% 100.0 86.68% to 100.0%
>2.791 2941 18.71% to 43.00% 100.0 86.68% to 100.0%
> 2.860 27.45 17.11% to 40.95% 100.0 86.68% to 100.0%
>2.950 25.49 15.55% to 38.87% 100.0 86.68% to 100.0%
>2.978 23.53 14.00% to 36.76% 100.0 86.68% to 100.0%
>2.991 21.57 12.49% to 34.63% 100.0 86.68% to 100.0%
>3.011 19.61 11.02% to 32.46% 100.0 86.68% to 100.0%
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>3.032 17.65 9.572% to 30.25% 100.0 86.68% to 100.0%
>3.073 15.69 8.169% to 28.01% 100.0 86.68% to 100.0%
>3.133 13.73 6.811% to 25.72% 100.0 86.68% to 100.0%
>3.177 11.76 5.505% to 23.38% 100.0 86.68% to 100.0%
> 3.266 9.804 4.261% to 20.98% 100.0 86.68% to 100.0%
> 3.545 7.843 3.092% to 18.50% 100.0 86.68% to 100.0%
>3.770 5.882 1.603% to 15.92% 100.0 86.68% to 100.0%
> 3.800 3.922 0.6968% to 13.22% 100.0 86.68% to 100.0%
> 3.807 1.961 0.1006% to 10.30% 100.0 86.68% to 100.0%
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