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The development of the Coronavirus disease 2019 (COVID-19) vaccine is one of the most important efforts in
controlling the pandemic. Serological tests are used to identify highly reactive human donors for convalescent
plasma therapy, measuring vaccine efficacy and durability. This review article presents a review of serology tests
and how antibody titers in response to vaccines have been developed. Some of the serological test methods

discussed are Plaque Reduction Neutralization Test (PRNT), Enzyme-Linked Immunosorbent Assay (ELISA),
Lateral flow immunoassay (LFIA), chemiluminescent immunoassay (CLIA), and Chemiluminescent Micro-particle
Immunoassay (CMIA). This review can provide an understanding of the application of the body’s immune
response to vaccines to get some new strategies for vaccines.

1. Introduction

On December 31, 2019, WHO China Office announced that a case of
pneumonia of unknown etiology was detected in Wuhan City, China.
This virus spreads quickly and is transmitted from human to human
through droplets. In February 2020, the virus was defined as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the disease
was named coronavirus disease 2019 (COVID-19). On March 13, the
WHO reported COVID-19 as a global pandemic which is continuing
today. As of August 23, 2022, more than 590 million cases of infection
with 6 million deaths have been reported worldwide [1].

Various countermeasures have been taken to address this event
including accelerating the development, manufacture, and deployment
of a vaccine against COVID-19 [2]. The development of vaccines is
considered one of the most important efforts in controlling the pandemic
by forming the immune system to reduce the risk of death and severe
symptoms due to COVID-19. By the end of 2020, several vaccines were
ready for use in various parts of the world with emergency approval. To
date, several vaccines have been licensed for use (Table 1) and around
12 billion doses of vaccine have been distributed worldwide [1].

Although vaccination has been carried out by most countries, data on
how protective and how long the antibodies will last are not clear. To
better understand the human body’s immune response to vaccines,
serological tests are very important. Serological testing is a technique of
measuring an individual’s antibody levels using a blood sample [5].

Serological tests for SARS-CoV-2 specific antibodies can determine
whether vaccination results in the production of SARS-CoV-2 specific
antibodies or not [6]. In addition, serological tests for SARS-CoV-2 were
used to identify highly reactive human donors for convalescent plasma
therapy, measuring the efficacy and durability of the vaccine [7].
Antibody tests are more suitable for public health surveillance, vaccine
development, and follow-up vaccinations than for diagnosis [8].
Serological tests have different uses from PCR tests. The PCR test is
used as a confirmatory test for COVID-19 when a person has the virus in
their respiratory secretions. This is useful in settings with a high inci-
dence of active infection, symptomatic patients, and contact tracing.
Meanwhile, serological tests are used to answer questions about whether
an individual has an immune response to the COVID-19 virus, how long
the antibodies last, whether individuals suffering from COVID-19 need a
vaccine, which vaccine is better, and when to re-vaccinate [7].
Serological tests can be broadly categorized based on the reading
platform used to test for SARS-CoV-2 antibodies [5]. Several serologic
test methods include the plaque reduction neutralization test (PRNT) as
the gold standard for measuring antibodies in blood serum [9],
Medium-throughput immunoassays such as enzyme-linked immuno-
sorbent assay (ELISA) [6,10,11], and Lateral flow immunoassay (LFIA)
[12], and high throughput such as immunofluorescence assay (IFA) [7],
chemiluminescent immunoassay (CLIA) [13], Electro-
chemiluminescence Immunoassay (ECLIA) [14], and Biosensor [15,16].
This review article aims to provide information related to various
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Table 1
List of vaccines that have received permission to use [3,4].
Vaccine name Producer Basic Dosage
material (dose
interval)
Ad26.CoV2-S Janssen/Johnson & Johnson Virus vector 1 dose
Us)
BBIBP-CorV Sinopharm (China) Inactivated 2 doses (3
virus weeks)
BBV152 Bharat Biotech (India) Inactivated 2 doses (4
(COVAXIN) antigen weeks)
BNT162b2 Pfizer-BioNTech (US) mRNA 2 doses (3
weeks)
ChAdOx1 AstraZeneca/Oxford (UK) Virus vector 2 doses (4
(AZS1222) weeks)
CoronaVac Sinovac Biotech (China) Inactivated 2 doses (2
virus weeks)
CVnCoV CureVac/GlaxoSmithKline mRNA 2 doses (4
(German) weeks)
Gam-COVID- Gamaleya National Research Virus vector 2 doses (3
Vac (Sputnik Center for Epidemiology and weeks)
V) Microbiology (Rusia)
mRNA-1273 Moderna (US) mRNA 2 doses (4
weeks)
NVX-CoV2373 Novavax, Inc (US) Subunit 2 doses (3
proteins weeks)

SARS-CoV-2 serological test methods and understand the body’s im-
mune titers resulting from vaccination.

1.1. Serological test method

A serological test also called an antibody test, is an in-vitro test for
antigen-antibody reactions. This test is carried out on blood serum
samples to detect antibodies or antigens specifically for certain diseases
[17]. Serology is used to follow up on vaccinations and provide data on
antibody responses obtained after the first and second vaccinations in
various countries [6].

After the vaccine or SARS-CoV-2 infection, our immune system
produces antibodies, but not all antibodies can block viral infection. This
is because some antibodies bind to viral antigens on epitopes that are not
essential for viral infection so these antibodies cannot neutralize the
virus. Thus, it is imperative to measure individual neutralizing antibody
levels for vaccine clinical trials, research studies, and disease prevention
[5].

The accuracy and reliability of the serological method largely
depend on the choice of the targeted SARS-CoV-2 antigen and the test
format [18]. The main target of neutralizing antibodies against coro-
navirus is spike protein. Neutralizing antibodies will bind to the RBD S1
protein to block its interaction with angiotensin-converting enzyme 2
(ACE2) and antibodies that bind to other regions can inhibit the S pro-
tein conformational change and block membrane fusion [19]. The
following are some of the serological test methods.

i. Plaque Reduction Neutralization Test (PRNT)

The most commonly used serological method is the plaque reduction
neutralization test (PRNT). PRNT is the “gold standard” method for
testing the neutralizing activity of anti-SARS-CoV-2 which requires the
patient’s serum to be diluted and incubated with the original live virus
followed by cell infection [5,20]. The principle of PRNT serological
testing is that neutralizing antibodies (NAb) prevent viruses from
infecting cells and causing plaque as shown in Fig. 1. PRNT is a method
of detecting and measuring antibodies in serum samples by calculating
the percentage decrease in viral activity. Antibody titers are conven-
tionally determined by counting the decreased amount of plaque (a
localized area of infection due to a cytopathic effect) after mixing the
serum sample that has neutralizing antibodies and comparing it with the
number of standard viral plaques [21,22].
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Fig. 1. How the plaque reduction neutralization test (PRNT) works. Reprinted
from Ref. [5] with Elsevier’s free permission.

The standard used today is PRNT50. PRNT50 is defined as a 50%
reduction (50% of Inhibition Concentration or IC50) of the plaque
amount after the addition of a serum-containing neutralizing antibody
and this is the endpoint of the titration [22].

However, the PRNT test has several drawbacks, making it unsuitable
for large-scale testing. PRNT has very low throughput, takes several days
(2-4 days), and is biosafety level 3 (BSL3) because it uses live viruses
and must be performed by experienced personnel in the laboratory [20,
23].

Various methods other than PRNT have been developed to get faster
results. However, PRNT is still used as a comparison/standard in several
studies. Wisnewksi et al. [9] compare competitive ELISA results with the
PRNT test. Kohmer et al. [20] compared Abbott SARS-CoV-2 IgG II
Quant test quantity with PRNT to get clinical performance. Muruato
et al. [24] reported a fluorescence-based SARS-CoV-2 antibody
neutralization test and PRNT was used as a validation assay. Surrogate
virus neutralization test (sSVNT) from Genscript compared sensitivity,
specificity, and cross-reactivity to PRNT [25].

ii. Lateral Flow Assay (LFA)

LFA is a paper-based platform for the detection and quantification of
analytes in mixtures. LFA is a Rapid Diagnostic Test (RDT) or the basis of
serological testing at the treatment site and only takes 15 min per
sample. Biological samples that can be tested using LFA are urine, saliva,
sweat, serum, plasma, blood, and other fluids. LFA is categorized into
two different types based on the recognition elements used, namely
Lateral Flow Immuno Assay (LFIA) using antibodies as the recognition
element and Nucleic Acid Lateral Flow Assay (NALFA) [26].

LFIA uses a cassette into which a patient sample is injected and a tape
that appears positive or negative for antibody detection. If there are
antibodies in the patient’s sample, the antibodies will attach to the viral
antigen bound to the gold nanoparticles. The complex migrates along
the membrane to reach the test line containing secondary antibodies to
the immune complex causing a color change detectable by the human
eye as shown in Fig. 2. However, the positive/negative band in LFA is
often difficult to read and reading training is required for reliable assays
[5]. The LFA test is more expensive and time-consuming than large-scale
testing [27].

iii. Enzyme-Linked ImmunoSorbent Assay (ELISA)

ELISA is a biochemical method that combines an immunoassay with
an enzymatic assay [29]. ELISA uses the basic immunological concept of
an antigen-binding to its specific antibody to detect the anti-
body/antigen in a fluid sample. ELISA uses enzyme-labeled antigens and
antibodies to detect biological molecules [30]. Some of the enzymes that
are often used are Horseradish peroxidase (HRP), Alkaline phosphatase
(AP), and p-p-galactosidase [31].

There are several types of detection using ELISA depending on the
purpose, sample, and reagent purity. The following are the main pro-
tocols in ELISA (Fig. 3):
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Fig. 2. Lateral Flow ImmunoAssay a) schematic of the test mechanism b) results and interpretation. Reprinted from Refs. [26,28] with Creative Commons license.
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Fig. 3. Types of ELISA testing protocol.

e Direct ELISA

Direct ELISA involves two steps in which the analyte is attached to
the plate and the enzyme-labeled primary antibody is introduced. The
substrate is then added to the well and the final signal can be recorded.
This type of testing generally requires pure isolates to avoid binding
from other samples that are not desirable, resulting in test errors. In
addition, not all primary antibodies can be labeled with enzymes so this
type of testing is limited [31].

e Indirect ELISA

Indirect ELISA has a labeled secondary antibody. This assay provides
better accessibility to different types of labeled secondary antibodies,
but it has non-specificity [31].

e Sandwich ELISA

The desired analyte is between the primary and secondary anti-
bodies. This strategy provides better specificity because the first
biomolecule to be immobilized is the primary antibody which is highly
purified. But when the desired analyte does not interact with the pri-
mary antibody, the secondary antibody will bind to the primary anti-
body and produce a false positive signal [31].

e Double sandwich ELISA

This type of test is the most specific ELISA protocol. The analyte of
interest is between two antibodies (capture antibody and primary anti-
body) produced in different host bodies. Therefore, the two antibodies
will not bind to each other, and non-specific binding is minimized. After
that, the labeled secondary antibody binds to the primary antibody and a
detection signal can be recorded. The weakness of this test is the lengthy
procedure [31].

e Competitive ELISA

In this test, two sets of experiments were carried out in parallel. The
first experiment was carried out by indirect ELISA. In parallel experi-
ments, the primary antibody was incubated with the antigen first. This
incubation will give some part of the antibody that is not bound.
Furthermore, it is added to the antigen-coated well so that the binding of
the primary antibody is reduced because the binding site is already full.
The signal received in parallel experiments is inversely correlated with
the presence of the desired analyte. The disadvantage of this protocol is
that it is a long procedure and consumes a large sample volume but
provides high specificity [31].

In several studies, postvaccine SARS-CoV-2 serological assays were
carried out according to the principle of competitive binding between
the anti-SARS-CoV-2 NAb antibody blocking the enzyme-labeled S-RBD
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protein and ACE2 coated on the microtiter plate [20]. The microtiter
plate was coated with ACE2 and a sample containing the SARS-CoV-2
neutralizing antibody was added. Next, the RBD S-HRP conjugate was
added. Antibodies in the sample will block the binding of the protein
with ACE2 (Fig. 4).

The competitive ELISA with ACE2 on the plate experienced consis-
tent technical difficulties due to RBD cross-reaction. As an alternative, a
reverse competitive ELISA was performed in which RBD was bound to
the plate [9]. Competitiveness occurred between serum sample IgG and
soluble ACE2 and was detected by streptavidin-HRP (Fig. 5).

The indirect ELISA protocol was successfully performed and reported
[6,32,33]. The RBD S antigen on the ELISA plate was added to the serum
sample then IgG labeled HRP was added. Saadat et al. [10] used the
indirect ELISA protocol with AP-labeled IgG according to the previous
study [34].

The ELISA test can be completed in a few hours in a Biosafety level 1
or 2 environments [12]. The main challenge in implementing ELISA in
vaccine development is the selection of appropriate positive control
(sample containing analyte) and negative (sample that does not contain
analyte, aiming to check for non-specific binding). At the experimental
stage of vaccine development and with unknown samples, it is very
difficult to achieve high analytical precision [31]. However, the ELISA
technique has been widely used for vaccine trials around the world.

iv. Immunofluorescence Assay (IFA)

IFA is a technique based on the antigen-antibody reaction in which
antibodies are labeled with a fluorescent dye. The antigen-antibody
complex is visualized using an ultraviolet (fluorescent) microscope
[35]. Fluorophores are dyes that absorb ultraviolet radiation so that they
are excited and emit visible light. The most commonly used fluorophore
is fluorescein isothiocyanate (FITC) [36].

The principle of IFA testing is divided into two, namely direct and
indirect as shown in Fig. 6. In direct IFA, labeled antibodies react
directly with antigens in serum samples, while indirect IFA is based on
antibody detection by antigens [37]. Therefore, for the serological test
for SARS-CoV-2, the principle of indirect testing is carried out.

ELISA and LFIA have limited value for a single response to an anti-
gen. Alternatively, antigen microarrays with the IFA principle are used
to detect antibodies of several isotypes against hundreds of antigens at
high throughput making them particularly suitable for serological sur-
veillance studies [38,39]. de Assis et al. [38] recently developed Corona
Virus Antigen Microarrays (CoVAM) for the analysis of SARS-CoV-2
antibodies in COVID-19 convalescent blood. This assay was used in
further studies to compare the antibody response induced by the vaccine
and the natural infection of SARS-CoV-2 [7]. The steps of production and
analysis of antigen microarrays are shown in Fig. 7.

v. Chemiluminescent ImmunoAssay (CLIA)

CLIA is a method for determining the concentration of a sample ac-
cording to the intensity of the glow emitted by a chemical reaction. The
basis of the CLIA method is similar to ELISA, but the CLIA substrate can
produce light emissions in the presence of enzymes providing a more
sensitive process than ELISA. Electro-chemiluminescence immunoassay

HRP' Signal Att;m;]z;tled

conjugated 3 9

RBD TMBW nAb y \j

$wvedH S S i\‘ﬂ\ﬂ\/\/@
ELISA Plate ELISA Plate

Fig. 4. ELISA assay with competitive binding principle between NAb and
ACE2. Reprinted from Ref. [5] with Elsevier’s free permission.
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(ECLIA) is another type of CLIA. ECLIA uses an electric current to oxidize
the substrate. The CLIA and ECLIA methods have higher sensitivity than
ELISA and ELFA and have a shorter analysis time [40,41]. CLIA has
times ranging from 15 min to several hours. ELISA and CLIA have high
throughput with a high analytical agreement rate [5,42].

Just like ELISA, CLIA also uses substrate and enzyme labels. The most
commonly used substrates are luminol, isoluminol, and their de-
rivatives, acridinium ester derivatives, peroxidase, and alkaline phos-
phatase (ALP). Isoluminol or acridinium esters produce a luminescent
signal in the presence of hydrogen peroxide and enzymes. The most
commonly used enzyme labels are horseradish peroxidase (HRP) and
ALP [41].

Nanoparticles have good biological compatibility and signal ampli-
fication effect, nanotechnology has been widely used in bio-labeling.
Nanotechnology has been widely used at CLIA to accelerate the rapid
development of CLIA. Some nanoparticles can not only directly catalyze
the chemiluminescent (CL) reaction as an enzyme imitator, but also load
a large number of enzymes to achieve signal amplification [41].

vi. Electrochemical Biosensor

Biosensors are analytical devices that can convert biochemical re-
actions into detectable and measurable parameters [29,43]. Biosensors
are the simplest, fastest, and high-throughput point-of-care technology
for evaluating post-vaccination antibody levels [15,44]. The biosensor
has two important components, namely a biological element and a
transducer (Fig. 8). Biological elements/bioreceptors are responsible for
recognizing analytes to generate biological signals. The transducer
converts the biological signal into a detectable response [43,45].

Electrochemical biosensors can detect biomarkers with high accu-
racy, specificity, and sensitivity. The transduction element of the elec-
trochemical biosensor is an electrochemical cell whose main component
is a working electrode. The electrodes convert the recognition system
into a measurable electroanalytical signal. Electrochemical biosensors
based on antigen-antibody interactions are called immunosensors [43,
47].

Screen-printed carbon electrode (SPCE) based electrochemical bio-
sensors have sensitivity, the ability to work in complex matrices, and
ease of use [48]. SPCE only requires a small number of samples, and is
relatively inexpensive, portable, and easy to use because it is disposable
[49]. In addition, SPCE is easily modified with nanoparticles to improve
electroanalytical performance, stability, and sensitivity of the biosensor
because SPCE has a narrow working electrode surface area [43,48,50].
Electrochemical biosensors with nanoparticles can increase the rate of
electrochemical reactions due to an increase in the electrode surface
area to volume ratio, thereby increasing the electrode surface area to the
volume of the analyte liquid [51].
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Fig. 6. Principles of direct and indirect IFA testing. Reprinted from Ref. [37] with CC-BY-NC license.
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Fig. 7. The production and analysis steps of antigen microarrays include array
printing, staining, measurement, and data analysis. Reprinted from Ref. [39]
with CC-BY license.

Rahmati et al. [16] developed an SPCE-based label-free electro-
chemical immunosensor modified with nickel hydroxide nanoparticles
(Ni(OH)2 NP) for selective and quantitative analysis of SARS-CoV-2
virus antibodies. SPCE was surface activated with HySO4 and electro-
deposited using Ni(OH), NP. Next, spike protein was added to bind
covalently to the amine group on the protein to form Ni(OH); NP-NH,.
Bovine Serum Albumin (BSA) was added to block non-specific binding.
Cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and differential pulse voltammetry (DPV) were used to analyze
IgM/1IgG antibodies using the [Fe(CN)6]*”% redox system (Fig. 9). This
biosensor produces a low detection limit of 0.3 fg/ml and tests in 20 min.

Huang et al. [15] developed a nanoplasmonic immunosorbent assay
(NanoPISA) biosensor for rapid one-step quantification of SARS-CoV-2
neutralizing antibody (NAb) in postvaccination individual serum sam-
ples. The combination of the nanoplasmonic nanocup sensor and
NHGNP (nanoporous hollow gold nanoparticles) provides a stronger
SPR (surface plasmon resonance) effect and higher sensitivity. This
NanoPISA has a detection limit of 0.2 pM within 15 min and gives
comparable results to the PRNT and ELISA assays. This makes it possible
that NanoPISA can be used to evaluate vaccine effectiveness on a large
scale.

The NanoPISA detection scheme is shown in Fig. 10. Anti-human IgG

solution was coated on the surface of the biosensor in a 96-well plate
modified with gold nanosheets. The sample serum and NHGNP-labeled
RBD S were added sequentially resulting in the binding of SARS-CoV-2
NAb to serum positive with labeled RBD S. Then captured by anti-
human IgG on the surface of the sensor to form a sandwich conjugate
(antibody-protein-antibody). This conjugate produces an SPR effect via
the plasmonic biosensor chip and changes the OD at a certain wave-
length proportional to the SARS-CoV-2 NAb concentration in serum.

Several serological test methods have been reported and performed
on human samples. Types, detection methods, vaccine types, and testing
sites are summarized in Table 2.

1.2. Post-vaccination antibody level response

Antibody responses due to infection and vaccines are different and
have become the focus of recent research. Several studies have also
compared the response of antibody levels between two groups of
vaccinated patients based on a history of previous SARS-CoV-2 infec-
tion. Factors of age, gender, and the background of the disease have
been studied. Next, we will discuss the post-vaccination antibody
response.

Assis et al. [7] compared individual antibody levels after mRNA
vaccination with natural infection using the IFA serological method. The
results obtained that mRNA vaccination induced significantly higher
antibody levels against RBD than natural infection. Considering that the
BNT162b2 vaccine provides mRNA encoding for the spike protein, the
expected response is the production of antibodies against the spike
protein [52]. Neutralizing antibody levels were found to be significantly
higher in response to the vaccine than in natural infection. Therefore,
mRNA vaccines are very effective in increasing antibody levels against
the SARS-CoV-2 antigen.

Determination of antibody levels was carried out using the multiplex
antigen microarray method containing the SARS-CoV-2, SARS, MERS,
CoV, and Influenza antigens to determine the effectiveness of the mRNA
vaccine against viral variants. The results suggest that the mRNA vac-
cine induces a cross-reactive response to SARS and SARS RBD whereas
natural infection does not. This provides evidence that mRNA vaccines
may be effective against emerging viral variants [7].

Two individual terms need to be understood in serological testing,
namely individuals with a previous infection are called seropositive and
without previous infection are called seronegative. Saadat et al. [10]
studied antibody response to a single dose of Pfizer-BioNTech or Mod-
erna vaccine in 59 seropositive and seronegative healthcare workers
using the ELISA serological method. Antibodies to the nucleocapsid are
used to differentiate individuals in the vaccinated population to classify
seropositive and seronegative individuals. This is because the nucleo-
capsid is not a component of vaccine mRNA, so there is no increase in
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antibody to protein N induced by the vaccine. Thus, antibody to spike
was increased and antibody to nucleocapsid was maintained in sero-
positive individuals [7]. The results showed that seropositive in-
dividuals had significantly higher levels of anti-S IgG antibodies than
seronegative individuals (Fig. 11).

Study Gobbi et al. [53] evaluated the immune response of 15 health
care workers (6 seropositive individuals and 9 seronegative individuals)
after Pfizer vaccination using the CMIA serological method. It can be
seen in Fig. 7 that individuals after SARS-CoV-2 infection experienced a
progressive decrease in RBD IgG titers and neutralizing antibodies at 2-7
months. Results showed that seropositive antibody titers were signifi-
cantly higher than seronegative ones at 7 and 21 days after the first dose
(Fig. 12).

Ebinger et al. [52] studied antibody responses to the first and second
doses of the BNT162b2 mRNA vaccine (Pfizer-BioNTech) in a large and
diverse cohort of healthcare workers (n = 1090). The anti-RBD S IgG
threshold used was 4160 AU/ml based on a 0.95 probability of obtaining
a PRNT ID50 at a dilution of 1:250. The results showed that seropositive
individuals had significantly higher antibody levels than seronegative

individuals. There was no difference in anti-RBD S IgG levels between
seropositive individuals after receiving the first vaccine dose and sero-
negative individuals after receiving the second vaccine dose (P = 0.92).
IgG anti-RBD S in response to infection was significantly lower than
vaccination at the first dose (P < 0.001) (Fig. 13).

Claro et al. [6] study of the Sputnik V vaccine gave similar results in
that seropositive individuals had a strong immune response to the first
vaccination and had little benefit from additional antibodies after the
second vaccination. The first vaccination in seropositive individuals acts
as a booster because there is a very high increase in titers after one week
of the first vaccination [53]. 58% of seronegative individuals gave an
anti-RBD IgG response after the first dose of vaccine and up to 100% of
seronegative individuals had an anti-RBD IgG response. It is therefore
important for seronegative individuals to receive 2 doses of the vaccine.
Based on this, a new strategy for vaccines emerged where: a) a single
dose of vaccine was administered to patients with a history of previous
COVID-19 infection, thereby providing an opportunity to save on doses;
b) patients with a history of previous COVID-19 infection may be placed
on a lower vaccination priority list; ¢) extension of time from COVID-19



M.J. Devi et al. Analytical Biochemistry 658 (2022) 114902

Chloroauric Acid
Nanoplasmonic
sensor chip

Anti-human IgG
immobilization

one-step NHGNP-coupled
NanoPISA for SARS-CoV-2
NA detection

Fig. 10. Schematic of rapid one-step quantification of SARS-CoV-2 neutralizing antibody on a nanoparticle-coupled biosensor platform. Reprinted from Ref. [15]
with Elsevier’s free permission.

Table 2 p<.0001 p<.0001
Several methods of postvaccine SARS-Cov-2 serological tests have been ! v '
. p<.0001 . p=.0003 y
reported. F 1} i
o ®
Inspection Limit of Vaccine Country Reference 100000 ° [ 2
Method Detection 5
=
ELISA - Pfizer and USA [91 = o o°
Moderna £ 100007 R
- Sputnik V Venezuela [6] E
- Pfizer and USA [10] < - . .
Moderna 2 1000
- Pfizer and USA [32] §
Moderna g
0.54 BAU/mL Pfizer and USA [33] g 100+
Moderna ['4 —_—
CMIA 4.3 AU/mL Pfizer USA [20]
43AU/mL  Pfizer UsA [52] T —
6.9 AU/mL Pfizer Italy [53] 0 7 10 14 0 7 10 14 0 7 10 14 Outpt Inpt
IFA - Moderna French [54] } 4 } 4 } i
- Pfizer and USA 71 Group 1 Group 2 Group 3
Moderna
CLIA - Pfizer Israel [55] Days after vaccination
0.717 AU/mL Pfizer Germany [13]
- Pfizer Israel [56] Fig. 11. Boxplot of postvaccination single postvaccination IgG anti-S SARS-
ECLIA 6 35 U/mL ggzer d ﬁ:lz {:g CoV-2 antibody response. HCW (health care workers) = health workers. Group
: m MOZ;::;I 1: HCW negative for IgG SARS-CoV-2. Group 2 = asymptomatic SARS-CoV-2
0.35 U/mL Pfizer and Belgium [59] 1gG positive HCW. Group 3 = HCW positive for IgG SARS-CoV-2 symptom-
Moderna atic. Reprinted from Ref. [10] with CC-BY-NC-ND 4.0 International license.
ELFA - CoronaVac Turkey [60]1
Biosensor o o could be due to the selection of seropositive individuals infected in the
Modification Limit of Testing time Reference . . . . . .
Detection 2-8 months before vaccination experiencing a progressive decrease in
SPCE-Ni(OH), 0.3 fg/ml 20 min [16] antibody. Some variation in antibody response is related to the hetero-
NanoPISA-Au 0.2 pM 15 min [15] geneity of previously infected individuals (time and disease severity)

and limited sample size [52].

Post-vaccine antibody titers were correlated with age. There are two
categories of groups in receiving vaccines, namely the old age group
(age >50 years) and the young age group. The old-age antibody titer
showed a significantly lower value than the younger age group in the
first dose of the vaccine. After the second dose of the vaccine gives a

infection to vaccination beyond the currently recommended 3 months
[10].

But different results were shown by the research of Binay et al. [60]
where the levels of IgG SARS-CoV-2 seropositive and seronegative gave
no significant difference (P > 0.05) against the Sinovac vaccine, this
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with Creative Commons 4.0 International license.

lower value by 30% compared to other age groups [6,60]. Older in-
dividuals usually have a less favorable response to vaccines due to aging
immunity [61].

There were no statistically significant differences between male and
female antibodies or individuals with diseases (hypertension, diabetes,
and asthma) in the seronegative group [6]. Gender did not give a sig-
nificant difference in the level of IgG SARS-CoV-2 (p > 0.05) [60].

Different results occurred in lymphoma patients where lymphoma
patients were found to have a lower SARS-CoV-2 IgG response than
healthy controls but not significantly. Individuals with different types of
lymphoma had a nonsignificantly different antibody mean. However, all
healthy individuals induce antibodies to the vaccine whereas most
lymphoma patients do not (30/67). This is associated with commonly
used lymphoma therapies that may affect the performance of COVID-19
vaccines. Lymphoma patients who were treatment-naive or had not
received therapy for at least 2 years responded to vaccination like the
control group. However, patients undergoing active therapy for lym-
phoma may not respond to vaccination [32].

Several serological test studies have also examined post-vaccine
symptoms. Seropositive individuals were found to experience systemic
symptoms after the first dose of vaccine more frequently than seroneg-
ative individuals. The most common symptoms experienced by sero-
positive individuals after the first dose are fever, chills, and local area
tenderness (swelling, tenderness, and erythema). However, there was no
significant difference in symptoms after the second vaccine between
seropositive and seronegative individuals. This is because both sero-
positive and seronegative individuals have symptoms that appear more
frequently after the second dose of the vaccine. The most common
symptoms experienced by seronegative individuals are headaches and
dizziness. This is associated with seronegative individuals having higher
reactivity after the second dose of the vaccine [11,52,53].

2. Conclusion

Several review articles have discussed several detection methods. For
example, Ilkhani et al. [62] have discussed new approaches for rapid
detection of COVID-19 during the pandemic. This review provides
different information from the previous review in that it discusses
several serologic test methods and antibody titer responses that have
been described after the COVID-19 vaccine. Serological testing is a
technique for measuring a person’s antibody levels to determine the
human body’s immune response to vaccines. The serological test
methods that have been discussed include PRNT (gold standard), LFIA,
ELISA, IFA, CLIA, ECLIA, and electrochemical biosensors. Among the
various methods, electrochemical biosensors provide the highest chance
of quantitatively determining antibodies due to their good detection
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limits. In addition, the advantages of electrochemical biosensors are
mainly fast, sensitive, accurate, portable, and easy to use and are more
profitable to be developed at this time [29,44,63,64]. Differences in
antibody titer responses to vaccines are caused by several factors such as
disease history, age, and gender. The antibody titer response to the
vaccine differs depending on whether the individual has been previously
infected or not. Seropositive individuals have higher antibody levels
than seronegative individuals. Vaccination also induces much higher
levels of RBD antibodies than natural infection. Age and gender differ-
ences do not provide significant results for vaccination. This review can
provide an understanding of the application of the body’s immune
response to vaccines to get some new global COVID-19 vaccination
strategies in 2023 and beyond.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgment

Our acknowledgment goes to the Indonesian Ministry of Education
Culture-Research and Technology, Indonesia for "Penelitian Tesis Mag-
ister" No.094/E5/PG.02.00.PT/2022 and Academic Leadership Grant of
Universitas Padjadjaran, Indonesia, No.2203/UN6.3.1/PT.00/2022.

References

[1] WHO, “WHO Coronavirus Disease Dashboard, WHO.int (2022). https://covid19.
who.int/. (Accessed 12 November 2021).

[2] L. Fabiani, et al., Magnetic beads combined with carbon black-based screen-printed
electrodes for COVID-19: a reliable and miniaturized electrochemical
immunosensor for SARS-CoV-2 detection in saliva, Biosens. Bioelectron. 171
(2021), 112686, https://doi.org/10.1016/j.bios.2020.112686.

[3] C.B. Creech, S.C. Walker, R.J. Samuels, SARS-CoV-2 Vaccines 325 (13) (2021)
1318-1320.

[4] Who, WHO Covid-19 and World Health Organization Covid-19, “Draft Landscape
of COVID-19 Candidate Vaccines, 2020, https://www.who.int/publications/m/it
em/draft-landscape-of-covid-19-candidate-vaccines%0Ahttps://www.who.int/pub
lications/m/item/draft-landscape-of-covid-19-candidate-vaccines%0D.

[5] A.C. Shi, P. Ren, SARS-CoV-2 serology testing: progress and challenges, 2021,

J. Immunol. Methods 494 (2021), 113060, https://doi.org/10.1016/j.
jim.2021.113060.

[6] F. Claro, D. Silva, M. Rodriguez, R. Rangel, J.H. de Waard, IgG Antibody response
to the Sputnik V vaccine: previous SARS-CoV-2 seropositive individuals might need
just one vaccine dose, 21, Int. J. Infect. Dis. (2021), https://doi.org/10.1016/j.
ijid.2021.07.070.

[7] R. Assis, et al., Distinct SARS-CoV-2 antibody reactivity patterns elicited by natural
infection and mRNA vaccination, npj Vaccines 6 (no. 1) (2021), https://doi.org/
10.1038/541541-021-00396-3.

[8] K.E. Hanson, et al., Infectious diseases society of America guidelines on the
diagnosis of coronavirus disease 2019 (COVID-19): serologic testing, Clin. Infect.
Dis. (-10) (2020) 1, https://doi.org/10.1093/cid/ciaal343.

[9] A.V Wisnewski, et al., Development and Utilization of a Surrogate SARS-CoV-2
Viral Neutralization Assay to Assess mRNA Vaccine Responses, medRxiv, 2021
[Online]. Available: http://medrxiv.org/content/early/2021/08/08/2021.08
.05.21261616.abstract.

[10] S. Saadat, et al., Single Dose Vaccination in Healthcare Workers Previously Infected
with SARS-CoV-2, medRxiv, p. 2021.01.30.21250843, 2021, https://doi.org/
10.1101/2021.01.30.21250843 [Online]. Available:.

[11] F.Krammer, et al., Antibody responses in seropositive persons after a single dose of
SARS-CoV-2 mRNA vaccine, N. Engl. J. Med. 384 (14) (2021) 1372-1374, https://
doi.org/10.1056/nejmc2101667.

[12] J.J. Wang, N. Zhang, S.A. Richardson, J.V. Wu, Rapid lateral flow tests for the
detection of SARS-CoV-2 neutralizing antibodies, Expert Rev. Mol. Diagn. 21 (4)
(2021) 363-370, https://doi.org/10.1080/14737159.2021.1913123.

[13] M. Jahn, et al., Humoral response to SARS-CoV-2-vaccination with BNT162b2
(pfizer-biontech) in patients on hemodialysis, Vaccines 9 (4) (2021) 360, https://
doi.org/10.3390/vaccines9040360.

[14] J. Favresse, J.L. Bayart, F. Mullier, J.M. Dogné, M. Closset, J. Douxfils, Early
antibody response in health-care professionals after two doses of SARS-CoV-2


https://covid19.who.int/
https://covid19.who.int/
https://doi.org/10.1016/j.bios.2020.112686
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref3
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref3
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines%0Ahttps://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines%0D
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines%0Ahttps://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines%0D
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines%0Ahttps://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines%0D
https://doi.org/10.1016/j.jim.2021.113060
https://doi.org/10.1016/j.jim.2021.113060
https://doi.org/10.1016/j.ijid.2021.07.070
https://doi.org/10.1016/j.ijid.2021.07.070
https://doi.org/10.1038/s41541-021-00396-3
https://doi.org/10.1038/s41541-021-00396-3
https://doi.org/10.1093/cid/ciaa1343
http://medrxiv.org/content/early/2021/08/08/2021.08.05.21261616.abstract
http://medrxiv.org/content/early/2021/08/08/2021.08.05.21261616.abstract
https://doi.org/10.1101/2021.01.30.21250843
https://doi.org/10.1101/2021.01.30.21250843
https://doi.org/10.1056/nejmc2101667
https://doi.org/10.1056/nejmc2101667
https://doi.org/10.1080/14737159.2021.1913123
https://doi.org/10.3390/vaccines9040360
https://doi.org/10.3390/vaccines9040360

M.J. Devi et al.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

mRNA vaccine (BNT162b2), Clin. Microbiol. Infect. (2021), https://doi.org/
10.1016/j.cmi.2021.05.004.

L. Huang, et al., Novel nanostructure-coupled biosensor platform for one-step high-
throughput quantification of serum neutralizing antibody after COVID-19
vaccination, December 2021, Biosens. Bioelectron. 199 (2021), 113868, https://
doi.org/10.1016/j.bios.2021.113868.

Z. Rahmati, M. Roushani, H. Hosseini, H. Choobin, An electrochemical
immunosensor using SARS-CoV-2 spike protein-nickel hydroxide nanoparticles bio-
conjugate modified SPCE for ultrasensitive detection of SARS-CoV-2 antibodies,
Microchem. J. 170 (August) (2021), 106718, https://doi.org/10.1016/j.
microc.2021.106718.

Buchari, “Uji Serologi pada Penderita Tuberkulosis Aktif, J. Kedokt. Nanggroe
Med. 2 (4) (2019) 18-26.

A. Padoan, et al., IgA-Ab response to spike glycoprotein of SARS-CoV-2 in patients
with COVID-19: a longitudinal study, 2020, Clin. Chim. Acta 507 (2020) 164-166,
https://doi.org/10.1016/j.cca.2020.04.026.

M. Jeyanathan, S. Afkhami, F. Smaill, M.S. Miller, B.D. Lichty, Z. Xing,
Immunological considerations for COVID-19 vaccine strategies, Nat. Rev.
Immunol. 20 (10) (2020) 615-632, https://doi.org/10.1038/541577-020-00434-6.
N. Kohmer, C. Riihl, S. Ciesek, H.F. Rabenau, Utility of different surrogate enzyme-
linked immunosorbent assays (Selisas) for detection of sars-cov-2 neutralizing
antibodies, J. Clin. Med. 10 (10) (2021) 2128, https://doi.org/10.3390/
jem10102128.

S. Zannoli, et al., Diagnostics and laboratory techniques, Jan, Chikungunya Zika
Viruses Glob. Emerg. Heal. Threat. (2018) 293-315, https://doi.org/10.1016/
B978-0-12-811865-8.00009-X.

J. Nie, et al., Establishment and validation of a pseudovirus neutralization assay for
SARS-CoV-2, Emerg. Microb. Infect. 9 (2020), https://doi.org/10.1080/
22221751.2020.1743767.

K.R. Bewley, et al., Quantification of SARS-CoV-2 neutralizing antibody by wild-
type plaque reduction neutralization, microneutralization and pseudotyped virus
neutralization assays, Springer US 16 (6) (2021).

A.E. Muruato, et al., A high-throughput neutralizing antibody assay for COVID-19
diagnosis and vaccine evaluation, Nat. Commun. 11 (1) (2020) 1-6, https://doi.
org/10.1038/541467-020-17892-0.

E.J. Valcourt, et al., Evaluation of a commercially-available surrogate virus
neutralization test for severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), Diagn. Microbiol. Infect. Dis. 99 (4) (2021 Apr) 115294, https://doi.org/
10.1016/J.DIAGMICROBIO.2020.115294.

K.M. Koczula, A. Gallotta, Lateral flow assays, Essays Biochem. 60 (1) (2016)
111-120, https://doi.org/10.1042/EBC20150012.

N. Herawati, Jenis-jenis metode rapid-test untuk deteksi virus SARS-CoV-2,
BioTrends 11 (1) (2020) 11-20.

Z. Li, et al., Development and clinical application of a rapid IgM-IgG combined
antibody test for SARS-CoV-2 infection diagnosis, J. Med. Virol. 92 (9) (2020)
1518-1524, https://doi.org/10.1002/jmv.25727.

G. Yunus, Biosensors: an Enzyme-Based Biophysical Technique for the Detection of
Foodborne Pathogens, Elsevier Inc., 2019.

S.D. Gan, K.R. Patel, Enzyme immunoassay and enzyme-linked immunosorbent
assay, J. Invest. Dermatol. 133 (9) (2013) 1-3, https://doi.org/10.1038/
jid.2013.287.

S. Hosseini, P. Vazquez-Villegas, M. Rito-Palomares, S.O. Martinez-Chapa, Enzyme-
linked Immunosorbent Assay, ELISA) From A to Z, 2018 no. 9789811067655.
E.M. Jurgens, et al., Serologic response to mRNA COVID-19 vaccination in
lymphoma patients, Am. J. Hematol. 96 (11) (2021) E410, https://doi.org/
10.1002/ajh.26322. -E413.

T.J. Ketas, et al., Antibody responses to SARS-CoV-2 mrna vaccines are detectable
in Saliva, Pathog. Immun. 6 (1) (2021) 116-134, https://doi.org/10.20411/pai.
v6il.441.

Z.R. Tehrani, et al., Performance of nucleocapsid and spikebased SARS-CoV-2
serologic assays, PLoS One 15 (11 November) (2020) 1-12, https://doi.org/
10.1371/journal.pone.0237828.

B. Gmbh, LOEWE ® protocol for immunofluorescence (IF) assay [Online].
Available: www.loewe-info.com, 2015, 2-4.

V. Aoki, L.M.I. Fukumori, E.L. Freitas, J.X. Sousa, A.M. Périgo, Z.N.P. Oliveira,
Direct and indirect immunofluorescence, An. Bras. Dermatol. 85 (4) (2010)
490-500, https://doi.org/10.1590/50365-05962010000400010.

M. Lager, 1744, in: Molecular and Serological Tools for Clinical Diagnostics of
Lyme Borreliosis - Can the Laboratory Analysis Be Improved?, 2020.

R.R. de Assis, et al., Analysis of SARS-CoV-2 antibodies in COVID-19 convalescent
blood using a coronavirus antigen microarray, Nat. Commun. 12 (1) (2021),
https://doi.org/10.1038/541467-020-20095-2.

J. Longworth, G. Dittmar, An antigen microarray protocol for COVID-19
serological analysis, STAR Protoc 2 (3) (2021), 100815, https://doi.org/10.1016/j.
xpro.2021.100815.

S. Liu, Z. Yang, Y. Chang, Y. Chai, R. Yuan, An enzyme-free electrochemical
biosensor combining target recycling with Fe304/CeO2@Au nanocatalysts for
microRNA-21 detection, 2018, Biosens. Bioelectron. 119 (2018) 170-175, https://
doi.org/10.1016/j.bios.2018.08.006.

10

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Analytical Biochemistry 658 (2022) 114902

C. Wang, J. Wy, C. Zong, J. Xu, H.X. Ju, Chemiluminescent immunoassay and its
applications, Fenxi Huaxue/Chin. J. Anal. Chem. 40 (1) (2012) 3-10, https://doi.
0rg/10.1016/51872-2040(11)60518-5.

M. Jaume, et al., Anti-severe acute respiratory syndrome coronavirus spike
antibodies trigger infection of human immune cells via a pH- and cysteine
protease-independent fc R pathway, J. Virol. 368 (6494) (2020) 945-946, https://
doi.org/10.1128/jvi.00671-11.

Y.W. Hartati, S.N. Topkaya, S. Gaffar, H.H. Bahti, A.E. Cetin, Synthesis and
characterization of nanoceria for electrochemical sensing applications, RSC Adv.
11 (27) (2021) 16216-16235, https://doi.org/10.1039/d1ra00637a.

AKX. Yadav, D. Verma, A. Kumar, P. Kumar, P.R. Solanki, The perspectives of
biomarker-based electrochemical immunosensors, artificial intelligence and the
Internet of Medical Things toward COVID-19 diagnosis and management, March,
Mater. Today Chem. 20 (2021), 100443, https://doi.org/10.1016/j.
mtchem.2021.100443.

P. Parkhey, S.V. Mohan, Biosensing Applications of Microbial Fuel Cell: Approach
toward Miniaturization, Elsevier B.V., 2018.

V. Naresh, N. Lee, A review on biosensors and recent development of
nanostructured materials-enabled biosensors, Sensors 21 (4) (2021) 1-35, https://
doi.org/10.3390/521041109.

E. Cesewski, B.N. Johnson, Electrochemical biosensors for pathogen detection,
October 2019, Biosens. Bioelectron. 159 (2020), 112214, https://doi.org/
10.1016/j.bios.2020.112214.

F. Arduini, et al., High performance electrochemical sensor based on modified
screen-printed electrodes with cost-effective dispersion of nanostructured carbon
black, 2010, Electrochem. Commun. 12 (2010) 346-350, https://doi.org/10.1016/
j.elecom.2009.12.028.

Y.W. Hartati, S. Gaffar, D. Alfiani, U. Pratomo, Y. Sofiatin, T. Subroto,

A voltammetric immunosensor based on gold nanoparticle - anti-ENaC
bioconjugate for the detection of epithelial sodium channel (ENaC) protein as a
biomarker of hypertension, 2020, Sens. Bio-Sensing Res. 29 (2020), 100343,
https://doi.org/10.1016/j.sbsr.2020.100343.

D. Antuna-Jiménez, M.B. Gonzalez-Garcia, D. Hernandez-Santos, P. Fanjul-Bolado,
Screen-printed electrodes modified with metal nanoparticles for small molecule
sensing, Biosensors 10 (2) (2020) 9, https://doi.org/10.3390/bios10020009.

B.S. Vadlamani, T. Uppal, S.C. Verma, M. Misra, Functionalized TiO2 Nanotube-
Based Electrochemical Biosensor for Rapid Detection of SARS-CoV-2,” medRxiv,
2020, pp. 1-10, https://doi.org/10.1101/2020.09.07.20190173.

J.E. Ebinger, et al., Antibody responses to the BNT162b2 mRNA vaccine in
individuals previously infected with SARS-CoV-2, Nat. Med. 27 (6) (2021)
981-984, https://doi.org/10.1038/s41591-021-01325-6.

F. Gobbi, et al., Antibody response to the bnt162b2 mrna covid-19 vaccine in
subjects with prior sars-cov-2 infection, Viruses 13 (3) (2021) 422, https://doi.org/
10.3390/v13030422.

1. Benotmane, et al., Antibody response after a third dose of the mRNA-1273 SARS-
CoV-2 vaccine in kidney transplant recipients with minimal serologic response to 2
doses, JAMA, J. Am. Med. Assoc. 326 (11) (2021) 1063-1065, https://doi.org/
10.1001/jama.2021.12339.

T. Goshen-Lago, et al., Serologic status and toxic effects of the SARS-CoV-2
BNT162b2 vaccine in patients undergoing treatment for cancer, JAMA Oncol. 7
(10) (2021) 1507-1513, https://doi.org/10.1001/jamaoncol.2021.2675.

A. Grinshpun, Y. Rottenberg, I.Z. Ben-Dov, E. Djian, D.G. Wolf, L. Kadouri,
Serologic response to COVID-19 infection and/or vaccine in cancer patients on
active treatment, ESMO Open 6 (6) (2021), 100283, https://doi.org/10.1016/j.
esmoop.2021.100283.

C.Y. Jung, K.C. Kim, Y.S. Sung, in: Impressive Boosting of Anti-s1/s2 IgG
Production in COVID-19-Experienced Patients after the First Shot of the BNT162b2
mRNA COVID-19 Vaccine, 2019, pp. 1-6.

L.M. Greenberger, L.A. Saltzman, J.W. Senefeld, P.W. Johnson, L.J. DeGennaro, G.
L. Nichols, Antibody response to SARS-CoV-2 vaccines in patients with
hematologic malignancies, Cancer Cell 39 (8) (2021) 1031-1033, https://doi.org/
10.1016/j.ccell.2021.07.012.

D. Steensels, N. Pierlet, J. Penders, D. Mesotten, L. Heylen, Comparison of SARS-
CoV-2 antibody response following vaccination with BNT162b2 and mRNA-1273,
JAMA, J. Am. Med. Assoc. 326 (15) (2021) 1533-1535, https://doi.org/10.1001/
jama.2021.15125.

U. Binay, F. Karakecili, E. Binali, O. Barkay, O. Gul, C. Mertoglu, Level of SARS-
CoV-2 IgG Antibodies after Two Doses CoronaVac Vaccine: Primarily Report, Res.
Sq., 2021.

S. Sambhara, J.E. McElhaney, Inmunosenescence and influenza vaccine efficacy,
Curr. Top. Microbiol. Immunol. 333 (1) (2009) 413-429, https://doi.org/10.1007/
978-3-540-92165-3_20.

H. Ilkhani, N. Hedayat, S. Farhad, Novel approaches for rapid detection of COVID-
19 during the pandemic: a review, January, Anal. Biochem. 634 (2021), https://
doi.org/10.1016/j.ab.2021.114362.

T. Ozer, B.J. Geiss, C.S. Henry, in: Review — Chemical and Biological Sensors for
Viral Detection Review — Chemical and Biological Sensors for Viral Detection,
2020, https://doi.org/10.1149/2.0232003JES.

N. Kohmer, S. Westhaus, C. Riihl, S. Ciesek, H.F. Rabenau, Brief clinical evaluation
of six high-throughput SARS-CoV-2 IgG antibody assays, J. Clin. Virol. 129 (May)
(2020), 104480, https://doi.org/10.1016/j.jcv.2020.104480.


https://doi.org/10.1016/j.cmi.2021.05.004
https://doi.org/10.1016/j.cmi.2021.05.004
https://doi.org/10.1016/j.bios.2021.113868
https://doi.org/10.1016/j.bios.2021.113868
https://doi.org/10.1016/j.microc.2021.106718
https://doi.org/10.1016/j.microc.2021.106718
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref17
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref17
https://doi.org/10.1016/j.cca.2020.04.026
https://doi.org/10.1038/s41577-020-00434-6
https://doi.org/10.3390/jcm10102128
https://doi.org/10.3390/jcm10102128
https://doi.org/10.1016/B978-0-12-811865-8.00009-X
https://doi.org/10.1016/B978-0-12-811865-8.00009-X
https://doi.org/10.1080/22221751.2020.1743767
https://doi.org/10.1080/22221751.2020.1743767
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref23
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref23
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref23
https://doi.org/10.1038/s41467-020-17892-0
https://doi.org/10.1038/s41467-020-17892-0
https://doi.org/10.1016/J.DIAGMICROBIO.2020.115294
https://doi.org/10.1016/J.DIAGMICROBIO.2020.115294
https://doi.org/10.1042/EBC20150012
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref27
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref27
https://doi.org/10.1002/jmv.25727
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref29
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref29
https://doi.org/10.1038/jid.2013.287
https://doi.org/10.1038/jid.2013.287
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref31
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref31
https://doi.org/10.1002/ajh.26322
https://doi.org/10.1002/ajh.26322
https://doi.org/10.20411/pai.v6i1.441
https://doi.org/10.20411/pai.v6i1.441
https://doi.org/10.1371/journal.pone.0237828
https://doi.org/10.1371/journal.pone.0237828
http://www.loewe-info.com
https://doi.org/10.1590/s0365-05962010000400010
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref37
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref37
https://doi.org/10.1038/s41467-020-20095-2
https://doi.org/10.1016/j.xpro.2021.100815
https://doi.org/10.1016/j.xpro.2021.100815
https://doi.org/10.1016/j.bios.2018.08.006
https://doi.org/10.1016/j.bios.2018.08.006
https://doi.org/10.1016/S1872-2040(11)60518-5
https://doi.org/10.1016/S1872-2040(11)60518-5
https://doi.org/10.1128/jvi.00671-11
https://doi.org/10.1128/jvi.00671-11
https://doi.org/10.1039/d1ra00637a
https://doi.org/10.1016/j.mtchem.2021.100443
https://doi.org/10.1016/j.mtchem.2021.100443
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref45
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref45
https://doi.org/10.3390/s21041109
https://doi.org/10.3390/s21041109
https://doi.org/10.1016/j.bios.2020.112214
https://doi.org/10.1016/j.bios.2020.112214
https://doi.org/10.1016/j.elecom.2009.12.028
https://doi.org/10.1016/j.elecom.2009.12.028
https://doi.org/10.1016/j.sbsr.2020.100343
https://doi.org/10.3390/bios10020009
https://doi.org/10.1101/2020.09.07.20190173
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.3390/v13030422
https://doi.org/10.3390/v13030422
https://doi.org/10.1001/jama.2021.12339
https://doi.org/10.1001/jama.2021.12339
https://doi.org/10.1001/jamaoncol.2021.2675
https://doi.org/10.1016/j.esmoop.2021.100283
https://doi.org/10.1016/j.esmoop.2021.100283
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref57
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref57
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref57
https://doi.org/10.1016/j.ccell.2021.07.012
https://doi.org/10.1016/j.ccell.2021.07.012
https://doi.org/10.1001/jama.2021.15125
https://doi.org/10.1001/jama.2021.15125
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref60
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref60
http://refhub.elsevier.com/S0003-2697(22)00362-1/sref60
https://doi.org/10.1007/978-3-540-92165-3_20
https://doi.org/10.1007/978-3-540-92165-3_20
https://doi.org/10.1016/j.ab.2021.114362
https://doi.org/10.1016/j.ab.2021.114362
https://doi.org/10.1149/2.0232003JES
https://doi.org/10.1016/j.jcv.2020.104480

	A review post-vaccination SARS-CoV-2 serological test: Method and antibody titer response
	1 Introduction
	1.1 Serological test method
	1.2 Post-vaccination antibody level response

	2 Conclusion
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


