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Current advances in the detection of COVID-19
and evaluation of the humoral response
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The new outbreak caused by coronavirus SARS-CoV-2 started at the end of 2019 and was declared a

pandemic in March 2020. Since then, several diagnostic approaches have been re-adapted, and also

improved from the previous detections of SARS and MERS coronavirus. The best strategy to handle this

situation seems to rely on a triad of detection methods: (i) highly sensitive and specific techniques as the

gold standard method, (ii) easier and faster point of care tests accessible for large population screening,

and (iii) serology assays to complement the direct detection and to use for surveillance. In this study, we

assessed the techniques and tests described in the literature, their advantages and disadvantages, and the

interpretation of the results. Quantitative reverse transcription polymerase chain reaction (RT-qPCR) is

undoubtedly the gold standard technique utilized not only for diagnostics, but also as a standard for com-

parison and validation of newer approaches. Other nucleic acid amplification methods have been shown

to be adequate as point of care (POC) diagnostic tests with similar performance as RT-qPCR. The analysis

of seroconversion with immunotests shows the complexity of the immune response to COVID-19. The

detection of anti-SARS-CoV-2 antibodies can also help to detect previously infected asymptomatic indi-

viduals with negative RT-qPCR tests. Nevertheless, more controlled serology cohort studies should be

performed as soon as possible to understand the immune response to SARS-CoV-2.

1. Introduction

A new type of pneumonia, named coronavirus disease 2019

(COVID-19), appeared in Wuhan, Hubei Province, China at the

end of 2019.1 The agent behind it is the new severe acute res-

piratory syndrome coronavirus (SARS-CoV-2) that emerged as

the most major global healthcare challenge for a century.

Since its appearance, over 86 million people have been

infected, more than 1.86 million died so far, and the over-

stretched health systems caused additional excess deaths to

those already caused by COVID-19.2–4

SARS-CoV-2 is a single-stranded positive-sense RNA

(+ssRNA) virus, surrounded by a lipidic envelope, with a dia-

meter of 80–90 nm. The genome is organized into 3 main

regions: two open reading frames (ORF), ORF1a and ORF1b,

located at the 5′ end. These large genes encode 16 non-struc-

tural proteins, including RNA-dependent RNA polymerase

(RdRp) and RNA helicase. The third region comprises genes

encoding the structural and accessory proteins at the 3′ end.5

Scheme 1 illustrates the virion and its main structural pro-

teins: transmembrane proteins M and E, nucleoprotein N and

trimeric glycoprotein spike S, composed of subunits S1 and

Scheme 1 Illustration representing SARS-CoV-2. (a) Genomic structure

and (b) main structural proteins N, E, M, S, and the recognition domain

of protein S (RBD). Subunits S1 (including RBD) and S2 in different

colours.
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S2. Unlike the common winter cold virus, SARS-CoV-2 does not

primarily affect the upper respiratory tract. Instead, it invades

and replicates in low respiratory tract tissues and lungs, where

angiotensin-converting enzyme 2 (ACE2) receptors are abun-

dant and permissive.5–9 The entrance into cells is mediated by

the trimeric glycoprotein S, which recognises and binds to the

ACE2 receptor via its receptor-binding domain (RBD).10 The

RBD-ACE2 union induces the incorporation of the viral RNA

into the cell, triggering the viral replication and virion assem-

bly in double membrane vesicles.11

Until now, the key strategy that proved to be effective in lim-

iting the virus spread is the use of masks, being in open air or

permanently ventilated spaces, frequent hand washing and the

restriction of individual contacts and mobility, guided by the

early and accurate diagnosis of the infection.12

It has been estimated that about 86% of all infected

patients have not been diagnosed, and half of them were

contagious.12,13 False-negative rates occur in approximately

30% of patients with COVID-19.14,15 A false-negative diagnosis

can have serious consequences as unknown contagious people

will inevitably spread its infection, hampering efforts to

contain the spread of the virus and exposing healthcare

workers to the virus.13,16

Current available diagnostic tests to handle the outbreak

situation include a triad of complementary approaches, from

rapid clinical decisions to the screening of large populations

(Scheme 2).17 First, highly sensitive and specific molecular

tests are needed to detect the presence of the viral nucleic

acids. RT-qPCR is the gold standard technique because of its

sensitivity and specificity.18–20 However, the pandemic has

overwhelmed RT-qPCR testing capacity in most countries, an

expected situation when contagious cases increase exponen-

tially.21 Second, a triage of suspected cases is needed for large

populations. For this purpose, POC tests and those analysed in

basic laboratories can be ideal for the diagnosis of SARS-CoV-2

infection. These tests permit a fast and accurate diagnosis of a

medical condition at the time and place of patient care. Ideal

POC tests should be fast (in hours, rather than days), simple-

to-use for non-specialized personnel, and able to be performed

at the bedside or nearby basic facilities. Third, antibody detec-

tion is key to understanding the natural history of the infection

and to determine the accurate rates of transmission, fatality

and mortality, the correlation with possible unknown future

sequelae, and the development of protective anti-SARS-CoV-2

antibodies.22 In particular, serology tests are especially useful

to diagnose suspected patients with negative RT-qPCR results

and to identify asymptomatic infections.23 Seroconversion

implies current and past exposure to the virus. Therefore, it is

an ideal tool for surveillance, as it can be tested in common

laboratories or at the POC, depending on the type of sample

required.24

Other diagnostic methods, such as changes in computed

tomography images,25,26 voice changes and different predictive

algorithms,27 associated or not with Artificial Intelligence

methods, are being developed or are already in use.28,29 For

surveillance of COVID-19, smartphones offer a fast and simple

Scheme 2 Schematic illustration of the diagnosis triad in pandemic situations. The upper part of the graphic (pink) represents the diagnostic

methods that require central-laboratories and technology. The bottom part (yellow) represents the utilization of POC tests for direct SARS-CoV-2,

the serological determinations of COVID-19, and the surveillance of large populations.
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way to share epidemiological data, POC testing and patient

monitoring in real time.30–35 Even though these technologies

have been demonstrated to be very useful, we will focus on

molecular and immunological techniques and their specific

targets in this review. We will start with the direct confirmation

of the virus by nucleic acid determination techniques and

other approaches for viral antigen detection. We will assess the

current serology tests and the information that has been avail-

able so far to comprehend the natural history of the antibody

immune response.36,37

1. Direct virus detection

Since January 10, 2020, when the entire SARS-CoV-2

sequence was shared via the Global Initiative on Sharing All

Influenza Data (GISAID) platform, hundreds of researchers

and companies have developed different strategies to detect

the virus. In this section, we will describe the different tech-

niques that have been adapted to detect the virus. The strat-

egies typically search for the presence of either viral nucleic

acids or viral proteins, mostly in nasopharyngeal swab (NPS)

samples.

1.1 Reverse transcription polymerase chain reaction

(RT-PCR)

This method recognises tiny amounts of a specific RNA

target by sequence-specific primers. The recognised RNA is

then transcribed into cDNA by the reverse transcriptase

enzyme. Once arriving to this point, the assay continues as a

typical PCR assay, amplifying the transcribed sequence by

several orders of magnitude. To this end, a thermal cycler gen-

erates repeated cycles of heating and cooling to permit nucleic

acid melting, annealing and DNA replication by a DNA poly-

merase. For viral infections, quantitative RT-PCR (RT-qPCR)

results are faster and more sensitive than conventional

RT-PCR as it monitors the progress of the reaction in real time

using fluorescent labels or electrical signals.38–41 This real

time technique has shown the highest sensitivity, and cur-

rently is the gold standard assay for SARS-CoV-2 detection.18,42

Current RT-qPCR kits typically search for one or more of the

following gene targets: RdRp and envelope protein E,18 RNA

polymerase/Helicase (Hes),43 nucleocapsid protein N alone44 or

in combination with ORF1b45 or glycoprotein S.46 It has been

proposed that a multitarget gene amplification can play a key

role in increasing sensitivity and preserving specificity, some-

thing of special importance for coronavirus diagnosis due to the

high probability of mutations.47,48 However, other researchers

did not find significant differences between the performance

of the different multitarget and single-target strategies.49–51

Furthermore, the kit developed at Rutgers University, for

ORF1ab, N and S genes, considers a sample as positive for

SARS-CoV-2 if amplification is detected with at least two of the

three target sequences. More specifically, the ORF1ab region

shows 83% sensitivity compared to 100% for the S and N genes,

and 100% specificity in all cases.52 The comparison between

different kits did not show cross-reactivity with other respiratory

viruses, except for the SARS-CoV E gene, as expected.53

Recently, the Centre of Disease Control of USA developed

an Influenza – SARS-CoV-2 (Flu SC2) multiplex assay for the

simultaneous RT-qPCR diagnosis of influenza and COVID-19,

two frequent diseases with some similar symptoms.54 The

approach utilizes protein N gene for the detection of

SARS-CoV-2, matrix (M1) gene for the detection of influenza A,

and nonstructural 2 (NS2) gene for the detection of influenza

B. Of particular importance, the test includes the RNase P gene

for the detection of human nucleic acid as an internal control.

An ultrafast molecular testing device developed by the start-

up GNA Biosolutions from the Ludwig Maximilians University

of Munich has recently received considerable attention.55 The

fundamentals of this system rely on DNA detection driven by

the localized heating of microcyclers immersed in the reaction

solution. By keeping the excitation of the microcyclers to a

microsecond time scale, the heat field generated in the dena-

turation step extends by only a few micrometres into the reac-

tion solution. Consequently, only a minute fraction (≪1%) of

the reaction solution is heated to the denaturation tempera-

ture, while the rest of the solution remains at the initial

temperature, allowing for elongation and annealing. The

functionalization of the microcyclers with DNA complemen-

tary to the amplicon permits the localization of the reaction

onto the heating surface. This development is based on the

foundational work by Stehr et al. on the optothermal melting

of DNA attached to gold nanoparticles (AuNPs).56,57 The latest

approach utilizes the Joule heating of conductive microheaters,

such as micrometre-sized metal wires or ultrathin microstruc-

tured metal foils. The patented PCR technology operates with

short pulses to control temperature cycles at the nano to micro

scale, accelerating the PCR reaction times by a factor of ten.58

The reverse transcription, amplification and detection of the

SARS-CoV-2 viral RNA can be performed simultaneously in up

to 8 samples and within 15 min.

Table 1 shows a summary of several RT-qPCR kits and

probes for the diagnoses of SARS-CoV-2 developed by different

Institutions. The Food & Drug Administration, Test-Tracker

and The Foundation for Innovative New Diagnostics

(FIND) webpages provide updates on the available

SARS-CoV-2 molecular tests.59–61

Most protocols are referred to NPS samples. However, RT-

qPCR has also good sensitivity in saliva samples. The collec-

tion of saliva is currently being used as a simpler and safer

strategy for self-sample collection and delivery.52,72–74

1.2 Isothermal amplification techniques

Based on the same idea of biological amplification of

nucleic acids, newer molecular techniques have emerged,

playing an important role in resource-limited regions. As pre-

viously mentioned, PCR assays require cycles of different temp-

eratures to complete the different steps of melting, annealing

and replication. Isothermal amplification substitutes the high

temperature melting of nucleic acids by DNA polymerases with

high strand displacement activity. These enzymes advance the

separation of the DNA strands, while they synthesize the new

complementary strands. When incubated at their optimal

temperatures, these polymerases are extremely efficient, as

multiple molecular reactions can proceed simultaneously,

rather than being forced to operate sequentially.75
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There are several different strategies: loop-mediated isother-

mal amplification (LAMP), nucleic acid sequence-based ampli-

fication (NASBA) or transcription mediated amplification

(TMA), strand displacement amplification (SDA), helicase-

dependent amplification (HDA), isothermal recombinase poly-

merase amplification (RPA), rolling-circle amplification (RCA)

and signal amplification by ternary initiation complexes

(SATIC).76 Some of these approaches have already been

adapted as POC testing for COVID-19.77,78 In these cases, as

the target is an RNA molecule, the assays require a first step of

enzymatic reverse transcription of the viral RNA into cDNA.

Loop-mediated isothermal amplification

LAMP assays utilize a DNA polymerase that requires a set of

two or three pairs of primers to amplify the sequences at a con-

stant temperature of 60–65 °C.79,80 In a typical assay, 4 primers

are used to recognize different regions of the target sequence.

Two additional primers and a recombinase enzyme are used to

produce the amplification of the genetic material in a continu-

ous loop or dumbbell structure (Scheme 3). The result can be

determined by turbidimetry,81 caused by magnesium pyropho-

sphate precipitate (a byproduct of the amplification); by a

change in colour with the addition of pH-sensitive dyes; by

fluorescence based on fluorophores that recognize and bind to

dsDNA in real time; or by immunochromatography.82,83 This

technique is faster than PCR, taking <1 h and does not require

complex technology, such as thermocyclers. However, the non-

specificity of the detected signal, as it relies on the changes in

the physicochemical properties of the system, can become a

limitation. When the assay is left to proceed for longer periods,

a false positive result can occur by nonspecific amplification.84

Several groups have already adapted this method to the

detection of SARS-CoV-2 using different dyes (SYBR green,85

phenol red,86–89 WarmStart®90 and calcein91) for naked eye

detection. Most of the protocols search for nucleoprotein N.

However, some groups include different genes in the same

test, i.e., ORF1ab and N or E and N, for simultaneous detec-

tion. This strategy permits the combination of a highly specific

region, like ORF1ab or E, with the high sensitivity offered by

gene N to guarantee both conditions.86,90,92 In general, the

Table 1 Some of the available detection tests based on polymerase chain reaction

Test and institution Gene/region target Limit of detection (LoD) Ref.

Centre for disease control and prevention, China ORF1ab and N 1.5 copies per reaction 62
Charité virology, Berlin, Germany RdRp, E and N 5.2; 3.8; 8.3 copies per reaction

respectively
18 and
63

School of Public Health, LKS Faculty of Medicine, University of
Hongkong, China

ORF1b and N <10 copies per reaction 45

Beijing Wantai Biological Pharmacy Enterprise Co. Lt ORF1b and N 1–10 copies per reaction 61
Seegene Inc. Allplex™ 2019-nCoV assay RdRp, E and N 1–10 copies per reaction 61
RT-qPCR, National Institute of Infectious Disease N gene 5 copies per reaction 64 and

65
CDC 2019 novel coronavirus (nCoV) real-time RT-PCR N1 and N2 ∼31 and 6 copies per reaction 44
Institut Pasteur RdRp and E 10 copies per reaction 66
Boditech Med. Inc ExAmplar COVID-19 real-time PCR kit E gene 10–50 copies per reaction 54 and

61RdRp gene 50–100 copies per reaction
COVID-19-RdRp/Hel RT-PCR assay RdRP/Helicase 11.2 copies per reaction 43
Simplexa S and ORF1ab 500 copies per mL 67
nCoV-QS (MiCo BioMed) ORF3a and N 1.8 and 4.24 copies per mL 68
Shanghai Kehua Bio-Engineering Co. Ltd KHB diagnostic kit ORF1ab, N and E 1–10 copies per reaction 61
BGI Health (HK) Co. Ltd, RT-PCR kit for detection 2019-nCOV
(CE-IVD)

ORF1 gene 1–10 copiesper reaction 61

The Rutgers Clinical Genomics Laboratory SARS-CoV-2 Assay ORF1ab, S and N 200 copies per mL 52
bioMérieux SA ARGENE® RdRp and N 1–50 copies per reaction 61
SARS-COV-2 R-GENE®
Tib Molbiol/Roche Diagnostic Multiplex RNA Virus Master E gene 1–10 copies per reaction 61
RealStar® SARS-CoV-2 RT-PCR kit (Altona Diagnostics) E: betacoronavirus 1–10 copies per reaction 69

E- S: SARS-CoV-2 1–10 copies per reaction
RT-PCR + restriction fragment length polymorphism RdRp and E 204 and 70 copies per reaction

respectively
70

COVID-19-nsp2 Non-structural protein 2
(nsp2)

1.8 TCID50 per mL 71

Scheme 3 Schematic illustration of RT-LAMP assay. The amplification

is performed in a constant temperature water bath. In this example, pro-

ducts are detected with a vertical flow visualization strip. Reproduced

from ref. 82 with permission from Frontiers, copyright 2018.
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limit of detection (LoD) for the LAMP assay has shown lower

but comparable performance to that of RT-qPCR, and it is

highly recommended for the large-scale diagnostic testing of

SARS-CoV-2.69,84

Recombinase polymerase amplification

RPA is the adaptation of the homologous recombination

process of DNA. In a typical assay, a recombinase protein and

recombinase factors form a nucleoprotein filament with the

primer that searches for homologous sequences in DNA. This

complex splits the dsDNA, the recombinase disassembles, and

a DNA polymerase initiates the replication process following

the primer. The incorporation of both forward and reverse

primers enables the exponential accumulation of the amplified

duplex DNA, consisting of the sequence between the forward

and reverse primers.75 Several methods of detection have been

applied in combination to RPA. However, for the detection of

SARS-CoV-2, it has been mostly used in combination with the

clustered regularly interspaced short palindromic repeats

(CRISPR) assay (see subsection 1.3).

Transcription mediated amplification

TMA starts with the retroviral transcription of RNA into

cDNA; after which, the RNA is degraded and the new cDNA

replicated into double stranded DNA (dsDNA). dsDNA is then

transcribed into new RNAs, which repeat the amplification

cycle. Pham et al. developed an assay for the detection of two

separate target sequences in the ORF1ab region by an auto-

mated system.93 A study to evaluate the capacity of the TMA

assay to detect the virus in clinical samples has shown a con-

cordance of almost 100% with the RT-qPCR method both in

sensitivity and specificity.94 The assay takes 3.5 h to complete.

However, the main limitation of this technique is the need of

an automated set up, which increases the costs of the assay.

Signal amplification by ternary initiation complexes

SATIC is a one-step real-time assay for RNA detection. The

reaction occurs at 37 °C, and it does not require reverse tran-

scription steps. It involves the formation of a ternary initiation

complex between a circular DNA template, a DNA primer and

the target RNA. The ternary complex is amplified to generate

multiple copies of G-quadruplex (G4) by the rolling-circle

amplification (RCA) technology. RCA copies the natural

process of the unidirectional nucleic acid replication of circu-

lar molecules of DNA or RNA, such as plasmids, bacterio-

phages and viroid genomes. After amplification, specific

fluorophores, such as N3-hydroxyethyl thioflavin T (ThT-HE),

show selective emission when interacting with G4s, allowing

real-time detection.95 The method can be also adapted to

direct visual detection by the formation of two different

ternary initiation complexes. The SATIC assay has been

recently approved for SARS-CoV-2 detection.96 The technique

does not require specific set-ups, and virus determination can

be made in about 25 min after sample collection. Authors

claimed the reaction is highly specific, however there are no

references about the sensitivity of the assay.

1.3 Clustered regularly interspaced short palindromic repeats

CRISPR-Cas enzymes and CRISPR sequences composed of a

primitive immune system were developed to defend prokar-

yotes against bacteriophages and mobile genetic

elements.97–100 This system has been adapted for genome

editing by recent Nobel laureates, Emmanuelle Charpentier

and Jennifer A. Doudna. The CRISPR-Cas editing method has

revolutionized genetic engineering and in the last years, has

been adapted for diagnostic strategies. The principle relies on

the endonuclease activity of CRISPR-Cas enzymes that recog-

nize the presence of specific sequences via programmable

CRISPR-RNA (crRNA). When the crRNA binds the target

sequence, the endonuclease activity is triggered, and the recog-

nised nucleic acid is cut. For diagnostic purposes, Cas12 and

Cas13a are the preferred enzymes, as they present a secondary

activity of nonspecific cutting once the specific endonuclease

activity has been triggered. Cas12 targets dsDNA and its sec-

ondary activity determines the multiple cuts of any ssDNA

found.101 Cas 13a targets ssRNA and its secondary activity

determines the cutting of cis and trans ssRNA.102,103 The use of

linked quenched/fluorescent probes permits the detection of a

fluorescent signal after the endonuclease activity cleaves the

reporter molecule, indicating the presence of the nucleic

sequence.104–106 The main difference with previously described

methods relies on the ability of CRISPR assays to identify the

amplified gene, making the strategy more specific.69

Broughton et al. have adapted this molecular test to detect

SARS-CoV-2 in RNA-extracted samples in <40 min.16 The test is

called SARS-CoV-2 DNA endonuclease-targeted CRISPR trans

reporter (DETECTR), and is based on RT-LAMP amplification,

followed by the detection of predefined coronavirus sequences

by the enzyme Cas12. The primers target the E and N genes,

and human RNase P for quality control. The test can be visual-

ized by fluorescence or as a lateral flow assay, using 6-carboxy-

fluorescein-biotin conjugate as the reporter molecule that

binds to the control line if uncleaved, and to the detection line

when cleaved by Cas12. The estimated LoD for the DETECTR

assay was 10 copies per μl reaction. The sensitivity and speci-

ficity relative to the RT-qPCR assay are 95% and 100%, respect-

ively. A similar protocol was developed by Curti et al., in which

primers are directed to recognize the RdRp, ORF1b and ORF1ab

regions (Scheme 4).107 Based on the same enzyme,

Ramahandran et al. developed an assay in which they achieve

an electric field gradient using isotachophoresis (ITP) on a

microfluidic chip.108 The strategy combines ITP for purifi-

cation, LAMP for amplification, and ITP enhanced CRISPR for

detection. The sensitivity and specificity are comparable to

other CIRSPR assays, but the entire process, from raw sample

to result, can be performed in 30 min. However, the need of a

device with electrodes for ITF on microchips can become an

economic limitation of the technique.

Several protocols have been developed based on Cas13a

and isothermal amplification. The strategy named

SHERLOCK,104–106 developed two years ago, has already been

adapted by different groups for the diagnosis of

COVID-19.109,110 The SHERLOCK COVID-19 test targets ORF1ab

and glycoprotein S genes. It shows high sensitivity, reaching a

LoD (of synthetic COVID-19 RNA sequence) in the range

between 10–100 copies per μL in lateral flow assays.109 In the
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same line, the group of Hou et al. developed a similar assay to

recognize the OFR1ab region, but used a fluorescence-based

label for detection, achieving a LoD that was ten times

lower.110 Rauch et al. developed another protocol based on

Cas13a, named CREST, for the amplification and detection of

protein N genes from SARS-CoV-2. This test can be utilized

either for qualitative determinations associated with a lateral

flow assay or for quantitative determinations based on fluo-

rescence measurements, with similar LoD to the abovemen-

tioned CRISPR assays.111

1.4 Genomic hybridization

The ability of nucleic acids to recognize and hybridize with

specific sequences can be utilized for direct genomic detection.

Different strategies have been developed to generate a detect-

able signal once hybridization occurs. These tests are usually

easier and can be performed faster, as they do not require pre-

vious amplification steps. However, the lack of an amplification

strategy significantly decreases the sensitivity of the method.

Moitra et al. designed a AuNP colourimetric bioassay for

the naked-eye detection of specific genetic sequences of

SARS-CoV-2.112 In recent years, colourimetric biosensing based

on AuNPs has garnered great attention due to their well-known

optical properties: high extinction coefficient due to the pres-

ence of a localized surface plasmon resonance (LSPR)

and photostability.113,114 In this work, authors functionalized

AuNPs with thiol-terminated antisense-oligonucleotides

(ASOs) complementary to different regions of the nucleopro-

tein gene. When ASO-capped AuNPs find their target

sequence, stable aggregates form, changing their LSPR and

colour (Scheme 5). The advantage of this test relies on the sim-

plicity of naked-eye detection. To improve detection, a treat-

ment with RNaseH at 65 °C for 5 min after incubation with the

RNA extracted sample is utilized, generating a visual precipi-

tate from the dispersion reaching a LoD of 0.18 ng μL−1.

A similar approach, based on the LSPR of gold nanoislands

(AuNIs), was developed by Qiu et al. In this case, the sample is

located over a glass surface functionalized with ASO labelled

AuNIs. The plasmonic chip is measured in an interferometric

LSPR phase sensing system operated in attenuated total reflec-

tion mode at the interface between the glass substrate and

liquid environment. When ASO-AuNIs detect the RdRp

sequence of SARS-CoV-2, the local refractive index changes

according to the binding events. To improve specificity, ther-

moplasmonic heat is used to increase the temperature of

hybridization, facilitating the discrimination of similar

Scheme 4 Schematic illustration of the CRISPR-Cas12 workflow.

General scheme of the CRISPR detection procedure visualized by a flu-

orescent reader or lateral flow strip. Reproduced from ref. 107 with per-

mission from bioRivx, copyright 2020.

Scheme 5 Schematic representation of a hybridization assay. Selective

naked-eye detection of SARS-CoV-2 RNA mediated by ASO-capped

AuNPs. Reproduced from ref. 112 with permission from ACS, copyright

2020.
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sequences based on the principle proposed by Stehr et al.56

The LoD is 0.22 pM in a multigene mixture.115

Genomic microarrays have been developed in the past

for the detection and differentiation of circulating

coronaviruses.116–118 The principle relies on the reverse tran-

scription of RNA and the posterior labelling of newly syn-

thesized cDNA. Different surfaces in the array are functiona-

lized with complementary sequences to bind and retain the

labelled cDNA, thus indicating the presence of the virus

nucleic acid. To the best of our knowledge, this strategy has

not been developed yet for the recognition of SARS-CoV-2,

probably due to its high cost. However, the detection of

different emergent strains of the virus may become necessary

if the pandemic continues spreading so fast, and microarrays

are very efficient to this end.78

In section 2, we will assess protein microarrays developed

for serologic determinations of COVID-19.

1.5 Antigen detection

Direct antigen detection refers to the specific immunore-

cognition and binding of a target molecule by antibody–

antigen reaction. Assays are usually simple and take a few

minutes. However, the main limitation of these techniques is

the low sensitivity they present as a consequence of the

absence of an amplification step.

Different methods are being developed to improve the

direct antigen detection based on different technologies.

Electrochemical biosensors

These devices provide specific analytical information using

a bioreceptor in direct spatial contact with an electrochemical

transduction element. Seo et al. developed a field-effect tran-

sistor-based biosensor (FET) that utilizes the high conductivity

of graphene and the specificity of anti-SARS-CoV-2 spike anti-

bodies to detect the presence of the virus, recognising and

binding the spike protein in NPS samples from COVID-19

patients.119 It is a very simple POC test, as it does not require

previous sample preparation. According to the authors, the

sensor can detect the S protein without the need of any special

treatment to separate it from the viral capsid. The assay has

shown high sensitivity (242 copies per mL) compared to other

antigen immunodetection tests (Scheme 6).120,121

Lateral flow immuno-assays (LFIA)

These are chromatographic paper POC tests designed for

the direct determination of a target molecule by its recognition

with labelled antibodies. The result can be recognized by the

presence of one or more coloured lines in a paper strip (more

details in section 2). These rapid POC tests have been adapted

for the direct detection of nucleocapsid antigens present in

respiratory samples using reporter antibodies labelled with

fluorophores122 or AuNPs.123 The performance of these tests is

around 56–68% relative to RT-qPCR determination in individ-

uals with high viral loads, corresponding to symptomatic and

hospitalized COVID-19 patients. However, when utilized in

populations including asymptomatic individuals with low viral

loads, the percentage of detection significantly decreases.121

As previously mentioned, genomic hybridization and anti-

genic detection assays have shown low performance compared

to nucleic acid detection assays due to the lack of amplifica-

tion. Other strategies, such as surface enhanced Raman spec-

troscopy (SERS) based systems and microfluidic chips that

could increase sensitivity, are also considered for development

and approvement.78,124,125 Yeh et al. developed a multivirus

capture component with optical detection by SERS that has

been validated for avian influenza A virus, and could be

adapted to detect SARS-CoV-2.126 The implementation of elec-

trical and optical biosensors, mainly oriented to protein reco-

gnition, to the detection of nucleic acids for sensitive POC

tests is currently a hot topic of discussion.125,127–129

2. Serology determinations

Seroconversion is the appearance of antibodies against a

pathogen, in our case SARS-CoV-2. Most serological tests

search for antibodies against nucleoprotein N and glycoprotein

S because of their high immunological reactivity as B-cell

epitopes.130,131

A variety of immunoassays have been developed for serology

determinations, which show a technical advantage over mole-

cular determinations: antigens and antibodies, present in

samples and in detection kits, are much more stable than RNA

(Scheme 7a).132 Another advantage is the longer period of time

seroconversion offers to the indirect detection of the virus. In

this section, we have mainly focused on enzyme-linked

immuno-sorbent assay (ELISA) and the related techniques, LFIA

and protein microarrays, as they are most adequate for first line

screening due to their simplicity and high-throughput. Table 2

presents a list of different serological assays. The FIND webpage

provides updates on the available SARS-CoV-2 tests.133

Viral genome sequencing, virus-culture and antibody-neu-

tralization assays are paramount important studies to evaluate

new SARS-CoV-2 mutations and to determine the capacity

of antibody protection against the disease.148,154–157

Nevertheless, they are not strictly diagnostic tests, but more

complex studies, and are out of the scope of this review.

Scheme 6 COVID-19 FET sensor operation procedure. Left: Schematic

illustration of the device, in which SARS-CoV-2 spike antibodies are con-

jugated to graphene via a probe linker. Right: Real-time response of

COVID-19 FET toward SARS-CoV-2 clinical sample. Reproduced from

ref. 119 with permission from ACS, copyright 2020.
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2.1 Enzyme-linked immunosorbent assay

ELISA includes a family of assays, in which antibody–antigen

recognition reactions take place. Since its development in the

early 1970s, many different strategies involving primary and

secondary antibodies labelled with fluorophores, enzymes that

produce colourimetric reactions, and nanomaterials have been

implemented with great success.158,159 Currently, most tests

for anti-SARS-CoV-2 antibody detection follow the indirect

strategy in which a surface is coated with viral proteins to be

recognized by specific antibodies. After incubation with the

sample, the plate is rinsed and filled with labelled anti-human

antibodies that will bind to the anti-SARS-CoV-2 antibodies

retained by viral antigens (Scheme 7b).78 Following this strat-

egy, Amanat et al. utilized two different recombinant versions

of the spike protein S: the full-length trimeric spike protein

and the much smaller RBD.144,160 Banked serum samples (pre-

vious to COVID-19 pandemic) did not show cross-reactivity,

while all patients positive for COVID-19 showed seroconversion

with higher reactivity against the complete trimeric S protein

compared to the RBD fragment. This was probably due to the

major number of epitope regions.145,161 Bound antibodies

were revealed using an anti-human-IgG horseradish peroxidase

(HRP) conjugated secondary antibody. With similar strategies,

other serologic assays developed recombinant N protein, anti-

human IgM, and IgG conjugated to HRP or antibody-functio-

nalized AuNPs.162–164

Another strategy, named double-antibody sandwich mag-

netic chemiluminescence enzyme immunoassays (MCLIA), has

been also adapted for the detection of COVID-19. This strategy

utilizes magnetic beads functionalized with the selected

antigen. When antibodies are exposed to the antigens, they

will bind the beads via antibody–antigen reaction. These

beads can be easily collected and washed for detection.

Long et al. used a recombinant protein containing the

nucleocapsid N and a peptide from spike protein S.23 The

recombinant proteins were conjugated with fluorescein iso-

thiocyanate (FITC), and immobilized on anti-FITC antibody-

conjugated magnetic particles to detect IgM and IgG. In a

similar study, Cai et al. utilized synthetic antigens from

ORF1ab, S, and N proteins conjugated to bovine serum

albumin and a biotin–streptavidin system to measure IgM and

IgG with MCLIA.147 In both cases, the authors showed cases of

serology detection of COVID-19 in infected asymptomatic

patients with negative RT-qPCR, highlighting the importance

of serologic testing.

Most ELISAs utilize proteins N or S, alone or in combi-

nation with antigens from the ORF1ab region. In general, all

assays have shown comparable sensitivities. However, differ-

ences regarding the specificity have been found. Fig. 1 shows

the detection of cross-reactivity in samples of patients with

COVID-19.23,134,156,165,166 Moreover, in this work, Okba et al.

developed an assay using nucleoprotein N from SARS-CoV,

which detected anti-SARS-CoV-2 antibodies.148 Tian et al. com-

pared the performance of SARS-CoV-2 RBD, S1, or S trimer

antigens in ELISA determinations.167 The authors found that

the S trimer cross-reacted at low levels with antibodies elicited

by circulating HCoV-OC43 and HCoV-HKU1 Betacoronavirus,

probably due to the higher homology of the S2 portion of the

trimer compared to the S1 portion alone. In the same study,

the authors found higher sensitivity for S1 and the S trimer

compared to RBD. This result can be expected since S1 and the

S trimer contain other epitopes besides RBD.

2.2 Lateral flow immuno-assay

This technique follows the same principles as ELISA, adapted

to a chromatographic paper strip for direct visualization.168

Scheme 7 Schematic illustration of immuodetection assays. (a) Different methods for protein detection. ELISA, LFIA, ECS: electrochemical sensing

and microarrays. (b) Indirect ELISA for antibody detection and sandwich ELISA for antigen detection assays. Scheme (b) is reproduced from ref. 78

with permission from ACS, copyright 2020.
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When the liquid sample is added at one end of the pad, it

runs by capillary forces along a functionalized surface with

reactive molecules. Typically, one line contains standard reco-

gnition molecules to control the quality of the test. In a second

line, the specific reactive molecules recognize the target, indi-

cating a positive result.169 New strategies for the simultaneous

recognition of different targets are based on the development

of multiplexed LFIA with several recognition lines.170 LFIAs are

adequate for POC qualitative tests and inexpensive, as they

require neither trained personnel nor any set up. Scheme 8

depicts a LFIA for the detection of anti-SARS-CoV-2 antibodies

developed by Li Zhengtu et al. The test uses a recombinant

Table 2 Some of the available detection tests based on immunoassays

Method Antigen Antibody Signalling method Ref.

Microarray 67 antigens Multitarget IgG Fluorescence 134
Magnetic chemiluminescence enzyme
immunoassay (MCLIA)

S and N proteins IgM and IgG Chemiluminescence 135 and
136

ELISA Euroimmun S1 domain IgA and IgG Absorbance 136–138
ELISA, COVID-AR Nucleoprotein N IgM and IgG Absorbance (HRP) 139
LFIA, Avioq Not reported IgM and IgG Naked-eye with AuNPs 136
ELISA Protein S IgM and IgG Absorbance (HRP) 140
LFIA RBD IgM and IgG Naked-eye with AuNPs 141
CLIA Abbot Nucleoprotein N IgG Chemiluminescence 138 and

142
Time-resolved fluorescence
Immunochromatography assay

Not reported IgM and IgG Fluorescence 143

ELISA RBD and trimeric
protein S

IgM and IgG Absorbance (HRP) 144 and
145

Double Sandwich ELISA RDB Total and IgM Absorbance (HRP) 146
Indirect ELISA Nucleoprotein N IgG
Indirect ELISA Nucleoprotein N IgA, IgM and

IgG
Absorbance 13

MCLIA Nucleoprotein N and
protein S

IgM and IgG Chemiluminescence 23

MCLIA ORF1ab, S, and N IgM and IgG Chemiluminescence 147
LFIA, NG-Test® Not reported IgM and IgG Naked-eye with AuNPs 138
ELISA RBD Total antibody Absorbance (HRP) 137
Indirect ELISA S1, S, RBD and N IgA and IgG Absorbance (HRP) 148 and

149Microarray S1 Betacoronavirus Fluorescence
ELISA Trimeric protein S IgM and IgG Absorbance 150
MCLIA RBD and N IgA, IgM and

IgG
Chemiluminescence 151

LFIA Nucleoprotein N IgG Naked-eye with lanthanide-doped
polystyrene nanoparticles

70

ELISA N Nucleoprotein N IgG Absorbance (HRP) 152
ELISA tri-S Trimeric protein S IgA, IgM and

IgG
Absorbance (HRP)

LFIA, FarmaCoV Nucleoprotein N IgM and IgG Naked-eye with AuNPs 153

Fig. 1 Cross-reactivity analysis of serum samples. Reaction of samples from patients with COVID-19 to (a) S proteins, and to (b) the S1 domain of

protein S of SASR-CoV-2, SARS-CoV and MERS-CoV measured by ELISA. Reproduced from ref. 148 with permission from CDC, copyright 2020.
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protein from the RBD of protein spike to bind specific IgM and

IgG. Trapped antibodies become visible with AuNPs-functiona-

lized secondary antibody markers.141 The test can be utilized

with blood samples from a finger prick and serum/plasma

from venous blood with the same performance. The clinical

detection sensitivity and specificity of this test was studied in

more than 500 patients. The sensitivity was 88.66% and the

specificity was 90.63% relative to RT-PCR determinations.

However, in a recent study carried out by the National COVID

Testing Scientific Advisory Panel from UK, the sensitivity

and specificity of LFIA vs. ELISA were compared by means

of RT-qPCR diagnosed samples as positive/negative for

SARS-CoV-2.150 The authors used the trimeric spike protein for

ELISA determinations. Antibodies binding to the S protein

were detected with alkaline phosphatase-conjugated anti-

human IgG or anti-human IgM. LFIA devices were designed to

detect IgM, IgG or total antibodies to SARS-CoV-2 by nine man-

ufacturers. The performances of LFIA and ELISA assays relative

to RT-qPCR determinations were such that the sensitivity

ranged from 65% to 85%, and the specificity ranged from 93%

to 100%, respectively. Of the 50 designated negative samples

tested by both ELISA and the nine different LFIA devices, 7

LFIA showed at least one false/positive result. Similar results

have been presented in another comparative study between the

ELISA and LFIA performances.171

Interestingly, several studies reported that the highest

overall sensitivity from serological tests was obtained from

total antibody determination protocols.141,143

2.3 Protein microarrays

This platform consists of a solid surface functionalized with

selected proteins that provides support for the interaction

between the immobilized and sample proteins. These chips

enable the study of hundreds and even thousands biochemical

properties of different proteins in parallel with high-through-

put.172 Okba et al. developed a microarray for the study of anti-

bodies against the betacoronavirus proteins N, S1 domain and

S.149 Early this year, the authors adapted their assay to include

SARS-CoV-2 in the analysis.148 Their study results are extremely

important for avoiding false-positive results, as most people

have been in contact with 4 endemic human coronaviruses. In

a similar study, Khan et al. developed a protein microarray to

analyse antibody response and cross-reactivity to SARS-CoV-2,

SARS-CoV, MERS-CoV, the common human coronavirus, and

other common respiratory viruses.134 Both groups identified

the cross-reactivity of antibodies against nucleocapsid protein

and glycoprotein spike (particularly at the S2 domain).134,148

3. Discussion
3.1 Humoral response

Previous experiences with the SARS-CoV and MERS-CoV epi-

demics permitted a rapid response from the medical and

scientific community to this outbreak.173,174 The SARS-CoV175

infection had shown that high antibody responses correlate

with longer and more severe diseases. Fig. 2 depicts the levels

of IgA, IgM and IgG in patients with mild, moderate and

severe COVID-19. As can be seen, and most studies indicate,

SARS-CoV-2 generates a similar humoral response compared

to SARS-CoV, in which higher levels of antibodies are indica-

tive of a more severe health condition.23,146,148,151 Two possible

mechanisms have been proposed to explain the association of

antibody levels and worse clinical outcome: a direct mecha-

nism by antibody-dependent enhancement (ADE) of infection,

and an indirect one via promotion of the cytokine storm.176

There are no clear indications of ADE disease at the moment,

and passive immunization from convalescent patient plasma

appears effective to treat COVID-19.177,178 Most studies point

toward an uncontrolled inflammatory and impaired adaptive

immune response as being responsible for local and systemic

tissue damage.176,178 In order to prevent pneumonia and other

clinical complications, the control of cytokine production and

immune response is mandatory. However, this strategy is chal-

lenging as it can lead to an insufficient immune response,

resulting in severe damage to patients.179 In this regard, inter-

leukine-6 (IL-6) is a clear example of this complex regulation,

as it stimulates both an inflammatory response and B-cell

differentiation for antibody production.178 Furthermore, new-

borns from SARS-CoV-2-infected mothers have shown high

levels of IL-6.178 Blanco-Melo et al. studied the host response

to SARS-CoV-2 by analysing the transcriptional response and

comparing it with other respiratory virus infections. It was

observed that the transcriptional signature leading to

COVID-19 is characterized by a fail in type I and type III inter-

feron response, accompanied by high levels of chemokines for

cell recruitment.180,181 Neufeldt et al. also studied the cytokine

activation routes and arrived at the conclusion that an imbal-

ance between immunoactivation and immunosuppression in

Scheme 8 Schematic illustration of the rapid SARS-CoV-2 antibody

test. (a) Detection device and (b) testing results. C: Control; G: IgG and

M: IgM lines. Reproduced from ref. 141 with permission from Wiley,

copyright 2020.
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host defenses seems to be the origin of the highly pathogenic

coronavirus infection, and is one of the main targets to sup-

press severe disease symptoms.182 In a recent study, De Biasi

et al. have proved that immune-regulation mediated by T cell

exhaustion (a down regulation of immune response cause by

the chronic stimulation generated by cancer or chronic viral

infections) and IL-10 have a key role in breaking the excessive

inflammation and helping to recover the homeostasis of the

lungs.183,184

A higher proportion of IgG anti-nucleocapsid protein

related to the anti-spike protein185 and elevated values of IL-6,

IL-8, and TNF-α cytokines have been proposed as predictors of

severity.186 However, other research studies disregard the

possibility of the major role of cytokines in driving the severity

of the disease.187 At present, we are still unable to differentiate

severe viral infections from immune-enhanced diseases, either

by clinical findings, immunological assays or biomarkers.188

Therefore, it is of utmost importance to identify the specific

features and biomarkers that occur during the immune

response to coronavirus infection.

A complementary strategy relies on the research of

COVID-19 in rhesus macaques.189 These monkeys develop a

similar disease as humans under exposure to SARS-CoV-2.190

Previously infected animals re-challenged with SARS-CoV-2

showed a protective neutralizing antibody response against re-

exposure with 5 log reductions in median viral loads.191,192 In

a recent study by Yu et al., a DNA vaccine encoding the full-

length protein S has been tested. Following vaccination,

animals were challenged with SARS-CoV-2, resulting in >3 log

reduction in viral loads. Authors found titers of vaccine-trig-

gered neutralizing antibodies correlated with protective

efficacy. These data demonstrate antibody protection against

SARS-CoV-2 in nonhuman primates.193

3.2 Interpretation of results

As previously mentioned, the real-time RT-PCR of swab

samples collected from the upper respiratory tract is con-

sidered the gold standard laboratory diagnosis test of

SARS-CoV-2 infection.20,194 Based on the reduced invasiveness

and no need for swabs or trained personnel, prospective

Fig. 2 Antibody responses against SARS-CoV-2 after infection. (a) Serum levels of IgA, IgM and IgG anti-RBD in three distinct severity groups of

COVID-19 patients. (b) Kinetics of IgG anti-S1A domain and anti-RBD in one severe (red) and two mild (green and black) COVID-19 patients.

Reproduced from ref. 151 with permission from Wiley, copyright 2020 and ref. 148 with permission from CDC, copyright 2020.
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studies to evaluate the performance of saliva and sputum

samples have been carried out. Results indicate that saliva

samples have inferior sensitivity compared to NPS collection,

and that the obtaining of sputum is rather low, as COVID-19 is

characterized by dry cough.195–197 However, even in NPS

samples, changes in the viral load during the course of

COVID-19 are the main limitation of direct detection

tests.17,198

In an early analysis in China, Li Guo et al. demonstrated

that the RT-qPCR positive rate was more than 90% on days 1–3

post-symptom onset (PSO), and then declined to less than

80% at day 6, and less than 50% after 14 d PSO.13 While posi-

tive results represent the confirmation of COVID-19, as cross-

reactivity is negligible in the current available RT-qPCR tests,

there are several possible interpretations for a negative result.

Sample collection out of the time window for viral replica-

tion, when the viral load is insufficient, will also produce a

false negative result.174 SARS-CoV-2 loads in upper respirat-

ory tract have been shown to vary considerably, and negative

determinations can be the result of a test that was taken too

early, which would turn positive later, or a test taken too late

in the course of the infection.14,199,200 In a recent review,

authors analysed possible factors affecting nucleic acid test

performance, suggesting the following strategies to prevent

false-negative results: complementation with stool and

blood samples when testing at late periods of illness; pro-

tecting RNA by adding guanidine salt to collected samples;

setting proper positive, negative and inhibition controls to

ensure high-quality results; simultaneous amplification of

human RNase P gene. However, RT-qPCR negative results

must be cautiously interpreted, especially in the case of

close contact epidemiology or clinical feature suspicion for

COVID-19.48

Seroconversion also depends on the moment of sample col-

lection. It is widely accepted during the first 3 weeks. PSO that

nearly 100% of patients develop anti-SARS-CoV-2 IgG, with a

median of appearance at around day 14.13,24 The kinetics of

IgM have shown more variability, appearing earlier,13,201 sim-

ultaneously, and later24 than IgG, or not being detectable at

all.174 Unfortunately, IgA kinetics have not been widely studied

(Fig. 3).23,151 Moreover, a recent study shows that between

2–8.5% of patients do not produce antibodies against the

virus.202 It is also known that the performance of rapid tests

can vary when utilized in routine testing laboratories. In UK,

after an evaluation of serological tests, authorities concluded

that many commercial antibody tests were not adequate for

clinical use.150However, the existence of a detection window,

in which an infected patient shows a negative result, has to be

properly taken into account. This period corresponds to the

time required for the immune system to produce the anti-

bodies, which, is still under discussion in the case of

COVID-19.36 In the same line of discussion, Deeks et al.

reported the design of studies on the accuracy of COVID-19

tests, and the interpretation of the results still requires con-

siderable improvement since most studies lack reliable sensi-

tivity reports grouped by time PSO.37

Most serology tests utilize proteins N and S because of their

strong immunogenicity, with similar performances in terms of

their sensitivity. Nevertheless, the comparison between the tri-

meric protein S, S1 subunit and RBD shows a decreasing reac-

tivity, respectively.144,167 This observation is expected, as the

number of epitopes decreases with the restriction of the

antigen size. These results suggest that trimeric protein S

should be the first option for serology determinations.

However, different studies have shown cross-reactivity against

protein S from other human betacoronaviruses.144,148,167

Antibodies against MERS-CoV and the winter cold viruses

(HCoV-OC43 and HCoV-HKU1) react to protein S from

SARS-CoV-2, while they do not recognise subunit 1 (S1) and

RBD. This can be interpreted in terms of the high degree of

conservation in the coronavirus of the S2 subunit relative to

S1.148 The appearance of false-positive results can induce a

misleading result of the predictive prevalence, and conse-

quently to mistakes in the determination of public policies.22

This is especially important for the case of the endemic

human coronaviruses, as most people present antibodies

against them. On the other hand, cross-reactivity between anti-

bodies against SARS-CoV and SARS-CoV-2 has been detected

for proteins N, S and domains S1 and RBD. This finding is

expected due to the similarity between these two virus.134,148

Nevertheless, as SARS-CoV has not been circulating among

humans since 2003, the possibility of false-positive results

seems negligible.

The delay in the antibody response and the uncertainty in

the correlation between seropositivity and immune protec-

tion78 has called into question the usefulness of serology tests

in acute SARS-CoV-2 infections. Some authors only rec-

ommend these tests for serological survey purposes.203 Wu

et al. performed a study, in which 10% of asymptomatic indi-

viduals showed anti-SARSCoV-2 IgG in serum samples.204 The

hospital staff from an eastern institution in France, diagnosed

with COVID-19 by RT-qPCR, was tested for anti-SARS-CoV-2

antibodies using a commercial LFIA and a flow cytometry

Fig. 3 Antibody responses against SARS-CoV-2. The kinetics of anti-

RBD IgA, IgM, and IgG levels in sera of COVID-19 patients at different

time POS. RLU: relative light units. Reproduced from ref. 151 with per-

mission from Wiley, copyright 2020.

Analyst Critical Review

This journal is © The Royal Society of Chemistry 2021 Analyst, 2021, 146, 382–402 | 393

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

9
 D

ec
em

b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 1

:3
3
:2

7
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0an01686a


assay for comparison. Only 2 out of 162 participants had

required hospitalization. The rapid test was positive for IgG/

IgM determination in 153 (95.6%) samples, and the flow cyto-

metry assay detected antibodies in 159 (99.4%). This finding

supports the use of rapid serologic tests for the diagnosis of

individuals recovered from SARS-CoV-2 infection.152 Moreover,

different studies have shown that serology plays a key role in

combination with molecular testing to improve sensitivity in

cases presenting one more week PSO.23,24,146,150 Serology can

be also applied to the prediction of severe cases, either by the

quantification of antibodies or by the estimation of anti-N/

anti-S IgG ratio.185 The Infectious Diseases Society of America

(IDSA) Guidelines on the Diagnosis of COVID-19 identifies

three potential indications for serologic testing, including: (1)

evaluation of patients with a high clinical suspicion for

COVID-19 when molecular diagnostic testing is negative, and

at least 2 weeks have passed since symptom onset; (2) assess-

ment of multisystem inflammatory syndrome in children; and

(3) for conducting serosurveillance studies.205

Direct and indirect tests determine different aspects of the

infection and also serve overlapping purposes, increasing the

general sensitivity of detection.206 For these reasons, and

especially for low and middle income countries (LMICs),

aggressive testing is of paramount importance in pandemics

such as COVID-19.17,207 Another strategy, especially useful for

developing countries, is the pooling approach, which enables

the simultaneous testing of dozens of samples.208–210 In order

to facilitate access to testings in LMICs, the FIND developed a

database of all COVID-19 diagnostic assays currently available

or in development. It works by carrying out independent

evaluations of some of these tests to assist in procurement

decisions, ensuring that the assays meet WHO quality

standards.211

The test positivity rate, i.e., number of tested individuals

per positive result, varies enormously among countries,

periods of time, and regions.212 Such differences disable any

comparative study, hindering the development of prevention

polices. Etchenique et al. proposed an alternative method for

prevalence estimation that is especially useful for LMICs. The

estimation relies on the number of deaths caused by

COVID-19, which is much easier to collect, and the known pro-

portion to infected cases is 1 death for every 200 infected

people. This coefficient corresponds to the infection-fatality

ratio (IFR), and has been estimated from large seroprevalence

studies distributed by age and district.213,214 This strategy

offers a reliable tool to corroborate the number of infected

cases and to correct them if necessary, based on the IFR discri-

minated by age.215

The abovementioned study confirms the importance of

developing active surveillance plans of complementary diag-

nostic approaches. We emphasise the advantages of organising

diagnostic policies in terms of a triad of active search and

tracing. First, a highly sensitive and specific molecular test is

needed to detect the presence of the virus in clinically sus-

pected cases. Secondly, rapid POC tests should be used to

triage suspected cases within minutes. Several authors have

confirmed the high sensitivity and simplicity advantages of

their POC tests.216 Third, serological tests are needed to com-

prehend the natural history of infection, the secondary attack

rates, and the correlation with possible unknown future seque-

lae. Determination of seroconversion allows for the identifi-

cation of suspected cases with the negative results of direct

detection tests, and are paramount to evaluate the quality and

durability of immunogenicity produced with vaccination.24,36

The fact that many serologic assays showed no cross-reactivity

demonstrates that humans are serologically naive to

SARS-CoV-2, and explains the relatively high basic reproduc-

tion number (R0) of SARS-CoV-2 compared to that of other res-

piratory viruses, such as influenza virus.2,144 For this reason,

antibody detection can be used as a sensitive marker for senti-

nel monitoring of imported cases in un-exposed

communities.146,174 Many countries have started to emphasise

the imperative to collect seroprevalence data.207,217

Finally, the unprecedented sample processing need has

shown the value of innovative approaches and non-traditional

developers, such as biofoundries, academic labs, start-ups,

and small and medium enterprises to expand testing capacity

and to offer new options.216,218

4. Conclusions and perspectives

Quantitative, real time RT-PCR is the gold standard and refer-

ence method for the direct determination of SARS-CoV-2 infec-

tion. Due to its requirements and the overwhelming situation

produced by the COVID-19 pandemic, POC tests are very

important. Isothermal amplification methods are a promising

low-cost alternative to complement or even replace traditional

PCR testing.

After the 11th day PSO, serological assays may be more sen-

sitive for the diagnosis of COVID-19 and should be performed,

regardless of the RT-qPCR test results. Moreover, serology ana-

lysis results are also useful as a predictor of disease outcome.

However, further studies, especially in asymptomatic patients,

are necessary to better understand the humoral response to

SARS-CoV-2 infection. The discussion around the protective or

harmful role of the immune response remains open. A funda-

mental understanding of the role of acquired immunity to

COVID-19 should be a priority to handle the 2nd wave and

beyond strategies.

We have also learned from these times of the global pan-

demic that innovative approaches and non-traditional develo-

pers offered invaluable solutions to tackle the situation.

Nevertheless, it is important to keep in mind that no labora-

tory tests, whether RT-qPCR or serology, can substitute clinical

observation and practical experience. If there is a clinical sus-

picion for COVID-19, a negative response from tests cannot

exclude the presence of the disease.

Research and development to enhance the sensitivity of the

tests will have long-term benefits not just for COVID-19, but

also for any emergent infectious diseases.
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