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Trends in Electroanalytical Assays 
for COVID-19 Diagnosis 

Thiago Martimiano do Prado and Sérgio Antonio Spinola Machado 

Abstract The use of electrochemical biosensors is highlighted for SARS-CoV-2 
detection and COVID-19 diagnosis. In a brief description of virus structure, funda-
mental features of proteins and nucleic acid are approached for a comprehensive 
strategy over biosensor designs. Relevant works are described and related to specific 
structural proteins used as viral biomarkers. Furthermore, the challenges and perspec-
tives are pointed to the evolution of electroanalysis and the establishment of methods 
comparable to the gold standard, RT-PCR. 

Keywords Electrochemical biosensors · SARS-CoV-2 detection ·
Electroanalysis · COVID-19 diagnosis · Virus structure 

1 Introduction 

After the SARS-CoV-2 pandemic declaration, worldwide health agencies adopted 
many strategies for the control of the virus widespread. Social distancing and some-
times lockdown is necessary, as well as the use of a mask and frequent hand washing 
and application of alcohol gel. With the development and distribution of vaccines 
is expected that the progressive immunization of the population can slow down the 
virus widespread until their effective control. Furthermore, the key strategy to contain 
the SARS-CoV-2 circulation is the constant testing of the population and isolation 
of infected individuals. 

For many countries, the massive tests are a great challenge, since some issues are 
related to the purchasing power of populations, limited production of devices caused 
by laborious fabrication methods, or raw material shortage due to high demand, 
when it comes to rapid tests based on immunochromatographic assays. Although 
RT-qPCR is the gold standard method for SARS-CoV-2 detection, in many countries 
it is limited by high cost and the existence of a small amount of equipment to meet 
the high demand for tests.
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Considering all problems for mass testing mentioned above, alternative methods 
are needed and the research on the electroanalytical methods using biosensors 
presents promising results. In general terms, this chapter presents the strategies 
adopted for the detection of SARS-CoV-2, through devices with an electrochemical 
response. Thus, it is necessary to know the biosensor operation, electroanalytical 
methods, and the biomolecules that are part of the structure of SARS-CoV-2, some 
of which are used as a recognition element for detection. 

1.1 Electrochemical Biosensor Operation 

All needed elements for the electrochemical biosensor operation are illustrated in 
Fig. 1. In a brief explanation, an electrochemical biosensor is an analytical device that 
integrates a biolayer with bioreceptors (DNA, enzyme, antibody, microorganism), 
an electrochemical transducer, and, electrical signal conditioning and processing 
elements. The main aim is the acquisition of an electrical signal with magnitude or 
frequency proportionally to the target analyte in the sample. 

A variation in the resistance, capacitance, or the occurrence of electrical current 
when the analyte from the sample contact the bioreceptor is identified by the trans-
ducer. Then, the electrical signal is acquired and processed. The acquisition, control, 
and visualization system inform the user if the analyte was detected or not. In special 
cases is needed a secondary biological element is labeled with an electroactive 
compound (electrochemical probe). This marker is linked to the analyte after their 
bioconjugation with the bioreceptor and under controlled potential application, an 
electrical current intensity is proportional to the amount of analyte. The controlled 
potential should be suitable for the oxidation or reduction of the electrochemical 
probe.

Fig. 1 Schematic 
representation of elements 
contained in an 
electrochemical biosensor 



Trends in Electroanalytical Assays for COVID-19 Diagnosis 3

Biosensors developed for SARS-CoV-2 identification and COVID-19 diagnosis 
use some proteins or components of virus structure. Therefore, a detailed under-
standing of the SARS-CoV-2 structure is crucial to the development of the analytical 
strategy for their detection. 

1.2 Structure of SARS-CoV-2 

The genomic organization of the SARS-CoV-2 has structural proteins (4 types), 
nonstructural proteins (16 types), and accessory proteins (9 types). Here are described 
the main features of structural proteins: S protein; E protein; N protein; M protein 
(see Fig. 2); and the RNA viral, both used for the COVID-19 detection through 
electrochemical biosensors. 

S protein 

SARS-CoV-2 is a virus from the Coronaviridae family whose has spherical 
morphology, and its surface projections resemble the appearance of a “crown”. These 
surface projections are compounds of structural proteins known as spike protein or 
S protein. During the organism infection S proteins are responsible for the virus 
linkage in receptors from the cellular membrane of the host, the human angiotensin 
2 converting enzyme (hACE2). Walls and collaborators [1] performed studies over 
S protein from SARS-CoV-2 that showed the use of the S-B domain for the interac-
tion with hACE2 similarly to the SARS-CoV S protein during the 2002–2003 SARS 
outbreak. Additionally, SARS-CoV-2 S protein has 80%, 80%, and 76% identity with 
Rinolophus sinicus ZC45 S glycoproteins, Rinolophus sinicus SARSr CoV ZXC21 
S, and SARS-CoV S Urbani, respectively [2]. Also, the SARSr CoV RaTG13 has a 
97% sequence identity of S glycoprotein to SARS-CoV-2 at [3]. 

In addition to the B domain, the receptor-binding domain (RBD) also presents 
information about the identity between SARS-CoV-2 and SARS-CoV. RBD is 
composed of interconnected helixes and loops core and a receptor-binding motif 
(RBM), which have interactions with the hACE2 [4]. For the S proteins, SARS-CoV

Fig. 2 Structure of 
SARS-CoV-2 
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and SARS-CoV-2 present about 50% identity in RBMs within the B domain and 
75% identity in the S-B domain [5]. 

S protein of SARS-CoV-2 was the most frequently mutated protein, along with 
the pandemic between 2020 and 2021. It should be considered to assess whether a 
particular device that uses protein S for the diagnosis of COVID-19 is appropriate 
for the identification of disease caused by any existing type of virus strain. 

E protein 

Envelope proteins, also known as E proteins are an important structural protein class 
that forms the outer capsid of SARS-CoV-2. They have a size range of 8.4 to 12 KDa 
and around 76–109 amino acids [6]. During coronaviruses infection, E protein plays 
an important role in morphogenesis and pathogenesis [7]. Furthermore, they are 
responsible for the ions channel formation on the virus surface. The importance of 
E proteins is related to the virus assembly and infectivity [8]. 

Although the structure of SARS-CoV-2 protein E is not fully understood, studies 
on its functions can be done in a comparative way with SARS-CoV protein E, which 
is well solved. A charged cytoplasmic tail and a large hydrophobic domain have been 
identified in SARS-CoV. So, the hydrophobic domain is known as the transmembrane 
domain (TMD) containing 25 amino acids, within oligomerized alpha-helix that 
forms an ions channel in TMD. The abundance of leucine and valine comes with 
hydrophobicity in TMD [9–12]. 

Under the invasion, the coronavirus has a different location inside the host cell, 
and during virus assembly, the E protein occurs mainly in the endoplasmic reticulum 
and Golgi body (ERGIC) [13]. There are no concrete results about what region of 
the E protein is responsible for their directing in the ERGIC. Some studies with 
epitope-tagged SARS-CoV protein E indicate that it may be present by binding of 
groups N-terminal or C-terminal [14, 15]. Most information about the targeting of 
protein E in the Golgi apparatus is associated with binding to the C-terminal of the 
protein, with additional information being related to the N-terminal. 

E protein also has its subcellular traffic and interactions with other proteins 
affected by various post-translational modifications. One such modification occurs 
in TMD cysteine in the protein, known as palmitoylation, according to observations 
made for SARS-CoV [16]. The importance of palmitoylation in viral assembly was 
observed by experiments with mutated E protein, with blocking of the modification, 
reduction of viral load, and protein instability. Another effect that is unique to the 
SARS-CoV E protein is ubiquitination. In this case, the CoV nsp3 interacts with the 
E protein via the N-terminal of nsp3, showing a negative correlation with the half-life 
and stability of the protein [17, 18]. 

There is a well-characterized interaction among coronaviruses proteins between E 
and M proteins. This occurs for viral assembly in the ERGIC, through the C-termini 
of the two proteins, resulting in the removal of the C-terminus and the reduction in 
virus-like proteins (VLPs) [7, 15, 19, 20]. Also, E protein interacts with itself by 
homo-oligomerization for the formation of the ion channel [21]. The interaction of E 
protein and S protein in SARS-CoV occurs by TMD of the E protein involving three 
cysteine residues and three cysteines in the C-terminus of the S protein [10, 22].
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E protein interacts with five host cell proteins: stomatin, syntenin, e. Bcl-xL, 
PALS1 and sodium/potassium (Na+/K+) ATPase  α-1 subunit. Both interactions with 
E protein can be related to some symptoms in the patients affected by SARS like 
the disruption of epithelial sodium channels, inflammatory cytokines, lymphopenia, 
and breach of the alveolar wall [23–27]. 

E protein presented very low mutation during the 2020–2021 pandemic, which 
can be favorable to the development of a unique strategy for diagnosis of COVID-19 
caused by different virus strains. 

N protein 

The coronavirus has a nucleocapsid protein, also known as N protein, which is 
found in the helical ribonucleoprotein complex formed with the RNA genome. 
Additionally, it regulates the viral RNA synthesis, replication, and transcription, 
and affected cell metabolism [28–30]. The N protein plays a shield function over the 
viral ribonucleotides and supports the stability of the RNA inside the virus. 

The primary function of N protein is to act for genomic RNA protection. So, 
recognizes the genomic RNA to form a capsid [31]. Other roles are associated with 
N protein such as the manipulation of the host cellular machinery; deregulation of 
the host cell cycle [32–34]; downregulation of the gene products [31] and; inhibi-
tion of interferon production [31]. There are studies over N protein upregulation in 
the production of cyclooxygenase-2 (COX2) protein, an important proinflammatory 
induced under coronavirus infection [35]. Furthermore, some experimental studies 
demonstrated N protein correlation with the control over host-antigen interactions, 
progression of the host cell cycle, and apoptosis [33, 36, 37]. 

X-ray crystallography experiments were used to solve the crystal structure of 
SARS-CoV-2-N-NTD (N-terminal RNA-binding domain) and comparison to SARS-
CoV-N-NTD [38]. The SARS-CoV-N-NTD has two different packing modes, a cubic 
and a monoclinic, whereas the SARS-CoV-2-N-NTD shows an orthorhombic crystal 
packing mode. Thus, the difference between crystal packing suggests that SARS-
CoV-2 may have the formation of the ribonucleoprotein complex by different contacts 
[38]. 

N-NTD in SARS-CoV-2 and HCoV-OC43, the coronavirus that causes mild 
cold symptoms, has distinct structures. Information over the SARS-CoV-2-N-NTD 
ribonucleotide-binding site was disclosed by the superposition of SARS-CoV-2-N-
NTD with HCoV-OC43-N-NTD-AMP. 

N protein was the second most mutated in the 2020–2021 pandemic, after S 
protein. This protein has 419 amino acids long and occurred 16 mutations with a 
rate higher than the threshold of 0.01 [39]. This information is important for the 
evaluation of the analytical strategy used to detect different virus strains. 

M protein 

The membrane protein is also known as M protein. In general, it is a coronaviruses 
protein crucial to the virus assembly, including SARS-CoV-2. Their role is performed 
through interactions with themselves and other structural proteins like the N protein 
and S protein [40].
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Interaction of M–S proteins occurs for the transmembrane fusion during a host 
cell invasion. M protein is found in abundance in the coronavirus virions, being 
important to the viral assembly and morphogenesis [41, 42]. 

There are three N-terminal domains in membrane M glycoprotein. After the 
expression of the M protein, it is glycosylated in the Golgi. Their combination with 
S protein, N protein, and itself occurs during the virus assembly [43]. A specific 
interaction occurs between the M protein and N protein involving the creation of a 
complex with the genomic RNA. The complex acts for the activation and the devel-
opment of virions in the intermediate endoplasmic reticulum and Golgi apparatus 
[43, 44]. 

M protein present in SARS-CoV-2 has 669 nucleotides responsible for the 
encoding of 222 amino acids [45]. This sequence of SARS-CoV-2 M protein has 
an identity around 90% of the membrane M protein of SARS-CoV [46]. 

Common structural characteristics are present in all M proteins from CoV, which 
is the presence of three transmembrane domains endowed with a long carboxy-
terminal tail and a short glycosylated amino-terminal domain [7, 40]. As well to the 
E protein, the M protein presented a very low mutation in the SARS-CoV-2 proteome 
in the 2020–2021 pandemic period [39]. It is important to predict the application of M 
protein-based analytical strategies for COVID-19 diagnosis by different virus strains. 

RNA viral 

SARS-CoV-2 is a ribonucleic acid virus (RNA) whose genetic material is represented 
by a unique RNA+ molecule. All their genome contains around 30.000 nucleotides, 
each compound with one ribose molecule, one phosphoric acid, and one nitrogen 
basis. RNA+ is protected within the virus by a nucleocapsid compound mainly by N 
proteins [47]. Because it is an RNA virus the nitrogen bases are adenine, cytosine, 
guanine, and uracil. 

SARS-CoV-2 is classified as an RNA+ virus due to its direction in 5'3’ way, 
which means that it can be directly read by the cellular structures. Furthermore, is a 
considerate messenger RNA type, traversed by ribosomes and induces the production 
of viral proteins [48]. 

Another interesting feature of RNA+ is the presence of RNA polymerase protein, 
following the virus or produced by the host cell. The production of several RNA+ 
clone molecules within the host cell occurs out of transitory RNA− template 
molecules produced from the original RNA+ [48]. 

The use of appropriate sample processing and bioreceptors become the RNA 
detection useful for COVID-19 diagnosis. 

1.3 RT-qPCR Versus Biosensors 

The polymerase chain reaction (PCR) revolutionized the quantitative analysis of 
DNA and RNA. This technique has evolved rapidly in recent years and the growing 
interest in PCR applications has favored the development of quantitative real-time
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PCR, also known as qPCR. When RNA has been analyzed their conversion to comple-
mentary DNA is needed. So, a specific step is performed for the reverse transcription 
reaction (RT) and the technique is known as RT-qPCR. This technique is consid-
ered the gold standard by the World Health Organization (WHO), for diagnosing 
COVID-19 [49]. 

Before the analysis, the nasopharyngeal sample is collected with aid of a swab 
that is kept immersed in a preservative solution, the viral transport medium, until the 
RNA extraction, through sequential washing steps with appropriate buffer solutions 
and centrifugation. 

Three steps summarize the performance of PCR in a thermocycler [50], as shown 
in Fig. 3. First, the genomic DNA containing the sequence to be amplified is denatured 
offering the separation of the double-strand. Then in the annealing step, the molecules 
known as primers, specify to certain DNA sequence that binds to the strand of DNA 
to be amplified. Each primer is specifically complementary to the strand of the DNA 
double helix and the other strand. They will identify which stretch of DNA should be 
copied. In the third step, Taq polymerase binds in a complementary way to the strand 
signaled by the primer. The elongation of the new DNA fragment begins, forming a 
double strand of DNA again. This cycle is performed countless times until reaching 
millions of copies. 

In RT-qPCR, the result is visualized immediately in a spectrofluorimeter, due to 
the addition of fluorescent probes to the PCR reactions. During the qPCR process, the 
amplification of the target DNA is monitored and the level of fluorescence increases 
proportionately to the DNA amplification. The equipment is capable of detecting the 
fluorescence produced by the sample and thus the technique allows monitoring of 
the reaction and the presentation of results in real-time [51]. 

In addition, the amount of target DNA present in the original sample is accurately 
determined by monitoring the rate of increase in fluorescence in the PCR reaction. 
The primers and fluorophores used may be chosen according to the genome region

Fig. 3 Schematic 
representation of the PCR 
cycle 
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selected for the analysis and the detector specification of the spectrofluorimeter, 
respectively. 

Although the RT-qPCR is a gold standard due to its high specificity, the sample 
processing from the swab collection until the RNA extraction is very laborious and 
demands a laboratory structure with centrifuges and accessories for sample handling. 
Also, the performance at specific laboratories is due to the not portables thermocy-
clers and spectrofluorimeter for the analysis. Furthermore, the steps in the thermocy-
cler demand around an hour and a half time, which can be considered time-consuming 
when it is necessary to analyze many samples. 

In this context, the biosensors arise as an alternative to RT-qPCR, due to their 
specificity, simple sample processing, and potential miniaturization for use in the 
point-of-care. In the further sections, the operation of biosensors for COVID-19 
diagnosis is detailed allowing a deep analysis of their issues beyond the advantages 
of front RT-qPCR. 

2 S Protein-Based Electrochemical Biosensors 

The use of a specific antibody as a bioreceptor on the transducer surface is the main 
strategy embraced by the S protein-based biosensor. Besides, this strategy is often 
applied with S protein label-free detection. This means that the signal presented by 
the biosensor corresponds directly to the spike protein and an electroactive probe is 
non-needed for the measurements. 

Lokman and collaborators [52] designed a voltammetric biosensor involving 
bovine serum albumin (BSA), SARS-CoV-2 spike antibody (AB), and function-
alized graphene oxide (f-GO). The response of the biosensor was correlated to the 
current of oxidation attributed to the antibody-antigen protein interaction over two 
different transducers, glassy carbon electrode (GCE) and screen-printed carbon elec-
trode (SPE). The AB immobilization occurred by terminus amino groups, which were 
linked to carboxyl groups from f-GO. Thus, the graphene oxide functionalization 
with N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) and 
N-Hydroxysuccinimide (NHS) was crucial to the antibody attaching. The detection 
of SARS-CoV-2 spike protein was evaluated in synthetic, saliva, and oropharyngeal 
swabs samples. The analysis time was 5 min and 35 min for the SPE and GCE, respec-
tively. Comparison with RT-PCR was performed in saliva sample and the developed 
method had 92.5% specificity and 93.3% sensitivity. 

The use of label-free electrochemical biosensors may cause doubts over the attri-
bution of the response to the specific bioconjugation since the potential interferers 
from the analysis matrix can be subjected to redox reactions. Nevertheless, Zeinab 
and collaborators [53] adopted the IgG anti-SARS-CoV-2 spike antibody ordered 
orientation as a key point to the fabrication of an immunosensor for SARS-CoV-2 
spike protein detection. The ordered orientation was due to the presence of Staphy-
lococcal protein A (ProtA), which plays the role of a strong immunological instru-
ment due to its ability to strongly bind to the fragment crystallizable region of IgG



Trends in Electroanalytical Assays for COVID-19 Diagnosis 9

antibodies. So, an impedimetric biosensor was fabricated from an SPE modified 
with Cu2O nanocubes (Cu2O NCs) and immobilized antibodies with a well-defined 
orientation that increases antigen-binding capacity and improves the function of the 
detection system. The modified surface provides a large surface area in a very small 
space and, allowed a great ProtA loading on the electrode surface. 

The proposed biosensor presented specific binding that allowed the establishment 
of a linear relationship between the charge transfer resistance (Rct) and spike protein. 
Still, on a label-free strategy, the spectroelectrochemistry biosensor may provide 
supplementary responses that increase the reliability of the results. It was presented 
in the work of Waleed [54]. An immunoassay based on the S protein recognition 
by monoclonal antibody IgG1was performed by Raman spectroscopy and square-
wave voltammetry (SWV). Raman spectroscopy is considered a promising labelless 
analytical methodology. The fingerprint’s biochemical composition of the analyzed 
samples shown in Raman provides specificity to the analysis. Moreover, this tech-
nique allows accurate, sensitive, and nondestructive assays. On the other hand, the 
SWV correlates the oxidation current peaks with the interaction between the IgG1 and 
the SARS-CoV-2 spike protein. For the biosensor construction, the porous graphene 
oxide (rPGO) decorated with gold nanoparticles (Au NPs) was used to modify an 
ITO electrode. The uniform film of Au NPs@rPGO over the ITO surface provides 
enhanced Raman signal and electric conductivity. Thus, the IgG1 was immobilized 
onto the modified electrode and was used as a probe to capture SARS-CoV-2 spike 
protein in human serum. Figure 4 shows a schematic representation of the biosensor 
construction. 

Table 1 summarizes other works that bring this same proposal, beyond the above-
mentioned label-free electrochemical biosensors for COVID-19 diagnosis through S

Fig. 4 Schematic representation of Spectroelectrochemical biosensor for SARS-CoV-2 spike 
protein detection. Reprinted from [54] with the permission of Elsevier 
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Table 1 Main features of label-free biosensors for COVID-19 diagnosis using S protein as a 
biomarker 

Electrode Sample Electrochemical 
technique 

Limit of detection Reference 

GCE/f -GO and 
SPE/f -GO 

Oropharyngeal 
swab 

SWV 10.0 fg mL−1 [52] 

SPE/Cu2O NCs Saliva, artificial 
nasal, and UTM 

EIS 0.04 fg mL−1 [53] 

ITO/rPGO@Au NPs serum SWV plus Raman 39.5 fmol L−1 [54] 

SPE graphene layer serum SWV 260 nmol L−1 [55] 

ITO/GNPs@MUA artificial nasal 
secretion 

EIS 0.58 fg mL−1 [56] 

SPE graphene layer nasopharyngeal 
fluid 

EIS 0.25 fg mL−1 [57] 

Note GCE/f -GO: glassy carbon electrode modified with functionalized graphene; SPE/f -GO: 
screen-printed carbon electrode modified with functionalized graphene; SPE/Cu2O NCs: screen-
printed carbon electrode modified with copper (II) oxide nanocubes; ITO/rPGO@Au NPs: Indium 
tin oxide electrode modified with porous graphene oxide and gold nanoparticles; ITO/GNPs@MUA: 
Indium tin oxide electrode modified with gold nanoparticles-capped 11-mercaptoundecanoic 
acid; UTM: universal transport medium; SWV: square-wave voltammetry; EIS: electrochemical 
impedance spectroscopy 

protein as a biomarker. SWV and EIS are typical electrochemical techniques used in 
these label-free strategies and the signals related to the amount of S protein detected 
are oxidation peak current and charge transfer resistance, respectively. In all works 
is evident the existence of a linear correlation between the analytical signal and the 
S protein concentration, although the reason for these signals variation is not clearly 
explained. 

3 N Protein-Based Electrochemical Biosensors 

The N proteins present in nucleocapsid are interesting virus constituents for use as 
antigen biomarkers, due to their inner virus structure localization. Considering the 
crucial role of nucleocapsid as an RNA shield, N proteins are intrinsically less suscep-
tible to degradation than the other structural proteins (S, E, and M proteins). During 
assays for COVID-19 diagnosis, the inactivation of the virus probably present in the 
sample is a mandatory step for the safety assurance of the analyst and environment. 
This step may be performed by heating treatment or by chemicals. In this sense, the 
“robustness” of N protein ensures the integrity of their relative domain to the other 
structural proteins used as antigen biomarkers. 

Among the published works on the use of the N protein for COVID-19 diagnosis, 
those which use the sandwich-type bioconjugation are highlighted. Karaman and 
collaborators [58] developed a sandwich-type electrochemical immunosensor based
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on the capture of nucleocapsid protein from saliva samples. This proposal used the 
bismuth tungstate/bismuth sulfide composite (Bi2WO6/Bi2S3) and graphitic carbon 
nitride sheet decorated with gold nanoparticles (Au NPs) and, the tungsten trioxide 
sphere composite (g-C3N4/Au/WO3) as signal amplification. 

For the capture probe operation was made the Bi2WO6/Bi2S3 deposition over the 
glassy carbon electrode (GCE), followed by the immobilization of the capture human 
monoclonal antibody c-SARS-CoV-2-Ab1 by electrostatic interactions, and the 
subsequent surface blocking with BSA and the bioconjugation with the nucleocapsid 
protein (SARS-CoV-2-NP) that results in the SARS-CoV-2-NP/BSA/SARS-CoV-2-
Ab1/GCE. Then, the amplification was made by the formation of the nanocomposite 
g-C3N4/Au/WO3 and the immobilization of the detection monoclonal anti-SARS-
CoV-2 nucleocapsid antibody (d-SARS-CoV-2-Ab2) resulting in the d-SARS-CoV-
2-Ab2/g-C3N4/Au/WO3. The bioconjugation between the composites formed the 
sandwich. Even as the electro-oxidation of the H2O2 in the sandwich surface is 
performed through differential-pulse voltammetry (DPV). 

The g-C3N4/Au/WO3 composite acts as signal amplification for the electro-
chemical SARS-CoV-2-NP immunosensor. Since the g-C3N4/WO3 had a Z-scheme 
heterojunction which cause the decrease of the electron transfer is needed the use of 
AuNPs as a mediator to facilitate the electron transfer at the interface. The AuNPs 
have a large specific surface area, promote charge separation, and allow easy anti-
body immobilization. Hence, g-C3N4/Au/WO3 composite provides the development 
of a sensitive immunosensor and low limit of detection, LOD = 3.00 fg mL−1. The  
choice of H2O2 as a redox probe by the authors was due to its easy oxidation into O2 

and continuous monitoring. 
Beyond the immunosensor, the aptasensor belongs to another kind of electrochem-

ical biosensor that may be applied using the sandwich strategy. In the aptasensor, the 
bioreceptors and amplification are based on aptamer immobilization. The aptamer is 
an oligonucleotide or peptide that binds to a specific target molecule. Aptamers are 
normally created through selection from a set of random sequences, although they 
also occur naturally as part of riboswitches. Among several applications, aptamers 
can be used for both basic research and clinical purposes, as they can act as macro-
molecular drugs. Additionally, aptamers can be combined with ribozymes to self-
cleave in the presence of the target molecule. For application in aptasensors, the 
aptamers should have a specific binding site to the bioconjugation with the target 
molecule used as the antigen biomarker. 

Tian and collaborators developed an aptasensor based on the metal–organic frame-
works (MOFs), decorated with metallic nanoparticles and enzymes for the detec-
tion of the SARS-CoV-2 N protein present in serum samples. The MOFs used 
are MIL-53(Al), the enzymes were the hemin/G-quadruplex (GQH) DNAzyme and 
horseradish peroxidase (HRP), whereas the metallic nanoparticle was core–shell 
Au@Pt. 

The nanoprobes were composed of hemin/GQH DNAzyme, HRP, Au@Pt/MIL-
53(Al). The presence of free amino groups in the MOFs allowed the assembly of 
the Au@Pt NPs. The anchoring was carried out with thiolated modified aptamers 
(SH-2G-N48 and SH-2G-N61) containing a double G-quadruplex sequence. The
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HRP was decorated onto the Au@Pt NPs and, the co-catalysis of HRP and GQH 
DNAzyme nanoprobe was synthesized in the presence of hemin. 

For the immobilization of the thiolated modified dual aptamers (N48 and N61) 
on the gold electrode surface were used the Au–S bonds. Then, the dual-aptamer 
modified gold electrode had their unoccupied sites blocked with BSA. The elec-
trode was then incubated for 1 h in a certain concentration of SARS-CoV-2 N 
protein. Next, the construction of the aptamer-protein-nanoprobe sandwich struc-
ture aptasensor was made by the addition of the nanoprobe onto the gold electrode 
surface. Finally, the DPV signal was collected in the PBS solution containing H2O2 

and hydroquinone (HQ). The nanoprobe catalyzes the oxidation of HQ with H2O2 

giving rise to amplifying the electrochemical signal with the sharp peak current 
indicating that the SARS-CoV-2 N protein is captured. 

Also, there are SARS-CoV-2 N protein electrochemical biosensors based on the 
label-free strategy. Although label-free biosensors have fabrication procedures more 
simple than the sandwich-type, their present less sensitivity and susceptibility to the 
cross-reactions with probable interferers present in the matrix, as well discussed in 
Sect. 4. The main features of some published works about label-free SARS-CoV-2 N 
protein are summarized in Table 2. 

The reference [62] from Table 2 is highlighted due to an innovative feature of 
the immunosensor proposed, which is the use of the electrode in sample collection. 
For this, the virus nucleocapsid (N) protein was immobilized on carbon nanofiber-
modified screen-printed electrodes. Thus, the virus antigen was detected after swab-
bing and immersion of the electrode in the solution for the competitive assay using 
a fixed amount of N protein antibody.

Table 2 Main features of label-free biosensors for COVID-19 diagnosis using N protein as a 
biomarker 

Electrode Sample Electrochemical 
technique 

Limit of detection Reference 

SPE/AuNPs Nasopharyngeal 
swab 

SWV 0.40 pg mL−1 [59] 

AuTFE/MIP Nasopharyngeal 
swab 

DPV 50.0 fmol L−1 [60] 

AuIDE/carbon 
nanodiamond 

Serum EIS 0.39 fmol L−1 [61] 

SPE/cotton-tipped Nasopharyngeal 
swab 

SWV 0.80 pg mL−1 [62] 

Keynotes AuTFE/MIP: gold thin film electrode modified with a molecularly imprinted polymer; 
AuIDE/carbon nanodiamond: gold interdigitate electrode modified with carbon nanodiamond 
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4 RNA-Based Electrochemical Biosensors 

The electrochemical biosensors devoted to nucleic acid detection can also be called 
electrochemical genossensors. Generally, these devices use the working electrode 
modified with a capture probe, which hybridizes with the complementary target 
nucleotide onto the sensor surface. Specifically for the COVID-19 diagnosis, a DNA 
probe should be used to capture the RNA single strand from the virus. This biocon-
jugation methodology is the most similar to PCR among all the ones discussed here. 
Therefore, is expected that electrochemical genossensors for COVID-19 to be the 
direct alternative method to compete with PCR. 

Moreover, portability, low cost, and low time consumption are fundamental 
features that increase the competitiveness of the electrochemical biosensors front 
PCR. Alafeef and collaborators [63] developed a device that probably could be a 
strong competitor to PCR if large-scale production becomes viable. The operation 
of the biosensor is based on a paper-based electrochemical platform. The sensing 
probes immobilized onto the transducer are composed of gold nanoparticles, capped 
with highly specific antisense oligonucleotides (ssDNA) used to capture the viral 
nucleocapsid phosphoprotein (N-gene). The target readout can be recorded with a 
simple hand-held reader. The biosensor chip was applied for analysis in samples of 
nasopharyngeal and oropharyngeal swabs. Figure 5 shows the representation of the 
operation principle of the COVID-19 electrochemical sensing platform. 

In step A occurs the collection of the samples from the nasal swab or saliva of the 
patients, followed by step B, which consists of the viral SARS-CoV-2 RNA extraction 
extracted. Next, in step C the viral RNA is added over the graphene-ssDNA-AuNP 
platform, then in step D occur the sample incubation for 5 min and, finally, in step E 
the electrochemical response will be recorded.

Fig. 5 Representation of the operation principle of the electrochemical sensing platform. Reprinted 
from [63] with permission of ACS Publications 
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Note that different capture probes are used (Au-P1, Au-P2, AuP3, and Au-P4), and 
each interacts with a specific region of the virus genome resulting in high specificity. 
The electrochemical response of the device is based on the resistive sensor model 
and the monitored potential increases proportionally to the target concentration.

ΔV = R 
dq  

dt  
(1) 

where ΔV is the change in the voltage across the sensor chip, R is the resistance and 
q is the charge. Thus, the hybridization of target RNA with ssDNA probe results in 
the decrease of the resistance across the sensor chip. The analysis takes place with 
5 min of incubation time, has a sensitivity of 231 copies μL−1 and a limit of detection 
of 6.9 copies μL−1 without any further amplification. 

The use of magnetic beads modified with capture probes is considered an efficient 
strategy in the sample processing for the hybridization with the target. It is due to the 
magnetic separation in the washing steps of the sample, which ensures the elimination 
of matrix interferences. This procedure is common in the methods that use the signal 
amplification by a second labeled probe to form a sandwich, as can be seen in the 
reference [64]. Figure 6 shows the representative steps of the detection procedure. 

The capture probe and amplification element were designed as premix A and 
premix B, respectively.

Fig. 6 Representative steps 
of detection procedure using 
a sandwich-type 
electrochemical genossensor. 
Reprinted from [64] with  
permission of Elsevier 
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The premix A composition has Fe3O4 NPs decorated with gold, Au@Fe3O4 with 
the capture probe immobilized onto the surface, and hexane-1-thiol (HT) occupying 
free sites to avoid non-specific binds. The premix B consists of reduced graphene 
oxide particles (RGO) decorated with gold and toluidine blue (TB) immobilized onto 
the surface. 

After sample collection and RNA extraction the premix A is incubated with the 
sample for the target capture. Then, the sample is washed and the particles are 
separated by a magnet for incubation with the premix B forming the sandwich. 
Next, the sandwich is washed and separated as in the previous step. Finally, the 
solution with the sandwich is added onto the screen-printed electrode surface and 
the current peak of TB reduction is correlated to the target concentration/presence. 
This method presented the limit of detection of 200 copies mL−1 for the clinical 
specimen. Furthermore, the results show that the developed method is promising for 
application in point-of-care analysis (POC) due to the use of a smartphone for the 
measure and the ultra-sensitivity and accuracy. 

There are other manuscripts over electrochemical genossensors for COVID-19 
diagnosis that it is recommended to read in addition to these sensors discussed so far. 
Then, we highlighted the reference [65], which deals with a microfluidic platform 
based on molecular DNA nanostructures for viral RNA recognition, with electro-
chemical signal enhancement. Another interesting work [66] presents the develop-
ment of a device capable of discriminating the distinct infection phases from ampli-
fied cDNA samples. The device is promised to reduce the overall cost and achieve 
low detection limits comparable to RT-qPCR-based tests. 

5 Challenges and Perspectives 

Some challenges must be overcome in terms of large-scale production and repro-
ducibility since most of the developed devices use nanomaterials not commercially 
offered and with synthesis methods that do not have great yield. Withal, the key 
challenge is the creation of commercial electrochemical sensors for the point-of-
care (POC) for the application in remote areas, and the monitoring of the infection 
of people in self-isolation. 

From the point of view of electrochemistry, some problems should be avoided and 
considered for the development of analytical methods. The interference and electrode 
fouling can occur by matrix influence, resulting in weak molecular absorption and 
low electrochemical activity. Therefore, sample processing is crucial and the use of 
bioreceptors immobilized onto magnetic beads is a trend that can offer the clean-up 
of the sample with a decrease in matrix interference. 

The time of analysis is very important to POC applications. Beyond the sample 
processing steps, the response acquisition time should be considered. In this sense, 
the size of the electrode is a determiner of the response time. As smaller, the electrode 
radial diffusion of the species became predominant and occurs a faster mass transport. 
Thus, smaller electrodes allow a faster electrochemical reaction to take place.
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Potential or current measurements commonly have an error associated with the 
drop in potential resulting from the resistance between the reference electrode and 
the working electrode. This error changes the potential at the working electrode and 
when resistance and current (IR) can be corrected, a value is assigned to the resistance 
of the solution. Knowing the resistance of the solution, the current–potential curves 
(I-V) are corrected and the Ohmic drop is deduced through I–R. 

Problems related to the counter electrode should also be avoided, once the counter 
electrode completes the circuit, allowing the application of the input potential to the 
working electrode and the flow of charges. To guarantee their correct functioning, 
they must be manufactured from an inert material and have a size at least two and 
a half times larger than the working electrode. This guarantees that there will be no 
current limitations. 

The COVID-19 pandemic started an urgent run for the development of analytical 
methods for massive tests through devices with portability, robustness, and high sensi-
bility. Once time that the present challenges could be overcome, the electrochemical 
biosensors are a serious candidate to be an efficient tool for disease widespread 
monitoring. 
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Abstract Over the decades, scientists have made efforts to enhance the performance 
of analytical procedures whether by creating simpler and faster assays, eliminating 
unnecessary/laborious steps or by improvements on hardware setup. In this context, 
microfluidics is the science related to manipulation and control of fluids physically 
constrained to submillimeter dimensions. This field emerged due to the use of micro-
fabrication techniques for microelectronics purposes such as microchips and micro-
circuits. As an immediate consequence, the miniaturization of components either by 
creating new types of microstructures or recreating existing structures (e.g. chan-
nels, valves, storage containers, pumps, couplers,) allows the possibility of an entire 
laboratory in a single micro-sized device (Squires and Quake in RMP 77:977–1026, 
2005 1), performing remarkable tasks in biological and chemical (Chiu et al. in Chem 
2:201–223, 2017; Alam et al. in Anal Chim Acta 1044:29–65, 2018; Velve-Casquillas 
et al. in Nano Today 5:28–47, 2010 [2–4]) analysis. Especially for analytical chem-
istry, a direct consequence of the miniaturization of hardware dimensions impact 
on less consumption of reagents and minimum sample amount, typically nano or 
picoliter volumes and hence reduction of chemical waste. 
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1 A Brief Historic Overview: Types of Substrates, 
Fabrication Methods and Systems of Detection 

Although the first report of microfluidic devices started at the end of the 1970s [5, 6] 
performing the separation of several hydrocarbons in a handheld dimension silicon 
wafer substrate by gas chromatography in less than ten seconds, was only in the 
1990s, they received attention. Manz et. al. [7] developed a silicon-based chip (5 × 
5 mm) containing an open tubular channel constructed for chemical separation by 
liquid chromatography and introduced the concept of micro total analysis system 
(μTAS), where sample pretreatment, separation and detection were performed in the 
same dispositive. 

In this early period, the lack of progress on substrates for microfluidics can be 
understood for some aspects: (i) As the channel dimensions are dramatically reduced, 
high pressure is required to pump liquids through microchannels. Therefore, efforts 
on mechanical improvement of micropumps [8], microvalves [9], and system of injec-
tion [10] and integration of all components took the researchers attention. Therefore, 
principles of capillary electrophoresis (CE) were applied to μTAS using glass and 
silicon substrates. Since the separation is driven by an electric field across de entire 
microchannels length when a voltage is applied, the good efficiency of electroos-
motic flow (EOF) pumping without the use of microvalves to control the flux was 
extensively explored [11, 12] (ii) studies were majority focused on the enhancement 
of the analytical performance of separation techniques (chromatography and CE) 
than in advantages such as reduction size or carrier/reagent economy (iii) the depen-
dence of technological development since the microfluidics is one of the fields of 
microfabrication, which originate from microelectronics industry [13]. 

The introduction of polymeric materials in microfluidic devices was reported in 
1993 when Fettinger et al. [14] created six unique and complementary elements made 
of polished plexiglass containing holes with 1 mm diameter, creating a stacked three-
dimensional and rotationally independent flow system, enabling different combina-
tions of channels and the use of flow to control injection. Since then, numerous 
techniques and combinations of processes have been proposed for polymer-based 
microfluidic devices. During the late 1990s, elastomeric substrates were introduced 
[15]. 

In this context, microfabrication is defined as a set of procedures that can be 
applied to obtain microstructures. Subtractive methods are those removing part of 
the rigid bulk substrate, (e.g. laser ablation assisted [16], plasma etching [17], soft 
lithography [18]) or replicative methods where the devices are built using molding 
techniques (e.g. hot embossing [19], microcontact printing [20], etc.). 

Nowadays 3D printing method has gained attention in microfabrication. In this 
method, computer software uses a sequence of two-dimensional patterns creating a 
three-dimensional structure through the layer-by-layer deposition and hence accu-
mulation of polymeric materials. In the last 20 years, the commercially available 
machinery, material, and supplies [21] become 3D printing an interesting alternative 
for microfabrication, even though high definition printers are not affordable.
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After the 2000s, the development of substrates was marked by the appearance of 
low-cost materials. Paper has presented as a remarkable substrate for microfluidics 
due mainly to the capillary effect, which provides the spontaneous flow of solution 
and the ease of production, compatible with the well-established printing process, 
become microfluidic paper analytical devices (μPADs) a good option showing 
simplicity, low cost and fast production [22, 23]. 

In addition to paper, the use of threads in microfluidics emerged in the 2010s. 
Although the devices are still rudimental, threads are naturally in microchannel form 
constraining solution at the surface/air interface, dispensing the need for physical 
barriers [24, 25]. 

2 In a Microfluidic World, Why Does Size Matter? 

When a fluid is confined in a microdimensional environment, its specific surface area 
increases, thus presenting divergent behavior from those at the macroscopic scale, 
which can be characterized by efficient mass and heat transfer, the dominance of 
viscous over inertial forces, and significant surface effects [26]. 

Reynolds number (Re), is a dimensionless number, which is used to describe 
the flow regime of a fluid over a given surface, predicting whether the fluid flow is 
laminar or turbulent [27], especially useful for transport phenomena issues (velocity 
of mixing and concentration of reagents, temperature, etc.) described by Eq. 1: 

Re = 
ρvL 

μ 
(1) 

Here, ρ is the density, v is the average velocity of flux, L is the characteristic linear 
dimension of the system and μ is the dynamic viscosity. When a fluid is constrained in 
a relatively reduced dimension, Re is also reduced, presenting a laminar regime when 
Re falls below 2000 and turbulent flow is predominant when Re is above 4000. In 
many cases, laminar flow is preferable to turbulent behavior, because it became more 
predictable, allowing simplified mathematical modeling. For microfluidic systems, 
Re range between 10–3 and 10–5 is common, providing effective control of parameters 
such as the velocity of mixing, temperature, and concentration of reagents. 

The mass transport phenomena in microfluidic devices are diffusion-controlled. 
Péclet Number (Pe, Eq. 2) gives information on mass transport behavior by the ratio 
between convectional and diffusional processes [28]. 

Pe  = 
v L 
D 

(2) 

Here D is the solute diffusion coefficient. In a microfluidic environment, the small 
value of L decreases the convection, forcing the mass transport processes to occur by
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diffusion (Pe ≤ 1). T sensors [29, 30] filtration without membranes (H filters) [31, 
32] are analytical applications of reduced Pe when the differences in solute diffusion 
rates play a key role. 

3 Microfluidic Devices with Electrochemical Detection 

Integration of detectors is a challenging topic for microfluidics. In this context, 
electrochemical detection is one of the most suitable options since it has remark-
able features. The advances in electrode materials and geometries, and miniatur-
ization of electronic devices allow in situ analysis. Furthermore, the wide hall 
of electrochemical detection techniques (e.g. potentiometry, voltammetry, electro-
chemical impedance spectroscopy, etc.) provided an interesting set of microfluidic 
electrochemical-based sensors for countless analytes such as organic, inorganic, 
and biological targets [33, 34] with low cost. Figure 1 presents some examples of 
microfluidic systems with electrochemical detection aiming to illustrate the diversity 
of substrates, electrodes, microchannels design, and applications these systems can 
offer.

As shown in examples 1E and 1F, the electrode surface can be modified to anchor 
biomolecules such as enzymes, antibodies, and nucleic acids. This special class of 
sensors, called biosensors are very attractive for microfluidics since they allow real-
time analysis with high sensitivity and specificity, and only require small reagent and 
sample volumes [41, 42]. Also, these systems are ideal for multiplexing, enabling 
the detection of multiple analytes in a single chip [43], especially convenient for 
multiple antibodies and/or genetic content analysis for early diagnostics. 

The working principle of electrochemical microfluidic biosensing devices is 
similar to traditional electrochemical biosensors: The small amount of sample 
containing the analyte flows through the microchannels and reaches the reaction 
chamber, where it interacts with biorecognition elements conveniently immobilized 
on the WE surface, generating or promoting variations in electrochemical parameters 
such as current [44, 45], potential [46, 47], and impedance [48, 49] (Fig. 2). Changes 
in analytical signal response are then monitored and can be directly associated with 
the presence of the molecule(s) under investigation. The electrochemical transduction 
system presents important advantages such as fast response, portability, and ultrahigh 
sensitivity, providing quick detection of analytes even in low concentrations.

Another important advantage of such detection systems is the fact that microflu-
idic technologies enable the development of fully automated assays, from sample 
preparation to analysis [41], avoiding cross-contamination and increasing feasi-
bility. Moreover, microfluidic biosensors are suitable for industrial mass production, 
and the possibility of using low-cost materials and small amounts of biochemical 
reactants [50, 51] makes their use even more attractive. In this context, the most 
widely commercially available device is the glucometer which has gained unprece-
dented success, being a model of point-of-care testing devices [52]. Composed of test
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Fig. 1 Few examples of electrochemical-based microfluidic devices: a flow cell composed of three 
electrodeposited gold as working electrodes (WEs), platinum as a counter electrode (CE) and 
deposited onto a glass substrate, and poly(methylmethacrylate) for glyphosate detection in water 
samples [35]. b Potentiometric paper-based microfluidic electrochemical device with three different 
permeable membranes and Ag/AgCl printed electrodes to detect physiological ions in biological 
samples (Cl−, Na+, K+, and  Ca2+) [36]. c Microfluidic device using cotton threads as microchannels 
and graphite electrodes onto glass plates substrate for simultaneous determination of acetaminophen 
(ACT) and diclofenac (DCF) [37]. d a Thread-based electrodes: Carbon nanotubes coated with 
doped poly-aniline and Ag/AgCl cotton threads sewn into a hydrophobic fabric substrate for pH 
measurements, b Zoomed-in image of threads [38]. e Microfluidic immuno-biochip containing 
carbon screen-printed electrodes, microchannels made of double-sided pressure-sensitive adhesive 
transparency film, and home-made syringe ports to detect tumor necrosis alpha biomarker [39]. f 
Multiplex detection of three specific bladder cancer DNA markers using 20 gold electrodes array 
deposited onto silicon layer and an individual sensor image with the working electrode. Microfluidic 
channel design consisted of three layers: The bottom was made of double-sided adhesive while the 
top layer thin sheet of plastic [40]. (Adapted with permission from [35], Copyright (2021), American 
Chemical Society; from [39] with permission of Elsevier)

strips (microfluidic channel on a disposable electrode modified with glucose oxidase 
enzyme) and portable potentiostat, only a few microliters of blood are necessary to 
perform a fast test of glucose levels, especially relevant for diabetes patients [53].
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Fig. 2 General working principle of an electrochemical microfluidic biosensor

4 Electrochemical Biosensing of COVID-19 Using 
Microfluidics 

Respiratory viral diseases are one of the most common health issues caused by a 
diversity of pathogens. Considering the pivotal role played by the respiratory system 
in the body, such types of infection can be a serious threat for patients in all age 
groups [54, 55]. Lower respiratory infections such as pneumonia, bronchitis, and 
bronchiolitis were the sixth leading cause of mortality for all ages and the leading 
cause for children under 5 years in 2016 [56]. These mortality rates have dramatically 
increased after the onset of the COVID-19 pandemic, which has been responsible 
for millions of infections and deaths worldwide [57]. Even after two years and the 
widespread use of effective vaccines, SARS-CoV-2 infections are still a significant 
health issue around the globe, mainly due to the high mutation rates of the novel 
coronavirus, which can decrease the efficiency of the immune system to prevent new 
infections [58]. 

The accurate diagnostics of COVID-19 and isolation of infected individuals are 
among the most efficient measures to minimize the spread of the virus and therefore 
control measures are still necessary for the ongoing pandemic. The main strategies 
currently employed to diagnose the disease rely mostly on assays to detect the pres-
ence of the viral genome or proteins in nasopharyngeal swab specimens or SARS-
CoV-2-related antibodies in whole blood or serum samples. Methods such as reverse-
transcription polymerase chain reaction (RT-PCR), enzyme-linked immunosorbent 
assay (ELISA), and immunochromatography have been widely used in clinical 
laboratories [59]. Despite their good detection performance, these methods present 
features that can significantly limit their applications and widespread commercial-
ization. For example, RT-PCR and ELISA are time-consuming methods that require 
labor-intensive procedures and highly skilled personnel to be executed. In addi-
tion, the need for costly reagents (such as fluorescent probes and enzyme-labeled 
biomolecules) and expensive analytical and non-portable instrumentation brings 
additional drawbacks to the use of such techniques [60]. On the other hand, despite 
their miniaturized size and portability, immunochromatography-based tests such as
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lateral flow immunoassays often present sensitivity and selectivity issues that may 
lead to expressive rates of false-positive, false-negative, or inconclusive results [61]. 

In this scenario, electrochemical biosensing strategies emerge as promising alter-
natives to provide faster, cheaper, and more reliable determinations compared to 
the traditional methods. The use of microfluidics can further benefit bioelectro-
chemical COVID-19 diagnostics since it enables the development of miniaturized, 
cost-effective, and portable detection systems, which are suitable for the design of 
point-of-care testing devices [52]. 

4.1 COVID-19 Diagnostic Strategies in Bioelectrochemical 
Microfluidics 

Considering the advantages presented by microfluidic detection systems and the 
positive features of electrochemical transduction mechanisms, it can be stated that 
the integration of both technologies can potentially enable the creation of novel and 
more efficient platforms for COVID-19 clinical diagnostics. Recent achievements 
in microfluidics-based electrochemical biosensing approaches are proof of the great 
promise offered by such devices toward the detection of biomarkers related to the 
disease [42, 62–65]. 

As in other biosensing platforms, the detection of respiratory viruses including 
SARS-CoV-2 using microfluidics can be achieved through direct and indirect 
approaches. The direct methods are usually based on the detection of viral nucleic 
acids or proteins whereas indirect determinations consist in detecting biomarkers 
such as antibodies in patient samples. Both approaches are based on specific events 
such as oligonucleotide hybridization and antibody-antigen interactions taking place 
on the biosensing device. The use of microfluidic technology combined with elec-
trochemical biosensing for COVID-19 diagnostics has been mainly focused on 
immunoassay development [45, 48, 63, 66]. However, promising approaches to the 
detection of genetic sequences of SARS-CoV-2 have also been reported [64, 67]. 
Considering the versatility of bioelectrochemical platforms, microfluidic devices 
developed for detecting other viral gene fragments could be easily adapted for 
COVID-19 detection simply by changing biorecognition probes. 

Microfluidic electrochemical COVID-19 immunoassays have been designed to 
detect viral proteins (such as the spike (S) and nucleocapsid (N) proteins) and 
immunoglobulins produced in the body upon infection (IgM and IgG). When viral 
components are targeted in the assay, usually specific capture antibodies are immo-
bilized on the sensing platform. On the other hand, antigens are employed as 
biorecognition elements when antibodies are the targets. Both approaches can be 
conducted through label-free or labeled detection strategies. The electrochemical 
response generated in direct label-free immunoassays depends solely on the inter-
action between antigens and antibodies on the working electrode, without the need 
for specific reagents and further detection procedures (Fig. 2). This approach has the
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advantage of being cheaper, simple, and quicker since the detection of the target is 
accomplished in a single step [68]. It was recently used for the impedimetric detec-
tion of anti-S protein antibodies by using a microfluidic electrochemical bioassay 
[48]. 

Labeled bioelectrochemical assays are usually configured as sandwich assays 
and rely on the use of labeled reagents to generate the analytical signal. In this 
strategy, antigens or antibodies immobilized on the working electrode recognize 
and bind to their corresponding target in the first step of the assay. Afterward, the 
system is coated with secondary antibodies usually labeled with an enzyme, which 
catalyzes the oxidation of a substrate. The oxidized substrate is electroactive and 
can be reduced on the working electrode surface, generating current signals. Despite 
being more expensive and complex when compared to label-free analysis, labeled 
assays are usually more sensitive and less prone to cross-reactions [68]. Microfluidic 
biosensing devices devoted to COVID-19 diagnostics have been based on the use 
of secondary antibodies conjugated to horseradish peroxidase (HRP) as the labeled 
reagent, as is usual for electrochemical biosensors. Tetramethyl benzidine (TMB) 
has been employed as the enzyme–substrate, and the reduction of its oxidized form 
results in pronounced cathodic currents usually detected by using chronoamperom-
etry. This strategy was recently employed in the detection of N protein [65] and 
related antibodies [45] in electrochemical microfluidic biodevices. 

4.2 Materials and Immobilization Approaches 

As is usual in the field of bioelectrochemical microfluidics, COVID-19 microflu-
idic biosensors have been mostly constructed on platforms based on gold [48, 65] 
and carbon [45, 67], which is possibly a consequence of the easier accessibility 
and relative affordability of such materials. The use of gold electrodes has been 
frequent in bioelectroanalysis as a result of their high stability and biocompati-
bility. Furthermore, the high affinity existing between gold and sulfur-containing 
biomolecules enables the obtention of highly stable and functional arrangements on 
the sensing surface [69]. These positive features make gold chips and electrodes a 
common choice for the production of microfluidic electrochemical biosensors [70– 
72]. Carbon-based electrodes have also been employed as effective platforms aiming 
for biosensing applications using microfluidics. Carbon surfaces are cost-effective 
and can be easily functionalized, enabling the attachment of different molecules and 
the immobilization of biomolecules to compose the biosensing system [73–75]. 

The use of nanomaterials such as graphene and metal nanoparticles has been 
frequent when developing microfluidics-based bioelectrochemical assays. The pres-
ence of nanostructured materials can enhance electrochemical signals and increase 
the sensitivity of the method, as a consequence of their high specific surface area, 
electrocatalytic properties, and pronounced electrical conductivity [34, 69]. Further-
more, these nanostructures can efficiently act as nanometric anchors to enable a 
proper immobilization of antibody or antigen molecules [69]. Graphene [66] and
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reduced graphene oxide [48] were already employed as functional components in 
microfluidic electrochemical biosensors for COVID-19 diagnostics. The use of metal 
nanoparticles as signal amplifiers in microfluidic biosensors has been extensively 
described for the detection of several viral species [76–78]. However, the use of 
such nanostructured materials in microfluidic biosensing systems for SARS-Cov-2 
detection is yet to be explored. 

To ensure the proper functioning of the biosensing platform, the attachment 
of the biomolecules on the electrode must be carefully controlled. This step is 
crucial when developing any bioelectrochemical detection device, since impor-
tant features such as sensitivity and selectivity may significantly decrease in case 
biomolecules are not suitable for immobilized on the platform. The immobilization 
of COVID-19 antibodies and antigens on microfluidic platforms has been achieved 
mainly by the use of classic coupling reactions with reagents such as 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) [48]. 
In this approach, surfaces functionalized with carboxylic groups are chemically acti-
vated to bind amine-containing biomolecules through covalent bonding (amide bond 
formation) [79]. Other immobilization approaches have been based on the previous 
functionalization of biomolecules such as antibodies and oligonucleotides with thiol 
groups [64, 65], in a way to enable their stable attachment to gold surfaces. 

5 Detailed Approaches for Electrochemical Detection 
of COVID-19 Using Microfluidic Devices 

The interest to use microfluidic devices for the detection of viruses is reflected 
by the prompt adaptability of these devices as a sensing platform soon after the 
pathogens first appear. In this sense, microfluidic devices for electrochemical detec-
tion of COVID-19 based on different targets and recognition sites as virus genetic 
material and proteins have been described. 

For the sensing based on virus genetic material, Zhao et al. [64] proposed the use 
of a gold screen-printed electrode modified with hairpin signaling oligonucleotide 
sequences in a microfluidic system for direct detection of the SARS-CoV-2 S gene. 
In this case, the microfluidic device (Fig. 3) included a cover and a substrate layer 
made from poly(methylmethacrylate) (PMMA), a microchannel layer fabricated 
through poly(dimethylsiloxane) (PDMS) molding, and the functionalized screen-
printed electrode. To reduce any carryover contamination, vacuum loaders were 
incorporated into the device and a miniaturized pumping system with an in-house 
developed interface was used to automatically load assay reagents from the inlets 
to on-chip reservoirs by generating negative pressure. Also, a liquid front guider 
composed of an array of laser-engraved pillars patterned on the roof of the reac-
tion chamber was incorporated to spread the fluid front towards sidewalls, aiming at 
filling the reaction chamber.
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Fig. 3 Schematics of the eSIREN platform for SARS-CoV-2 detection. Reprinted from [64] with 
the permission of Elsevier 

This platform was termed an electrochemical system integrating reconfigurable 
enzyme–DNA nanostructures (eSIREN) and used the DNA nanostructures to achieve 
three functional steps: (i) Viral RNA recognition: clinical lysate samples containing 
the target genes were mixed with a recognition structure composed of DNA strands 
bound to a Taq DNA polymerase. In the presence of complementary target RNA, 
upon target hybridization with the inverter sequence, the nanostructure dissoci-
ates and liberates polymerase activity; (ii) Electrochemical signal enhancement: 
as the active polymerase elongates a self-primed hairpin signaling nanostructure, 
it incorporates biotin-modified deoxynucleotide triphosphates (biotin-dNTPs) into 
the signaling nanostructure, thus incorporating streptavidin-conjugated HRP. The 
HRP incorporation enhances the response of the TMB electroactive species near the 
working electrode surface, increasing the electrochemical signal; (iii) Signal anal-
ysis: the resultant electrochemical current changes are used to measure SARS-CoV-2 
RNA targets and detect infections. The current generated through the entire detection 
process was recorded using a miniaturized potentiostat and, for each sample, positive 
and negative controls were run concurrently for data normalization. 

The target was determined in clinical samples of extracted RNA of nasopharyngeal 
swab samples and inactivated swab lysates. Sensitivity of 92.3% and specificity of 
87.5% were acquired, in addition to an overall accuracy of 90.5% across 21 tested 
clinical samples, compared with results from gold-standard RT-qPCR assay. 

Crevillen et al. [67] also proposed a genosensing microfluidic system for electro-
chemical detection of a SARS-CoV-2 RNA fragment. For this purpose, the device 
was made from a PDMS layer containing a single open channel, two reservoirs,
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and a glass substrate. Two syringes were connected to the microchip inlet using a 
Y-connector; one contained PBS solution and the other SARS-CoV-2 RNA solution, 
and a dual syringe pump was used to infuse liquid at 10 μL min−1. A 200 μL plastic 
electrochemical cell was inserted into the microchip outlet and 3D pen-printed elec-
trodes (3D-PP) were immersed in it. Those were printed using a 3D printing pen and a 
conductive graphene/polylactic acid filament, and chemically and electrochemically 
activated by, respectively, immersion in 1 mol L−1 NaOH solution for 30 min and 
cyclic voltammetry (50 cycles, from 0 to +2.0 V, scan rate of 1 V s−1) in PBS  solu-
tion. The working electrode was placed right at the exit of the microchip channel, 
inside the outlet reservoir. Previously, single-stranded DNA (ssDNA) probe (anti-
sense oligonucleotide) was physically adsorbed over this electrode surface, to obtain 
the genosensor. 

The measurement protocol consisted of (i) incubation step: the  sample  was  
pumped from the inlet for 5 min. If the sample contained the SARS-CoV-2 target 
RNA, it hybridizes with ssDNA probe, leading to desorption by its adduction from 
the surface of the 3D-PP electrode; (ii) cleaning step: PBS solution was pumped from 
the inlet for 2 min, and iii) detection step: differential pulse voltammetry (DPV) anal-
ysis was performed and the signal generated by the oxidation of adenines present in 
ssDNA was monitored. If no hybridization occurred, a larger peak area was obtained, 
compared to the peak area after hybridization of the probe with the target. 

By that, the device was able to discriminate the signal of SARS-CoV-2 RNA from 
the blank in 7 min. Also, the authors used a similar approach of working electrode 
construction and applied it in a three-electrode conventional cell to assess some 
analytical parameters. In this case, a linear working range from 10 to 500 nmol 
L−1 and a 15 nmol L−1 limit of detection were demonstrated. In addition, a 
response similar to the blank was obtained for a non-complementary target sequence, 
indicating the method selectivity. 

In the scenario of using viral proteins and antibodies, current assays for the 
detection of SARS-CoV-2 infections are based on spike (S) and/or nucleocapsid 
(N) proteins. Based on that, Li et al. [65] constructed a microfluidic immunosensor 
for the detection of the virus N protein in serum. For that, capture antibodies (cAb) 
were immobilized on screen-printed gold electrodes (SPGE), which were then inte-
grated with a microfluidic chip. Two sensing platforms were proposed for the use 
of a potentiostat connected to either a desktop PC or a smartphone. Both devices 
were fabricated from a polyethylene terephthalate (PET) film stacked with a PMMA 
cartridge, with the incorporation of microchannels, inlets, and outlets in the layers 
using a CO2 laser cutter. For the desktop platform, the chip consisted of a reaction 
chamber encompassing the immunosensor connected to the inlet and outlet (Fig. 4a). 
For the smartphone-based device, a reaction chamber connected to a waste reservoir 
was designed (Fig. 4b).

Dually-labeled magnetic nanobeads (DMB) were prepared and modified with 
HRP and detection antibody (dAb), and then mixed with serum spiked with SARS-
CoV-2 N protein or clinical serum samples: if the samples contained the target 
antigen, is bound to the DMB forming an immunocomplex. The mixture was added 
to the platform, using a syringe pump for the desktop platform or a capillary tube and
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Fig. 4 Schematic illustrations of A microfluidic immunosensor chip for PC desktop-based device, 
highlighting the magnetic concentration of DMB to the sensor surface, b microfluidic immunosensor 
chip for the smartphone-based diagnostic device, and c electrochemical sensing scheme using the 
PC desktop-based platform. Reprinted with permission from [65], Copyright (2021), American 
Chemical Society

plunger for the smartphone-based device, and the chip was placed on a neodymium 
magnet for 1 min to concentrate the DMB on the working electrode (WE), where 
DMB-antigen bound to the immobilized cAb. Then it was incubated in the dark for 
50 min or 25 min, for whole serum samples or five-times diluted samples, respec-
tively. A washing buffer (PBS + 0.05% Tween-20) was flushed through the chip, 
followed by TMB flushing. After 2 min, chronoamperometric measurements were 
performed by applying a −0.2 V potential for 100 s. The HRP-coated DMB catalyzes 
the reduction of TMB, which generates an amperometric current that is proportional 
to the concentration of the target antigen attached to the sensor surface (Fig. 4c). 

For both desktop and smartphone-based devices, a linear working range was 
established ranging from 0 to 10 ng mL−1, and for the smartphone-based device 
limits of detection (LOD) of 230 and 100 pg mL−1 were obtained for the whole 
sample serum and five-times diluted samples, respectively. The sensor was selective 
to SARS-CoV-2 N protein when the current response was compared to the response
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Fig. 5 Schematic view a and detection mechanism b of the electrochemical capillary-flow 
immunoassay. Reprinted with permission from [45], Copyright (2021), American Chemical Society 

of samples spiked with RBD, SARS-Cov N protein, and MERS-CoV N protein. In 
addition, the microfluidic magneto immunosensor could differentiate the response 
of positive and negative samples, confirmed by RT-PCR assay. 

Samper et al. [45] described an electrochemical capillary-flow immunoassay for 
detecting anti-SARS-CoV-2 N protein antibodies in blood samples. The device was 
fabricated by stacking four layers of hydrophilic polyester film intercalated with 
layers of double-tape adhesive; on each layer, channels, inlets, outlets, and vent 
holes were cut with a CO2 laser cutter to create the design presented in Fig. 5a. 
The design of the device also included a blood-filtration membrane, to retain blood 
cells and deliver plasma to the microfluidic channel, and a separated channel for 
plasma flow, so the other reagents did not have to pass through the blood-filtration 
membrane. A nitrocellulose membrane (NCM) striped with N protein was inserted 
into the platform, and a waste pad was placed over the end of the NCM to create 
a passive pump for the fluidic system. The authors prepared SPCE using a stencil-
printing method over the polyester film and the electrode was placed on top of NCM, 
upside-down so that the WE was in contact with the N protein strip. 

For device operation, the blood sample was added to the blood-filtration 
membrane, and washing buffer (PBS–Tween80) was added to the buffer inlet. If 
the sample contained anti-N antibodies, they bound to the immobilized N proteins. 
Then HRP-antibody was released and delivered to the NCM, bounding to anti-N 
antibodies. The excess HRP-antibody was washed off automatically by the washing 
buffer and then TMB was added to the substrate inlet on the NCM. Once the buffer 
had started to flow through the NCM, a 0.0 V potential was applied to the WE and 
chronoamperometry recording started. In the presence of HRP in the detection zone, 
TMB gets oxidized and its product is then reduced at the electrode surface, generating 
an increase in the cathodic current, used for sensing purposes (Fig. 5b). 

Under flow conditions, delivery of TMB to the detection zone produced a transient 
increase in the cathodic current that correlated to the concentration of anti-N antibody 
in the sample; from concentrations ranging from 0 to 100 ng mL−1, a 4PL model 
was established to correlate target concentration and current delta. In addition, the
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electrochemical capillary-flow device was coupled to a potentiostat operated by a 
smartphone, and this portable system was used to detect anti-N antibodies. Blank and 
spiked PBS-based samples were run in the device and the discrimination between 
positive and negative responses was achieved. 

For the use of spike (S) proteins for SARS-CoV-2 detection, Ali et al. [48] 
proposed a biosensing platform created by 3D nanoprinting of three-dimensional 
electrodes, coated by nanoflakes of reduced graphene oxide (RGO) in which specific 
viral antigens were immobilized. The electrode was integrated with a microfluidic 
device and used for the detection of antibodies to SARS-CoV-2 spike S1 protein 
and its receptor-binding-domain (RBD) via impedance spectroscopy. The COVID-
19 test chip was manufactured using a glass substrate with a gold film forming the 
base for WE, counter electrode (CE), and reference electrode (RE). An Aerosol 
Jet nanoparticle 3D printing was employed to convert gold ink into an aerosol and 
then used to form micropillars over the WE. Next, a PDMS housing containing a 
microfluidic channel was fabricated using replica molding, and the test chip was 
formed by placing the PDMS housing with the microfluidic channel on the glass 
substrate with the micropillar electrodes. Before this step, the micropillar electrodes 
were functionalized with RGO and SARS-CoV-2 spike S1 or RBD antigens. 

The electrochemical transduction was performed by impedance spectroscopy, 
using electrolyte phosphate buffer saline solution mixed with ferro/ferricyanide. 
When the fluid containing antibodies to the viral antigens was introduced in the 
microfluidic chamber, the target antibodies bound to the corresponding antigens 
on the electrode, which increased the charge transfer resistance (Rct). This strategy 
enabled detection concentrations as low as 2.8 × 10–15 mol L−1 and 16.9 × 10–15 mol 
L−1 of anti S1 antibodies and anti-RBD antibodies, respectively. The authors also 
described the possibility of regenerating the electrode, by eluting the antibodies with 
a 1.0  mol L−1 formic acid solution (pH = 2.5) flow in the device for 60 s, with the 
possibility of reusing the device ten times without significant losses in sensitivity 
and detection capacity. 

An electrochemical approach for the determination of SARS-CoV-2 antibodies 
has been described by Ko et al. [63] based on microfluidic separation of capture from 
detection. The device (Fig. 6) was fabricated from a polymer substrate with laminated 
microfluidics and included three inlets (A, B, and C), two outlets (W1 and W2), and 
a capture region and reaction chamber (M). A three-electrode sensor chip prepared 
by sputtering gold through a mask onto polycarbonate was also incorporated into the 
platform. A Y-junction was included to direct the sample and the TMB either to the 
waste (W1) or over the sensor.

The device was applied to the detection of COVID-19 IgG antibodies. For that, 
initially, the W1 outlet was opened while the W2 outlet was closed, and carboxylate 
beads conjugated with RBD protein were introduced through inlet A for immobi-
lization within the reaction chamber. Then diluted plasma samples were introduced 
through inlet A, and incubated for 20 s over the magnetic beads followed by washing 
with PBST. Captured AntiS from the sample was labeled by the addition of mouse 
anti-Human IgG secondary Antibody-HRP, followed by PBST washing. TMB solu-
tion was introduced through inlet C and incubated for 5 min over the beads; in the
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Fig. 6 Schematic (a) and picture (b) of the chip used to demonstrate the separation of capture from 
detection to SARS-CoV-2 antibodies. Reprinted from [63] with the permission of Elsevier

presence of HRP, TMB is oxidized. After that, W2 outlet is opened and oxidized 
TMB species flow is diverted over the sensor electrode, in which its reduction is 
measured by applying a −0.2 V potential. 

The approach allowed capture, washing, reacting, and incubation of the sample in 
a reaction chamber within the microfluidics, without the possibility of contaminating 
the sensors electrodes prior to measurement. Also, the independent inlet for TMB 
eliminates its interaction with non-specifically bound HRP complexes and thus false 
positive responses. Using this proposal, electrochemical detection of COVID-19 
patient samples and controls (commercially supplied ELISA) was performed and 
results showed a clear discrimination between positive and negative samples. 

Conclusion and perspectives 

Manipulation in microscale has proved to be an interesting choice for analytical tasks. 
In this chapter, a brief historical overview focusing on substrates and physical proper-
ties such as flow behavior in microfluidics have been summarized and discussed, with 
a special focus on the electrochemical biosensing of COVID-19-related biomarkers. 
Among the set of possible detection techniques, the combination of factors such as 
facile miniaturization and compatibility over a wide range of substrates provided by a 
variety of electrode materials and geometries, several modalities of signal responses 
and relatively low cost make electrochemical detection as a suitable technique for 
sensors and biosensors based on microfluidic systems. 

A wide range of different substrate materials, electrode modifiers, and detection 
approaches can enable the creation of highly sensitive and robust detection devices 
to support COVID-19 diagnostics. Microfluidics-based electrochemical biosensing
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offers a great promise that can considerably improve currently used detection strate-
gies for SARS-CoV-2 infections. The use of these miniaturized, ultra-sensitive, 
and selective devices can consist in a valuable strategy to support all efforts made 
worldwide to control the ongoing pandemic. 

Due to the recent discovery of SARS-CoV-2 infection in humans, resulting in 
emergence of Covid-19, the need for further detailed fundamental studies in molec-
ular biology, genomics and proteomics are crucial for development of new sensitive 
and selective microfluidics devices combining different strategies of detection. 
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Abstract One of the most important aspects of the development of an electrochem-
ical biosensor is the choice of materials used in the manufacturing process. This 
statement is based, not only on the use of the material with a good ability to conduct 
electrons but also on the use of a material that provides a good linkage between 
the electron transducer and the biological material. In this meaning, carbon-based 
conductive materials have been widely used in the development of electrochemical 
bioassays. This is because these materials present high electrical conductivity, low 
current background, stability, low cost, and mainly the potentiality the use as a mate-
rial biological host system, after the association with enzymes, antibodies, DNA, 
and RNA fragments, among others. In this respect, electrochemical biosensors have 
played an important role in disease diagnosis, especially in the last few years for 
the sensing of SARS-CoV-2. Carbon-based materials can be classified according to 
their dimensionalities and structures, which can influence their properties (Li and 
Mu in Appl Energy 242:695–715, 2019 1). In addition, surface treatments have been 
widely used for the activation or functionalization of carbon-based materials, which 
can improve sensor immobilization. Thus, the properties, treatments, and applica-
tions of carbon-based materials for the fabrication of biosensors for the detection of 
SARS-CoV-2 will be addressed and discussed in this chapter. 
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1 Introduction 

From the electrochemical point of view, the use of conductive carbonaceous mate-
rials for bioanalysis, firstly and evidently, is based on the high electrical conductivity, 
which allows the electron transduction and the current monitoring [2–4]. This prop-
erty is attributed to the sp2 hybridization of the carbon atoms for almost all carbon 
conductive materials, which generate covalent bonds in a two-dimensional hexag-
onal chain [5, 6]. This structure allows electrons to migrate along the carbon chain, 
which makes it possible to monitor the electrochemical reactions generated on the 
materials surface. 

Otherwise, there are other interesting physical and chemical properties that 
deserve to be highlighted. Carbon-based materials have also high thermal conduc-
tivity, mechanical strength (except for some materials, such as graphite), chemical 
inertia, good stability, durability, as well as low cost, and abundance, which made 
these materials excellent alternatives to the use of metals in several areas, such as in 
the electrochemistry [7–9]. 

Beyond the electrical conductivity, biocompatibility is one of the main and most 
attractive properties of carbon-based materials for the development of biosensors 
aiming the diagnosis of diseases, such as those caused by virus [10–12]. Biocom-
patibility is understood as the complex characteristic attributed to a determinate 
biological system that is dependent on the interactions between the electrochemical 
system/material and the biological specie [4]. Therefore, the use of carbon mate-
rials with chemical inertness, low toxicity, presence of pores, or a compatible shape 
with the desired biomaterial to be incorporated is interesting for the construction of 
biosensors [13, 14]. These characteristics are observed mainly due to their chemical 
composition based on carbon and hydrogen, with the possibility of smaller amounts 
of oxygen and nitrogen, among other low toxic compounds [14, 15]. 

Some desirable characteristics of biosensors, such as good conductivity, high 
sensitivity, and active or immobilization sites can be achieved or improved by the 
surface modification of the electrode. This normally is performed by drop-casting 
of several materials, such as core–shell nanocomposites [16], magnetic and metal 
nanoparticles [17–20], carbon nanodots [21, 22], carbon nanotubes [23, 24], graphene 
[25–30], and other carbon nanostructures. As seen, the anchoring of nanomaterials 
can be promising for the improvement of selectivity and sensing of biosensors, which 
is due to their high surface area, electron transfer, and stability [31, 32]. Carbon-based 
nanomaterials such as single- or multi-walled carbon nanotubes [1], carbon black 
[33], graphene [34], and carbon dots or nanodots [35] can be highlighted for this 
approach, which is due to their biocompatibility, and easy immobilization ability by 
the presence of functional groups and other active sites. 

For the development of biosensors, the number of interactions between the biolog-
ical material and the electrode surface can influence the events of signal genera-
tion. In the other words, in electrochemical bioanalysis, nanomaterials with a higher 
overall surface area should be considered [36]. For example, the level of the linkage 
between SARS-CoV-2 RNA fragments and different carbon-based nanomaterials can
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be correlated (Fig. 1). In this case, different kinds of fullerenes, carbon nanotubes, 
and graphene were evaluated regarding the total potential energy interaction affinity 
with RNA fragments, by van der Waals forces and electrostatic bond energies. By 
computational analysis, the authors identified variations in the total energy interac-
tions between the carbon materials and the RNA fragment. However, the potential 
energy from electrostatic interactions presented the greatest contribution to the detri-
ment of van der Waals interactions. Knowing that all carbon nanomaterials have the 
same chemical composition, two important factors must be considered here. First, 
carbon nanomaterials are charge neutral materials, and the RNA fragments are posi-
tively charged; thus, the most significant interaction consists of the ion-induced dipole 
force. The second one is that the increase in the overall surface area of the carbon 
materials led to a higher value of total potential energy interaction, which is explained 
by the greater number of available sites on the material. In this way, an increasing 
scale of the interaction of carbon nanomaterials with RNA fragments is suggested, 
as a function of the interaction affinity: fullerenes < graphenes < carbon nanotubes, 
which is the same behavior observed for the overall surface area. 

Although some works in the literature describe the possibility of linkage between 
the electrode and the biological material, when biological species are randomly 
immobilized on the electrode surface, usually there is no control over the sites these 
species will be linked. This is an important point to be considered, probably, being 
one of the most critical events in the biocompatibility of the system [4]. Also, the 
orientation of this material towards the incorporation of antibodies into the electro-
chemical system is crucial for obtaining an immunosensor with high sensitivity and 
selectivity. Therefore, the biological immobilization step has been considered one of 
the greatest challenges to be overcome in the development of biosensors [37]. Some

Fig. 1 Correlation between the surface area and the dimensionalities of carbon-based materials 
and their interaction affinity with SARS-CoV-2 RNA fragments. 0D: zero-dimension; 1D: one-
dimension; 2D: two-dimension materials. Reprinted adapted with permission from F. Zhang et al. 
Ecotoxicology Environmental Safety, 219, 112,357, Copyright (2021), Elsevier [36] 
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strategies can be used to enable the orientation of the biological material, maybe the 
more extensively explored consists of the generation of immobilization sites, through 
the formation of functional groups on the surface of the host material [38]. 

Carbon-based materials can be functionalized or exfoliated by using different 
approaches, including chemical, physical, and electrochemical methods [39–41]. 
The functionalization methods can oxidize or reduce the carbon surface, introducing 
functional groups. Thus, the immobilization of biological species (i.e., enzymes, 
antibodies, proteins, DNA/RNA) in the carbon structure can be made by covalent 
interaction with oxygenated functional groups, mainly carboxylic, of the carbon 
with amine groups of the biological materials. This can occur directly on the carbon 
material surface, or by using ligands immobilization, such as EDC (1-ethyl-3-(3-
dimethylamino) propyl carbodiimide) and NHS (N-hydroxysuccinimide), by a cova-
lent crosslinking mechanism [17, 42, 43]. On the other hand, carbon materials can 
also interact non-covalently with biomolecules by van der Walls, π − π stacking, 
and hydrophobic interactions [25, 44]. 

2 Carbon-Based Materials Applied for SARS-CoV-2 
Biosensing 

Regarding the different kinds of macro- or nanomaterials, as well as the possibilities 
of treatments for these materials, carbon-based biosensors have been applied for the 
detection of SARS-CoV-2 in several samples, which include biological (i.e., blood, 
urine, saliva, and nasopharyngeal), and environmental samples (i.e., wastewater), as 
summarized in Table 1.

2.1 Macro-Materials: Graphite and Diamond 

Some examples of conductive carbon-based materials used for biosensing consist of 
widespread macro-scale materials applied in electrochemical sensing for decades, 
such as graphite and boron-doped diamond-based electrodes [54]. Graphite is an 
abundant carbon allotrope mineral, which makes its low cost one of the main advan-
tages of its use [55]. This material is composed of several layers of graphene sheets 
bonded to each other by van der Waals force, which makes the graphite material 
with low mechanical strength [56]. For this reason, as well as the low cost and easy 
handling, most applications of this material in electroanalysis are made by use of 
graphite-based materials electrodes. 

As an example, graphitic carbon foils were functionalized and exfoliated to 
improve the immobilization of anti-SARS-CoV-2 antibodies [50]. The material 
was treated in an acid medium, in which the graphitic carbon showed the surface 
partial oxidation. The intercalation of ions in the layers of the material was also
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achieved. After, thermal treatment in presence of ethylenediamine was performed, 
which bonds to functional groups at the edges and basal planes and promoted the 
partial exfoliation of the material (Fig. 2a). The introduction of amine groups was also 
reported in the material, which is interesting for the immobilization of antibodies. The 
immunosensor was applied for the biosensing of SARS-CoV-2 S-protein in blood 
plasma using [Fe(CN)6]3−/4− probe by DPV (Fig. 2b). 

Regarding the carbon-based macro-electrodes, perhaps, the most widespread are 
carbon paste electrodes [57, 58], glassy carbon electrodes [59, 60], and 2D screen-
printed electrodes [61, 62]. Considering bioanalysis applications, screen-printed 
carbon electrodes (SPCE) based have been most used. This 2D type electrode can 
be purchased [16] or easily fabricated by printing a conductive ink or paste onto 
a substrate [63]. In this case, graphite, graphene, and carbon black can be used 
for this purpose. In general, screen-printed electrodes are more compact devices

Fig. 2 a Graphitic carbon surface activation (exfoliation and functionalization). b Anti-SARS-
CoV-2 antibodies immobilization for the detection of SARS-CoV-2 protein using [Fe(CN)6]3−/4− 

probe by DPV. Reprinted adapted with permission from M. Adeel et al. Sensors and Actuators: B. 
Chemical, 359, 131,591, Copyright (2022), Elsevier [50] 
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than conventional electrodes, leading to less waste generation, portable and large-
scale production abilities [64]. The properties presented by SPCEs, associated with 
the biocompatibility attributed to carbon materials, allowed their wide use in the 
development of biosensors or bio arrays for electrochemical determination [62, 65], 
including SARS-CoV-2 sensing, as demonstrated by Mahari et. al [47]. In this work, 
the development of an e-sensing device coupled to a commercial SPCE for SARS-
CoV-2 monitoring was reported. Anti-SARS-CoV-2 antibodies were immobilized 
on the working electrode surface, and the measures before and after incubation 
with SARS-CoV-2 S1 protein were performed by potentiometry. In addition to the 
biocompatibility and stability of the bioanalysis system, a high simplicity of device 
construction and analysis was also observed in this work. 

Concerning diamond, the structure is composed of carbon atoms with sp3 

hybridization, unlike graphite, in which the carbon atoms make 4 sigma bonds (σ), 
a tetragonal bond [66, 67]. This structure, as well as high binding energy, makes 
the diamond exhibit high hardness and good thermal conductivity [67, 68]. On the 
other hand, sp3 hybridization promotes this material a low electron conductivity, 
which would make its use in the development of electrochemical sensors unfea-
sible. However, p- or n-type doping using boron allows the generation of electron 
conduction sites [69]. Hence, the boron-doped diamond electrodes, especially thin 
film-based electrodes, consisting of a conductive carbon material widely used as 
electrochemical sensors and biosensors, mainly because of the biocompatibility, 
low background of current, and wide potential window [70, 71]. Therefore, boron-
doped diamond is a material with high potential for the construction of electrochem-
ical biosensors [72, 73], such as for the sensing and monitoring of SARS-CoV-2, 
as described by Witt et al. [52]. In this work, the authors performed an impedi-
metric determination of SARS-CoV-2 spike protein in human cells culture medium, 
after interaction with anti-SARS-CoV-2 antibodies immobilized on the boron-doped 
diamond electrode. The main positive points highlighted were the low limit of detec-
tion, which allows the dilution of the sample that reduced some possible matrix 
effects, and the high stability of the system during the measurements. 

2.2 Nanostructured Materials 

2.2.1 Carbon Nanotubes 

Carbon nanotubes are 2D carbon nanomaterials with cylindrical structures obtained 
by twisted sheets of graphite, classified as single or multi-walled carbon nanotubes 
[1]. The walls of the nanotubes are composed of rolled-up sheets of graphene, in 
other words, consisting of an electron conductive material with a hexagonal arrange-
ment of sp2 hybridized carbon atoms [74, 75]. These characteristics give this material 
excellent electrochemical properties, mainly high thermal and electrical conductivi-
ties. Like other carbon-based materials, carbon nanotube-based electrodes have slow 
kinetics of carbon oxidation, which allows these devices to have a wide potential
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Fig. 3 a Carbon nanotubes covalent and non-covalent functionalization and b binding with SARS-
CoV-2 biological materials. c SARS-CoV-2 nucleic acid extract by using target capture sequence 
(ssDNA) anchored on single-walled carbon nanotubes. Reprinted adapted with permission from E. 
N. Ozmen et al. Materials Science & Engineering C, 129, 112,356, Copyright (2021), Elsevier [3]; 
R. Varghese et al. Colloid and Interface Science Communications, 46, 100,544, Copyright (2022), 
Elsevier [24]; S. Jeong et al. ACS Nano, 15, 10,309–10,317, Copyright (2021), American Chemical 
Society [81] 

range [76]. In sensing applications, carbon nanotubes are widely applied in associa-
tion with other materials, more precisely as modifiers of electrochemical transducers, 
which can be metallic or carbon-based, such as glassy carbon electrodes and screen-
printed carbon electrodes [2, 77]. The presence of carbon nanotubes increases the 
electrochemical surface area, as well as electrical conductivity, and biocompatibility, 
making it an excellent platform for the anchor or determination of biological species 
[78]. 

For carbon nanotubes, a purification step can be performed by using oxidants (i.e., 
HNO3, KMnO4, and H2SO4) to separate undesirable impurities from the nanotubes. 
The functionalization is widely used for the oxidation of carbon nanotubes, which 
can be covalently done by direct binding of functional groups on the surface or by 
carboxylic acids attached to the sides or ends of the nanotubes [79, 80] (Fig. 3a). 
The cabon nanotubes structure also allows the immobilization of biological materials 
inside or outside the nanotubes (Fig. 3b) [24]. Another interesting strategy has been 
explored to extract nucleic acids of SARS-CoV-2 by using single-walled carbon 
nanotubes with capture single-stranded DNA sequences (Fig. 3c), improving the 
detection sensitivity [81]. 

2.2.2 Graphenes 

Graphene is a two-dimensional carbon structure with carbon atoms arranged in 
hexagonal sp2 hybridized structures with properties like carbon nanotubes, as
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presented before. Graphene normally can be synthesized by physical and chemical 
methods from pristine graphite and presents interesting properties, such as elas-
ticity and flexibility, high hardness, thermal conductivity, surface area, and elec-
trical conductivity [82, 83]. This nanomaterial can be synthesized from graphite, 
by the Hummers method or modified Hummers methods, which allows the forma-
tion of oxygenated functional groups on the material, conferring hydrophilic and 
lipophilic characteristics to the material [1]. An example of graphene oxide nanocol-
loids application for SARS-CoV-2 monitoring was developed by Ang et al. [28]. The 
material was used not only for the construction of the sensor but also as a platform 
for anchoring and recognizing the biological material in saliva samples by the DPV 
technique. The sensor was used for the detection of 2019-nCoV genomic sequences, 
in which the electrode was modified with a DNA fragment and the monitoring of the 
genomic sequence was performed by suppressing the voltammetric signal after the 
incubation of the complementary DNA fragment (target). High selectivity was regis-
tered using this genosensor for SARS-CoV-2 monitoring, which also presented porta-
bility and low cost, allowing the integration of the bio arrays for in loco monitoring, 
for example. 

The presence of functional groups can interfere with the honeycomb structure of 
graphene, affecting its thermal and electrical conductivity. Thus, a reduction method 
is commonly employed by using chemical agents, photochemical or electrochemical 
methods, leading to the formation of defects in the structure and obtaining the reduced 
graphene oxide (rGO) [3, 25, 84, 85] (Fig. 4a, b). A comparison between carbon-
based materials (i.e., multi-walled carbon nanotubes, graphene oxide, and reduced 
graphene oxide) immunossensors was reported for the detection of SARS-CoV-2 
(Fig. 4c) [25]. The immobilization of monoclonal IgG antibodies was performed by 
using EDC/NHS couple. Gold nanostars and silver nanowires were also tested as 
amplifying agents. In this case, graphene-based immunosensor (rGO modified with 
gold nanostars) showed the best detection of SARS-CoV-2 spike protein in biological 
samples. This is correlated to the highest effective surface area, electron transfer rate 
and electrical conductivity of the single-layer reduced graphene oxide compared to 
multi-walled carbon nanotube [25, 36].

2.2.3 Carbon Dots and Nanodots 

Carbon quantum dots, or 0D carbon materials, are compounds mostly based on 
carbon. However, they can present significant amounts of oxygen, hydrogen, and 
nitrogen, depending on the synthesis or treatments of these materials [86, 87]. Due 
to their extremely small size (diameter of 10 nm or less), carbon quantum dots have 
a higher surface area and amount of edge sites compared to other carbon materials, 
which increases their chemical and electrochemical activities [88]. They also show 
high solubility, and the ability to be synthesized from compounds abundant in nature 
without the use of solvents [89], increasing the interest in greener materials. Graphene 
quantum dots have been used for the immobilization of antibodies (Fig. 5a), this 
demonstrates their ability for the development of biosensors [90].
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Fig. 4 a Field emission scanning electron microscopy images and b structures for graphene oxide 
reduction process. c Comparison between graphene- and carbon nanotubes-based immunosensors 
for the sensing of SARS-CoV-2. Reprinted adapted with permission from S. A. Hashemi et al. 
Talanta, 239, 123,113 Copyright (2022), Elsevier [25]

Regarding COVID-19 monitoring, carbon nanodots functionalized with thionine 
were applied as electrochemical indicators of the hybridization reaction, allowing 
the detection of SARS-CoV-2 DNA sequences at picomolar levels (Fig. 5b) [21]. 
In another work, carbon nanodots have been used as co-reactant agents to improve 
the electrochemiluminescence for the detection of SARS-CoV-2 DNA sequences in 
human serum samples [48]. This emphasizes their application in different strategies 
for the biosensing approaches, including for SARS-CoV-2 determination. 

3 Tendencies and Perspectives 

As can be seen, carbon-based materials have been extensively used as conduc-
tive materials or modifiers for the construction of biosensors for the detection of
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Fig. 5 a Graphene quantum dots used for antibodies immobilization. b Carbon nanodots applica-
tion as a redox indicator of the hybridization for the sensing of SARS-CoV-2. Reprinted adapted 
with permission from X. Wang et al. Biosensors and Bioelectronics, 47, 171–177 Copyright (2013), 
Elsevier [90]; E. Martínez-Periñán et al. Biosensors and Bioelectronics, 189, 113,375, Copyright 
(2021), Elsevier [21]

SARS-CoV-2. Different approaches of carbon-based biosensors have been devel-
oped, mainly immunosensors, for the monitoring of antigens (proteins) and anti-
bodies; and genosensors, for the monitoring of genetical materials (RNA or corre-
sponding c-DNA). Recently, the change in the levels of some biomarkers has been 
also attached to the COVID-19 infection, such as glutamate [91, 92], cytokines [93, 
94], interleukins [95], C-reactive protein [96], dopamine [97], among others [98, 99]. 

Carbon-based sensors are also versatile to be used as disposable test strips [45], 
and combined with portable potentiostats and other devices [27, 43, 46, 47] allowing 
the fast and low cost detection of SARS-CoV-2, as point-of-care devices. An inter-
esting work proposed a multiplex device for the simultaneous determination of four 
different biomarkers in saliva and human blood serum samples, correlated with 
symptom severity in COVID 19 disease [27]. This device consisted of a 2D elec-
trode constructed of laser-engraved graphene and the four working electrodes were 
modified with antibodies for SARS-CoV-2, IgG, IgM, and C-reactive protein. It is 
important to highlight that the device allowed the monitoring of these species simul-
taneously making it possible to correlate the data obtained with the disease severity, 
possible infection, and immune response. The different levels of each biomarker were 
wirelessly transmitted by Bluetooth, which allowed the application of the device in 
medical appointments or diagnoses via telemedicine (Fig. 6).
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Fig. 6 a Laser-engraved graphene immunosensors multiplex wireless sensor. b Application of the 
device for SARS-CoV-2 nucleocapsid protein, IgG, IgM, and C-reactive protein sensing. Reprinted 
adapted with permission from R. M. Torrente-Rodríguez et al., Matter, 3, 1981–1998, Copyright 
(2020), Elsevier [27] 

The use of conductive carbon-based inks on flexible surfaces is another important 
point to be highlighted. These approaches make it possible to use these materials 
on different surfaces, even with irregular morphology as the human body, for the 
development of wearable sensors for COVID-19 monitoring or other existing or 
emerging diseases. Wherein, carbon-based devices can be used for real-time moni-
toring of numerous species, such as endocrine regulators, toxins, and diseases, such 
as COVID-19, depending on the recognition center immobilized on the electrode.
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Physical and chemical characteristics presented by conductive carbon-based mate-
rials, at macro-scale or nanoscale, promote interesting bioelectrochemical properties 
for these sensors, as mentioned above. 

In addition, the use of carbon-based materials can reduce the environmental impact 
due their low chemical inertia and low toxicity, as already mentioned previously 
addressed. This impact can be further reduced with the possibility of reusing or recy-
cling these devices after application. The recycling of the sensors into another mate-
rial could be a feasible and interesting alternative from the circular economy point 
of view [100]. For example, carbon-based paper or cotton fabric sensors for SARS-
CoV-2 monitoring devices could be pyrolyzed after use, generating bio-charcoal. 
This new material could be embedded into the environment, as a soil conditioner, or 
it could also be re-used as a modifier in other electrochemical devices [101], since it 
has interesting intereaction properties for the development of biosensors. 

Faced with the COVID-19 pandemic that has plagued the world since 2019, there 
was an immediate need for searching alternatives to contain and identify this virus. 
The use of carbon-based materials plays an important role in the development of 
reliable, fast, environmentally friendly, and low cost devices for the sensing of SARS-
CoV-2. Given the above, especially concerning the different types and versatility of 
applications, carbon-based materials can enable the immobilization and monitoring 
of nucleic acids, proteins, antibodies, as well as potential biomarkers recently related 
to COVID-19 in biological and environmental samples. 
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89. F. Rigodanza, L. Ðor -dević, F. Arcudi, M. Prato, Customizing the electrochemical properties 
of carbon nanodots by using quinones in bottom-up synthesis. Angew. Chem. 130, 5156–5161 
(2018) 

90. X. Wang, L. Chen, X. Su, S. Ai, Electrochemical immunosensor with graphene quantum 
dots and apoferritin-encapsulated Cu nanoparticles double-assisted signal amplification for 
detection of avian leukosis virus subgroup J. Biosens. Bioelectron. 47, 171–177 (2013) 

91. J.L. Scoggin, C. Tan, N.H. Nguyen, U. Kansakar, M. Madadi, S. Siddiqui, P.U. Arumugam, 
M.A. DeCoster, T.A. Murray, An enzyme-based electrochemical biosensor probe with sensi-
tivity to detect astrocytic versus glioma uptake of glutamate in real time in vitro. Biosens. 
Bioelectron. 126, 751–757 (2019) 

92. J. Schultz, Z. Uddin, G. Singh, M.M.R. Howlader, Glutamate sensing in biofluids: recent 
advances and research challenges of electrochemical sensors. Analyst 145, 321–347 (2020) 

93. Z. Wang, Z. Hao, S. Yu, C. Huang, Y. Pan, X. Zhao, A wearable and deformable graphene-
based affinity nanosensor for monitoring of cytokines in biofluids. Nanomaterials 10, 1503 
(2020) 

94. Z. Hao, Y. Pan, W. Shao, Q. Lin, X. Zhao, Graphene-based fully integrated portable 
nanosensing system for on-line detection of cytokine biomarkers in saliva. Biosens. Bioelec-
tron. 134, 16–23 (2019) 

95. A.R. Cardoso, M.H. de Sá, M.G.F. Sales, An impedimetric molecularly-imprinted biosensor 
for Interleukin-1β determination, prepared by in-situ electropolymerization on carbon screen-
printed electrodes. Bioelectrochemistry 130, 107287 (2019) 

96. S. Jampasa, W. Siangproh, R. Laocharoensuk, T. Vilaivan, O. Chailapakul, Electrochemical 
detection of c-reactive protein based on anthraquinone-labeled antibody using a screen-printed 
graphene electrode. Talanta 183, 311–319 (2018) 

97. M.T. Hwang, I. Park, M. Heiranian, A. Taqieddin, S. You, V. Faramarzi, A.A. Pak, A.M. van der 
Zande, N.R. Aluru, R. Bashir, Ultrasensitive detection of dopamine, IL-6 and SARS-CoV-2 
proteins on crumpled graphene FET biosensor. Adv. Mater. Technol. 6, 2100712 (2021) 

98. S. Kotru, M. Klimuntowski, H. Ridha, Z. Uddin, A.A. Askhar, G. Singh, M.M.R. Howlader, 
Electrochemical sensing: a prognostic tool in the fight against COVID-19. TrAC, Trends Anal. 
Chem. 136, 116198 (2021) 

99. M. Kaur, S. Tiwari, R. Jain, Protein based biomarkers for non-invasive Covid-19 detection. 
Sens. Bio-Sens. Resear. 29, 100362 (2020) 

100. H. Salmenperä, K. Pitkänen, P. Kautto, L. Saikku, Critical factors for enhancing the circular 
economy in waste management. J. Clean. Prod. 280, 124339 (2021) 

101. C. Kalinke, P.R. de Oliveira, J.A. Bonacin, B.C. Janegitz, A.S. Mangrich, L.H. Marcolino-
Junior, M.F. Bergamini, State-of-the-art and perspectives in the use of biochar for electro-
chemical and electroanalytical applications. Green Chem. 23, 5272–5301 (2021)



Electrochemical Immunosensor 
for Diagnosis of COVID-19 

Steffane Quaresma Nascimento and Frank N. Crespilho 

Abstract An immunosensor is a biosensor that detects antigen interactions using a 
particular antibody bound on the transducer’s surface. These biosensors have high 
selectivity and sensitivity due to their interaction specificity. Owing to this charac-
teristic, this type of sensor is attractive for several applications, especially in the 
medical area and bioanalysis. Among the types of immunosensors, electrochem-
ical immunosensors have gained prominence due to their simplicity and portability, 
potentially enabling in situ detection as promising characteristic for analysis in 
emergency care. In this chapter, the potential of electrochemical immunosensors 
is presented, especially in applications related to clinical examinations and mainly 
in the diagnosis of SARS-CoV-2. 

Keywords SARS-CoV-2 · Electrochemical immunosensor · Biomarker ·
Point-of-care 

1 Introduction 

The World Health Organization (WHO) declared COVID-19, caused by SARS-CoV-
2, a pandemic in 2019 owing to its fast transmission via aerosol droplets, contact, 
fecal–oral, fomites, and blood. COVID-19 has a high reproduction number of approx-
imately 2.2, a figure that indicates that this disease is highly contagious. Once infected 
with COVID-19, an individual can be asymptomatic, which makes it more difficult 
to detect and contain this virus [1, 2]. Given the severity of COVID-19 symptoms, 
and the high rates of hospitalization and fatality, quick diagnostic tests integrated 
with current health procedures are needed to track the virus’s dissemination and 
limit the course of the pandemic [3]. The virus is detected using two types of tests: 
nucleic acid tests, which detect viral RNA; and serological tests, which detect anti-
bodies produced against SARS-CoV-2 antigens [4]. However, due the limitations 
of nucleic acid tests, such as the need for specialized personnel, robust equipment,
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and a long analysis time, rapid and large-scale diagnosis, and consequently, mild or 
asymptomatic infections are not diagnosed [5]. 

Electrochemical immunosensors are an attractive choice due to their high sensi-
tivity, low cost, easy operation, the possibility of miniaturization, and point-of-need 
diagnostics [6–9]. Electrochemical approaches can be used to identify small changes 
caused by the recognition event of biomolecules, thereby enabling the use of this 
type of sensor. In electrochemical sensors, a redox probe is used to indirectly show 
the effect of this biorecognition reaction through a quantifiable variation in the 
electrode/solution interface of these devices [10]. 

In this chapter, we discussed the advances in the development of electrochem-
ical immunosensors for the detection of COVID19 biomarkers, and emphasized the 
production of miniaturized, portable, sensitive, selective, and flexible biosensors, 
ultimately revealing biosensors that enable direct or indirect detection. Additionally, 
we aimed to highlight recent publications in this area. In this chapter, we discussed 
the following: 

(I) Biomarkers: their definition and classification, and the main biomarkers of 
COVID 19. 

(II) Immunosensors: their definition and a description of how they are used. Some 
literature findings are also presented. 

(III) Electrochemical immunosensors: their definition and the main techniques 
employed with this type of device. Some literature are also presented. 

(IV) The recent advances in the diagnosis of COVID19. 

2 Biomarkers 

A biomarker is a measure used to assess the physiological condition of an organism, 
the progression of a disease, and the effectiveness of a therapeutic intervention 
[11]. Biomarkers are employed in several areas, such as the development of new 
drugs, safety assessment, and clinical analysis [12]. Glucose, RNA, DNA, antigens, 
proteins, blood pressure, and other chemical and biological components are examples 
of biomarkers. 

Biomarkers are divided into four categories based on their utility: (1) predictive 
biomarkers, (2) diagnostic biomarkers, (3) prognosis biomarkers, and (4) monitoring 
biomarkers [13]. Predictive biomarkers provide information that may be used to select 
the best therapy for a certain condition [14]. Diagnostic biomarkers are biomolecules 
or chemical reagents that may be used to diagnose or confirm the presence of a disease 
or condition. A prognostic biomarker is a molecule that indicates whether an event is 
caused by illness progression or death. [15]. Monitoring biomarkers set the state of a 
disease or medical condition, and are used in medical tests to identify disease-causing 
agents [11].
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3 Immunosensors 

Immunosensors are analytical devices based on the detection of antibody-antigen 
interaction. This interaction causes a signal change according to the concentration of 
the analyte under investigation. Immunosensors differ from conventional sensors as 
they possess great sensitivity, selectivity, stability, and the capacity to detect many 
targets [16]. The type, quantity, spatial orientation, reactivity, and immobilization 
method are relevant issues in the development of these devices [17]. It is also critical 
to select an immunoassay format and transducer that match the features of the material 
under investigation [18]. Table 1 shows some examples of immunosensors mentioned 
in the literature.

3.1 Antibodies 

Antibodies (immunoglobulins) are specific glycoproteins of the immune system that 
are produced by the body after contact with an antigen. In serum, antibodies specif-
ically bind to the antigen to neutralize them before they cause harm to the organism 
[13]. Figure 1 shows a typical image of an antibody. The antibody consists of four 
polypeptides—two identical heavy chains (VH) and two light chains (VL) [25].

Heavy chains are composed of three constants (CH1, CH2, and CH3) and one 
variable (VH) that are linked to the hinge region by numerous disulfide bonds that 
differ depending on the antibody subclass and the host. Light chains consist of two 
domains—a constant (CL) and a variable (VL) linked by disulfide bonds and non-
covalent interactions [25]. The heavy chains are found in the Fab and Fc areas, 
whereas the light chains are found in the Fab region. Three complementarity deter-
mining regions (CDRs) are found in the antibody structure. These regions are respon-
sible for the formation of the binding site with the antigen (the region where the anti-
body interacts with the epitope of the antigen) [26]. In the recognition process, some 
factors are relevant, such as the antigen and antibody, and the distance between them 
[27]. When these characteristics are adequate, the formation of non-covalent bonds 
or hydrogen bonds occurs, which are responsible for immunocomplex formation, 
and, consequently, responsible for the specific recognition of these molecules. This 
occurs in the Fab region of the antibody, which is responsible for identifying and 
engaging with the matching antigen, whereas the Fc region binds to several receptors 
in a non-specific manner and is mostly employed for antibody immobilization on a 
surface. Furthermore, the oligosaccharide component (CH2 domain) of the Fc region 
is important for antibody immobilization [13]. 

Antibodies differ in terms of antigen specificity and affinity for binding. They can 
be polyclonal, monoclonal, recombinant, mono or bispecific, chemically modified, 
or fragmented [28]. Furthermore, amino acid composition, functional binding sites, 
amount of carbohydrates, size, and charge also differ from antibody to antibody, 
which indicates that, the choice of an appropriate antibody is essential. Usually, the
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Fig. 1 Typical image of an 
antibody

immunoglobulin G (IgG) antibodies are selected owning to their greater quantity, 
better stability, and higher affinity among the immunoglobulin classes [29]. 

3.2 Immobilization Methods 

The antibody and the immobilization method must be considered in the development 
of sensitive and selective immunosensors for use in samples [30]. For such assays, 
the antigen-binding on the surface of the antibody and its binding capacity are key 
characteristics. To obtain a stronger antibody response, the antigen-binding sites 
must be immobilized correctly. Antibody immobilization methods are divided into 
two groups random immobilization and targeted immobilization [31] (Fig. 2). 

In random immobilization, antibodies are immobilized by physical adsorption. 
In this configuration, the hydrophobic and electrostatic interactions predominate. 
This method of immobilization is simple, quick, and affordable, and can produce

Fig. 2 Antibody immobilization methods—random immobilization and targeted immobilization 
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strong analytical signals in some instances [32]. However, some antibodies, might 
denature or undergo conformational changes following interaction with the substrate 
as it is a physical adsorption. This situation can cause a deficiency in their binding 
capacity and result in reproducibility problems for this sensor [32]. This problem 
can be solved with another random immobilization method, in which antibodies 
are covalently linked to substrates [33]. By using various chemical reagents, the 
antibody is immobilized in a pre-modified substrate containing active functional 
groups. Covalent bond formation, repeatability, stability, and appropriate sensitivity 
are advantages of this approach. Due to the random orientation of the antigen– 
antibody binding sites, the fundamental drawback of this technique is the reduced 
availability of antigen–antibody binding sites [31]. 

Two strategies were reported to solve the random immobilization problem. The 
first strategy involves the use of the affinity between the Fc region of the antibody 
with some proteins (protein A, protein G, and domain Z) and other antibodies. These 
proteins are employed to guarantee correct targeting, in which antibody sites are 
available for antigen binding, resulting in higher antibody density on the sensor 
surface than random antibody immobilization approaches [34]. The second technique 
is based on the binding of the oligosaccharide in Fc region of the antibody, especially 
in the CH2 domain. This connection can be accomplished via two approaches: the 
surface Schiff-based formation binds to the oligosaccharide sections of oxidized 
antibodies (diols converted to aldehydes), or the oligosaccharide portions engage 
with a boronic acid-modified substrate [35]. 

In addition to these methods, a new methodology has currently emerged. In this 
new method, chemically (or genetically) modified antibody fragments are used to 
interact and promote this orientation [36]. Dithiothreitol can be used to decrease 
the disulfide linkages in the hinge region of the antibody in this method. In such 
circumstances, free sulfhydryl groups are employed to covalent immobilization of 
semiantibody fragments on the pre-modified substrate [36]. 

Using randomly immobilized antibodies, sensitive, selective, and stable 
immunosensors may be developed. However, other investigations show that antigen-
binding ability is reduced owing to antigen-binding sites on the surface being oriented 
incorrectly [37]. To build sensitive and selective immunosensors, antibodies must be 
properly selected and immobilized. 

3.3 Immunusensors Format 

Three types of immunoassay formats are reported in the literature: (1) direct, (2) 
sandwich, and (3) competitive. (Fig. 3) [38].

Antibodies are mounted on the sensor surface and interact directly with analytes in 
a direct immunoassay. Typically, a large quantity of antigen in the sample is required 
in these sensors to provide superior analytical findings. As a result, without the signal 
amplification stage, this format is the fastest, simplest, and cheapest, but is also the 
least sensitive. This format detects large biomarkers [39].



Electrochemical Immunosensor for Diagnosis of COVID-19 69

Fig. 3 Types of immunoassay format

The antibodies of capture and detection are utilized in the sandwich immunoassay 
format. This format is broken down into two parts. In the first stage, capture antibodies 
mounted on the surface identify and bind with biomarkers. In the second stage, tagged 
secondary antibodies that bind with the detection antibody (indirect sandwich format) 
are employed, allowing the analytical signal to be amplified [40]. This immunosensor 
format allows biomarkers to be detected or quantified in a highly specific and sensitive 
manner; however, multi-step analysis is associated with a markedly longer duration. 
Further, it is necessary to select antibodies that bind to different epitopes and that 
efficiently and do not interfere with each other [40]. 

In the competitive test (inhibition assay), the antibodies (unlabeled or labeled 
conjugates) are first interacted with the sample containing the biomarker. The 
biomarker-antibody combination is then applied to the sensor’s surface, which has 
been pre-modified with a reference biomarker [41]. Binding site antibodies present in 
the solution depend on the number of biomarkers in the sample. As a result, the refer-
ence biomarker competes for binding sites. Immobilized biomarkers can only interact 
with free antibodies. Further, the quantity of antibodies must remain constant for this
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sort of essay; otherwise, the analysis will fail. A competitive immunosensor is used 
to identify low molecular weight biomarkers. The competitive immunosensor does 
not suffer from matrix effects and does not require any sample preparation [41]. 

4 Techniques in Electrochemical Immunosensors 

Several electrochemical techniques have been used in immunoassays, such as voltam-
metric, amperometric, and impedimetric approaches (Fig. 4). Typically, electro-
chemical experiments are carried out using a three-electrode method (working elec-
trode, reference electrode, and auxiliary electrode) [42]. The working electrode is 
the component of an electrochemical immunosensor that has been modified with 
biorecognition elements (antibody or antigen) deposited on the working surface using 
a ligand [43]. This section covers the methods used to evaluate the effectiveness of 
such immunosensors. 

4.1 Voltammetry 

Voltammetry is an electrochemical analytical method that evaluates the current gener-
ated as a function of the application of a potential sweep [16]. In electrochem-
ical immunosensors, several voltammetric methods are employed, such as cyclic 
voltammetry (CV), differential pulse voltammetry (DPV), linear scan voltammetry 
(LSV), square wave voltammetry (SWV), stripping voltammetry (SV), however, 
CV, DPV, and SWV. The ability to determine attributes of the materials employed

Fig. 4 Techniques used in immunoassays 
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in the biosensor, such as equilibrium constant in coupled processes, electrochem-
ical reversibility, and electron transfer, is an advantage of voltammetric approaches 
[44]. Voltammetry is mainly utilized in analytical immunodetection investigations to 
determine the LOD, LR, sensitivity, and other parameters. Figure 5 shows the main 
voltammetric techniques and their respective voltammograms 

Cyclic voltammetry (CV) is a voltammetric technique that provides information 
on the electrochemical behavior of electroactive analytes on electrode surfaces [45]. 
CV is normally used to obtain information about the analyte, such as its mechanism, 
the number of electrons involved in the feed, the presence of coupled reactions, 
or whether any adsorption process resulting from the redox reaction exists [45]. 
Therefore, in electroanalysis, the first step involves recording a cyclic voltammogram. 
In CV, the potential is swept from an initial potential, E i, (V, volts) at a specific 
sweep rate (mV/s) to switching or reverse potential (E λ), at which the potential is 
reversed (digitized in the opposite direction) to the initial potential at the same sweep 
rate. Several cycles can be performed. If the sweep starts at a potential well below 
(negative) the formal potential (Eo) of the redox process, only non-faradaic currents 
flow, that is, current from the redox process of the analyte [45]. 

The most important parameters obtained by CV are the peak potential (char-
acteristic of each analyte) and peak current (faradaic current correlated with the 
concentration of the analyte), which are important for the identification of analytes 
[46]. Thus, CV is a complementary technique to other voltammetric techniques as 
some information is obtained and used by other voltammetry techniques, such as 
DPV and SWV.

Fig. 5 The main voltammetric techniques with their respective voltammograms. 
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As previously mentioned, DPV and SWV are the most used electroanalytic tech-
niques. These techniques are more sensitive due to the potential pulse approach. The 
central principle of these techniques lies in the difference in decay rates between 
faradaic and non-faradaic currents. Non-faradaic current decays exponentially and 
thus decay much faster than faradaic current; this is because as faradaic current is 
inversely proportional to the square root of time. Therefore, in DPV and SWV tech-
niques the non-faradaic current (capacitive current) is negligible, potentially causing 
lower detection limit with higher sensitivity, which is ideal for bioanalysis [47]. The 
applicability of these techniques in electroanalysis is depicted in Table 2, which 
contain some works reported in the literature.

4.2 Amperometry 

Amperometry is an electroanalytical technique that measures the current generated 
from an oxidation–reduction reaction under a constant potential that is proportional 
to the concentration of this analyte in solution [55]. In recent years, amperometry 
has been widely used in electroanalysis, due to some characteristics such as high 
sensitivity and selectivity for electroactive species and a wide range of linear concen-
tration [56]. Owing to the simplicity of this technique, it is easily used in unusual 
environments and can be integrated into portable and low-cost instrumentation [57]. 
In biosensors, amperometry is normally used to detect the current variation as a 
function of the formation of the immune complex (Fig. 6).

Several amperometric biosensors are currently on the market, with glucose biosen-
sors as the main type of amperometric biosensors. These sensors benefit from a large 
market for glucose biosensors, which are used daily by diabetic patients. Their tech-
nique combines the enzyme’s selectivity in recognizing a specific target analyte with 
the direct conversion of the biocatalytic reaction rate into a current signal [45]. Table 
3 shows some amperometric immunosensors reported in the literature.

4.3 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique that offers information 
on intermolecular interactions by observing the influence on electron transfer resis-
tance (Rct). EIS is an excellent technique for detecting minor changes on the surface 
of the biosensor and is utilized for interface characterization. The EIS analyzes 
different frequencies and identifies changes in the diffusion process of each interface 
from an impedance spectrum [65]. To obtain the Rct values, the impedance spectrum 
is examined using an electrical equivalent circuit. As illustrated in Fig. 7a, this circuit 
consists of four elements: ohmic resistance (R), capacitance (Cd), stationary phase 
element (Rt), and Warburg impedance (Zd) [66].
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Fig. 6 Variation in amperometric current in function of the formation of the immune complex

To match experimental impedance data (Nyquist plot) with ideal impedance 
elements, electrical equivalent circuits (Fig. 7a) are utilized. Electrochemical factors 
such as electrolyte solution resistance, electrode polarization resistance, and double-
layer capacitance are evaluated using the Nyquist plot. These numbers are needed 
to determine the activities in the interface [66]. In a complex plane, the Nyquist plot 
is  given by Z'() and Z''(). EIS may also be studied using the Bode plot in addition 
to the Nyquist plot (Fig. 7b). The Bode plot is consists of log Z (impedance) on the 
X-axis and the log f (frequency) on the Y-axis, and the phase angle. Compared to the 
Nyquist graph, which has frequency values that are more implicit, this graph yields 
a more explicit explanation of the electrochemical system-dependent behavior and 
frequency by displaying frequency on one of the axes [67]. 

The EIS is divided into two categories: faradaic and non-faradaic processes. A 
redox species is alternatively oxidized/reduced in the faradaic process EIS. As a 
result, redox-active species and DC conditions must be introduced into the environ-
ment in a manner that prevents their consumption. In contrast, no extra reagents are 
required in EIS of non-faradaic processes, making non-faradaic investigations more 
appropriate for point-of-care applications [68]. 

Impedimetric biosensors, such as the biosensors mentioned above, are bioelec-
tronic devices that rely on the unique interaction of a biomolecule with the trans-
ducer surface, which modifies the interface characteristics directly or indirectly in 
EIS investigations [69]. Recently, due to accessibility to impedance instrumentation, 
there has been an increase in studies on impedance-based biosensors [67]. In these 
studies, EIS is primarily utilized to regulate the biosensor production process but has 
also been employed to investigate biosensor diagnostic procedures in recent years 
[70]. Proteins, nucleic acids, cells, microbes, antibodies, and antigens are among 
the analytes studied, as indicated in Table 4, which summarizes some of the studies 
published in the literature.
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Fig. 7 a electrical equivalent circuit, b nyquist plot

5 Electrochemical Immunosensors for the Detection 
of COVID-19 

COVID-19, caused by SARS-CoV-2, has been classified as a pandemic by the WHO 
due to its rapid spread via air droplets, contact, fecal–oral, fomites, and blood. 
COVID-19 has a high basic reproduction number of approximately 2.2 which high-
lights it as a highly contagious. Once infected, an individual can be asymptomatic, 
which makes it difficult to contain this virus [1, 80]. Owing to the severity of the 
symptoms of COVID-19 and the high rates of hospitalization and mortality, rapid 
diagnostic tests that are integrated with current health protocols to monitor the spread 
of the virus and control the progression of the pandemic [3]. In this section, the elec-
trochemical sensors reported in the literature for the diagnosis of COVID19, which 
are sensors for virus proteins, RNA, and antibodies. 

5.1 Electrochemical Detection of SARS-CoV-2 Proteins 

The coronavirus nucleocapsid protein is a structural protein that assembles the virus 
genome and creates a complex with its RNA. According to studies, the large propor-
tion of this protein makes it a possible biomarker for the identification of SARS-
CoV-2. Eissa and colleagues (Fig. 8) created an electrochemical sensor that served 
as a detector and a sample collector for the detection of SARS-CoV-2 N protein 
using cotton fibers [9]. The viral N protein was immobilized on carbon nanofibers 
functionalized with benzoic acid through electrodeposition of the diazonium salt. In 
enriched nasal samples, this sensor employed square wave voltammetry (SWV) as 
the detection approach and had an LOD of 0.8 pg/mL, selectivity, and recovery of 
91 to 95.5%.

A MIP-modified thin-film electrode was utilized by Raziq et al. to make an electro-
chemical sensor for N protein. Differential pulse voltammetry (DPV) in the presence
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Fig. 8 Schematic electrochemical immunosensor; a cotton-tipped collector electrode, b carbon 
nanofiber electrode based biosensor, c principle of detection employing. Reprinted with permission 
of Ref. [9] Copyright2021@American Chemical Society

of a ferri/ferrocyanide redox pair was chosen as the method. The sensor’s applica-
bility was investigated in this study by using it on various nasopharyngeal samples 
from patients. The sensor was found to be repeatable up to a concentration of 111 fM, 
with LOD of 15 fM and LOQ of 50 fM [81]. 

The spike protein (Protein S), which plays a key role in the virus’s entrance, fusion, 
and attachment in the organism and serves a potential biomarker, is another important 
protein for the detection of SARS-CoV-2. Protein S is employed as a diagnostic 
antigen because coronaviruses have diverse amino acid sequences that enable specific 
detection of SARS-CoV-2 [80, 82–84]. Vadlmani et al. reported the generation of a 
novel electrochemical sensor based on cobalt functionalized TiO2 nanotubes. The 
described sensor could detect the S-RBD protein in the low concentration range of 
14–1400 nM, with a LOD of 0.7 nM and an analysis time [82]. 

Mahari et al. also reported the generation of a device for the detection of the SARS-
CoV-2 S protein in enriched saliva samples, based on an internal device (eCovSens). 
To investigate variations in electrical conductivity using the potentiostat, and the the 
fluorine-doped tin oxide (FTO) modified with AuNPs and coated with SARS-CoV-2 
antibody. The reported immunosensor was found to have a high sensitivity for the 
SARS-CoV-2 spike antigen, ranging from 1 fM to 1 M, and could detect it in 10–30 s 
[83]. 

Torres and associates created a portable real-time impedimetric detection 1.0 
prototype (RAPID 1.0). The described immunosensor could measure the influence 
of the formation of an immune-complex between ACE2 and SARS-CoV-2 on the 
solution’s resistance. With 10 μL of material, the biosensor could identify SARS-
CoV-2 in 4 min. Furthermore, RAPID 1.0’s specificity and sensitivity for saliva and
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nasopharyngeal/oropharyngeal swab samples were 100%, 85.3%, 86.5%, and 100%, 
respectively, which are exceptional findings for this type of equipment [84]. 

5.2 Electrochemical Detection of SARS-CoV-2 RNA 

Besides the SARS-CoV-2 proteins, devices that detect SARS-CoV-2 genes, RNA, and 
hybrid DNA have been mentioned in the literature. Alafeef and colleagues revealed 
a graphene-based biosensor for SARS-CoV-2 N gene detection. Four ssDNA probes 
were coupled with gold in this device to magnify the signal. With an average incu-
bation period of 5 min, this sensor could detect the target RNA, yielding an LOD 
of 6.9 copies/L with 231 (copies/L−1). In addition to routine analysis, the sensor 
was verified using RNA samples collected from SRAS-CoV-2 infected cells, which 
enabled the distinction of positive COVID-19 samples from negative samples with 
100% accuracy and, specificity, and sensitivity, with no substantial difference in the 
response for samples that did not include a viral target section [85]. 

Chaibun and colleagues described a system for detecting SARS-CoV-2 genes. 
Unlike previous studies, their study not only discussed the detection of the N gene, but 
also S gene (Fig. 9). Of note, the rolling circle amplification (RCA) approach could 
collaborators. To detect the genes, the gadget employed a method called differential 
pulse voltammetry. The sensor was able to identify 1 copy/L of S or N viral genes in 
2 h and provided 100% accurate findings in actual samples tested by qRT-PCR [1].

Sensors for the RNA and DNA of SARS-CoV-2 may be found in the literature, in 
addition to those for the genes. The growth of studies in molecular biology and nucleic 
acid detection methods, particularly during the application of principles used in RT-
PCR analysis, has resulted in an increase in the number of publications on this type of 
sensor [2]. Hwang et al. reported an unlabeled capacitive DNA biosensor made with 
platinum/titanium electrodes to detect the DNA (Fig. 10). The sensor’s sensitivity 
was 0.843 nF/nM. Furthermore, fluorescence intensity was used to demonstrate the 
virus’s selective detection, and SARS-CoV-2 gene was identified with a fluorescent 
dye [86].

5.3 Electrochemical Detection of SARS-CoV-2 Antibodies 

Antibodies, such as IgM and IgG, were the primary biomarkers used to diagnose 
SARS-CoV-2 infection at the start of the epidemic. As antibody detection indicates 
the dynamics of the immune response to the presence of the virus, and how these 
dynamics may be altered for asymptomatic and symptomatic individuals at different 
phases of viral infection. The antiviral antibodies, IgG and IgM, can be detected 
in human serum samples infected with SARS-CoV-2, according to recent research 
[87–90]. Yakoh and colleagues developed an electrochemical paper (ePAD)-based 
analytical apparatus for detecting SARS-CoV-2 IgG and IgM. (Fig. 11). The impact
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Fig. 9 The detecting platform is described in detail: a biosensor of RCA of N and S genes, b setup 
of detection device. Reprinted with permission from Ref. [1] Copyright 2021@Nature

of the presence of the antibody on the redox conversion of [Fe(CN)6]3/4− was inves-
tigated using the square wave voltammetry method. For IgG and IgM, the sensor 
had an LOD of 0.96 ng/mL and 0.14 ng/mL, respectively. This protocol’s cross-
reactivity was also evaluated in the presence of different antibodies; however, no 
cross-reactivity was found [91].

Hashemi et al. presented a system that detect SARS-CoV-2 IgG monoclonal 
antibodies with extreme precision (Fig. 12). This gadget was created to analyze 
blood samples from COVID-19-infected individuals. Activated graphene oxide (GO) 
was combined with Au nanostars to create the sensor (G-Au NS). The sensor was 
found to have an a LOD of 0.1810 19 V/V and a sensitivity of 2.14 A. V/V cm2,
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Fig. 10 The IDE biosensor’s operating principles for detecting SARS-CoV-2 cDNA: a probe 
DNA sequence schematic using specific mRNA sequences; b schematics showing the biosensor 
fabrication and detection. Reprinted with permission of Ref. [86] Copyright 2021@Elsevier

exhibiting a remarkable correlation with the gold standard (ELISA assay). The 
sensor’s specificity/selectivity were 100%/85% and 95%/100%, respectively [92].

. 
A graphene-based Electrical-Electrochemical Vertical Device (EEVD), designed 

for the serological diagnostic of COVID-19, was proposed by Mattioli et al. [93]. The 
EEVD proposed by the authors quantifies the SARS-CoV-2 specific Ig G in serum 
samples, through interactions with the Receptor Binding Domain (RBD) immobi-
lized in the biosensor surface. The combination of graphene basal plane, with high 
charge carrier mobility, high conductivity, lower intrinsic resistance, and interfacial 
sensibility to capacitance alterations. The EEVD was applied to real human serum 
samples. Because EEVD is a miniaturized device, it only requires 40 μL of sample 
for COVID-19 infection detection at the point-of-care. When compared to serologic 
assays such as ELISA and other immunochromatographic methods, EEVD has some 
advantages such as a shorter analysis time (15 min), sample preparation, and a lower 
limit of detection (LOD) of 1.0 pg mL−1. We see that EEVD meets the principles 
of robustness and accuracy, which are desirable analytic parameters for pandemic 
control assays [93] (Fig. 13).
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Fig. 11 The schematic figure of a biosensor components, b biosensor detection principle, and 
c analysis steps of the COVID-19 ePAD. Reprinted with permission of Ref. [91] Copyright 
2021@Elsevier

6 Conclusion 

The pandemic caused by SARS-CoV-2 revealed the need for low-cost devices and 
prompt care for the diagnosis of diseases. Currently, most clinical analysis methods 
are based on analytical techniques that usually require expensive and bulky equip-
ment that are not practical to combat a global pandemic, such as the new coronavirus. 
Miniaturized electrochemical immunosensors have special advantages, such as porta-
bility, low cost, and applicability in emergency care, which reduces the total time 
of analysis and increases efficiency, characteristics required for coping with highly 
contagious diseases. As presented in this chapter, electrochemical immunosensors 
have emerged in the literature as alternatives to traditional methods for detecting 
SARS-CoV-2. Several factors, such as simplicity, high sensitivity, and selectivity, 
good compatibility with biological samples were found to be obtained with these 
biosensors. Finally, the production adopted in the development of each biosensor 
was presented herein, highlighting the suitability of this technology for application
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Fig. 12 Scheme of the interaction of the G-Au with IgG antibodies. Reprinted with permission 
from Ref. [92] Copyright 2021@ Elsevier

Fig. 13 EEVD biosensor: a schematic representation of G-PNR-AuNP/RBD interface; b calibra-
tion curve for IgG detections; c displacement values for positive and negative IgG detections; d 
analysis via ELISA assay from Ref. [93] Copyright 2022@ Elsevier

in clinical analysis. These biosensors are also promising devices for the diagnosis of 
diseases considering the exponential growth of publications in this area of research.
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Optical Fibers Sensors for Detection 
of SARS-CoV-2 Infection 

Daniel S. Francisco, Renato G. Capelo, Ricardo S. Baltieri, 
and Danilo Manzani 

Abstract In this chapter, the main techniques that use light to monitor and detect 
viruses and biomolecules will be presented, including Surface-Enhanced Raman 
Spectroscopy (SERS), Localized-Surface Plasmon Resonance (SPR), luminescence, 
and others. It will also be discussed the devices used to build biosensors and, in 
addition, the chemical modifications in waveguides to improve and innovate such 
technologies. Besides, it will also address how optical devices and materials are 
being explored in the detection and diagnosis of the new coronavirus, as some aspects 
related to the biological structure of SARS-CoV-2 and its detection. 

Keywords Optical biosensors · Photonic devices · Fiber optics 

1 Fundamentals 

Biosensors are devices that incorporate a biological sensing element and can detect 
biomolecules in chemically complex samples. Optical biosensors are the most 
reported class of sensors having many advantages including real-time detection, easy 
miniaturization, safety, and cost-effectiveness. As well as the small size, capacity of 
miniaturization, and the friendly use makes it an alternative method to be point-
of-care for ills and virus detection [1]. The development of optical biosensors has 
been mainly regarding environmental applications and monitoring, the biotechnology 
industry, and healthcare for the detection of, for example, Ebola, triglycerides [2], 
HIV, influenza virus [3], dengue [4], and others [5]. 

In general, an optical biosensor involves an analyte to be monitored or detected and 
is constituted by a biorecognition element, an optical transducer, and signal output 
that is treated, as shown in Fig. 1 [6]. To achieve high specificity and sensitivity, 
the sensors need to use a suitable biorecognition element that includes biostructures 
like enzymes, antibodies, nucleic acids, cells, receptors, and so on. The choice of
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Fig. 1 General flowchart of an optical biosensor 

biorecognition element occurs in the function of affinity and specificity interaction 
with the analyte which needs result in a distinguishable optical signal [7]. 

Regarding an optical signal, the optical biosensor can be divided into two broads: 
label-based and label-free. In summary, label-free sensors generate the signal directly 
by the interaction of the target molecule and the transducer. Localized-Surface 
Plasmon Resonance (SPR) and Surface-Enhanced Raman Scattering (SERS) based 
sensors, for instance, are often reported as label-free method. On the other hand, the 
label-based sensor involves an extra component, a label, that will generate a signal 
by a colorimetric, electric signal, or fluorescent method. 

Particularly, biosensors must recognize a variety of complex samples. In the 
case of virus detection, many parts can be used to identify the ill like proteins or 
RNA sequence. The structure of SARS-CoV-2, like other viruses, is complex and 
can be hard to accurately diagnose with all desirable characteristics of an ideal 
biosensor. Such attributes include low cost, high sensibility and specificity, quan-
titative, reusable, easy to clean, and ability to operate with fast results [8]. Coron-
avirus pathogens have six main proteins in their structure: spike (S), small membrane 
(E), membrane (M), hemagglutinin-esterase (HE), nucleocapsid (N), and internal (I) 
proteins [9]. 

Each structural protein has a specific function in viral infection and replication 
into the body. Among these proteins, the main interest remains in the spike proteins 
and nucleocapsid proteins. The S protein is responsible for recognizing and entering 
the human cell through the Recognized Binding Domain (RBD) localized in one of 
its two subunits, S1 [9]. The N protein of SARS-CoV-2, differently from the other 
six coronavirus family with the largest RNA genome, is one of its functions that 
act in the genome packaging of viral RNA in the virus [10, 11]. Different optical 
approaches are used to detect such proteins, like SPR, SERS, and chemiluminescence 
(CL). Properties of N protein can be detected using specific RNA interaction as 
in the Reverse Transcription Polymerase Chain Reaction (RT-PCR) test. However,
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variations in the test results were assigned to variations in the RNA sequences when 
using some genes such as ORF1ab gene and N genes can affect the test and thus cause 
false-negative diagnostics [12]. To overcome the issue of N protein mutations on 
RNA, some recent works have developed biological components that can selectively 
identify the SARS-CoV-2 from another virus, even for the SARS-CoV [13]. Using 
N protein as a target molecule is useful for early diagnosis because at this stage the 
human body does not start producing antibodies and the N protein is the most present 
protein in Covid-19 [14]. 

Although there are tests and technologies for N protein detection, they are not 
quantitative or require skilled labor and expansive equipment, for example, RT-PCR 
or Mass Spectrometry essay [15], that is suitable for research but not for large-
scale use. Since the discovery of the first coronaviruses and their potential to cause 
Severe Acute Respiratory Syndrome (SARS), modifications have been sought to 
make their identification cheaper and easier, such as an enzyme-linked immunosor-
bent assay using chemiluminescence to identify SARS-Cov [16], Recently, aptamers-
based sensors are explored to give high selectivity to biosensors. Aptamers are 
optimized for the nucleic acids (mainly RNA or DNA) for high-affinity binding 
to a given target. This biorecognition element originated from in vitro selection 
sequence libraries named Systematic Evolution of Ligands by Exponential Enrich-
ment (SELEX), which, starting from random sequence libraries, is used with other 
elements to generate a signal output [17, 18]. This kind of device has been explored 
in Lateral Flow Assay with a Limit of Detection of 1 ng mL−1 by the naked eye 
[13]. A combination of aptamer immunocomplexes modified to bind specifically 
with SARS-Cov-2 with an optical analysis can provide a rapid and cost-effective 
test. In this case, DNA aptamers are used to bind with SARS-Cov-2 N protein and 
then generate a chemiluminescent signal quantified by fluorescent image analysis 
[19]. 

The antibody also can be used to detect Covid-19 as a recognition element for 
S or N proteins, which can be assembled in different ways to generate an optical 
output response. It is possible to use a sandwich assay as demonstrated by Divagar 
et al. [20] who used an optical fiber biosensor built as a sandwich immunoassay of 
AuNP/IgG1/Covid-19 N Protein/IgG2-Fiber for virus detection by localized plas-
monic absorbance [20]. Sandwich immunoassay is the most common assembly used 
in optical biosensors, such as fluorescent sensors. They also can be arranged as a 
direct immunoassay, competitive immunoassay, or displacement immunoassay, as 
shown in Fig. 2. Direct detection works on the optical properties of the antigen that 
modifies a signal when bounded with the antibody. The competitive immunoassay 
shown in Fig. 2b has two modes, in the first one the antibody is immobilized and 
there is competition for the binding sites between the target molecule and a labeled 
target [21]. The second mode is quite similar but the target is immobilized and the 
antibody is labeled. The most used configuration for detecting target molecules is 
the sandwich immunoassay. Firstly, the target molecule in the solution is captured by 
an antibody immobilized on the substrate. Later, a second labeled antibody (reporter 
antibody or detection) binds to the target molecule resulting in a measured complex 
(Fig. 2c). At last, in displacement immunoassay, the immobilized antibody is firstly
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Fig. 2 Classification of (bio)mimetic a direct immunoassay; b competitive immunoassay; c 
sandwich immunoassay; d displacement immunoassay [22] 

saturated with an excess of labeled antigen until getting a stable signal. Then, the 
addition of the target molecule leads to a displacement of the labeled antigen whose 
signal change is proportional to the concentration of the target molecule [22]. 

2 Optical Techniques for Covid-19 Detection 

2.1 Surface-Enhanced Raman Spectroscopy (SERS) 

Surface-enhanced Raman scattering (SERS) is a fundamental technique used in 
several fields including chemistry, biochemistry, and material science. The great 
use of this powerful tool is due to its intrinsic characteristics and technological 
advances that have reduced the cost and increased the sensitivity of SERS measure-
ments. The SERS phenomenon was demonstrated for the first time by Fleischmann 
et al. in 1974 [23], showing an unpredictable broad Raman signal from pyridine 
adsorbed on a silver electrode. Thereafter, some researchers studied and confirmed 
the SERS by strong electrochemical electric fields on the metal surface [24], and 
then it was proposed that the phenomenon originated from the optical excitation of 
electrons collective oscillations on the surface of metallic nanostructures [25]. Addi-
tionally, subsequent studies have shown that the reason for the SERS enhancement 
is linked to the electromagnetic and to the chemical effect [26, 27]. In the last three 
decades, technological advances have been providing fundamental contributions to 
the development of instrumentation in the field of Raman/SERS spectroscopies [28]. 
The introduction of charged coupled devices (CCDs), for example, allowed a high 
improvement in the spectra signal/noise ratio; further, the holographic notch filters, 
and the use of solid-state lasers for excitation, meant important advances in the 
quality and scope of the technique [29]. The unique characteristics of SERS, as well 
as its instrumental advances, have boosted the use of this spectroscopic technique
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in several fields, transforming a tool, which in the past, was used only by a limited 
number of specialized users, into a widely spread analytical technique [28]. 

Currently, researchers are working on many applications of SERS, such as sensing 
food additives or contaminants, explosives, and biological species, as well as its 
different uses in forensic science and monitoring reactions catalyzed by metallic 
nanoparticles [28]. Also, SERS has been widely reported in biological fields, espe-
cially to detect influenza and hepatitis B virus [30, 31]. However, the identification 
of biomacromolecules by SERS is still a major challenge, since the low compat-
ibility of biomolecules with SERS hot spots, and the complexity of physiological 
environments, make it difficult to use SERS for this application [32]. 

At the current time, with an ongoing Covid-19 pandemic, healthcare systems 
have been overwhelmed across the world. In this context, early and rapid diagnosis 
of SARS-CoV-2 plays a key role in fighting the outbreak. In this context, one of 
the most requested and urgent demands was the application of a fast, cheap, and 
accessible monitoring system. As a possible alternative, SERS provides quantitative 
results and shows high specificity and sensitivity. A viable configuration for this is the 
so-called point-of-care (PoC) testing arrangement, such as SERS Based Lateral Flow 
Immunoassay (LFIA) [33]. SERS-LFIA devices have already been approved by the 
Food and Drug Administration (FDA) and by the Indian Council of Medical Research 
(ICMR) and are available commercially and for the diagnosis of SARS-CoV-2 [34, 
35]. The great miniaturization potential of SERS-based sensors makes them good 
candidates for biosensors, being an interesting alternative to other more traditional 
diagnostic methods. For example, Liu et al. described a SERS-LFIA immunoassay for 
the simultaneous sensing of anti-SARS-CoV-2 IgM/IgG with high sensitivity [36]. 
New designs were made with two layers of Raman dye and coating with a complete 
Ag shell on the SiO2 core (SiO2@Ag), showing mainly good SERS signals and 
great stability. Briefly, anti-human IgM and IgG were immobilized on the two test 
lines of the strip to bind with formed SiO2@Ag-spike (S) protein-anti-SARS-CoV-2 
IgM/IgG immunocomplexes, as shown in Fig. 3. Thus, portable Raman equipment 
was able to detect the SERS signal intensities of the IgM and IgG, which allows the 
analysis of target IgM and IgG with 800 times higher limit of detection than standard 
Au nanoparticle based LFIA.

Another sensor configuration was studied by Chen et al., which developed a new 
platform for highly sensitive quantification of SARS-CoV-2 [37]. In a sensible detec-
tion, a spike protein deoxyribonucleic acid (DNA) aptamer was used as a receptor, 
and a gold surface as a SERS detection substrate, according to the scheme shown 
in Fig. 4. With this new design, the device allowed the performance of quantitative 
analysis of the SARS-CoV-2 lysate, by the change in the intensity of the SERS peak, 
which was caused by the new binding between the spike protein in the SARS-CoV-2 
virus and the DNA of aptamer released from the gold surface. As a result, the limit of 
detection (LoD) was less than 10 PFU/mL within 15 min, which makes this technique 
a great alternative for clinical application in the diagnosis of SARS-Cov-2.

Finally, a different approach for SERS-based sensor was also studied and 
improved by Huang et al., using a deep learning-based SERS technique [38]. This 
work allowed a rapid, sensitive, and on-site detection of the SARS-CoV-2 antigen,
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Fig. 3 Schematic representation of the fabrication and working principle of a conventional LFIA 
and b SERS-based LFIA for detection of SARS-CoV-2 (Reproduced with permission from [33])

through a Raman database based on the spike protein of SARS-CoV-2, therefore, 
combining experiments with human throat swabs, sputum, and theoretical calcula-
tions. The detection process can be seen in Fig. 4a, in which the enhanced local 
electric field (hot spot) is found in the nanogaps of neighboring AuNPs, and due to 
the nail shape of the spike protein (S) of the SARS-CoV-2 virus, with a width of 7 nm 
and a length of 23 nm, it has the highest probability of falling precisely in the SERS 
hot spots. In addition, to perform rapid detection, a supervised deep learning algo-
rithm was developed with a database of pure protein S spectra and negative clinical 
specimens. 

2.2 Localized-Surface Plasmon Resonance (LSPR) 

The phenomenon of localized-surface plasmon resonance (LSPR) has been widely 
used for rapid, real-time, and in-situ sensors and biosensors [39, 40]. Especially, these 
devices can be applied for kinetic and thermodynamic analysis, and quantification of 
biomolecule concentrations, due to the high sensitivity to refractive index or changes 
in the medium around the metallic surface [41, 42]. Despite that, conventional LSPR
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Fig. 4 Schematic illustration of the quantitative evaluation of SARS-CoV-2 using the SERS-based 
aptasensor. a After SARS-CoV-2 lysates release the target spike proteins, they are recognized by 
the aptamer DNAs on the Au nanopopcorn surfaces. The spike protein-bound aptamers move away 
from the Au nanopopcorn surfaces, leading to a decreased Raman peak intensity of Cy3 reporters. 
b Cy3-tagged aptamer DNAs are hybridized with capture DNAs on the Au nanopopcorn substrate. 
The internal standard 4-MBAs are immobilized along with aptamer DNAs on the Au nanopopcorn 
substrate. c Recognition of the spike protein of SARS-CoV-2 induces a conformational change of 
aptamer DNAs, enabling the aptamer DNAs to bind with the receptor-binding domain (RBD) on 
the spike protein (Reproduced with permission from [37])

sensors presented low sensitivity for detecting relatively small biomolecules, being 
very difficult to measure small concentrations by the LSPR technique [39]. 

Nowadays, several researchers have been aiming to enhance LSPR sensitivity, 
extending the use of LSPR sensors in low molecular weight and low concentration 
detection [43, 44]. In this context, three different materials are being mainly used for 
increasing the LSPR sensitivity: gold nanostructures, magnetic nanoparticles, and 
thin films with a high refractive index [39]. Generally, nanoparticles increase the 
refractive index of the analyte, resulting in enhanced shifts of resonance angle and 
then contributing to increased sensitivity of the LSPR sensor [45, 46]. Also, LSPR-
based thin film sensors with a bimetallic layer can increase signal sensitivity by mini-
mizing incident light reflectivity and subsequently maximizing the electromagnetic 
field intensity at the surface [47]. 

The spread of the novel coronavirus (SARS-CoV-2) has demanded rapid, accu-
rate, and convenient methods for Covid-19 diagnosis. In this sense, localized surface 
plasmon resonance (LSPR) sensing transduction has been studied as a promising 
alternative due to its potential high selectivity and label-free detection [48]. One 
interesting sensor device was developed by Qiu et al., in which two-dimensional gold 
nanoislands (AuNIs) functionalized with complementary DNA receptors were tested
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as a sensitive sensor for selected sequences from severe acute respiratory syndrome 
SARS-CoV-2 by nucleic acid hybridization [49]. Intending to a better detection sensi-
bility, a thermoplasmonic heat was generated on the AuNIs chip focusing on their 
plasmonic resonance frequency. As a result, the localized plasmonic photothermal 
effect was capable to elevate the in-situ hybridization temperature and facilitating 
the accurate discrimination of two similar gene sequences [49]. 

Another important approach related to new coronavirus sensors development 
consists of the nanoplasmonic resonance sensor [50]. This biosensor type, widely 
used in several areas, provides direct and quickly optical measurements, which in 
the case of SARS-CoV-2, there is no need of sample preparation, and the analysis 
is carried out using a spike protein [51]. Thus, with an antibody surface function-
alization, the nanoplasmonic sensor allowed the detection of concentrations lower 
than 370 vp/mL SARS-CoV-2 pseudovirus and virus concentrations in the range of 
102–107 vp/mL through simultaneous measurements of diluted standard samples. 
Additionally, similar sensing potential was demonstrated using a low-cost handheld 
optical equipment controlled by a smartphone App, providing it a great potential for 
commercial application [51]. 

Recently, opto-microfluidic biosensor has also been used as an alternative to sero-
logical methods, based on previous works that reveal it as fast and cheap detecting 
[52]. Regarding Covid-19 sensing, an opto-microfluidic platform has been studied 
to quantify the concentration of anti-SARS-CoV-2 spike protein antibodies [53]. 
For this measure, diluted human plasma is used and the sensing is based on the 
wavelength shift of the localized surface plasmon resonance (LSPR) peak of gold 
nanostructures (AuNS) in the microfluidic device. The occurrence of binding interac-
tions with the SARS-CoV-2 spike protein leads to a redshift of the LSPR peak of the 
AuNS, which allows the determination of antibody concentration [54]. Thus, a glass 
substrate covered by gold nanospike, fabricated by gold electrodeposition (ED), has 
been used as an optofluidic platform. The substrate is coupled to a microfluidic chip 
with a reflection probe, which can detect antibodies against the SARS-CoV-2 spike 
protein [53]. 

2.3 Luminescence 

Luminescence is widely used in many types of sensors, such as chemical, thermal, and 
biological sensors. This wide area of application in sensing is due to the sensitivity 
of this technique, in addition to a high specificity to the analyte in focus. Among the 
luminescent sensors, there is a broad variety of methods and strategies, which can 
be applied for different environments. In the same way as other types of biosensors, 
the luminescent biosensors need a sample, where the target analyte can be, also 
needs a biorecognition sensing element attached to an optical transducer, where the 
luminescent component generates a signal output [6]. 

Many compounds and materials can exhibit luminescence, such as Metal–Organic 
Framework (MOF) [55, 56], rare earth ions [57, 58] or organic compounds [59]. In
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view of this variety of luminescent elements, sensors with different excitation and 
emission wavelengths can be designed. The choice of components that form the 
biosensor occurs in the function of the interested molecule because the sensor must 
respond specifically to the target molecule, and then generate a suitable signal [6]. 
The luminescent signal can be followed with a simple linear regression as a function 
of the analyte concentration, or even establish a band-to-band ratio when there are 
bands in the fluorescence spectrum that do not change with the analyte concentration 
or are inversely proportional [60]. This sensor is called ratiometric based sensors due 
to the ratio established between the spectrum bands. The ratiometric sensors have 
the advantage of being self-standardized and, therefore, minimize possible errors 
arising from fluctuations in the equipment. Figure 5 represents the different types 
of ratiometric sensors with two different components or just one emitter component 
[61]. The ratiometric application was introduced by Montana et al. [62] to detect the 
changes in Hela cells membrane potential. Since that, it is widely used in thermal 
sensors [63] as well as for the detection and quantification of biomolecules such as 
viruses [64] and bacteria [65, 66]. 

Given the current pandemic scenario caused by the SARS-CoV-2 virus, different 
biosensing technologies have been developed to detect the biomolecules associated 
with the virus. In this context, Fan et al. [67] used a ratiometric electrochemilumines-
cence (ECL) to detect the virus RdRp gene SARS-CoV-2 with a limit of detection 
of 7.8 aM, making it a potential biosensor to use in situations where the concen-
tration of virus in the body is still low and not detected by conventional biosensors 
[67, 68]. Elledge et al. [69] developed a methodology using luminescence enzyme 
split and binding to SARS-CoV-2 viral protein antigens. The proteins linked with 
enzyme fragments bind to antigen-binding (Fab) arms causing the approximation and 
recombination of NanoBiT luciferase enzyme and in this way producing an active 
luciferase signal. The choice of N and S proteins for antibody test is because these

Fig. 5 Comparison of double-fluorophore system and single-fluorophore system. Double-
fluorophore dual-emitting system can be ascribed to three ways, internal reference, energy transfer 
and reaction types. The fluorescence of single-fluorophore dual-emitting probe changes with 
conditions 
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proteins are the main used antigen tests for SARS-CoV-2. Which packages the viral 
genome and interacts with the enzyme ACE2 to entry in the cell, respectively [69]. 

Another way to use luminescence is to apply it in Lateral Flow Immunoassays, 
in this technique the solution containing the analyte runs through a chromatog-
raphy plate and interacts with specific regions already functionalized, in general, this 
biosensor is qualitative generating a colorimetric signal. When combined with lumi-
nescence the Lateral Flow method can become quantitative by establishing a linear 
relationship between antibody concentration and fluorescence. This combination was 
demonstrated by Guo et al. [70], who inserted parts of fiber optic functionalized with 
up-conversion nanoparticles (UCNPs@mSiO2) on chromatographic paper, to detect 
the Spike protein and nucleocapsid protein of the Coronavirus, obtaining a sensor 
with a limit of detection of 1.6 and 2.2 ng mL−1, respectively, and with easy porta-
bility [70]. Table 1 shows some luminescent biosensors researched and developed 
for SARS-CoV-2. 

Table 1 Examples and features of luminescent biosensors for Covid-19 

Assay Luminescent agent Target biomolecule LoD Ref 

CLEIA Lumipulse Fujirebio SARS-CoV-2 antigen 1.34 pg/mL [71] 

CLIA MAGLUMI 2000 Plus* 2019-nCoV IgM 1.0 AU/mL [72] 

CLIA MAGLUMI 800* 2019-nCoV IgG 
IgG 

AU/mL 
0.03 AU/mL 

[73] 

CLIA iFlash1800* IgM 
Anti-SARV-CoV-2 IgG 
Anti-SARV-CoV-2 IgM 

0.58 AU/mL 
7.1 AU/mL 
10.0 AU/mL 

[74] 

ECL-RET Au-g-C3N4 SARS-CoV-2 RdRp 7.8 aM [67] 

FI GQDs 2019-nCoV mAb 50 fg/mL [75] 

LFIA LNPs anti-SARV-CoV-2 IgG – [76] 

LFIA UCNPs@mSiO2 S protein 
N protein 

1.6 ng/mL 
2.2 ng/mL 

[70] 

MCLIA FITC IgM/IgG – [77] 

Microfluidic (FDG) N protein 33.28 pg/mL [19] 

spLUC assay NanoLuc enzyme SARS-CoV-2 antibodies 0.1 nM [69] 

*Standard procediment or equipmnet
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3 Optical Fiber for Biosensing 

The dielectric cylindrical waveguide, or simply optical fibers as we know it today, 
represents centuries of research to describe the light’s behavior through the unifica-
tion of electromagnetism [78], total internal reflection phenomenon, light scattering, 
development of new materials, and so on [79]. Starting from the beginning of twen-
tieth century, lots of research developed theoretical performance of wave transmission 
through a dielectric medium [79–83]. Parallelly, in material science the development 
of glass materials, mostly the silicates, with high transparence, economic benefits, 
and precursor availability, enabled the fabrication of very long, durable and low loss 
optical fibers [84]. In 1966, Kao and Hockham [85] evaluated the materials and the 
loss mechanisms in silica optical fibers, which drove numerous research towards 
the development of telecommunication. He was recognized with a Nobel Prize in 
Physics in 2009. Almost six decades later, optical fiber is nowadays the main means of 
global communication. Taking advantages of their intrinsic properties, it has received 
the attention to be used in several advanced applications, such as in optical sensing 
devices. Optical fibers are extensively explored in light-dependent sensors, either 
for guiding the electromagnetic wave through analysis instruments or as support 
for many types of chemical surface functionalization and core modifications. The 
latter indicates processes involving physical and chemical mechanisms to increase 
its sensing capacity, such as tapering process to reduce core diameter, changing on 
the refraction index, or simply bending the fiber in specific ways (e.g., U-bent config-
uration) to allow the interaction with the environment to be analyzed. For photonic 
devices, this section presents what has been developed and its perspectives for optical 
fibers applied in biomolecule sensing. 

3.1 Propagation of Light 

Light propagates through an optical fiber by means of a phenomenon named Total 
Internal Reflection, and to understand this it is necessary to take a few steps back. 
The speed that lights travels is closely dependent on the medium, in which the speed 
in vacuum is a constant of nature represented by c. The measure of this speed change 
is calculated using the refractive index (n0), a dimensionless number that shows how 
many times light travels slower in a certain medium. Refractive index is obtained 
simply by dividing the speed of light in vacuum (c) by speed of light in the medium 
(v). When light passes from one medium to another of different n0 means that there 
is a sudden change in its speed, also changing its propagation angle. The Snell’s law 
describes this phenomenon by relating n0 of a certain medium with the angle of this 
beam light, using a sine function, as shown in the equation n1sinθ 1 = n2sinθ 2. The  
angle θ is measured based on an axis perpendicular to the interface between the two 
media, as Fig. 6a shows considering n1 > n2. Besides the refracted beam, part of the 
light is reflected with the same angle as the incident light. There is an angle where the
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Fig. 6 a Refraction of a beam of light, b Refraction at the critical angle, and c Total internal 
reflection 

refracted beam of light is exactly 90°, which according to the Snell equation, depends 
on the medium refractive index. In this case, the incident angle is called the critical 
angle, θc. Figure 6b shows the case where the incident beam generates a right-angle 
refraction. Thus, any incident angle above θc results in the total internal reflection 
(TIR) phenomenon, which allows one to control the path of light propagation, as can 
be seen in Fig. 6c. 

In the case of waveguides, the light travel in the medium with higher n0, such as in 
optical fibers and planar waveguides. A typical optical fiber has an external diameter 
of 125 mm and is composed of three parts: core (the inner part where light travels), 
cladding with a smaller n0, and a polymeric coating. For guiding, the light must be 
launch into the core of the optical fiber with a proper angle to allow TIR [86]. The 
numerical aperture (NA) of an optical fiber is the measure for its angular acceptance 
of incident light and is defined as the product of refractive index and the sine of the 
largest incident light angle for TIR in the optical fiber core, e.g. N A  = ncoreθmax . 
A core with higher n0 with respect to the cladding, means larger NA. The smallest 
allowed angle is named fundamental mode, while the others are high-order modes. 
This means that the diameter size and dopant concentration of the fiber’s core are very 
important to avoid scattering light and control the allowed angles of a given optical 
fiber. Optical fiber with small core diameter that allow only one mode at a certain 
wavelength, is called single-mode fiber. If more than one mode is allowed, it is called 
multimode fiber. Moreover, the transverse refractive index profile in each fiber can 
be constant, called step-index fiber, and can also gradually decreases from the center 
to the core-cladding boundary, called graded-index fiber. Figure 7a–c schematically 
shows the transmission of light in the three types of optical fibers. 

Fig. 7 a step-index fiber single mode; b step-index fiber multimode; c graded-index fiber 
multimode
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3.2 Chemically Modified Optical Fiber for Sensing 

For sensing applications, the use of optical fiber has brought some advantages such 
their electrical interference immunity, miniaturization, bend flexibility, remote and 
real-time acquisition of data for inaccessible or harsh environments, for instance. For 
the last decades, different applications and modifications have been developed and 
this section briefly present some of them. For applications in optical sensing, a little 
portion of the optical fiber must interact with the environment or analyte. This inter-
action must be strong enough to capture information, but not too strong that unable 
the guided light to reach the detector. In the case of optical fibers-based sensors, this 
interaction occurs directly on the glass surface in contact with the analyte. This type 
of light interaction happens due to the presence of an evanescent light that scape from 
the core, mainly observed in multimode optical fibers, bringing optical information 
about the analyte through the guided mode until to the detector. Figure 8 basically 
illustrate a usual behavior inside the fiber’s core by the presence of an evanescent 
field formed on the cladding. In this sense, large core and exposed core fibers are 
used to take advantages from the evanescent field. 

Other common physical modification besides the complete removal of the 
cladding (Fig. 9a), is the tapering process of optical fibers that consist of heating 
and stretching the fiber in a short length, reducing their core more than 10 times 
(Fig. 9b) [87, 88]. Although they are different processes and open possibilities for 
other modifications, both can be produced in the same piece of an optical fiber. 

The cladding can be chemically removed by etching the surface with hydrofluoric 
acid, which strongly reacts with silica-based glasses. Some authors have described 
the process, including how to monitor the process and reach a more desirable diameter

Fig. 8 Scheme of a 
multimode optical fiber and 
the evanescent field leaking 
to the cladding medium 

Fig. 9 a Cladding removal 
and b stretched optical fiber 
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Fig. 10 Surface functionalization for application of optical fibers as substrates for biomolecule 
sensor (Reproduced with permission of [96]) 

[89–91]. The process of decreasing the size by stretching the optical fibers (tapering) 
needs a source of heating, like a flame or electric arc, and a way to mechanically 
control the pulling [92, 93]. From these two procedures, several configurations began 
to be proposed in the literature in recent years. Some examples, especially applied 
for biomolecule detection, are filling the gap where the cladding is removed and 
chemically modified the region by different optically active material such as organic 
dyes, fluorescent nanoparticles, or semiconductor quantum dots [94–96]. Moreover, 
optical fibers are used also as substrate when functionalized with molecules and 
biomolecules for increasing selectivity [95, 96], as shown in Fig. 10 by the use 
of antibody immobilization with crosslink molecules for proteins recognition, for 
example. 

Bending the fiber in specific formats as the U-type [97] or S-type  [98] increases the 
quantity of reflected light in the core’s surface (evanescent field) and, consequently, 
the interaction of the guided light with the external environment. Lastly, complex 
systems with multiple cores or optical fibers interacting with each other [99–101]. 
Besides the core exposition and surface functionalization, it is possible to internally 
modify the fiber’s core to control the light transmission and creating new concepts 
of optical sensors. 

3.3 Fiber Bragg Grating 

In this type of optical fibers, they are core modified to present periodic modulation 
of the refractive index. Such configuration reflects part of the incident light if the 
wavelength meets the Bragg condition, by successive coherent scattering from the 
index variations, transmitting the rest. The standard modification is uniform across the 
optical fiber width and periodic by its axis, with a few millimeters of extension. Along 
with the advantages of optical fibers themselves, this type of modification presents
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Fig. 11 A scheme of a fiber 
Bragg grating 

intrinsic sensitivity of surrounding refractive index changes and allows several label-
free sensing applications. Numerous processes can change the refraction index of a 
fiber’s core, such as temperature, stretching, or composition. In the case of a common 
silica optical fiber, a germanium doped core can be exposed under UV radiation to 
permanently change their refractive indexes according to patterns and properties of 
the beam. Figure 11 shows a scheme of a Fiber Bragg Grating. Another way to 
produce this grating is by physical deformation, forming trenches, and it is referred 
to as a surface relief grating [102–105]. As aforementioned, the grating is usually a 
few millimeters of extension, the distance between each grid is by a few hundreds 
of nanometers, and they are all perpendicular to the direction of the incident wave. 
However, some other configurations are equally possible, such as rising the periodic 
distance to some micrometers, known as Long-Period Fiber Gratings, modifying 
the grating period from linear to quadratic, or changing the grid angles through the 
optical fiber axis. Each one of these represents a change in the signal, by the increase 
on the Surrounding Refractive Index (SRI) [96, 102–105]. 

3.4 Highlights and Final Comments 

All presented optical fiber modification possibilities can be used for biomolecules 
sensing, and most of the recent research ends up mixing more than one of those 
methods. As can be seen in a label-free biosensor (protein and IgG probes), tapered 
microfiber described by Juste-Dolz [106]. Binding events on the surface of the biore-
ceptor increase the amount of matter constituting the Bragg Grating, thus creating a 
change in its modulation depth. Therefore, the system can detect the analyte when 
the receptor, imprinted on the microfiber surface, binds to its specific target, by 
using the reflection peak, as can be seen in Fig. 12. Another very common tech-
nique to immobilize metallic nanoparticles for detection is the functionalization 
of the optical fiber surface with modified silanes. The procedure usually starts by 
cleaning the surface with dilute acid and then using a piranha solution to create SiOH 
sites where the Organically Modified Silicates (ORMOSILs) bond. The metallic 
nanoparticles interact with specific groups, such as mercapto (-SH) or amine (-NH) 
in biomolecules [107–110]. Lastly, a single-mode tapered optical fiber used for light 
guiding close to the silica mesopore microspheres decorated with the nucleocapsid 
proteins (N-proteins) of the SARS-CoV-2 [111].

In conclusion, it was shown in this section the basics operation of optical fiber 
biosensor, the most common modifications in the literature for sensing, and potential
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Fig. 12 Bioreceptor in the surface of a grated optical fiber (Reproduced with permission of [106])

applications for biomolecule detection in case of infections like the presence of 
Severe Acute Respiratory Syndrome-Corona Virus-2 (SARS-CoV-2). 

4 Perspectives 

We show in this chapter a briefly overview of some principles of photonic devices used 
to diagnose and monitor some biological elements and biomolecules. In special, the 
use of optical devices against the Virus of SARS-Cov-2 shows promise for large-scale 
tests of coronaviruses, with many advantages such as small size, low cost, sensibility, 
and possible Point of care diagnostic. With the vaccines, Covid-19 started to be 
suppressed and after 2 years the infections and deaths decreased, but detection is still 
necessary to help the reduction virus spread. The SARS-Cov family was discovered 
in 2003 and in 2019 a new variant, SARS-CoV-2, become a high infectious virus 
that causes the pandemic. Thus, the continuous development of efficient biosensors 
is important to defeat coronaviruses but also possible new unknown pathogens and 
virus variants. 
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Lateral Flow Assays for COVID-19 

Karla R. Castro, Beatriz G. R. Silva, and Frank N. Crespilho 

Abstract Rapid tests are essential tools for monitoring and containing the COVID-
19 pandemic. Lateral flow assays (LFAs) have been introduced for the point-of-
care COVID-19 diagnosis, using paper-based devices, and widely used for detecting 
antigen or antibody related to COVID-19. This book chapter includes a brief overview 
of the LFAs for rapid test of COVID-19, with focus on nanomaterials for bioconju-
gation, material selection, human sampling, antibody and antigen tests, viral nucleic 
acid detection, advantages, limitations, and future perspective. 

Keywords Lateral flow · LFA · Immunosensors · Rapid test · COVID-19 

1 Introduction 

The damage caused by the COVID-19 pandemic in the last two years (2019–2021) is 
undeniable. The novel coronavirus (SARS-CoV-2), responsible for the coronavirus 
disease 2019 (COVID-19) has already more than 5 million deaths and 263 million 
confirmed cases worldwide [1]. Despite measures taken to decelerate the transmis-
sion rate, without global cooperation and mass testing, the virus will remain uncon-
trolled, as so, its mutants. Traditional laboratory-based analytical methods, such as 
enzyme-linked immunosorbent assay (ELISA) and real time polymerase chain reac-
tion (RT-PCR) considered gold standard for detection of a large number of disease; 
however, they are laborious, time-consuming, and require certified molecular testing 
laboratories [2, 3]. 

Rapid tests can be a useful tool for monitoring and containing the COVID-19 
pandemic. Immunochemical methods provide highly sensitive and specific results, 
and for that reason, the most utilized screening method for detection is based on 
immunoassays [2, 4]. Lateral flow assays (LFA) are paper based devices widely 
used for detecting a target analyte in different matrix [5]. When a LFA is based on 
the formation of an immunocomplex antigen (Ag)—antibody (Ab), they are called
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Lateral Flow Immunoassay (LFIA), which the efficacy is related to the efficiency of 
the Ab-Ag immunocomplex formation and its capacity to detect this phenomenon 
[6]. 

Among the assay-based methodologies, the immunochromatographic strip test 
(ICST), well-known as lateral flow immunoassay (LFIA) or even as rapid diagnostic 
test (RDT) may be an appropriated alternative solution to mass testing diagnosis of 
SARS-CoV-2, because it present advances, such as mass-production, rapid response, 
and good trial tool [7]. First designed in 1960 [8], this device became a breakthrough 
technology that not only changed the medical practice, but also the medical device 
market, globally. 

The success of LFIA can be seen in their importance in the global market. Only in 
2020, the lateral flow market was estimated to be US$7.8 billion, and it is projected 
to reach a size of US$11.6 billion in 2027, demonstrating that this device has already 
entered real-life applications [9]. The LFA are versatile in different fields, such as 
healthcare [10], food safety [11], environmental [12], and in therapeutic drug moni-
toring [13]. Despite innumerous efforts to improve their sensitivity, depending on the 
target analyte, in general, the LFIA already have an adequate sensitivity acceptable 
in diverse government agencies, such as Food and Drug Administration (FDA) [14], 
with a limit of detection (LOD), varying to 0.1 and 10 ng mL−1[2]. 

Reviews about LFA already have provided a deep knowledge on specific topics, 
such as construction [15], Designs [16], formats [15], recognition elements [17], 
and instrumentalization [18]. Therefore, the aim of this chapter is to give a brief 
introduction on LFA, general improvements, and trends in lateral flow. 

2 LFA Construction 

Generally, the construction of LFA includes three principal items: membrane, 
biomolecules as biorecognition elements, and reporters as signal-transforming 
element [19]. In addition, the total construction also depends on other components 
shown in Table 1, which also play a crucial role in the confection of a good device 
[15, 16].

The detection mechanism is mainly based in capillarity phenomenon. Parameters, 
such as the fluid used also determine the flow behavior of the membrane, and in 
some cases, it requires a sample pretreatment (LFA is not an ideal platform for solid 
samples). Also, there are equations that can be used to predict variables such as the 
time of fluid transport, optimization of antibody concentration, label concentration 
and the length of the strip, as Washburn’s equation in wet-out condition, for instance. 
The appropriated selection of reagents in LFAs also impacts their reproducibility. 
Steps, such as biomolecules immobilization, drying, washing and the time of the 
assay must be studied and controlled. Properties like pH, ionic strength, particle 
size, porosity, flow rate, and viscosity, may also contributes to LFA performance 
[20].
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Table 1 Components of LFA and their functions 

Component Main material Function 

Sample pad Cellulose, glass fiber Transport of the sample through 
other components of lateral flow test 
strip 

Conjugate pad Glass fiber, polyesters To preserve the dried biconjugate, 
allowing interaction with the target 
element, and to release them into 
membrane 

Membrane Nitrocellulose, polyvinylidene 
fluoride 

Responsible for the signal generation 
and sensitivity. Generally, two lines 
are sprayed on the strip: a test line 
and a control line 

Absorbent pad Glass fiber Helps to maintain the flow rate of the 
test 

Backing card Vinyl, PVC Used as a support for the strip 

Lateral flow cassettes Plastic in general Storage of the test; also helps in 
sample application

This device is used innumerous applications, as well as different samples with 
different characteristics, as we can see in the literature [16]. Further, it can be seen 
that the design of the LFA depends on two main points: (I) Target analyte and (II) 
Sample. Taking these points into consideration, it is important to remember that the 
confection of a reliable LFA is not trivial [21]. Some of the main advantages and 
disadvantages are present in Fig. 1. 

The LFIA format is similar to ELISA, although it does not replace them, it can be 
used as trial tool, as mentioned beforehand. It uses almost the same components as 
the ELISA. One of the first reports of LFIA construction with immobilized antibodies 
on a chromatographic paper strip date in the mid of 1980. Combining the advantages 
of chromatographic principles and immunological recognition elements, lateral flow 
devices were consolidated as one of the main technologies for screening both in 
research and in the market [22].

Fig. 1 Common advantages and disadvantages of LFIA. Adapted from [21] 
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Classified as a challenge, the biomolecule selection for LFA gives a wide possi-
bility of bioreceptors that can be used. Antibodies can be employed as biorecogni-
tion elements on the test and control line. They are responsible for binding to the 
target analyte through the immunocomplex formation in the flux. Although there 
are commercially available LFIAs for diseases, contaminants, and hormones, they 
can be synthesized against specific analyte [23]. Aptamers, considered as artificial 
nucleic acids, are short single-stranded DNA or RNA, having a molecular weight that 
varies between 10 and 30 kD, and can replace antibodies in biorecognition events 
in the LFA. Synthesized in SELEX, aptamers can bind to target analytes due to 
the three-dimensional shape, hydrogen bonding, salt bridges, Van der Waals forces, 
electrostatic interaction, stacking of aromatic rings, and complementarity shape [24]. 
Nanobody is an antibody fragment, presenting with a small size (15 kD) and concave 
shape that can recognize and capture epitopes from antigens, which normally anti-
bodies do not access. Due to the presence of fewer charged groups, there is less 
problem with cross-reaction phenomenon compared to the whole antibody; however, 
both only detect immunogenic molecules [25]. 

3 LFA  for  COVID-19  

Normally, LFA for COVID-19 involves different types of detection: (I) Antibody 
(II) antigen and (III) nucleic acid detection, but commercially, until the date, only 
antibody and antigen detection are available. Antibody-based test do not confirm of 
the virus in organism, however, present a larger immunological window, stability 
of antibodies, and generally used as supplementary tool for monitoring immune 
response [26]. Although antigen-based LFAs are less sensitive than RT-PCR, is an 
economic way for mass testing and rapid response [7]. Besides, they can be combined 
with other techniques, including RT-PCR, Isothermal amplification, and CRISPR 
[27]. In addition, the use of nanomaterials for bioconjugate fabrication and, collection 
and handling of the sample is a crucial step for a good sensitivity, being as important 
as the manufacturing of the device. Here we only will discuss human sampling 
for COVID-19 detection in LFA, more information of different samples is widely 
discussed in literature [28]. 

3.1 Nanomaterials for Bioconjugation 

In LFA, the use of labels is indispensable. They can be divided according to the type 
of readout, such as: (I) Naked-eye detection, (II) fluorescence detection, and (III) 
non-optical readout detection. The initial labels were the same enzymes applied for 
enzyme immunoassays [29]. Nowadays, new nanomaterials are classified as alterna-
tives to enzymes, e.g., gold nanoparticles (GNPs), latex beads, carbon nanoparticles, 
quantum dots, magnetic nanoparticles (MNP) [16], and less often, selenium, carbon,
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Fig. 2 a Schematic representation for the visual naked-eye detection of SARS-CoV-2. Reprinted 
from [33] with permission. ACS Copyright © 2022. b GNP/antibody bioconjugate change color in 
the presence of different concentration of COVID-19 antigen from 1 pg mL−1 to 1000 pg mL−1. c 
UV–Vis of GNP/antibody bioconjugate at different concentration of antigen 

or liposomes can be used as labels [21]. These nanomaterials help in improving their 
performance, as requested in real sample applications [30]. The limitations of using 
LFA remain in samples with low concentration of the target analytes, especially in 
early detection of diseases. 

Nanomaterial-based assays still struggle in nonspecific biding in complex matrix. 
One way to control or minimize this phenomenon relies on manipulating biomolec-
ular recognition events in the nanomaterial [31]. Bioconjugates that are design for 
naked detection normally involves equipment-free detection once they are based on 
the visual presence of test line on the LFA. Mainly for gold and silver nanoparticles, 
the bioconjugate monitoring can be based on localized surface plasmon resonance 
properties, that allow free electrons to oscillate so it is possible to absorption peaks 
in the visible regions, as can be seen in Fig. 2 [31]. There are several protocols for 
conjugation of molecules, biomolecules onto gold surface, as well different mecha-
nism involved it, such as electrostatically, covalent, hydrophobic, ionic interaction, 
and chemisorption. Characteristics like nanoparticle shape, surface change, size and 
ligand located on nanoparticle surface show a great influence in the choice of biocon-
jugation process [32]. Other cautions as time of incubation, temperature, inappro-
priate tubes used in conjugation process, molecules/biomolecules purity, quantity, 
concertation of reagents, and buffer used may influence the whole process. 

3.2 Human Sampling 

For RT-qPCR, the nasopharyngeal, oropharyngeal swab, and saliva are the most 
specimens used for COVID-19 detection [34]. Also, the combination of nasopharyn-
geal and saliva is used to confirm viral infection, Once, the infection migrates from 
the upper to the lower respiratory area (nasopharyngeal, oropharyngeal), to replicate
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[35]. The sample should be collected promptly, and in an appropriate manner to 
minimize or avoid false negative results. The collection should considerate which 
biomarker used, of instance, for acuate phase, virus or genetic material can be detect 
in 3–7 days onset. In situations that antibodies are the target, de collection of the 
sample should be 7–15 days after the last symptom [36] (Fig. 3). 

Nasopharyngeal samples (NS) (used in antigen tests) require sterile, flexible, and 
long rayon swab. The use of calcium alginate swabs, wooden sticks is not allowed, 
once they may present substances that inactivated some viruses and can influence 
some molecular assays [37]. According to Centers for Disease Control and Prevention 
(CDC), the step of collection includes the gently and slowly insert a rayon swab 
through the nostril parallel to the palate until resistance is encountered. Next, the swab 
is rubbed and rolled leaving it in place for several seconds to absorb secretions. Then, 
the swab is slowly removed while rotating it, and finally placed into the transport 
tube. The storage respiratory specimens should be at 2–8 °C for 72 h after collection. 
For long store specimens, the temperature should be at −70 °C or below [38]. NS 
is preferably used for SARS-CoV-2 detection, especially for the reported a high 
sensitivity than other specimens, although its collection may be uncomfortable [39]. 

Presenting a similar collection protocol, oropharyngeal sample (OP) differentiate 
only that the insert of the swab is performed in throat. The swab is also rubbed over 
both tonsillar pillars and posterior oropharynx. However, studies found that using 19 
positive samples for COVID-19, only nine tested positive, even when the samples 
where recollected [40]. A possible way that can be taken to reduce false negatives is 
collecting samples from multiple sites. 

Blood, plasma, and serum samples are generally used for antigen or antibody 
detection in LFA. As already described in literature, one or two drops of blood 
is collected by fingerstick devices in middle or ring finger [38]. Saliva samples 
normally require 80 µL for the assay [41]. The storage also is taken at −20 to 
−80 °C [42]. The use of saliva samples is simpler, less invasive way for testing, 
especially for children, the main disadvantage is that the sensibility is variable [34]. 
Nowadays, self-test have gained attention and became commercially available, yet,

Fig. 3 Samples normally 
used in LFA for COVID-19, 
adapted from [28] 
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CDC reports that nasopharyngeal and oropharyngeal specimens are not appropriate 
for self-collection [38]. Furthermore, an important question arises: How do people 
will interpret the result? How will data be collected and analyzed for case tracking? 
A study carried with 360 adults, showed that a considerable portion misinterpreted 
the negative results [43]. 

3.3 Antibody Test 

When an organism gets in contact with a pathogen, for example SARS-CoV-2, the 
immune system starts to produce antibodies against the infection, and this specific 
antibody can be useful to detect the virus using the LFIA platform [44]. This type 
of test is based on antigen–antibody immunocomplex formation. For example, in 
SARS-Cov-2, a part of the spike protein, or its immunogenic fragments, such as the 
Receptor-Binding Domain (RBD) can detect specific immunoglobulins (IgA, IgM 
and IgG) that are produced as a response to the infection, as described elsewhere [27]. 
Antibody tests presents some advantages compared to other configurations of LFA, 
for example, wider detection window, easy and safe for operators to collect blood 
samples than respiratory samples, higher stability, less susceptibility to degradation, 
uniform distribution of antibodies in blood and serum [45]. It can detect ongoing (IgM 
detections) or past infections (IgG detections), in order to understand the transmission 
dynamics of COVID-19 [46]. 

It is already reported that many companies provide LFA presenting results within 
15–30 min. For example, Roche diagnostic produced Elecsys® Anti-SARS-CoV-2 
for IgG antibody detection in serum and plasma with specificity of 99.5% [47]. Abbot 
developed an 10 min rapid test named Panbio™ COVID-19 IgG/IgM, presenting 
specificity for serum/plasma of 92.8%, fingerstick whole blood 100.0% and venous 
whole blood 95.8% [48]. FDA provide a complete open data for serologic test autho-
rized is USA [49]. In academic field, it was reported a colorimetric-fluorescent 
dual detection of IgM and IgG for SARS-CoV-2 based on quantum dots nanobeads 
(SiO2@Au@QD nanobeads (NBs) used as label [50]. Completed within 15 min and 
using 1 µL of serum sample, the LOD was 100 times more sensitive than the use of 
common GNPs. The proposed device presented 100% of specificity using a total of 
16 positive serum human sample and 41 negatives from other viral infections. 

The quantification of the SARS-CoV-2 antibodies using a 532 nm laser optical 
and gold nanoparticles was described [51]. The laser was directed at the LFIA strip, 
and the readout system provided the quantification of a conventional LFIA. The LOD 
of 4 × 108 IgG molecules was achieved. A SARS-CoV-2 antigen test immunoassay 
using latex microspheres to label the antibodies was reported in literature (Fig. 4a, b). 
This device was tested in 659 samples and showed the sensitivity and specificity of 
98.22% and 97.93%, respectively [52]. At present, more than one hundred serology 
tests have been globally granted since the begin of the pandemic, still it is important to 
emphasize that antibody test is not recommended by CDC for COVID-19 diagnosis.
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Fig. 4 Schematic representation showing the a Fabrication and detection principle for SARS-
CoV-2 antigen test using latex microspheres; b Colorimetric signal of LFIA in different positive 
specimen dilutions. Reprinted from [52] with permission. Copyright © 2022, Wiley. c homemade 
water bath used; d the RT-PCR combined with LFA for the simultaneous detection of SARS-
CoV-2 and influenza B virus. Reprinted from [63] with authorization. Copyright © 2022, Royal 
Society of Chemistry. e CRISPR-Cas12a reaction on pre-amplified SARS-CoV-2 target genes, and 
visualization of the lateral flow strips. f The detection limit of the RT-qPCR assay (left) using 
PCR machine and RT-LAMP/Cas12a assay (right) using clinical samples. Reprinted from [66] with 
authorization. Copyright © 2022, MDPI
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3.4 Antigen Test 

Governed by the same phenomenon as antibody test, the aim of this format is the 
detection of the antigens. This device is widely used to identify the presence of 
spike, membrane or nucleocapsid proteins of SARS-CoV-2 [10]. The development 
of antigen test for COVID-19 was considered late, and these first-generation devices 
have been gradually validated independently in literature [10, 53, 54]. The main 
obstacle remains in the identification of asymptomatic cases, once the diagnosis of 
COVID-19 is mostly for symptomatic individuals [10]. But successfully can identify 
symptomatic cases, helping in control the spread of the virus [55]. 

According to European commission directorate-general for health and food safety, 
data about commercial LFA antigen test approved for COVID-19 detection and 
continuous validations updates is required. Therefore, all LFA should present their 
efficacy to be keep in the market and recognize as a detection tool [56]. The effect of 
SARS-CoV-2 mutation are the main motivation for these strategies, not only for LFA 
but for Nucleic Acid Amplification Tests (NAAT) as well. Abbott Rapid Diagnostics 
created a LFA labelled as Panbio™ COVID-19 Ag Rapid Test, presenting a 98.1% 
of sensitivity and 99.8% specificity using nasal swab [57]. AAZ-LMB developed 
a self-test named COVID-VIRO ALL IN® for children. The adapted device has a 
different configuration for easy sample extraction. Within 15 min, the result can be 
read and the device presents a correlation of 97.5% with the nasopharyngeal PCR 
test [58]. 

Not only sensitivity and specificity, also positive predict value (PPV) and negative 
predict value (NPV) are essential to measure the risks and consequences of false 
positive and false negative results in guidance decision protocols in healthcare system. 
A prospection showed a relationship between test performance, predictive values, 
and disease prevalence. Here, they concluded that a lower prevalence means lower 
PPV and a higher number of false positive results. If it is observed an increase of 
the prevalence, higher is the PPV, consequently, the false positive results decrease. 
The sensitivity vary in elevated prevalence situations, once leads to lower NPV and 
a higher number of false negatives. The device should present sensitivity enough to 
minimize false negative results and, specific enough to avoid/minimize false positives 
in low prevalence scenarios [59]. The construction and correct use of an antigen 
test, as well as any type of test is a tiny balance of various factors that is crucial for 
appropriated results. A study showed an interesting pathway for a complete diagnose 
of COVID-19 antigen test for patients using LFA. The authors concluded that the 
device can be effectively adopted with POC-RT-PCR testing during periods of high 
and low disease prevalence [60].
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3.5 Viral Nucleic Acid Detection 

For viral detection, RT-PCR is the gold standard for most viral detection. Based on 
the reverse transcription of RNA and amplification of specific complementary DNA 
(cDNA) fragments, RT-PCR provides a quantitative information of viral loads in 
organism. The main advantage of this technique is that it is not limited by the analyte 
concentration; however, their accessibility may be difficult in remote regions, which 
requires trained staffs, and it is time-consuming with high cost of equipment and 
materials [27, 61]. When based on nucleic detection, LFA is named as Nucleic acid 
lateral flow assay (NALFA), and it is designed for testing the presence of an amplified 
double-stranded nucleic acid sequence using primers with two different tags [62]. 
Despite the limitations in early detection (since normally target concentrations can be 
low in the infected individual), the combination of different techniques (e.g. RT-PCR, 
LAMP, Clustered Regularly Interspaced Short Palindromic Repeats—CRISPR, and 
Loop-mediated Isothermal Amplification—LAMP) and LFA are a promising tool 
for a simple way to increase the accessibility of those molecular techniques [27, 61]. 
They are present in this chapter as improvement of the LFA. 

4 General Improvements Using LFA 

Nucleic acid rapid tests are extremely desired, and integration with different methods 
and techniques is an interesting way for popularization of this technology. In this 
way, a water bath PCR combined with fluorescent lateral flow assay for SARS-
CoV-2 and influenza B detection was proposed (Fig. 4c, d). After the amplification 
process, the PCR targeted products were detected in an LFA with two test lines and 
streptavidin-conjugated quantum dot. The LOD were 8.44 copies per µL for SARS-
CoV-2 and 14.23 copies per µL for influenza B virus [63]. Variations of RT-PCR 
have been proposed. Here a multiplex for three different regions of SARS-CoV-2 was 
developed. The device was able to detect the three genomic regions (ORF3a RdRp, 
and N genes). The LoD was 10 copies/test, in a total time for the detection about 2 h 
(100 min PCR, 12 min LFA assay) [64]. 

A portable RT-LAMP machine combined with LFA and gold nanoparticles was 
described [65]. The device was designed for simultaneous detection of SARS-CoV-2 
and the flu in a single reaction. The evaluation was proceeded after pre-amplified 
steps of viral loads and control RNA targets assays followed by the LFA readout. 
The LOD of 35 copies per liter was obtained in 35 min of test (Fig. 4e, 4f) [66]. The 
use of a near-infrared (NIR) and nanoparticle as the fluorescent labelled is reported 
elsewhere [65]. The aggregation-induced emission nanoparticle was designed for 
early detection of IgM and IgG for SARS-CoV-2 in serum sample. The LOD of IgM 
was 0.236 and IgG 0.125 µg mL–1. The sensitivity was 78 and 95% for IgM and 
IgG respectively. The main difference was observed in the time of detecting IgM or
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Fig. 5 Schematic representation of the main points for the enhancement of LFA detection 
performance. Adapted from [69] 

IgG, that using the proposed label, clinical samples were analysed in 1–7 days after 
symptom onset, earlier than the common use of GNPs-based test strip (8–15 days). 

The LAMP also can be optimized, a multiplex LAMP for SARS-CoV-2 was 
developed. The target genes N and ORF1ab were simultaneously amplified and 
detected using a LFA strip [67]. Completed within 1 h, the LOD obtained was 12 
copies for both targets. Parameters such as sensitivity and the specificity were both 
100%. 

Electrophoresis, dialysis, and magnetic enrichment can be used to improve the 
performance of LFA [16, 68]. Extractions and pre-concentration based on two-
phase system to obtain biomarkers before loading them on LFA can also be used. 
Other approaches can be focused on the components of the LFA, for example. NC 
membrane size change, inclusion of new components of LFA, such as wax barrier to 
delay the flux, different pre-treatments in sample and conjugate pad, blocking agents 
etc. [16, 68]. Figure 5 is a schematic representation of the general points for LFA 
enhancement. 

LFA technology holds a great importance as an useful tool for screening and 
mass-testing for COVID-19 and different diseases. Despite to be easy handle, the 
construction itself is not trivial, and in the most of cases requires improvement of 
their performance. Obviously, the upgrade that have been applied in LFA assays 
were absurd in these almost 3 years. Validation steps are crucial, though, the access 
to positive and negative samples is not easy task in some cases, also, the poor sample 
collection, and the use of non-fresh specimen also impact in the device performance. 

LFA also is vastly explored in multi target detection as already mentioned. This 
trend is clearly observed in the number of publications focusing in multi-target detec-
tion and in commercial tests available [70]. A great number of multiplexing tech-
nology in the LFA has been developed for a few years [71]. Additionally, different 
configurations of LFA is already described, such as the addition of two conjugate 
pads for the simultaneous detection of two proteins [5] and different conformations 
of LFA strips for the simultaneous detection of 10 different antibodies by using a 
10-channel disc configuration for 10 different LFIA [72]. Lateral flow platform for 
COVID-19 might not be restricted to only to detect a single type of target, once 
the simultaneous detection of antibodies and antigens against SARS-CoV-2 and its
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mutants by a single LFA can be a great instrument for vaccine and pathology studies. 
Understanding how each LFA test strip performs when different targets are utilized 
as test objects is critical to achieving this goal [27]. 

5 Future Perspectives 

Lateral flow technology has date over 50 years ago and between all these years, 
innumerous applications such as medical, veterinary field, agricultural etc. have been 
developed. LFA shows great importance in the global market because their facilities 
as simplicity, since only few drops of the sample are required, with relativity low-cost 
production, compared to other technologies. However, the detection and diagnosis 
of many diseases, especially SARS-CoV-2 infection remains as a challenge for LFA 
to be accepted as a gold standard like RT-PCR or ELISA. 

One of the principal limitations is the quantitative or semi-quantitative detections, 
of which some diseases require quantification of their biomarker. Ideally, rapid test 
must provide a reliable early detection, help to personalized treatment, or be used 
for mass-testing in healthcare. Various formats of LFA platform have sprung up 
in last 10 years, and the advance in nanomaterials field allows the achievement of 
lower LOD. In this way, the lateral flow assay is considered a helpful complement 
to RT-PCR and ELISA, once it is widely available in low-resource settings. 

If large-scale testing of is already a reality, in the next few years, we might expect 
an efficient implementation of different technologies for performance, processing 
and collection of the data generated by lateral flow devices. Nevertheless, those 
technological integration of LFAs in the future can increase the cost of analysis, 
thereby making them unsuitable for self-test at home or in low-resource areas. 
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Abstract Infectious diseases are one of the most common conditions impacting 
global health, being a matter of concern for health agencies due to their conta-
gious capacity and periodic outbreaks of new diseases, such as the global pandemic 
COVID-19. Viruses are among the main causes of this illness and it is defined as 
obligate intracellular parasites for their need to have a host cell to live and reproduce, 
since they won’t produce proteins and compete for nutrients and metabolites leading 
to the alteration of the host metabolome. The diagnosis of these viral infections can 
be done by detecting viral particles or components, isolating the virus in cell culture, 
or even by evaluating immune responses. In this context, metabolomics comes as a 
very useful tool that reflects all “omics” techniques and best represents the pheno-
type. Since water-soluble metabolites and lipids are the major molecular constituents 
of human plasma, their abnormalities are commonly observed during disease, which 
contributes to the understanding of physiology and pathology. Nuclear magnetic reso-
nance (NMR) spectroscopy and mass spectrometry (MS) are the most widely used 
techniques in metabolomics. NMR spectroscopy has emerged as a valuable appli-
cation due to its ability to identify compounds with simple sample preparation, in 
addition, to being a non-destructive, highly reproducible, and quantitative technique 
(primary ratio method). These features make NMR a valuable tool that is frequently 
used in metabolomics analysis, and nowadays used in the diagnosis of viral diseases. 
Therefore, in this chapter, we will address a short integrative description of viral 
diseases and diagnostics, metabolomics, and NMR concepts. Furthermore, we will 
explore the advances in NMR-based metabolomics applied in medicine, and finally, 
the viral diseases discriminated by NMR-based metabolomics. 
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1 Introduction 

Viruses are one of the major causes of human diseases, ranging from mild to several 
symptoms including death. Influenza viruses have been the most lethal viruses since 
early 1900. More recently, Acquired Immune Deficiency Syndrome (AIDS) caused 
by the human immunodeficiency virus (HIV), and COVID-19, caused by the human 
coronavirus SARS-CoV2 have been the major new virus diseases affecting people 
around the world. COVID-19 has been declared a pandemic by the World Health 
Organization (WHO) in March 2020 and until March 2022 (2 years later) caused 
6 million people to die [1]. Other viral outbreaks causing severe symptoms and 
death have emerged in recent decades including Dengue, Zika, and Ebola viruses. 
Table 1 shows the most common human viral diseases worldwide, their clinical 
manifestations, and their detection methods [2–21].

Viruses are structures formed by proteins and other compounds that encapsulate 
DNA or RNA molecules. Therefore, viruses don’t have the biological machinery 
to self-replicate and consequently, they have to infect a specific living cell to use 
their replicating machinery to form new virus particles and continue the infection 
process [22]. Consequently, the metabolism of infected cells is strongly affected by 
virus replication. In multicellular organisms, like animals and plants, virus infections 
may strongly affect the metabolism of the entire being. Therefore, the metabolomics 
approach can be a useful technique to monitor the virus’s infection and the organism´s 
response to the infection. 

1.1 Metabolomics 

Cells are constantly involved in a great variety of chemical reactions, acting on 
intra- and extracellular communication to provide essential biochemical processes 
for the survival of the organism as a whole, such as protection and energy. Every 
single reaction is linked in its way to one another, resulting in a complex network, 
formed by lots of different pathways. Therefore, metabolism is defined as a set of 
interconnected biochemical reactions that requires a collective and complementary 
work of all pathways [23]. 

Each molecule in the complex network of metabolism has its function, such as 
signalize other molecules to start a reaction/process. Most biochemical reactions 
in a metabolic system don’t present a pattern and spontaneous behavior since it is 
considered an open system, which is in constant energy exchange. Hence, released 
energy from a reaction contributes to the facilitation of another reaction. Enzymes 
can also act as a facilitator, since they withhold the capacity of catalyzing a reaction, 
lowering the activation energy barrier required for a given reaction, allowing it to 
proceed without changing the original arrangement of the facilitator [23]. 

Metabolic pathways may always provide a synthesis or decomposition of some 
components of the organism. Anabolism is a set of pathways that requires a load of
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Table 1 Most common human viral diseases, their clinical manifestations, and their detection 
methods [2–21] 

Disease Viral pathogenic Symptoms Detection method 

Acquired immune 
deficiency syndrome 
(AIDS) 

Human 
immunodeficiency 
virus (HIV) 

Fever, malaise, sore 
throat, muscle pain, and 
rash 

ELISA 

Chickenpox Varicella-zoster 
virus (VVZ) 

Fever, headache, 
fatigue, pharyngitis, and 
blisters on the chest, 
back, and face 

PCR 

Common cold Rhinovirus (HRV) Nasal congestion, runny 
nose, sneezing, 
headache, cough, and 
sore throat 

Observation of the 
symptoms’ 
progression 

COVID-19 Coronavirus 
(SARS-CoV-2) 

Fever, fatigue, cough, 
weakness, nausea, 
vomiting, diarrhea, 
shortness of breath, and 
changes to taste and 
smell 

RT-PCR 

Dengue Dengue virus 
(DENV) 

Severe headache, 
swollen glands, nausea, 
vomiting, rash, muscle, 
joint, and behind the 
eyes pain 

PCR and ELISA 

Ebola virus disease 
(EVD) 

Ebolavirus (EBV) Fever, fatigue, 
headache, sore throat, 
vomiting, diarrhea, rash, 
and muscle pain 

RT-PCR and ELISA 

Genital warts Human 
papilomavirus 
(HPV) 

Sore throat, earache, 
neck mass, and warts in 
the genital area 

Biopsy 

Hepatitis B Hepatitis B virus 
(HBV) 

Fatigue, nausea, 
vomiting, abdominal 
pain, dark urine, and 
jaundice 

ELISA 

Hepatitis C Hepatitis C virus 
(HRV) 

Fatigue, weakness, 
nausea weight loss, 
anorexia, joint, and 
muscle pain 

PCR and ELISA 

Infectious 
Mononucleosis 

Epstein-Barr virus 
(EBV) 

Fever, headache, 
splenomegaly, 
lymphadenopathy, and 
sore throat 

Immunofluorescent 
test 

Influenza A Influenza A virus 
(IAV) 

Fever, malaise, cough, 
sore throat, runny nose, 
muscle, and joint pain 

RT-PCR and viral 
culture

(continued)
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Table 1 (continued)

Disease Viral pathogenic Symptoms Detection method

Measles Measles virus (MV) Fever, headache, 
abdominal and pharynx 
pain, photophobia, 
swelling of lymph 
nodes, coryza, cough, 
and conjunctivitis 

ELISA and viral 
culture 

Mumps Mumps virus (MuV) Fever, headache, 
malaise, anorexia, 
parotid swelling, and 
muscle pain 

RT-PCR and 
immunofluorescent 
test 

Oral Herpes Herpes simplex 
virus (HSV) 

Fever, muscle pain, 
headache, swollen 
lymph nodes, and 
blisters or ulcers at the 
oral mucosa 

Viral culture 

Poliomyelitis Poliovirus (PV) Fever, fatigue, 
headache, vomiting, 
limb pain, and stiff neck, 
followed by paralysis 

PCR and viral culture 

Rabies Rabies virus 
(RABV) 

Fever, pain, and 
paraesthesia around the 
wound site 

RT-PCR 

Respiratory viral 
sepsis 

Adenovirus (ADV) Fever, cough, sore 
throat, nasal congestion, 
and runny nose 

PCR and viral culture 

Smallpox Variola virus Fever, headache, 
backache, abdominal 
pain, vomiting, rashes 
on the face, arms’s and 
legs 

PCR and viral culture 

Yellow fever Yellow fever virus 
(YFV) 

Fever, fatigue, 
headache, nausea, 
vomiting, jaundice, and 
muscle pain 

PCR and ELISA 

Zika fever Zika virus (ZIKV) Fever, headache, sore 
throat, conjunctivitis, 
rash, joint, and muscle 
pain 

PCR 

PCR: polymerase chain reaction, RT-PCR: reverse transcription-polymerase chain reaction, 
ELISA: enzyme-linked immunosorbent assay



The Use of NMR Based Metabolomics to Discriminate Patients … 133

energy to complete the synthesis of complex molecules, using smaller and simpler 
ones as precursors. On the other hand, catabolism presents a collection of pathways 
that performs the rupture of chemical bonds, creating some small molecules from one 
complex structure to create energy-storing molecules, which can be used in anabolic 
pathways in an endless cycle [23]. 

Metabolites are the byproduct or the intermediate of such metabolic process. As 
the final product of a reaction, these compounds may indicate disturbances in some 
specific pathways, since it reflects each alteration that the organism has suffered 
because the organism will contribute in a different way to the formation or decom-
position of these small molecules. Thus, metabolites analysis may offer a complete 
vision of one’s phenotypical responses that other macromolecules cannot. Proteins 
may suffer post-transcriptional adaptations, as well as genes, may suffer epigenetic 
regulations, making it difficult to directly correlate these macromolecules with the 
organism’s phenotypic behavior [23]. 

Metabolomics is an emerging field within the “omics” sciences, concerning the 
biochemical processes that take place within a cell, tissue, or organism, involving 
a specific group of metabolites in a metabolome, as an approach to assimilating 
biological mechanisms and map functions of metabolic pathways. Metabolites profile 
and/or levels being monitored can help predict the biological structure, as well as the 
function, of a phenotype, leading to the understanding of the response of the organism 
to environmental stressors, such as nourishment, exposure to toxin e infections, that 
lead to perturbations in cellular homeostasis. Since the phenotype is directly linked 
to the genotype and its behavior, genetic variations will also generate phenotypic 
variations [24–26]. 

To develop an experimental study using this “omics” technique, some basic 
steps must be performed as illustrate in Fig. 1. Before starting the metabolomics 
analysis, the determination of the study strategies and the design of the experi-
ments are required. Untargeted metabolomics is a methodology based on the global 
profiling of all the metabolites in a biological sample, including chemical unknowns, 
whereas targeted methodology presents a more specific approach, with a character-
ized metabolite as a valid standard, focusing on particular metabolites signals. The 
study strategies can be developed from one of these concepts in an arrangement with 
the most appropriate analytical techniques [25, 26].

Furthermore, a large amount of biochemical information gathered can be corre-
lated through statistical and chemometric analysis. Metabolomics samples carry a 
complex load of metabolites, which generates cross information that can’t be visu-
alized considering individual biomarkers. Data analysis greatly depends on prepro-
cessing, which has the aim of transforming the data to improve the data analysis 
through a simplification of the dataset to be comparable [25]. 

After data preprocessing, several statistical tools can be used to find discriminative 
features within the sample set. Data analysis involves the application of the different 
univariate and multivariate methods that can be of parametric (e.g. student t-test, 
multivariate linear regression) or non-parametric (e.g. Mann–Whitney test, random 
forests) nature. The methods can be also divided into unsupervised techniques (i.e. 
methods where labeling of the samples is not involved in calculations, e.g. principal
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Fig. 1 Metabolomics scheme showing the sequence of macromolecules to small molecules and 
their respective omics science, the metabolomics steps from the human sample as biofluid, tissue 
or cell until final results as metabolic interpretation. Created with Biorender.com

component analysis (PCA), hierarchical cluster analysis (HCA), and supervised tech-
niques (i.e. methods where calculations involve the information regarding sample 
labels, e.g. linear discriminant analysis (LDA), k-nearest neighbor (KNN). A super-
vised multivariate technique, partial least squares discriminant analysis (PLS-DA), 
is a particularly useful tool in metabolomics studies [27]. 

The application of statistical analysis aims to see a general correlation between 
the metabolites in a simpler interpretation. Principal Components Analysis (PCA) is 
commonly used in these cases for its ability to reduce the range of a database, mini-
mizing information loss while retaining the main features. In a PCA plot, it is possible 
to analyze similarities and differences between samples and the control, considering 
the distance between the points. On the other hand, ANOVA and Student’s t-test, 
with a P-value of < 0.05, are univariate analyses that can be used to analyze the 
parameters of an isolated metabolite, since it doesn’t depend on other variables [25]. 

Scores and loadings are the usual visual results from the multi statistical analyses 
in which the scores describe samples and the loadings show the features. The scores 
must present a cluster (group) or a tendency for a cluster to claim that the metabolites 
are distinct in the different samples. Loadings features correlating with score clus-
ters are relevant to establishing what metabolites distinguish the samples. Thus, the 
feature may be presented as clearly as possible with the aim of emphasising which 
metabolites are important. One of the possible loading charts is the heatmaps based 
on VIP (variable importance in projection) [28].
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For metabolism investigation, the Pathway Analysis is used which module 
combines results from powerful pathway enrichment analysis with pathway topology 
analysis to help researchers identify the most relevant pathways involved in the condi-
tions under study. This analysis uses enrichment techniques as key tools for under-
standing complex biological systems. These tools reduce the complexity of the data, 
improve interpretation and understanding of biological systems, and help to generate 
hypotheses. The presentation of the pathways usually is a map of the metabolome 
view [29]. 

1.2 NMR as a Tool in Metabolomics 

There are several analytical tools to study metabolomics, among them, the most used 
are nuclear magnetic resonance (NMR) and mass spectrometry (MS). MS has excel-
lent sensitivity, and a large coverage of metabolites, and can be coupled with separa-
tion techniques, being important for the analysis and identification of a wide variety 
of compounds, but reproducibility and quantitation is a current issue. However, in 
this chapter we will delve deeper into the use of NMR in metabolomic analysis, 
addressing the operation and the main advantages of the technique [30–32]. 

Nuclear magnetic resonance (NMR) spectroscopy is a rapid and non-destructive 
technique that allows a high analytical reproducibility, identification of chemical 
compounds without the use of standards, and information about molecular dynamics. 
NMR can detect a gamma of metabolites in a complex sample with minimal sample 
preparation when compared to other analytical methods [33, 34]. 

When it comes to the actual experiment in human beings, the samples can be 
collected as biofluids (urine, saliva, blood, plasma, serum, cerebrospinal fluid, stool) 
or also as tissues (biopsy tissue), and cells. To obtain a sample with minimal alter-
ations for reproducible experiments, the preparation is quite simple. It starts with the 
homogenization of the collected sample by the centrifuge followed by the metabo-
lite’s extraction, adding some deuterated solvent. The extraction of metabolites can 
also be promoted by the biomolecules’ precipitation, as a result of the addition of 
methanol: chloroform mixture, or only the methanol itself, that also provides the 
inactivation of enzymes. After that, the sample is centrifuged and the floating part is 
evaporated. Then, the reference standard is added, as well as the deuterated solvent 
or buffer is added. It is important to maintain the physiological pH during the sample 
preparation, since its variation may induce unwanted reactions [35]. 

In the final step samples can be filtered or not to remove macromolecules that 
may get in the way during the spectral analysis. If the macromolecules are not 
physically removed, the choice of NMR experiment must be well planned (a Carr-
Purcell-Meiboom-Gill—CPMG—pulse sequence must be required). The samples 
are transferred to the equipment’s tubes and the analysis may begin. It is important 
to avoid a sequence of thawing processes under the same sample. At the end of 
this process, it is obtained a well-preserved biological sample, making it possible to
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use nuclear magnetic resonance (NMR) as the analytical technique, since it is non-
destructive and allows other types of analysis later, or the reproduction of the same 
one. Less processed samples provide a result loaded with information, with larger 
width and more overlaps, as well as the possibility to correlate all these features in 
a bigger view analysis. Besides, a rawer sample supports the idea of a replicable 
experiment, since it hasn’t been overly modified, and is best used in NMR analysis 
[36]. A graphical illustration of the sample handling process is available in Fig. 2. 

Several nuclei can be studied by the NMR, but the most commonly available ones 
are hydrogen-1 and carbon-13 isotopes [37, 38]. One-dimension 1H and 13C are  the  
most common NMR experiments. More sophisticated multidimensional experiments 
involving for example 1H–1H and 1H–13C, such as COSY (correlated spectroscopy) 
and HSQC (heteronuclear single quantum coherence) [38] among many others also 
are common. Solution or liquid-state NMR, and HR-MAS (High-Resolution Magic 
Angle Spinning) are the two main approaches employed in metabolomics. Solution 
NMR is used in the analyses of soluble metabolites in biofluids, cell lysates, or 
polar/apolar tissue extracts, and HR-MAS for the measurement of metabolites in 
heterogeneous samples containing solid and liquid components, like intact tissues 
[39]. 

Liquid-state NMR in high resolution (600 MHz) is the preferred instrument to 
perform metabolomics analyses in biological samples containing many compounds

Fig. 2 Representation of sample handling process to NMR-based metabolomics analysis. Initially, 
the solvent is added for protein precipitation, centrifugation, and separation of the supernatant 
and pellet fractions. Then, a deuterated solvent is added to the supernatant, followed by filtration, 
insertion of the sample into the NMR tube and, finally, the sample is inserted and analyzed in the 
NMR spectrometer. Created with Biorender.com 
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in different degrees of abundance. Usually, 1H NMR the spectrum is acquired with a 
pulse sequence including water presaturation to suppress the solvent signal [39–42]. 
Additionally, in selected samples, some bidimensional experiments, usually COSY, 
HSQC, and JRES are performed to aid the process of metabolites identification. The 
metabolites identification relies on the comparison of chemical shifts, and spin–spin 
couplings to information available in chemical databases such as HMDB, Chenomx 
NMR Suite (Chenomx, Canada), and literature [27]. After carrying out all the steps 
described, it is possible to obtain a spectrum as shown in Fig. 3. 

Under appropriate quantitative NMR (qNMR) conditions, NMR spectra may 
provide direct quantitative information since the area of each signal in the spectrum 
is directly proportional to the number of equivalent nuclei responsible for that signal, 
or in other words, is directly proportional to the molar amount of the detected isotope 
nuclei [37, 43]. Thus, absolute concentrations of the metabolites can be determined 
by NMR using internal, external, or electronic generated signal [33, 43, 44]. 

The qNMR spectra must be acquired under a set of appropriate conditions to 
obtain accurate results. For a maximum error of 1% it is necessary to set the relax-
ation delay (delay before the excitation) equal to at least 5 times the longitudinal 
relaxation time (T1) for a 90° pulse, and an acquisition time longer than 3 times 
the transverse relaxation time (T2), and at least 50:1 signal to noise ratio. Careful 
processing of NMR spectra is also required to extract accurate peak areas [33, 37].

Fig. 3 Spectra 1H NMR and bidimensional experiments were obtained from blood plasma samples 
of covid-19 patients at the time of hospitalization. a 1H NMR spectrum with identification of the 
most intense metabolites; b Correlation Spectroscopy (COSY) showing scalar couplings between 
hydrogen atoms; c Heteronuclear Single Quantum Correlation (HSQC) showing the correlations 
between carbon and hydrogen nuclei that are directly bonded; d Quantification by Chenomx NMR 
Suite (professional version 8.1). Superposition of the obtained spectrum (black line) with the soft-
ware library containing the reference compounds (filled in blue) allows spectral deconvolution, 
identification, and individual quantification of metabolites 
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NMR spectra preprocessing usually involves baseline correction, alignment, binning, 
normalization, and scaling [28]. 

2 Advances in NMR Based Metabolomics to Apply 
to Diagnostic Diseases 

As mentioned so far, metabolomics is an efficient tool to optimize viral disease 
metabolome profiling overdue the generation of detailed chemical pathology finger-
prints enabling the association to diagnostic and therapeutic interventions [45]. This 
personalized approach in medicine is probably the most important paradigm change 
in medical diagnosis and appears to be the future of modern medicine [46]. Hence, 
to improve its performance and promote a gradual transition from standardized clin-
ical protocols to personalized medicine. NMR Metabolomics has been improving its 
methodologies to obtain better data resolution, avoid peak overlap, improve sensi-
tivity, and also maintain an auto sustainable work regarding the high demands in 
clinical studies as a semi- or fully-automatization process from preparation steps to 
data results. 

Regarding the NMR acquisition to improve data quality, researchers in the 
past decade studied and validated advanced NMR experiments through different 
approaches (1D and multidimensional NMR). Considering that biofluids are a 
complex matrix that not only comprises small metabolites but is also rich in proteins 
and lipids, applying a diffusion-edited pulse sequence like Carr-Purcell-Meiboom-
Gill (CPMG) for the NMR analysis is typically necessary, suppressing the protein 
and lipids signals and allowing the analysis of small molecules without matrix inter-
ference. The CPMG does not represent the last advance, however worth mentioning 
once certainly was the historical advance in biofluids analysis. 

The CPMG relies on molecules’ transversal relaxation time (T2). A spin-oriented 
chemical compound under an external magnetic field presents a longitudinal (T1) 
and a transversal (T2) relaxation rate - back to the z and y-axis, respectively. These 
properties are related to the magnetization axis the spin is oriented. CPMG pulse 
sequence starts with a 90° pulse to the y axis. The time required for the spin to lose 
its magnetization on the transversal axis (y) is smaller in macromolecules, compared 
to small molecules. Hence, to record only small molecules of T2, there is a sequence 
of 180° pulses and a T time acting as a spin echo. This enables the NMR equipment 
to filter T2 on samples [47, 48]. 

However, this CPMG approach commonly causes a broadening of the baseline, 
complicating posterior quantitative data analysis [35]. Alternatives to avoid this 
problem is physically removing the macromolecules from the samples [36, 45] or  
balancing the fast data and efficiency within additional experiments, which is the 
case with the use of the Bruker proprietary In Vitro Diagnostics research (IVDr) 
method for the entire biofluid sample [35].
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Considering saving time while handling hundreds of samples, research using the 
newest NMR Bruker metabolomics protocol named In Vitro Diagnostic research 
(IVDr) to characterize the metabolic profile and quantify metabolites in biofluids 
samples seems to be the latest innovation in viral diseases metabolomics. 

As shown in Fig. 4, for IVDr protocol the instrument is calibrated before the anal-
ysis, and the automated methods are performed on each sample. For plasma sample, 
IVDr performs four experiments in automation mode: a standard 1D experiment with 
solvent presaturation (noesy); a 1D—Carr− Purcell− Meiboom − Gill (CPMG) spin 
− echo experiment; a 2D—J-resolved experiment, and a 1D diffusion-edited spec-
trum. The methods rely on using short relaxation times within some corrector factor 
strategy to expedite quantitative analysis. The quantification data is automatically 
calculated for a standard metabolite list for each biofluid (blood, urine, and cerebral 
spinal fluid—CSF) based on the electronic signal ERETIC (Electronic Reference To 
access In vivo Concentrations) [49]. 

Novel IVDr protocols focus on fast and efficient quantification profiles of both 
small metabolites and lipoprotein fractions [50]. Elaine Holmes, John Lindon, and 
Jeremy Nicholson group have reported a series of studies trying to provide a stan-
dard protocol for IVDr methodology to ensure its reproducibility and robustness 
[45, 50–52]. This strategy showed to be appropriate for the SARS-CoV-2 metabolic 
profile due to previous reports of the high demand for lipid metabolism on Covid-
19 pathology. Their results are promising for the differentiation of SARS-CoV-2 
infected patients from healthy patients based on lipid profile (Table 2). They could 
also relate cytokine levels in both groups and compare them with lipid quantifica-
tion and the disease evolution [53]. More about Covid-19 studies are discussed in 
Sect. 3.1.

Fig. 4 Scheme showing the Bruker IVDr protocol analysis steps to perform metabolomics analysis 
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Table 2 Distinct metabolite types for SARS-CoV-2 infected patients from healthy patients 

Group Metabolites in abundance 

SARS-CoV-2 infected patients LDL cholesterol (LDCH), LDL phospholipids (LDPL), 
LDL-free cholesterol (LDFC), LDL apolipoprotein B, HDL 
cholesterol (HDCH), and phospholipids (HDPL) 

Healthy patients VLDL cholesterol (V1CH, V2CH, and so forth) and 
triglycerides (V1TG, V2TG, and so forth) 

Metabolites assigned by PCA analysis. Data extract from Lodge’s paper [53] 

Besides the advantage of fast data acquisition to cohort studies samples, IVDr 
enables NMR metabolomics researchers to manage multivariate data from different 
centers and compare their data due to the IVDr protocol required to be the same, 
making it a universal protocol. One example is the cooperation between the Australian 
National Phenome Center (ANPC) with Bruker in an attempt to deliver COVID-19 
diagnostic and prognostic solutions [54]. 

Many efforts have been putting on mainly in metabolomics data, more precisely 
in metabolites identification. Standardized methods were created such as SigMa 
which focuses on analyzing biofluids Lipoproteins, LipSpin which are lipidic NMR 
databases, Chenomx, and COLMARm whose software identifies and quantifies small 
metabolites [55, 56]. 

2.1 qNMR Strategies to Overcome the Metabolomics Issues 

The accurate quantitation of larger numbers of metabolites has some challenges. The 
overlapping signals and lower sensitivity continue to be a struggle in metabolomics. 
To overcome these issues some strategies are being developed and explored by 
researchers (Fig. 5) [44, 57].

Strategy 1 consists of the 1D NMR solutions to spectrum overlapped issues 
involving deconvolution and heteronuclear experiments [58]. Deconvolution exper-
iments use mathematical deconvolution of 1D NMR line shapes to separate indi-
vidual 1D spectra of the different analytes present in the sample; while heteronuclear 
experiments separate the data at the acquisition stage using another nucleus, such as 
13C,15 N, 31P, or 17O, different of 1H [38, 44]. In the meantime, 1D NMR with isotope 
labeling is another strategy to not only identify a metabolite set but also track down 
their metabolic pathway and cell influx/efflux. This is a methodology that alleviates a 
major challenge in NMR experiments involving low natural abundant nuclei, which 
could involve the isotopes of 13C, 15 N, 2H [59]. The use of labeling 13C quantitative 
one-dimensional HMQC (Q-1D-HMQC) 1H NMR analysis has been reported for 
HBV infection. The combination of an isotope labeling and quantification technique 
provided a quantitative pathway description of this disease and made it possible 
to point out discussions about HBV infection [60]. Yet, isotope labeling improves
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Fig. 5 Scheme illustrating 
the qNMR strategies to 
overcome the metabolomics 
limitations in the quantitative 
approach
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the technique sensitivity, overcoming a major problem in heteronuclear experiments 
[61]. 

The deconvolution of peak areas is an efficient alternative to simple data integra-
tion when peaks are overlapped, as described in Fig. 6 [27, 37]. The deconvolution 
method achieves the integration of the signals more accurately in 1D spectra since 
errors are minimized in quantitative parameters such as noise in the NMR spectrum, 
phasing errors, baseline approximation, and also, careless adjustment of slope and 
bias correction on integrals [37, 43]. In deconvolution, a peak (or peaks) is fitted 
to the observed spectrum using, for instance, a least-squares-based method. Initial 
values for line-fitting analysis (frequency, width, height, and line shape of a signal) 
can be either defined manually or obtained from a database that contains the model 
spectra of the compounds. The spectral parameters can be fitted depending on the 
software as shown in many scientific articles [37, 62]. 

Strategie 2 and 3 consist in expanding the 1D spectrum to another dimension, 
running a two-dimensional (2D) experiment regarding the factors that influenced the 
peak areas as the peaks are spread along with one (or more) orthogonal dimension(s) 
[37, 38, 44]. 2D NMR solutions are also available for qNMR, which can involve 
pulse sequence modifications, theoretical calculations, or calibration approaches with 
fast 2D acquisition methods, all carefully thought to account for the peak-specific 
response of the 2D NMR signal. The quantitative application of 2D NMR in the 
field of metabolomics is recent, and already are being developed more practical 
approaches. The intrinsically quantitative 2D NMR method is one of them [38]. 

The intrinsically quantitative 2D NMR method development relies on the use 
of a simple internal reference without the need to rely on multiple external stan-
dards, which would directly yield quantitative results in a way similar to 1D NMR. 
The “intrinsically” quantitative 2D approaches such as qHSQC and its variants and 
applications of pure shifted and NUS (nonuniform sampling) methods to 2D NMR 
experiments are strongly investigated [43, 63, 64]. 

Despite the benefits of the methods mentioned above, conventional 2D NMR 
suffers from long acquisition times because of the need to repeat numerous 1D

Fig. 6 Different methods to determine peak areas. The black line represents the observed spectrum 
where a triplet (t) and a doublet of doublets (dd) are overlapping. The red curve is the step curve 
used in the classical integration, in which their relative step heights determine the areas of 98 and 
102 for the t and dd, respectively. Using the two bins from the equidistant binning procedure (grey 
boxes) areas of 116, and 84 for the t and dd were found, respectively. The most accurate results 
were obtained with deconvolution: the area of the t (green line) is 99.91 and the area of the dd (blue 
line) is 100.09. Reprinted with permission from Soininen et al. [37] 
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experiments with incremented delays to obtain a well-resolved 2D matrix. There-
fore, many NMR methods have been developed to reduce the acquisition time of 
multi-dimensional experiments [44, 65]. Two main strategies seem to be a solution to 
overcome this situation: reducing the interscan sequence delay, e.g. band-Selective 
Optimized-Flip-Angle Short-Transient (SOFAST), Acceleration by Sharing Adja-
cent Polarization (ASAP), and Small Recovery Times (SMART). Another option is 
to introduce multiplexing instead of sequential sampling in the indirect dimension, 
by spatial encoding [61], as occurs in the ultrafast (UF) 2D NMR. 

An operator must weigh the benefits of those first alternatives to attend to their 
research demand. SOFAST sequence is applied in HMQC experiments with an exci-
tation pulse within a flip angle leading to a partial restoration of proton magnetization 
by a subsequent 180° pulse. This leads to an increased signal-to-noise ratio for high 
repetition rates of the experiment, nevertheless, SOFAST only is efficient for systems 
in which spin diffusion is an effective relaxation mechanism, such as macromolecules 
or small molecules in viscous solvents [61, 66]. ASAP sequence for HMCQ relies on 
proton-proton coupling while a mixing stage retains the residual Z-magnetization. 
It is an advantage for small molecules, nonetheless, this sequence is restricted to 
heteronuclear experiments for samples at natural abundance or slightly enriched [61, 
67]. SMART sequence eliminates artifacts from previous scans in 2D experiments 
through a pulse field gradient (on the x, y, and z-axis), dephasing them (Fig. 7). 
It could be applied for COSY and TOCSY sequences. Despite the use of smaller 
recovery delay times, it requires rather high concentrations and access to triple axis 
gradients [61, 68]. Within the approaches mentioned, medical studies were reported 
studying macromolecules and hormones. The evaluations performed so far were 
focused on chronicle metabolites syndromes [69, 70]. These studies may enable 
further metabolic investigation in biofluids. 

The ultrafast (UF) 2D NMR is a generic approach that can record any kind of 2D 
experiment in a fraction of a second as shown in Fig. 8 [38, 71].

The ultrafast (UF) 2D NMR proposes to reduce the sampling of the indirect 
time domain by recording the complete 2D NMR dataset in a single scan. This 
can relatively decrease the sensitivity, however, this can be solved by relying on 
hybrid methods offering a reasonable compromise between the experiment duration

Fig. 7 SMART pulse sequence for a TOCSY a experiment. Comparison of a regular TOCSY b 
spectra and a SMART TOCSY c spectra containing Alanine, Arginine, Histidine, Threonine, and 
Tyrosine. Reprinted (adapted) with permission from [68] 
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Fig. 8 Conventional a and ultrafast b COSY spectra of a 5 mM metabolic mixture of Alanine, 
Glutamic acid, Inositol, Lactic acid, Leucine, Taurine, Threonine, and Valine, acquire in 34 min 
on a 500 MHz spectrometer with a cryoprobe. Signa-to-noise ratio (SNR) as a function of the 
acquisition time, in the vertical c and horizontal d dimension of ultrafast (UF) and conventional 
(Conv.) constant-time COSY. Reprinted (adapted) with permission from [71]. Copyright 2011 Royal 
Chemical Society

(a few minutes) and the sensitivity (micromolar concentrations can be detected on 
homonuclear 2D spectra of biological extracts) [71]. The ultrafast method must be 
allied to the external calibration approach. Despite the similarity with other analytical 
methods, here the calibration curve is obtained from a single series of standard 
samples containing all the targeted analytes in known concentrations for each peak 
of interest [44]. Thus, hundreds of samples can be analyzed from the same calibration 
curves if the experiment is repeatable, leading to a fast method as reported in many 
scientific articles [44, 72–74]. 

Guennec and coworkers have presented the application of these experiments to 
cancer cells. The UF NMR could assign metabolites, most of the amino acids, in 
three different cell lines. Their results could be exploited in biological fluids due to 
the efficiency of UF NMR to identify metabolites in complex mixtures and point out 
their concentration [75]. 

There are quantitative 2D methods using a simple internal reference and without 
the need to rely on multiple external standards which would directly yield quantitative 
results in a way similar to 1D NMR. The “intrinsically” quantitative 2D approaches
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such as Q HSQC and its variants (HSQC0, or Q QUIPU HSQC) were developed 
to yield quantitative data from a single 2D spectrum [63, 64]. These approaches all 
rely on the HSQC pulse sequence. Therefore, they offer a better separation than UF 
COSY, thanks to the broader 13C chemical shift range, but they are also less sensitive 
due to the low natural abundance of 13C. 

The QUIPU HSQC (QUantItative Perfected and pUre shifted HSQC) method is 
strongly recommended when strong overlap occurs once 2D 1H, 13C NMR allows 
an enhancement of the spectral resolution compared to 1H homonuclear 2D NMR 
(2D COSY), and an enhancement of the sensitivity compared to Q HSQC. However, 
this method consumes time due to the 2D acquisition mode combined with the 
long recycling times required by the quantitative requirements (5 times the longest 
longitudinal relaxation time T1), and due to the higher number of scans needed 
to access low concentrated metabolites [63]. Additionally, the BIlinear Rotational 
Decoupling (BIRD) HSQC method stands as a prominent strategy to enhance spectral 
resolution and avoid sensitivity loss. This experiment uses a pulse sequence with a 
double spin-echo containing a bilinear rotational decoupling pulse cluster and a non-
selective 180° proton pulse. This strategy provides a J-selective spin inversion and 
enhances the signal-to-noise ratio with isotope labeling and proved to be an effective 
tool for multidimensional NMR metabolomics analysis [76, 77]. 

The Nantes group has developed an accelerated version of this experiment named 
FAQUIRE (FAst, QUantitative, hIghly Resolved and sEnsitivity enhanced NMR) 
[63], an approach that combines the Q QUIPU (quick QUIPU) with spectral aliasing, 
NUS (nonuniform sampling), and VRT (variable repetition time) methods. The 
FAQUIRE approach promises to accelerate the access to quantitative data based 
on 1H, 13C correlations while preserving the spectral resolution and the sensitivity, 
without the need for external calibration. 

In Fig. 9 we show that the acquisition time of 2D quantitative maps using the 
FAQUIRE approach is reduced by a factor of 6–9 while conserving a high spectral 
resolution due to the pure shift approach. The “pure shift” spectrum is generated 
when homonuclear broadband decoupling is applied resulting in a greatly simplified 
NMR spectrum with the multiplet pattern removed [43]. Even so, this approach may 
result in sensitivity loss due to the selective J-refocusing elements [76]. The pure 
shift concept can be applied in both dimensions in a 2D NMR experiment.

3 Viral Diseases Discriminated by NMR Based 
Metabolomics 

In this section, the scientific findings in the use of NMR-based metabolomics 
approaches for viral diseases will be discussed. NMR spectroscopy has been one 
of the most common platforms for metabolomic analysis in human infectious 
diseases caused by viruses [78–80]. The metabolomics research has been mainly 
based on comparisons and identification of differences between metabolic profiles
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Fig. 9 2D maps of the methylene/methane area for a metabolite model mixture in ∼16 h a using 
QUIPU and in less than 2 h b using Q QUIPU with 25% NUS and VRT function vd3. Reprinted 
(adapted) with permission from [63]. Copyright 2018 American Chemical Society

of study and control groups, such as the comparison of healthy and diseased indi-
viduals. Therefore, the objective of untargeted metabolomics in viral studies is to 
observe metabolic alterations associated with specific factors under study, aiming 
the discovery of diagnostic and prognostic biomarkers, and disease staging of viral 
infections. Metabolomics has been more employed in the past years for several viral 
infections as shown in Fig. 10. Here, we will focus primarily on those viruses in which 
a greater number of NMR-based metabolomics studies in patients with viral infec-
tions. Viral hepatitis B (HBV) [81], C (HCV) [82–88] and E (HEV) types [89], and 
human immunodeficiency virus (HIV) [90–96], are the most studied, as well as the 
response to many other viruses, such as West Nile virus [97], H1N1 influenza virus 
[98, 99], dengue virus [100] and other [101–103]. However, the COVID-19 pandemic 
disrupted this scenario, the metabolic profiles from patients with viral infection due 
to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have also been 
researched [51, 104–111]. The main works within the theme are listed in Table 3 
which point to relevant remarks.

Most of NMR based metabolomics viral studies demonstrated high-level discrim-
ination between the group of individuals with viral infection analyzed and the group 
of individuals not carrying viral infection analyzed or with a difference between the 
groups of individuals analyzed. These studies showed that metabolites present in 
plasma, urine, and to a lesser extent in saliva are differentially produced in response 
to HIV infection. In general, dysregulated metabolic pathways of patients caused by 
viral infection were also identified, such as TCA cycle, glycolysis, glutaminolysis, 
pentose phosphate pathway (PPP), fatty acid (FA) and lipid biosynthesis, β-oxidation, 
respiratory cycle (electron transport chain, ETC), and nucleotide and amino acid 
metabolism (Fig. 11).
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Fig. 10 a Trend in the virus NMR metabolomics publications and citations obtained using the 
keywords NMR metabolomics virus from the web of knowledge (http://apps.webofknowledge. 
com). b Number of scientific articles on NMR-based metabolomics studies of patients with 
infectious diseases caused by different viruses

The metabolism of viral studies is based on metabolites findings. The common 
metabolite NMR assignments are as follows in Table 4.

http://apps.webofknowledge.com
http://apps.webofknowledge.com
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Table 3 Relevant remarks of NMR-based metabolomic studies of patients with infectious diseases 
caused by a virus 

Virus Sample patients and/or individuals Relevant remarks References 

HBV Serum HBV-liver cirrhosis (LC) 
HBV 
Healthy individuals (HI)* 

Serum histidine as a 
potential biomarker for 
HBV patients 
Acetate, formate, 
pyruvate, and glutamine 
as potential biomarkers 
for progressing from 
HBV to HBV-LC 
Phenylalanine, 
unsaturated lipid, 
n-acetylglycoprotein, and 
acetone in the serum 
could be considered as a 
potential common 
biomarkers panel for 
these patients 

Zheng et al. [81] 

HBV and 
HCV 

Urine HCV 
HBV 

Differentiating between 
the HCV and HBV 
patients 
The metabolites 
responsible by difference 
no were revealed 

Godoy et al. [82] 

HBV and 
HCV 

Serum HCV-fibrosis 
HCV-no fibrosis 

Biologic pathways 
altered, mainly energetic 
metabolism involving 
glutamine/glutamate, 
carbohydrates, ketone 
bodies, and lipids 
Serum glucose is 
upregulated in 
HCV-fibrosis patients 
Acetoacetate at lower 
levels in HCV-fibrosis 
3-hydroxybutyrate is 
downregulated in 
cirrhotic patients 
Serum creatine and 
creatinine at significantly 
lower levels in 
HCV-fibrosis 

Embade et al. 
[112] 

(continued)

3.1 Metabolomics Analysis in Severe Acute Respiratory 
Syndrome Coronavirus 2 (SARS-CoV-2) Infection 

Coronavirus disease (COVID-19) is an infectious disease caused by severe acute 
respiratory coronavirus type 2 (SARS-CoV-2). Molecularly, severe COVID-9 disease 
is characterized by uncontrolled inflammatory syndrome caused by immune system
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

HBV and 
HCV 

Serum HBV or HCV with 
schistosomiasis mansoni 
HBV or HCV 
monoinfected 

Lactate and HDL are 
responsible for 
discrimination between 
the groups of patients 
Lactate at higher levels in 
coinfected patients in 
comparison to 
mono-infected 
HDL at lower levels in 
coinfected patients in 
comparison to 
mono-infected 

Gouveia et al. [85] 

HBV and 
HCV 

Serum HCV-before DAAs 
treatment 
HCV-after DAAs treatment 
Naïve HBV 
Healthy individuals 

Distinction between the 
metabolomic profile of 
HCV patients before and 
after effective DAA 
treatment 
Tyrosine and formate at 
higher levels and 
potential biomarkers for 
the severity of HCV 
3-hydroxybutyrate, 
formate, and acetate 
levels were significantly 
higher before DAAs 
therapy in HCV patients 
2-oxoglutarate and 
3-hydroxybutyrate at high 
levels in HCV patients 
when compared to HC 
and HBV individuals 

Meoni et al. [86] 

HCV Serum HCV (patients with 
different liver disease 
severity) 
Healthy individuals 

Choline and histidine at 
high levels in HCV 
patients with late-stage of 
fibrosis when compared 
to early-stage fibrosis 
HCV individuals 
Choline/uric acid ration 
as a potential biomarker 
for differentiation of liver 
disease severity 
Serum 5-oxo-proline at 
higher levels in HCV in 
comparison to non-HCV 
individuals 

Shanmuganathan 
et al. [87]

(continued)
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

HEV Serum 
and 
urine 

HEV 
HBC 
Healthy individuals 

L-isoleucine, acetone, 
and glycerol at reduced 
levels, while glycine at 
higher levels in the 
plasma in HEV patients 
Imidazole, 
3-aminoisobutanoic acid, 
1-methyl nicotinamide, 
biopterin, adenosine, 
1-methylhistidine, and 
salicyluric acid at lower 
levels on the urinary fluid 
in HEV patients 
Both HEV and HBV, 
l-proline at high levels on 
the plasma and urinary 
when compared to HI 

Munshi et al. [89] 

HIV Serum HIV/AIDS-antiretroviral 
therapy; HIV/AIDS-no 
antiretroviral therapy 
HIV—negative (healthy 
individuals) 

Discrimination between 
three analyzed groups 

Hewer et al. [90] 

HIV Plasma HIV/AIDS-antiretroviral 
therapy; HIV/AIDS-naïve 
therapy 
HIV-negative (healthy 
individuals) 

Multivariate statistical 
analyzes unraveled 
distinct metabolic 
phenotypes and pathways 
among groups 
Glycolysis, TCA cycle, 
amino acid metabolism 
altered of the HIV/AIDS 
children 

Kaur et al. [91] 

HIV Serum HIV/AIDS-antiretroviral 
therapy; HIV/AIDS-naïve 
therapy; 
HIV-negative (healthy 
individuals) 

Serum alanine at higher 
levels in HCV-negative, 
when compared to 
individuals with infection 
caused by HIV 
Alanine, glutamine, 
valine, taurine, and 
glucose levels can be 
altered due to viral 
infection and/or during 
antiretroviral therapy 
Alanine levels decrease, 
while glutamine and 
glucose increase with 
disease severity 

McKnight et al. 
[92]

(continued)



The Use of NMR Based Metabolomics to Discriminate Patients … 151

Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

HIV Serum HIV/AIDS-antiretroviral 
therapy; HIV/AIDS-naïve 
therapy 
HIV-negative (healthy 
individuals) 

Lipids, including 
low-density lipoprotein 
(LDL) and 
very-low-density 
lipoprotein (VLDL) 
mainly responsible for 
discrimination between 
infected individuals and 
HIV-negative 

Philippeos et al. 
[93] 

HIV Serum HIV/AIDS-antiretroviral 
therapy; HIV/AIDS-naïve 
therapy 
HIV-negative (healthy 
individuals) 

Significant differences in 
glucose, lipids, 
phenylalanine, glutamic 
acid, aspartic acid, and 
branched amino acids 
compounds 
Aspartic acid, 
phenylalanine, and 
glutamic acid 
up-regulated in HIV 
individuals when 
compared to 
HIV-negative 
Tryptophan and tyrosine 
at lower levels in 
HIV-naïve therapy as 
compared to other groups 
Cystine at higher levels in 
HIV-naïve therapy as 
compared to other groups 
11 metabolic pathways to 
be significantly altered by 
infection and/or treatment 

Sitole et al. [95] 

(continued)

hyperactivation. According to the World Health Organization (WHO), the standard 
method for diagnosis of acute SARS-CoV-2 infections is based on the detection of 
unique viral sequences by nucleic acid amplification tests (NAATs), such as rRT-
PCR, however other methods are also used as microscopy, culture, antigen tests and 
antibody tests [120]. In this sense, intense efforts have been put into research on 
the application of single and multi-omics-based strategies have been carried out on 
several fronts to dissect a plethora of aspects involved in the SARS-CoV-2 infec-
tion. The understanding of the molecular processes altered by viral infection due 
to targeting host-response, providing the discovery of diagnostic and prognostic 
biomarkers for infectious diseases caused by SARS-CoV-2. However, the broad spec-
trum of severity of the COVID-19, and unpredictability in the outcome of the viral 
infection outcome make the metabolomic study of patients particularly challenging. 
Since the host response can be highly variable, the application of metabolomics
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

HIV Plasma, 
saliva, 
and 
urine 

HIV/AIDS-antiretroviral 
therapy; HIV/AIDS-naïve 
therapy 
HIV-negative (healthy 
individuals) 

Plasma and urine 
biofluids proportion 
better discrimination 
between HIV-infected 
individuals and 
HIV-negative than saliva 
Neopterin from urinary 
can be potential 
biomarkers for 
HIV-positive individuals 
Choline and sarcosine 
from serum can be 
potential biomarkers for 
HIV-positive individuals 
Serum sarcosine, 
Methylmalonic acid, 
D-Glucose, Choline, and 
L-Aspartic acid at high 
levels in HIV-infected 
individuals, when 
compared to 
HIV-negative individuals 
Metabolic pathways, such 
as metabolic cycles, 
glucose metabolism, 
hormone biosynthesis and 
amino acid biosynthesis 
pathways to be 
significantly altered by 
infection and/or treatment 

Munshi et. al. [96] 

HIV Plasma In HIV-infected 
individuals, atherogenic 
profile in terms of lipid 
and lipoprotein 
compositions and 
functions 
Classification of 
HIV-dyslipidemia from 
HIV normolipidemic 
VLDL particles, lactate, 
and LDL-TG compounds 
as potential biomarkers of 
dyslipidemia in patients 
on stable NNRTI-based 
ART and 
HIV-dyslipidemia 
predisposition 

Rodriguez-Gallego 
et al. [94]

(continued)
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

SARS-CoV-2 Plasma COVID-19-hospitalized 
patients 
Healthy controls 
COVID-19-nonhospitalized 
patients (3 and 6 months 
pos-covid) 

Tyrosine and formate at 
higher levels and potential 
In vitro diagnostics 
research (IVDr) protocol 
COVID-19 biomarker 
signatures in many 
Pos-COVID-19 patients 
At the elevated level the 
taurine, and reduced 
glutamine/glutamate ratio 
in Pos-COVID-19 
patients in comparison to 
healthy controls 
Glutamate at an elevated 
level, glutamine at a 
reduced level, and a low 
glutamine/glutamate ratio 
in COVID-19 
hospitalized patients in 
comparison to 
Pos-COVID-19 patients 
Gly A and 
Kynurenine/tryptophan 
ration at elevated levels in 
Pos-COVID-19 patients, 
when compared to 
healthy individuals 
The HDL parameters 
H4A1, H4A2 
(apolipoproteins A1 and 
A2 in HDL subfraction 
4), and kynurenine were 
partially normalized in 
Pos-COVID patients 
Glyc A and Glyc B at 
higher levels in 
COVID-19-hospitalized 
patients, when compared 
to among groups 

Holmes et al. [107] 

(continued)

in COVID-19 becomes a major challenge in potential biomarkers for its diagnosis 
[121–123]. 

The metabolomics profile of COVID-9 patients has displayed dyslipidemia at 
every level of complexity [53]. Remarkably, the works have described rich lipopro-
tein information from plasma samples obtained by NMR spectroscopy, and several 
are using in vitro diagnostic research (IVDr) information on quantitative lipoprotein 
profiles [53, 104, 107–109]. In the studies described by Günther and collabora-
tors [53], the NMR-based metabolomics experiments were conducted by the Bruker
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

SARS-CoV-2 Plasma COVID-19; 
Healthy controls 

In vitro diagnostics 
research (IVDr) protocol 
116 metabolic variables 
derived from NMR 
spectroscopy and 41 from 
mass spectrometry 
α-1-acid glycoprotein 
signal A (Glyc A) at  
elevated levels and an 
increased 
kynurenine/tryptophan 
ratio were discriminant 
metabolites between 
groups and inflammation 
markers 
Higher level of VLDL 
class parameters and a 
high Apolipoprotein 
B100/A1 ratio in 
COVID-19 patients 
Major HDL class 
particles and components 
at lower levels in 
COVID-19 patients 
Elevated 
glutamine/glutamate ratio 
as marked for liver 
dysfunction 

Kimhofer et al. 
[108] 

(continued)

in-vitro Diagnostic Research (IVDr) protocol, aiming to distinguish the metabolic 
profile between COVID-9 patients and healthy individuals. From the spectra collected 
using a pulse program noesygppr1d and cpmgpr1d, 39 metabolites and 112 lipopro-
teins were found by slash Instant 20% using Bruker Quantification in plasma/serum 
B.I Quant-Ps 2.0.0 and Bruker IVDr Lipoprotein Subclass Analysis B.I-Lisa (Bruker 
BioSpin). The study of individuals with severe SARS-CoV-2 hospitalized in an inten-
sive care unit (ICU) exhibited a distinct serum metabolic profile when compared 
to healthy individuals. Metabolic differences were also found between COVID-19 
patients and patients also submitted to ICU with respiratory distress as a conse-
quence of cardiogenic shock. The lipoprotein profile investigated has whether showed 
severely altered in the COVID-19 patients about among analyzed groups, which 
signature to predict the severity of COVID-19 infection. When compared with 
healthy individuals, the individuals with COVID-19 prominently displayed dyslipi-
demia: Very-low-density lipoprotein and intermediate-density lipoprotein and asso-
ciated apolipoprotein B and intermediate-density lipoprotein cholesterol; as well 
as the VLDL, IDL, and large-sized low-density lipoprotein (LDL)-1 particles were
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

SARS-CoV-2 Plasma COVID-19 
Healthy controls 
Patients with Influenza-like 
and SARS-CoV-2 negative 

In vitro diagnostics 
research (IVDr) protocol 
Glucose and α-1-acid 
glycoprotein are 
responsible for 
discrimination between 
the COVID-19 and 
healthy individuals 
Glyc A and Glyc B at 
higher levels in 
COVID-19 in comparison 
to Influenza-like 
(SARS-CoV-2) groups 
Alanine, lactate, and 
pyruvate at higher 
concentrations in 
COVID-19 than healthy 
controls 
· LDL cholesterol 
(LDCH), LDL 
phospholipids (LDPL), 
LDL-free cholesterol 
(LDFC), LDL 
apolipoprotein B, HDL 
cholesterol (HDCH), and 
phospholipids (HDPL) in 
higher levels in the 
healthy individuals 
VLDL cholesterol (e.g., 
V1CH, V2CH, and so 
forth) and triglycerides 
(e.g., V1TG, V2TG, and 
so forth) subclasses in 
higher levels in the 
COVID-19 individuals 

Lodge et al. [51] 

(continued)

increased, and triglycerides for nearly all lipoprotein subfractions. However, choles-
terol and apolipoprotein A2 were decreased. In general, a severely disturbed lipopro-
tein profile with remarkably increased TG levels potentially contributes to atheroscle-
rosis. Another important aspect addressed in the studies was demonstrating metabolic 
and lipoprotein profiles from asymptomatic individuals infected with SARS-CoV-2 
were similar to healthy individuals absent antibody-negative [53]. 

The analyses and quantification of routine lipids, lipoprotein subclasses, fatty 
acids, and their saturation, as well as the low-molecular-weight metabolites, have 
been shown to play a relevant role in the metabolomic studies of the patients with 
SAR-CoV-2 [109, 110]. According to Izquierdo-Garcia et al. [111], the disease 
severity of the COVID-19 patients may be associated with serum 56 metabolites (p < 
0.05), being mainly lipid and lipoprotein subclasses. Notably, increased triglyceride
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

SARS-CoV-2 Plasma COVID-19- ICU patients 
Healthy controls 
Pneumonia (negative 
SARS-CoV-2) patients 

• 162 metabolites 
analyzed by 
DI-LC–MS/MS and 
NMR 

• Creatinine alone and 
creatinine/arginine ratio 
predicted ICU mortality 
with 100% accuracy 

• Kynurenine, arginine, 
and creatinine as 
potential biomarkers for 
diagnostic and 
prognostic for 
COVID-19 patients, as 
well as for patients 
stratification 

Lysophosphatidylcholines 
(LysoPCs) also helped 
discriminate between 
COVID19 patients and 
healthy individuals 

Fraser et al. [105] 

SARS-CoV Serum COVID-19 • In vitro diagnostics 
research (IVDr) 
protocol 

• Apolipoproteins, both 
Apo-A1 and Apo-A2, 
at lower levels in 
COVID-19 patients 

• Triglyceride (TG)-rich 
lipoprotein profile in 
the serum COVID-19 
patient 

• TG-VLDL, TG-IDL, 
TG-LDL, and TG-HDL 
at higher levels in 
COVID-19 patients 

• TC-LDL and TC-HDL 
at lower levels in 
COVID-19 patients 

• Acetoacetic acid, 
3-hydroxybutyric acid, 
and acetone were at 
markedly elevated 
levels in COVID-19 
patients 

Bruzzone et al. 
[104]

(continued)
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

SARS-CoV-2 Serum COVID-19 patients in ICU 
Healthy individuals 
(control group) 
Patients in ICU caused by 
Cardiogenic shock 
Asymptomatic 
SARS-CoV-2 infection 

• 39 metabolites and 112 
lipoprotein-related 
parameters determined 
In-vitro Diagnostic 
Research (IVDr) 
protocol 

• COVID-19 disease is 
associated with 
dyslipidemia 

• SARS-CoV-2 
asymptomatic 
individuals did not 
develop dyslipidemia 

• Very-low-density 
lipoprotein (VLDL) and 
intermediate-density 
lipoprotein particles 
and associated 
apolipoprotein B and 
intermediate-density 
lipoprotein cholesterol 
at lower levels in 
COVID-19 patients 

• Glucose and formic 
acid at higher levels in 
COVID-19 patients, 
when compared to 
healthy individuals 

• Lactic acid and the 
lactic acid/pyruvic acid 
ratio were decreased in 
COVID-19 patients 
when compared to 
healthy individuals 

Creatine, creatinine, and 
phenylalanine at higher 
levels in COVID-19 
suggesting alterations in 
hepatic or renal 
metabolism 

Schmelter et al. 
[109] 

(continued)

content and very-low-density lipoprotein (VLDL), a decrease in HDL, percentage 
of cholesterol/cholesteryl esters in HDL and IDL were associated with increased 
severity of COVID-19 disease. Furthermore, the acetoacetate, 3-hydroxybutyrate, 
phenylalanine metabolites, as well as the ratio of apolipoprotein B/apolipoprotein A 
were also biomarkers for the severity of COVID-19 patients. 

An assessment of serum metabolites from SAR-CoV-2 patients has indicated a 
disturbed energy status [109]. The glucose and formic acid levels were increased, and 
the lactic acid/pyruvic acid ratio decreased compared to healthy individuals. These
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

SARS-CoV-2 Plasma COVID-19 
COVID-19-tocilizumab 
treatment 

Changes in the 
lipoprotein particles 
levels and composition 
associated with severe 
disease 
– Triglyceride content 
and VLDL at higher 
levels; a decrease in 
HDL 

– The percentage of 
cholesterol/cholesteryl 
esters in HDL, and IDL 

Acetoacetate, 
3-hydroxybutyrate, 
phenylalanine, and the 
ratio of apolipoprotein B 
to A1 (ApoB/ApoA1) can 
be potential biomarkers 
for COVID-19 severity 
Valine levels, triglyceride 
content of VLDL, and the 
ratio of the 
polyunsaturated fatty 
acids (PUFA) were 
associated with 
tocilizumab treatment 

Rendeiro et al. 
[110] 

SARS-CoV-2 Serum COVID-19 
Influenza A 

Free fatty acids, acetone, 
creatinine, and lactate at 
higher levels in 
COVID-19 
Valine, 
2-hydroxybutyrate, 
proline, 
methyl-guanidine, 
glucose, and tyrosine at 
higher levels in 
COVID-19 
Branched-chain amino 
acids (isoleucine and 
valine) at higher levels in 
COVID-19 in comparison 
with Influenza A patients 
Lactate-to-glucose ratio 
can be a potential 
biomarker for the 
up-regulation of the 
glycolysis pathway in 
COVID-19 patients 

Lorente et al. [111]

(continued)
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Table 3 (continued)

Virus Sample patients and/or individuals Relevant remarks References

SARS-CoV-2 Plasma COVID-19 (survivors) 
COVID-19 (patients with a 
worsening condition during 
the sampling period) 

Metabolites described as 
the most important in the 
discrimination, not be 
specific to COVID-19 
disease, since associated 
with inflammation, 
immune response, and 
energy metabolism 
3-hydroxybutyrate, a 
ketone bodies 
representative at higher 
levels in COVID-19 
patients 
BCAAs (branched-chain 
amino acids), including 
leucine and isoleucine at 
levels similar in both 
groups of patients 
Citrate at a lower level in 
the blood plasma in 
COVID-19 patients, 
suggesting changes in the 
TCA cycle 

Baranovicoa et al. 
[113] 

Healthy individuals (HI)* was a term used to describe individuals no-infected with the virus under study; 
HBV-liver cirrhosis (HBV-LC); direct-acting antiviral agents (DAAs), which are used in the treatment 
of hepatitis C; Acquired immune deficiency syndrome (AIDS); intensive care unit (ICU); severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2); triglyceride (TG); cholesterol (TC); tricarboxylic 
acid (TCA) cycle; Very low-density lipoproteins (VLDL), intermediate-density lipoproteins (IDL); low-
density lipoproteins (LDL); high-density lipoproteins (HDL); α-1-acid glycoprotein signal A (Gly A); 
α-1-acid glycoprotein signal B (Gly B) Lysophosphatidylcholines (LysoPCs)

studies identified a decrease in the alanine, glutamine and histidine may be associated 
with disrupted hepatic amino acid metabolism and hepatic damage. The hepatic or 
renal metabolism changes were also suggested by increased levels of creatine, crea-
tinine, and phenylalanine in comparison to healthy individuals. Correia et al. also 
corroborated with this data showing that metabolomics from samples of COVID-19 
patients is a powerful tool for a better understanding of the SARS-CoV-2 mecha-
nism of action and metabolic consequences of the infection in the human body. They 
showed Glycerol, 3-aminoisobutyrate, formate, and glucuronate levels as alternated 
in COVID-19 patients, affecting the lactate, phenylalanine, tyrosine, and trypto-
phan biosynthesis, D-glutamine, D-glutamate, and glycerolipid metabolisms. Thus, 
SARS-CoV-2 infection presents disturbance in the energetic system, supporting the 
viral replication and corroborating with the severe clinical condition of the patient 
[124]. 

Another NMR-based metabolic approach that has been employed is the differen-
tial between COVID-19 patients and individuals that developed severe acute respi-
ratory distress syndrome caused by the H1N1 influenza A virus [111]. In studies
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Fig. 11 Dysregulated metabolic pathways of patients caused by viral infections [114]

performed by Izquierdo-Garcia et al., the samples were analyzed by high-resolution 
magic angle spinning (HR-MAS-NMR), aiming to reduce the linewidth of the NMR 
due to macromolecules, such as proteins and lipids. HR-MAS reduces the line width 
of NMR spectra by spinning at a magic angle to a magic angle (54.7°) about the 
magnetic field. Serum samples of patients with viral infection in the intensive care 
unit (ICU) were analyzed by HR-MAS NMR at 4 °C to minimize metabolic degra-
dation. From 1H spectra, the metabolites were identified by the Chenomx Profiler 
tool. Statical modeling of NMR data provided discrimination between the COVID-
19 and H1N1 patients. The ICU patients due COVID-19 showed up-regulation of 
energy-generating pathways, such as glycolysis, fatty acid degradation, CoA biosyn-
thesis, glycerolipids, and glycerophospholipids metabolism. A potential biomarker 
described for up-regulation in the glycolysis pathway of patients with SAR-CoV-
2 infection was increased lactate/glucose ratio, when compared to patients with
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Table 4 1H NMR assignment of common metabolites finding in biofluids [113, 115–119] 

Metabolites Chemical shift (ppm), multiplicity, 
integrals 

Biofluid 

Lipids and Lipoproteins 

Lipoprotein 0.82–0.93 (m), 1.20–1.37 (m) Blood 

Alcohols and derivatives 

Ethanol 1.17 (t; 3H) 3.65 (q; 2H) Blood 

Amines and derivatives 

Dimethylamine 2.50 (s; 6H) Urine 

Trimethylamine 2.88 (s; 9H) Urine 

Trimethylamine-N-oxide 3.25 (s; 9H) Blood, Urine 

Urea 5.78 (s; 4H) Urine 

Amino acids and derivatives 

1-Methylhistidine 3.06 (dd; 1H), 3.16 (dd; 1H), 3.69 (s; 
3H), 3.96 (t; 1H), 6.99 (s; 1H), 7.89 (s; 
1H) 

Urine 

2-Aminobutyric acid 1.18 (d; 3H), 2.59 (m; 1H), 3.02 (dd; 
1H), 3.10 (dd; 1H) 

Blood 

2-Furoylglycine 3.92 (s; 2H), 6.62 (dd; 1H), 7.20 (dd; 
1H), 7.85 (dd; 1H) 

Urine 

Alanine 1.47 (d; 3H), 3.78 (q; 1H) Blood, urine 

Arginine 1.53 (m; 1H), 1.59 (m; 1H), 1.86 (td; 
2H), 3.17 (t; 2H), 3.77 (t; 1H) 

Urine 

Asparagine 2.84 (dd; 2H) 3.84 (t; 1H) Blood 

Betaine 3.89 (s; 2H), 3.25 (s; 9H) Urine 

Creatine 3.02 (s; 3H) 3.92 (s; 2H) Blood, urine 

Creatinine 3.03 (s; 3H) 4.04 (d; 1H) 4.09 (d; 1H) Blood, urine 

Glutamic acid 2.04 (m; 2H), 2.13 (m; 2H), 3.35 (m; 
1H), 3.75 (m) 

Blood 

Glutamine 2.12 (td; 2H) 2.42 (dt; 1H) 2.46 (dt; 1H) 
3.76 (t; 1H) 

Blood 

Glycine 3.55 (s; 2H) Blood, urine 

Guanidinoacetic acid 3.75 (s;2H) Urine 

Histidine 3.15 (dd; 1H) 3.24 (dd; 1H) 3.98 (t; 1H) 
7.07 (s,1H) 7.82 (s; 1H) 

Blood, urine 

Isoleucine 0.92 (t;3H) 1.00 (d; 2H) 1.00 (d; 1H) 
1.25 (m; 2H) 1.97 (m;1H) 3.66 (t; 3H) 

Blood 

Leucine 0.94 (d; 3H), 0.96 (d; 3H), 1.71 (m; 3H); 
3.73 (dd; 1H) 

Blood 

Lysine 1.43 (m; 2H) 1.72 (tt;2H) 1.90 (dtd; 1H) 
2.12 (dtd; 1H) 3.01 (t; 1H) 3.74 (t; 1H) 

Blood

(continued)
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Table 4 (continued)

Metabolites Chemical shift (ppm), multiplicity,
integrals

Biofluid

Methionine 2.11 (dtd; 1H) 2.12 (s; 3H) 2.19 (dtd; 
1H) 2.63 (t;2H) 3.85 (t; 1H) 

Blood, urine 

Dimethylglycine 2.92 (s; 6H), 3.72 (s; 2H) Blood, urine 

Ornithine 1.78 (tt; 2H) 1.94 (td; 1H) 3.04 (t; 2H) 
3.74 (t; 1H) 

Blood 

Phenylalanine 3.12 (m; 1H), 3.28 (m; 1H), 3.99 (dd; 
2H), 7.32 (d; 2H), 7.40 (t; 1H), 7.42 (t; 
2H) 

Blood 

Proline 1.47 (m;1H) 1.75 (m; 2H) 2.20 (m; 1H) 
2.99 (ddd; 1H) 3.40 (ddd; 1H) 3.57 (dd; 
1H) 

Blood 

Sarcosine 2.73 (s; 3H) 3.60 (d; 1H) 3.78 (d; 1H) Blood, urine 

Taurine 3.25 (t;2H), 3.41 (t;2H) Urine 

Threonine 1.32 (d; 3H), 3.58 (d; 1H), 4.25 (m; 1H) Blood 

Tryptophan 7.19 (t; 1H), 7.28 (t; 1H), 7.32 (s; 1H), 
7.54 (d; 1H), 7.73 (d;1H) 

Blood 

Tyrosine 6.88 (d; 2H), 7.18 (d; 2H) Blood 

Valine 0.97 (d; 3H), 1.03 (d; 3H), 2.25 (m; 1H), 
3.59 (d; 1H) 

Blood, urine 

Benzene and substituted 
derivatives 

Benzoic acid 7.47 (dd; 2H), 7.54 (t; 1H), 7.86 (d; 2H), Urine 

Mandelic acid 4.93 (s, 1H), 7.13 (m, 1H), 7.41 (tt, 1H), 
7.44 (m, 1H), 7.45 (m, 1H) 

Urine 

Hippuric acid 3.96 (d, 2H), 7.54 (m, 2H), 7.63 (tt, 1H), 
7.83 (dd, 2H) 

Urine 

Carboxylic acids 

2-Hydroxybutyric acid 0.89 (t; 3H) 1.64 (m; 2H) 3.98 (t; 1H) Blood 

Acetic acid 1.91 (s; 3H) Blood, urine 

Citric acid 2.52 (d; 2H), 2.68 (d; 2H) Blood, urine 

Formic acid 8.45 (s; 1H) Blood, urine 

Fumaric acid 6.38 (s;2H) Urine 

Imidazole 7.26 (s; 3H) Urine 

Lactic acid 1.32 (d; 3H), 4.10 (q; 1H) Blood, urine 

Proline betaine 3.57(s;1H), 3.31 (s; 2H), 3.26 (s; 6H), 
2,58 (s; 2H), 2.02 (s; 2H) 

Urine 

Succinic acid 2.39 (t; 4H) Blood, urine 

Tartaric acid 3.70 (d; 1H), 4.34 (d; 1H) Urine

(continued)
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Table 4 (continued)

Metabolites Chemical shift (ppm), multiplicity,
integrals

Biofluid

Trignolline 4.33 (s; 3H), 8.07 (m; 1H), 8.83 (m; 
2H), 9.11 (s; 1H), 

Urine 

Fatty acids and derivatives 

2-Methylsuccinic acid 1.09 (m; 3H), 2.12 (dd; 1H), 2.51 (dd; 
1H), 2.61 (td; 1H), 

Urine 

Essential nutrient 

Choline 3.19 (s; 6H) 3.50 (m; 2H) 4.10 (s; 2H) Blood 

Keto acids and derivatives 

2-Oxoglutaric acid Blood, urine 

3-Hydroxybutyric acid 1.19 (d; 2H) 2.29 (dd; 1H) 2.39 (dd; 1H) 
4.14 (td; 1H) 

Blood, urine 

Acetoacetic acid 2.27 (s; 3H) 3.43 (s; 2 H) Blood, urine 

Acetone 2.22 (s; 6H) Blood, urine 

Oxaloacetic acid 3.32 (s; 2H) Urine 

Pyruvic acid 2.37 (s; 3H) Blood, urine 

Purine, Pyridine, and Pyrimidine 
derivatives 

1-Methyladenosine 3.49 (dd; 1H), 3.75 (dd; 2H), 3.97 (s; 
3H), 4.12 (td; 1H), 4.68 (dd; 1H), 5.90 
(d; 1H), 8.28 (s; 1H), 8.31 (s; 1H) 

Urine 

1-Methylnicotinamide 4.47 (s; 3H), 8.18 (t; 1H), 8.89 (d; 1H), 
8.96 (d; 1H), 9.28 (d; 1H) 

Urine 

Adenosine 3.49 (td; 1H), 3.49 (dd; 1H), 3.75 (dd; 
1H), 3.91 (dd; 1H), 4.62 (d; 1H), 4.73 
(dd; 1H), 8.49 (s; 2H) 

Urine 

Allatoin 4.12 (s; 1H) Urine 

Allopurinol 7.51 (s; 1H), 8.01 (s; 1H) Urine 

Caffeic acid 6.33 (d; 1H), 6.92 (d; 1H), 7.06 (dd; 
1H), 7.14 (d; 1H), 7.29 (d; 1H) 

Urine 

Inosine 3.86 (dd; 1H), 3.93 (dd; 1H), 4.34 (dd; 
1H), 4.38 (td; 1H), 4.78 (dd; 1H), 6.09 
(d; 1H), 8.49 (s; 2H) 

Urine 

Sugars and derivatives 

D-Galactose 3.71 (t; 1H ) 3.71 (dd; 1H) 3.75 (quint; 
2H) 3.81 (dd; 1H) 3.99 (d, 1H) 5.27 (d; 
1H) 

Blood, urine 

D-Glucose 3.25 (m; 1H), 3.41 (m; 2H), 3.48 (m; 
2H), 3.54 (dd; 1H), 3.72 (m; 3H), 3.76 
(dd), 3.82 (m; 2H), 3.89 (dd; 1H), 4.65 
(d; 1H), 5.23 (d; 1H) 

Blood, urine

(continued)
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Table 4 (continued)

Metabolites Chemical shift (ppm), multiplicity,
integrals

Biofluid

D-lactose 5.18 (s; H), 4.63 (s; H), 4.12 (s; H), 3.84 
(s; H), 3.81 (s; H), 3.75 (s; H) 3.63 (s; 
H) 3. 53 (s; H) 

Urine 

D-mannitol 3.61 (dd;1H) 3.71 (td;1H) 3.71 (dd;1H) 
3.72 (td;1H) 3.83 (dd;1H) 3.84 (dd;1H) 
3.88 (dd;1H) 

Urine 

D-mannose 3.47 (dt; 1H) 3.68 (dd; 1H) 3.75 (dd; 
1H) 3.80 (dd; 1H) 3.82 (dd; 1H) 3.95 
(dd; 1H) 5.21 (d; 1H) 

Urine 

Glucuronate 3.27 (m; 1H), 3.49 (m; 2H), 3.57 (dd; 
1H), 3.71 (m; 1H), 4.05 (d; 1H), 4.65 (d; 
2H), 5.23 (d; 1H) 

Blood 

Glycerol 3.55 (m; 4H), 3.64 (m; 4H), 3.78 (m; 
1H) 

Blood 

Myo-Inositol 3.87 (t; 1H) 3.87 (dd; 2H) 4.12 (dd;2H) 
4.12 (dd; 1H) 

Urine 

Sulfones 

Dimethylsulfone 3.14 (s; 6H) Blood

influenza A. The decrease in the amino acid metabolism in COVID-19 patients is 
mainly due to isoleucine and valine at low levels. The branched-chain amino acids 
levels may be associated with intense inflammatory of host-response, the authors 
suggesting that the lower levels of BCAAs in COVID-19 patients may be indicative 
of less intense inflammatory response in patients infected with SARS-CoV-2 than 
influenza A patients [111]. 

The metabolomic data and immune response were used to develop the approach 
to stratification of COVID-19 patients. Through regularized Canonical Correlation 
Analysis (rCCA), both NMR and flow cytometry datasets were integrated, and 
six groups were characterized by distinct clinical parameters and an abundance 
of immune-metabolic species [110]. The groups characterized by mild COVID-19 
patients were differentiated by distinct BMI, liver enzyme levels, and triglyceride 
content of lipoproteins. While stratifying between “late” and “earlier” severe COVID-
19 patients, one of the main factors was creatinine level, being at a higher level in 
the late group than that the “earlier” severe group [110]. 

The response of COVID-19 patients to drug therapy is also being monitored by 
metabolic changes. Salvatore et al. reported a metabolomics study of ten COVID-
19 patients hospitalized with hyper inflammation before and after treatment with 
Tocilizumab. The metabolic profile of the patients treated with Tociluzumab was 
more similar to patients with milder infection viral. However, the metabolites are 
associated with the severity of COVID-19 patients [110].
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3.2 Metabolomics Analysis in Hepatitis C Viral Infection 

Chronic hepatitis C virus infection can lead to progressive liver diseases, such as 
chronic liver disease, cirrhosis, and hepatocellular carcinoma [125, 126]. Similar to 
other forms of chronic liver disease, the progression of the viral infections caused by 
HCV is accompanied by liver fibrosis. The liver biopsy is the gold standard method for 
detecting liver disease and fibrosis through different semiquantitative and validated 
histological scores. The METAVIR system scores fibrosis on a scale ranging from 0 
to 4, where F0 indicates the absence of fibrosis and F4 is a fully developed cirrhosis. 
There is currently an immense interest in the diagnosis and prognosis for hepatitis 
viruses in a non-invasive way. In this context, NMR-based metabolomics studies 
have been performed to identify potential biomarkers for HCV, as well as HBV and 
HEV, to effectively distinguish patients in different stages and healthy individuals 
[125–128]. 

The liver plays a central role in energy and lipid metabolism. Liver diseases affect 
lipids levels, including those caused by HCV, hepatitis B virus (HBV), and hepatitis E 
virus (HEV). Serum lipid profile can be a biomarker of liver insufficiency in fibrosis 
and cirrhosis patients [112]. According to Millet and collaborators [112], low-density 
lipids, such as VLDL and VLDL2, were found at higher levels in HCV-cirrhosis 
patients when compared to healthy individuals. The serum of patients with HBV 
and HBV-LC also exhibited a high concentration of unsaturated lipid in comparison 
to healthy individuals. On the other hand, the low-density lipoproteins (LDL) and 
lipoproteins with higher densities (HDL) were observed at lower levels in cirrhotic-
HCV patients compared to HCV non-fibrotic patients [112]. In another study [83], the 
spectra profile of serum of HCC and HCV patients showed clear differences. From 
broad signals of the 1H spectra, the fatty acid methyl and methylene moieties were 
determined, however, lipids with different fatty acid chains were not differentiated 
due to their overlapping signals [83]. 

Silva et al. also reported differences between coinfected patients with schistosomi-
asis and HBV/HCV chronic infection and HBV/HCV chronic monoinfected patients 
regarding the levels of HDL and triglycerides. By conventional assays, these metabo-
lites did not present any statistically significant in the different analyzed groups [94]. 
Similarly, Gao et al. [81] reported that HBV-LC and HBV patients had a higher level 
of saturated/monounsaturated fatty acid and a lower level of polyunsaturated fatty 
acid than healthy individuals. 

Undoubtedly, in the different works reported in the literature, there is a great vari-
ation of several metabolites, mainly low molecular weight metabolites, between the 
groups of patients infected with the hepatitis virus. They are assigned to different 
metabolites, such as amino acids, organic acids, creatine, creatinine, and choline, 
among others. Since then, NMR-based metabolomic studies have demonstrated alter-
ations in biological pathways of the patients with viral infection caused by hepatitis, 
mainly energetic metabolism involving glutamine/glutamate, carbohydrates, ketone 
bodies, and lipids. The distinction between analyzed groups is reported by comparing 
the concentrations of only a reduced set of metabolites [86, 87, 112].
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A pilot study reported by Simas et al. in 2010 demonstrated the potential of NMR-
based metabolomics on urine samples for differentiating patients infected with HCV 
from healthy individuals with sensitivity and specificity [82]. 

In the serum metabolite comparison of HBV, HBV-liver cirrhotic and healthy 
individuals, the histidine, n-acetylglicoprotein, phenylalanine, acetone, unsaturated 
lipid, and citrate were the main metabolites for differentiation of the analyzed groups 
[81]. Compared to HBV patients, serum phenylalanine and unsaturated lipid concen-
trations were higher in the serum of patients in the severe stage (HBV-LC), while that 
n-acetylglycoprotein and acetone were found at lower levels. To distinguish HBV 
patients from healthy individuals, the serum histidine and citrate were described as 
important metabolites that contributed to the distinction of these groups [81]. 

The differentiation between the metabolomics profile of individuals with hepato-
cellular carcinoma (HCC) from the Hepatitis C virus (HCV) population was achieved 
through OSP-PLS analysis of the NOESY spectra. Therefore, the contributions of 
lipids were most prominent, however, the lipids responsible for separation were not 
attributed. About low-molecular-weight metabolites, creatinine, valine, and choline 
were found at higher levels in HCC patients than in HCV. Choline is an important 
metabolite in several cancer types in high concentrations, which plays a key role in 
the synthesis of phospholipids for cancer cell membranes and donors in methylation 
reactions. The advanced stages of liver fibrosis/cirrhosis in both diseases, HCC and 
HCV, can lead to a higher concentration of this metabolite [83]. 

A cross-platform serum metabolomics study compared the performance of MSI-
CE-MS and NMR methods standardized protocols [88]. Both platforms offered 
similar reproducibility with a good mutual agreement to classify HCV individuals in 
different stages of the disease. The researchers highlighted the NMR metabolomics 
approach by an automated spectral processing and deconvolution software, as well 
as the identification and quantification of metabolites by a serum-specific metabolite 
library. However, there are disadvantages of 1D NMR over MSI-CE_MS. MSI-
CE-MS spectrometric was improved resolution and lower detection limits, as result, 
MSI-CE-MS, 60 serum metabolites were found in the HCV patient samples, while by 
NMR platform were determined 47 metabolites, being 30 serum metabolites were 
reliably determined in most non-HCV controls and HCV patients. In both instru-
mental platforms, serum choline and histidine metabolites were found as the best 
biomarkers to distinguish between HCV patients in late-stage fibrosis and early-
stage fibrosis HCV individuals [88]. In other studies, choline is also one of the most 
significant biomarkers to assess liver cirrhosis in HCV individuals [112]. It is worth 
mentioning that several other serum metabolites were determined with increasing 
liver fibrosis, such as asparagine, arginine, tyrosine, and hydroxyproline [87]. 

Serum creatine and creatinine levels are also associated as biomarkers to differen-
tiate HCV patients of different fibrosis stages [112]. These metabolites were found 
at higher levels in HCV patients in the non-fibrotic than HBV-LC patients. Crea-
tine is an important metabolite in the energy transfer process, which is synthesized 
primarily in the liver and is again involved in the general energy supply [113]. 

Glucose is a metabolite with significant variations in its concentration in the 
serum of patients infected with hepatitis virus [85, 112]. As reported by Millet et al.
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in NMR-based metabolomics [110], HCV-cirrhosis patients present a high level of 
serum glucose when compared to HCV-no cirrhosis individuals. Similarly, Embade 
et al. reported towards patients with mild or severe chronic liver in comparison to 
healthy individuals. The severity of liver diseases is also associated with glucose 
metabolism changes. The high level of serum glucose in severe cirrhosis patients 
may be related to reduced metabolism via the tricarboxylic acid cycle. Also, the 
upregulation of serum glucose is associated with a lower level of glycerol, which can 
be metabolized to glucose in the liver and result in energy for cellular metabolism 
[112]. 

4 Conclusions and Future Perspectives 

Amongst the methodologies reported, communication efforts are required to make 
end-users aware of recent methodological advances. Otherwise, NMR method 
improvements may not cross laboratory doors to meet the outside world. Efforts 
to standardize the metabolomics protocols and solve pattern metabolomics issues 
allow the integration of international cooperation to determine the metabolism type 
of a wide range of viral diseases. 
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Application of Quality Statistical Tools 
for the Evaluation of Diagnostic Tests 
for SARS-CoV-2 Detection 

Carolaine de Oliveira Rodrigues and Igor Renato Bertoni Olivares 

Abstract This chapter explores the use of quality statistical tools for the develop-
ment of diagnostic tests for SARS-CoV-2 and the different metrological parameters 
recommended to laboratories towards guaranteeing the quality assurance of the tests, 
according to ISO/IEC 17025. Tools such as validation, uncertainty estimation, and 
proficiency testing are presented and the importance of their application to the current 
scenario and their perspectives and scarcity in the tests developed and made available 
are discussed. 

Keywords SARS-CoV-2 · Qualitative analysis · Diagnostic tests ·Metrological 
tools 

1 Introduction 

The current global pandemic caused by Severe Acute Respiratory Syndrome 2 
(SARS-CoV-2) is considered constant challenge for global public health. Diag-
nostic methods, or in vitro tests, developed for the detection and diagnosis of 
the contagion of viruses act towards a quick and effective response in a crisis, 
contributing to the screening, diagnosis, follow-up/treatment of patients, and 
recovery/epidemiological surveillance [1]. Their performance must be qualified and 
reported so that their compliance with legislation can be assessed. However, the 
currently available database has revealed a mismatch between existing or reported 
results of method/test/device information from metrology tools applied and perfor-
mance criteria, which requires the performance characteristics of the method be 
defined so that it is scientifically consistent under the conditions for its adoption [1]. 
A set of qualitative analysis checks should therefore be applied to the method through
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different metrological tools (e.g., validation, uncertainty estimation, and proficiency 
testing) for ensuring the tests are suitable and compliant with their application. 

This chapter addresses the importance of a correct application of metrology tools 
for ensuring both quality and reliability of the results of SARS-CoV-2 detection 
methods. The analysis is based on a review and an evaluation of such tools and their 
best practices are highlighted. 

2 SARS-CoV-2 

Emerging and re-emerging infectious diseases are regarded as ongoing challenges 
for global public health. Among such diseases, the current Severe Acute Respiratory 
Syndrome 2 (or SARS-CoV-2), formerly known as novel coronavirus (2019-nCoV), 
has been considered a global pandemic. It is transmitted by a new zoonotic agent that 
emerged in Wuhan, China, in December 2019, and has caused respiratory, digestive, 
and systemic manifestations articulated in the clinical picture of a disease called 
COVID-19 (Coronavirus Disease 2019). COVID-19 spreads to humans from an 
animal host and, according to its origin, SARS-CoV-2 virus is known to be 96% 
identical to a bat coronavirus, which spreads through intermediate hosts and now 
from human to human (Fig. 1) [2, 3]. 

SARS-Cov-2 is a β-coronavirus type virus that uses angiotensin-converting 
enzyme II (ACE II) for cell adhesion and subsequent replication [4]. It is trans-
mitted by various means [e.g., aerosols (coughing/sneezing)], direct contact (e.g., 
fomites, handshake, kissing, and hugging), and possibly through sexual contact [5]. 
COVID-19 can develop asymptomatically or with symptoms such as runny nose, 
fever, cough, diarrhea, and, in more advanced cases, severe pneumonia [6]. 

The virus is known to have a high transmission rate and cause an acute respiratory 
syndrome that ranges from mild cases—approximately 80%—to very severe ones— 
between 5 and 10%—with respiratory failure and a variable fatality rate, mainly 
according to age group [2, 5], thus requiring specialized treatment in intensive care 
units (ICU).

Fig. 1 Potential transmission cycles of SARS-CoV-2 (based on Ahmad et al. [3]) 
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An early diagnosis of COVID-19 is essential for the identification of cases and 
control of the pandemic [7]. Suspected cases can be confirmed by SARS-CoV-2 
ribonucleic acid amplification molecular tests, immunological tests for antibody 
detection, clinical presentation, and clinical-epidemiological investigation [8]. 

2.1 Diagnostic Tests for SARS-CoV-2 Detection 

Diagnostic methods developed for confirming diagnoses and better estimating conta-
gion of SARS-CoV-2 have emerged in the pandemic as essential tools that monitor 
cases at a population level, understand the immune response, and assess the expo-
sure of individuals and possible immunity from reinfection [7]. Such tests are simple 
and usually do not require equipment; moreover, they enable the visualization of the 
result in a few minutes (10–30 min on average, depending on the type of test applied) 
[9]. 

The use of different diagnostic methods for detecting SARS-CoV-2 infection 
should consider their purpose of detection, since their characteristics vary according 
to the context of infection (e.g., timing of symptoms, type of sample, among others). 
Their use can help from clinical decision-making to the development of a health 
surveillance strategy [10, 11]. Among other aspects, individuals to be tested, clinical 
stage of their disease, definition of samples to be used, and minimum acceptable 
requirements for clinical performance (Fig. 2) [12] must also be identified. 

Fig. 2 Testing in the context of SARS-CoV-2 disease. Reprinted from European Commission [13]
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The tests can be classified into two groups, i.e., those that can detect the presence of 
the virus (RNA and antigen tests) for supporting the diagnosis of patients with symp-
toms similar to those of 2019-nCoV, and tests with detection of the immune system 
and body response against SARS-CoV-2 virus, which identify previous infections or 
current infections in the presence of the virus (antibody tests) [12, 13]. 

Technologies based on polymerase chain reaction (PCR) and high-throughput 
sequencing are commonly used in the molecular approach for replicating nucleic 
acids and detecting the virus in respiratory samples [14]. Different targets include 
genes E, S, and Orflab, and in RDT tests, antigens or antibodies detect the presence 
of the virus. Antibody-based tests use ELISA or immunity-based technologies to 
detect antibodies in patients and identify if a patient has been previously infected. 
Antibodies of IgG, IgM, and IgA types related to SARS-CoV-2 infection are detected 
by qualitative methodology [7, 15]. Antibody tests use blood, plasma, or serum 
samples, and antigen-based testing methods can detect the presence of viral antigens 
in respiratory samples and diagnose an active infection using S and N proteins as the 
main targets of such antigens [7, 14]. 

A variety of laboratory parameters assists in monitoring the virus; apart from 
the aforementioned methods, radio imaging such as computed tomography (CT) 
monitors the shape of the chest throughout an infection, and inflammatory biomarkers 
[e.g., interleukin-6 (IL-6)] have also been detected in patients with COVID-19 [8, 12]. 

In addition to playing an essential and effective role in a crisis, diagnostic tests, 
contribute to a rapid response to patient triage, diagnosis, monitoring/treatment, 
and epidemiological recovery/surveillance [13]. Some of the several commercially 
available diagnostic tests for SARS-CoV-2 have received authorizations for use by 
national and international regulatory agencies [10]. 

Manufacturers of diagnostic methods for SARS-CoV-2 should evaluate the perfor-
mance of the test device and report the performance parameters and the technical 
documentation of the device in the instructions for use—usually through perfor-
mance studies—towards assessing the compliance of the test specifications with the 
legislation. Furthermore, after the commercialization of a diagnostic test, the perfor-
mance of the methods should be validated for helping public health decision-making, 
especially in the context of the current crisis [9, 16]. 

According to a study conducted by the European Union [13], the current perfor-
mance of test methods and devices for 2019-nCoV (Working document of Commis-
sion services) has shown a clear mismatch between the existing or reported quality 
assurance and the information about the tests/devices and performance criteria, which 
are based on good analytical practice principles and corresponding international stan-
dards such as ISO/IEC 17025 [16] and ISO 15189 [17]. The study has shown a current 
need for ensuring the performance characteristics of a test method are understood 
and certifying the method is scientifically consistent under the conditions for its use, 
which requires a set of checks regarding an analytical method, such as validation.
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3 Quality Assurance 

Quality assurance was considered quite revolutionary for laboratories a few years ago, 
since it justified laboratory credibility and proved effective in increasing the reliability 
of results [18]. It has been adopted in the daily processes of laboratory management, 
therefore, several organizations have implemented quality management systems in 
their routine [19]. 

The concept of quality is mainly associated with the reliability and traceability of 
analytical results in laboratories. A quality management system provides tools for 
the management of factors that may affect the quality of laboratory results according 
to documented procedures so that tools are properly applied and always in the same 
way [18, 19]. 

In clinical laboratories, the implementation of a quality control system represents 
all the systematic actions necessary to provide reliable results for satisfying patients’ 
needs and avoiding errors [20]. A regular testing of quality control samples and 
samples from diseased individuals, as well as comparisons of quality control results 
with specific statistical results already known are required for ensuring quality in 
diagnostic tests [17]. 

Among the specific standards that regulate the implementation of a quality 
management system in laboratories is ISO/IEC 17025:2017 [16], more flexible for 
any type of laboratory and applied by several routine laboratories. However, GLP 
[21] (Good Laboratory Practice) focuses on each study performed and on the organi-
zational processes and conditions under which non-clinical environmental health and 
safety studies are planned, performed, monitored, recorded, archived, and reported. 
As shown in Fig. 3, research laboratories apply quality principles and practices 
towards guaranteeing their activities.

Among the management requirements in NBR ISO/IEC 17025:2017 [16] for  the  
functioning of the quality management system and the administration of the labo-
ratory, laboratories must assure their customers they provide data with the expected 
quality through tools related to technical requirements and considered essential for 
the reliability and traceability of the results associated with each other by AQAC 
(Analytical Quality Assurance Cycle) [23] (see Fig. 4).

I. Method validation: refers to the evaluation of a method’s suitability for an 
intended use; 

II. Uncertainty estimation: the confidence level of a result is evaluated with data 
obtained in the validation stage; 

III. Quality control: refers to a continuous evaluation of the validity of results after 
the validation and uncertainty estimation stages. The method is continuously 
monitored and data provided are incorporated into the validation ones. 

After the evaluation of a method (during validation) and obtaining of the confi-
dence level of the result (knowing the uncertainty), the quality control is applied 
towards demonstrating the method can provide reliable results in each test batch. 
The use of “calibrated equipment” and “certified standards” assists in proving the
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Fig. 3 Major goals and quality systems from different kinds of laboratories, classified according 
to their activities. Reprinted from Valcárcel and Ríos [22]

Fig. 4 Analytical quality assurance cycle (AQAC) with CRM and PT concepts. Modified from 
Olivares et al. [24]

reliability and traceability of the results and provides sustainability to the application 
of validation, uncertainty, and quality control [19, 25]. 

Quality Control can be applied either inter-laboratorial, or intra-laboratorial. The 
inter-laboratory control employs proficiency tests (PT) periodically elaborated by
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laboratories and that help the traceability control of a given standard, whereas the 
intra-laboratory control uses reference material (RM) or certified reference material 
(CRM) [26]. 

3.1 Qualitative and Quantitative Methods 

Analytical methods can be classified as quantitative or qualitative. A quantitative 
method establishes the amount of substance analyzed through a numerical value with 
the appropriate units [23, 24], whereas a qualitative method classifies a sample based 
on its physical, chemical, or biological properties. A binary response can be provided 
by a measurement instrument and test kits, which involve sensory changes detected 
through the presence or absence of a microorganism, directly (mass or volume) or 
indirectly (color, absorbance, impedance, etc.) in a given sample [23, 24]. 

Semi-quantitative methods of analysis lie between qualitative and quantitative 
ones; they provide an approximate answer regarding the quantification of an analyte 
and usually assign a certain class to a test sample (e.g. concentration can be high, 
medium, low, or very low) [27]. 

Prior to the validation process in the analysis of samples, studies on the perfor-
mance parameters of a qualitative method, i.e., parameters analyzed during the valida-
tion of quantitative methods, must be conducted [27, 28]. Qualitative methods provide 
a response on the presence or absence of a particular analyte in a sample; therefore, 
the results of a qualitative analysis are binary responses such as present/absent, posi-
tive/negative, or yes/no. The parameters evaluated (Table 1) for qualitative methods 
are generally specificity, sensitivity, precision, false-positive rate, and false-negative 
rate, whereas repeatability and reproducibility are assessed for quantitative methods. 

Quantitative methods can be described by a well-established set of performance 
characteristics to be used. In a comparison of such characteristics with those of 
qualitative methods, only the limit of detection (LOD) provides essentially the same

Table 1 Relationship 
between performance 
parameters studied in 
quantitative and qualitative 
analyses 

Quantitative method Qualitative method 

Accuracy: trueness, precision False positive and negative 
rates 

Range and linearity Cut-off limit 

Uncertainty Uncertainty region 

Detection limit Detection limit 

Selectivity Selectivity: interferences 

Sensitivity and specificity Sensitivity and specificity 

Precision: reproducibility and 
repeatability 

Accordance and concordance 

Robustness Robustness 
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Fig. 5 Qualitative analysis process: (1) problem description, (2) method development and (3) 
validation, (4) tests on unknown items checked through quality control, and (5) reporting of results 
(Based on EURACHEM/CITAC Guide (2021) [30]) 

meaning for the methods, while concepts related to selectivity are important for 
both. The major features of qualitative methods are measures of “correctness” (ie, 
indications of false response rates), which have no direct counterpart in quantitative 
methods [29]. 

Qualitative analyses have gained importance in laboratories and several sectors, 
since they provide fast, objective, low cost, simple, and error minimization results 
due to the shorter interval between sampling and analysis frequently selected for 
screening [27]. 

A qualitative analysis (Fig. 5) requires both specification of the property and 
assessment of the suitability of the analysis for the intended use. The reporting of a 
qualitative analytical result must be supported by valid procedures and an adequate 
quality control of the test, and the way the results are reported depends on the purpose 
of the analysis and the recipient of the report [30]. 

The aforementioned analyses can be implemented in several analytical areas. For 
example, rapid testing methods, including qualitative tests, detect microbiological 
contaminants, heavy metals, pesticides, foreign bodies, mycotoxins, allergens, and 
other analytes in foods [27]. 

3.2 Method Validation 

The quality of a method must comply with national and international regulations 
in all areas of analyses. Therefore, a laboratory must take appropriate steps (e.g., 
use of validated methods of analysis, internal quality control procedures, proficiency 
testing, and accreditation to an International Standard such as ISO/IEC 17025 [20, 
23]) towards providing high quality data. 

During the development of a method or a test, its performance characteristics must 
be evaluated towards their optimization and undergo preliminary validation studies 
[25] for the establishment of criteria for their performance parameters. Validation 
refers to confirmation and involves the provision of evidence that the minimum 
requirements for acceptance of a specific intended application or use have been met, 
thus proving its applicability for a particular purpose [16]. 

Method validation is an essential component of the measures implemented by a 
laboratory for the production of reliable analytical data, as shown in Table 2.
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Table 2 Definitions of ‘validation’ 

Definition Reference 

Confirmation through examination and provision of objective evidence 
that the particular requirements for a specific intended use have been 
fulfilled 

ISO/IEC 17025 [16] 

Confirmation through the provision of objective evidence that the 
requirements for a specific intended use or application have been fufilled 

ISO 9000 [19] 

Verification through analyses of whether specified requirements are 
adequate for an intended use 

VIM [31] 

The validation process consists of evaluation of the performance characteristics 
of a method and their comparison with analytical requirements [16]. Therefore, prior 
to the implementation of tests, the laboratory must prove it can properly operate a 
standardized method and provide objective evidence that the specific requirements 
for an intended use have been met. It must also define the validation parameters and 
criteria that best demonstrate the suitability of the method for that use [25]. 

Figure 6 illustrates the general process of validation of qualitative methods 
that involves both experimental and qualitative non-experimental steps. If the final 
result has been satisfied, the method can be considered “validated”; otherwise, it is 
necessary to return to the previous steps [32]. 

Fig. 6 General validation process of a qualitative method: (1) Conversion of the client’s informa-
tion needs (e.g., threshold limit and % reliability required) into the expected characteristics of the 
analytical information provided by the qualitative method; (2) A priori selection of the qualitative 
method (e.g., standard, standard modified or developed by the laboratory) most appropriate to solve 
the analytical problem; (3) Selection of the key characteristics of the qualitative method; (4) Estab-
lishment of the set of experimental processes for the determination of the selected characteristics 
of the method; and (5) Comparison of the characteristics in step (4) with those established a priori 
(i.e., confirmation of the fitness for the purpose of the qualitative method). (Based on Cárdenas and 
Valcárcel [32])
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If an existing method has been modified towards meeting specific requirements, 
or if an entirely new method has been developed, the laboratory must ensure their 
performance characteristics meet the requirements of the intended analytical oper-
ations. Regarding modified methods (standardized or not) or those developed by a 
laboratory, a series of parameters defined by the laboratory must be evaluated for 
ensuring the suitability of the method for the intended use [33]. 

The main characteristics of the methods during the validation process are selec-
tivity, limit of detection (LOD) and limit of quantification (LOQ), working range, 
analytical sensitivity, trueness (bias, recovery), precision (repeatability, interme-
diate precision, and reproducibility), measurement uncertainty, and ruggedness 
(robustness) [25]. 

Harmonized IUPAC [34], AOAC [35], and EURACHEM [25] protocols, among 
others, describe the way validation studies must be conducted and the way the results 
must be analyzed regarding the performance of quantitative methods. The valida-
tion of qualitative methods is an important bottleneck for the recognition of the 
competence of laboratories. Although several publications on validation procedures 
for qualitative methods are available in the literature, no harmonized document has 
established the parameters to be evaluated in each process, as in quantitative methods 
[27, 36]. A specific approach to this topic can be found in Trullols et al.’s “Validation 
of qualitative analytical methods” [27]. 

3.3 Uncertainty Estimation 

An assessment of the risk of misclassification is recommended in the development of 
any test procedure; therefore, a laboratory is commonly expected to establish or have 
access to information on the risks of incorrect results [25]. Regarding standardized 
test procedures established by groups outside the laboratory and suitable for an 
intended purpose, access to performance data may be limited or even non-existent 
[16]. 

The aforementioned evaluation can provide a detailed test specification; moreover, 
relevant factors under the control of the laboratory often satisfy the requirements 
of a test procedure [25]. The evaluation may involve the demonstration that the 
uncertainty of the control parameters and the performance of the test are adequate to 
the ultimate objective of the testing [37]. 

Measurement uncertainty is defined as a parameter that characterizes the disper-
sion of values assigned to measurement, this is non-negative, based on the information 
used, according to the International Vocabulary of Measurements—VIM [31]. 

The establishment of an uncertainty usually requires a range related to a measure-
ment result, which is expected to cover a large fraction of the distribution of values 
attributed to a quantity subjected to measurement [37]. The method should readily 
provide an interval with a scope probability or confidence level that realistically corre-
sponds to the required level for the assessment and expression of the measurement 
uncertainty [38].
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Laboratories are currently not expected to assess or report uncertainties associated 
with qualitative analysis results. However, some specifications, such as ISO/IEC 
17025 [16] and ISO 15189 [17], require laboratories ensure they can obtain valid 
qualitative and quantitative analysis results and are aware of their reliability. When 
necessary, such laboratories report limitations for interpreting results and accurately 
answering customers’ questions about reliability [28]. 

The assessment of uncertainties associated with quantitative parameters or anal-
ysis results has been the subject of considerable efforts [1]. On the other hand, 
uncertainties in qualitative analysis have received much less attention due to chal-
lenges for the establishment of uncertainty parameters associated with the method 
of analysis [39]. 

Despite a wide variety of metrics that express uncertainty in qualitative results, 
only a limited consensus on those to be used has been reached [5]. The most basic 
way to quantify the performance of qualitative analysis is to calculate rates of false 
results, which leads to “positive” or “negative” results, reported as “true positive” and 
“false positive” or “true negative” and “false negative” rates, respectively. However, 
such rates can be related to the total number of a specific type of case or result or to 
the total number of possible causes or results [30]. 

“Assessment of performance and uncertainty in qualitative chemical analysis” 
[30], a recently published guide produced by a joint Eurachem/CITAC working 
group, is based on experiences from several analytical fields through performance 
and qualitative uncertainty analyses and provides some performance alternatives to 
express the quality of qualitative analytical results (see Table 3).

3.4 Proficiency Testing 

The laboratory must implement a quality assurance (QA) system that includes the 
monitoring of its performance through comparisons with results from other laborato-
ries, when available and appropriate, for controlling the validity of its measurements 
[26, 30], which are an important aspect of the requirements for accredited laboratories 
or those seeking accreditation [16]. 

Participation in a proficiency test (PT) complements a laboratory’s internal quality 
control (IQC) procedures, since it provides an additional external measure of the 
laboratory’s measurement capability [26, 30]. 

Proficiency tests are considered interlaboratory studies used as tools for external 
evaluations and demonstration of the reliability of laboratory analytical results. They 
help the identification of failures and enable corrective or preventive actions to be 
taken. Moreover, they are one of the items required for laboratory accreditation by 
ISO/IEC 17025:2017 [16]. 

According to ISO/IEC 17043 [40], the proficiency testing provider must follow 
some steps, such as instruction to participants, handling of PT items, distribution, 
data analysis, and evaluation, as shown in Fig. 7.



186 C. de Oliveira Rodrigues and I. R. B. Olivares

Table 3 Alternative 
performance characteristics 
for expressing the quality of 
qualitative analytical results 

Performance characteristics Expression 

True positive rate, TP 
(sensitivity, SS) 

tp/ pc = tp/(tp  + f n) = 
1 − FN  

False positive rate, FP f p/nc = f p/(tn  + f p) = 
1 − T N  

True negative rate, TN 
(specificity, SP) 

tn/nc = tn/(tn  + f p) = 
1 − FP  

False negative rate, FN f n/pc = f n/(tp  + f n) = 
1 − T P  

Precision or positive predictive 
value, PPV 

tp/ p = tp/(tp  + f p) 

Negative predictive value, NPV tn/n = tn/(p + n) 
Efficiency, E (tp  + tn)/( p + n) 
Youden Index, Y SS(%) + SP(%) − 100 
Likelihood ratio of positive 
results, LR(+) 

T P/FP  

Likelihood ratio of negative 
results, LR(−) 

T N/FN  

Posterior probability* O(A) = P(A) 
1−P( A) ; 

P(A) = O(A) 
O(A)+1 

tp—number of true positive results; fp—number of false posi-
tive results; tn—number of true negative results; fn—number of 
false negative results; p—number of positive results (tp + fp); n— 
number of negative results (tn + fn); pc—number of positive cases 
and nc—number of negative cases 
*A probability P is usually expressed as a number between 0 and 
1. However, it can also be expressed in the form of “odds”, a term 
perhaps most familiar in sports betting. If the probability of an 
event A is P(A) and the alternative possibility is simply “Not A”, 
the odds O(A) in favor of A can be calculated. Unlike probabil-
ities, odds can take any non-negative value; 106 or “a million to 
one” odds are possible and can be converted back to probabilities 
through rearrangements

Fig. 7 Steps of a proficiency 
test according to ISO/IEC 
17043:2011 [40] 

The interlaboratory ensures a validated method whose uncertainty has been calcu-
lated continues working satisfactorily. In principle, method validation and internal 
quality control are sufficient to ensure a method’s accuracy; however, in practice, 
they are often not perfect [41]. Regarding method validation, unknown influences can 
interfere with the measurement process and Certified Reference Materials (CRMs)
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are not available in several industries [27]. Given these factors, it is difficult to estab-
lish traceability of results and unidentified sources of error may be present during the 
measurement process. Proficiency testing has the advantage of providing a means 
for participants to obtain an external and independent assessment of the accuracy of 
their results [42]. 

In a general context, some of the benefits of PTs are [40]:

. Laboratory performance evaluation and continuous monitoring;

. Evidence of reliable results and identification of problems related to the testing 
system;

. Possible corrective and/or preventive actions;

. Evaluation of the efficiency of internal controls;

. Determination of performance characteristics and method validation; and

. Standardization of market-facing activities and recognition of test results at 
national and international levels. 

The development and application of PT involve a series of steps that include 
different approaches chosen according to the matrix and analytes to be evaluated, 
e.g., assignment of values obtained by consensus or by a reference value calculated 
by different strategies, performance evaluation (z-score, Zeta-score, etc.), graphical 
methods (Youden plot, histograms, etc.), and evaluation of stability and homogeneity 
of PT items, among others [24]. 

The use of PT or other external control schemes in quality control enables the 
laboratory to guarantee the effectiveness of the quality control implemented inter-
nally, an external reference of the accuracy of the results, and their comparison with 
those provided by other laboratories. Among the several parameters calculated for 
assessing the quality of a laboratory’s performance is the homogeneity of the results 
from the participating laboratories [16, 40]. 

ISO/IEC 17043 [40] describes requirements for the competence of PT providers 
and ISO 13528 [42] provides an approach to data for qualitative methods. Some 
practical information on how to select, use, and interpret PT schemes can be found in 
the Eurachem Guide [25]. However, no fully appropriate scheme has been developed 
for emerging fields of analysis or rare applications. 

4 Application of Quality Statistical Tools in Tests 
for the Detection of SARS-CoV-2 

Quality control, one of the tools strongly related to metrology [19], involves a set of 
measurement operations that ensure the products manufactured by a company meet 
the technical specifications to be introduced in the Market [20]. 

An increasing number of SARS-CoV-2 RNA tests (mostly through RT-PCR) and 
tests for antibodies against coronavirus (mostly immunoassays) have been reported, 
whereas a small number of antigen tests is available [13].



188 C. de Oliveira Rodrigues and I. R. B. Olivares

Fig. 8 Different levels of 
quality validation categories 
for analyses of diagnostic 
methods for SARS-CoV-2. 
Adapted from Olivares and 
Lopes [23] 

The pandemic crisis caused by SARS-CoV-2 and the need for tests that diagnose 
the virus have required adequate evaluations (i.e. validations) of the performance of 
the emerging test methods, as well as the development of protocols that standardize 
their specification of quality, safety, and efficacy, which involves validation of the 
methods and determination of their uncertainty for ensuring public health safety 
during their use. Furthermore, the development of proficiency tests in the public 
domain enables laboratories to prove their competence in test design. 

Among the main metrological quality tools are validation, uncertainty estima-
tion, and proficiency testing, as discussed elsewhere. Figure 8 displays a complete 
set of measurements to be performed by laboratories towards high-quality results. 
Apart from validation and/or standardized methods, internal quality control (IQC) 
procedures (use of reference materials (MRs), control charts, etc.), participation in 
proficiency tests, accreditation to an international standard, usually ISO/IEC 17025 
[16], and registration of the test with regulatory agencies such as ANVISA [23] are  
effective measures. 

SARS-CoV-2 diagnostic tests have been performed worldwide in laboratories with 
extensive experience and technical capacity for nucleic acid amplification testing. 
Although such tests, which have been commercialized, have been validated and 
approved by regulatory agencies, few data on their efficacy in wide implementations 
are currently available. 

According to a survey on SARS-CoV-2 diagnostic tests in use, of those registered 
with Agência Nacional de Vigilância Sanitária (ANVISA) [10], 64 were analyzed, 
as shown in Fig. 9, and no standardization of the performance parameters has been 
established for ensuring the quality of their results, thus leading to public health risks.

Most parameters analyzed by the manufacturers (e.g., sensitivity and speci-
ficity) have shown discrepancies and followed no standard. The low sensitivity of 
a diagnostic test may lead to false negatives, thus interfering mainly in cases of 
asymptomatic individuals.



Application of Quality Statistical Tools for the Evaluation … 189

Sensitivity 

Specificity 

Precision 

Efficiency 

Limit of detection 

False positive / negative rate 

Agreement 

Coefficient of variation 

Cycle threshold 

Sensitivity 

Accuracy 

Total match rate 

Cut-off limit 

Consistency rate 

Not informed/not found 

0  10 20 30 40 50 60

Pe
rf

or
m

an
ce

 p
ar

am
et

er
s 

Number of tests 
 

Fig. 9 Main performance parameters used in tests for the diagnosis of SARS-CoV-2 in Brazil, 
according to ANVISA (2020) [10]

A study developed by the European Commission [13] on the current performance 
of COVID-19 test methods and devices revealed an urgent need for adequate assess-
ments (i.e. validation) of the performance of both existing and emerging test methods 
with a view to SARS-CoV-2 viral RNA, such as antigen or antibody tests [1]. 

We can conclude no standardization has been established for the detection of 
the quality of tests and no data or parameters for their measurement uncertainty are 
available. 

Regarding the proficiency tests currently available worldwide, only 01 PT has been 
identified for the diagnosis of COVID-19 in Brazil and only 07 international tests 
(offered by private companies) have been reported. Therefore, given the importance 
and urgency of diagnostic methods for COVID-19, the development of a public 
and widely applicable PT for laboratory comparisons and assurance of results are 
crucial, since they can be used as a model for other qualitative PTs in emerging 
disease diagnoses for ensuring interlaboratory testing reliability. 

New protocols for validation, calculation of uncertainty, and development of profi-
ciency assays must be implemented not only for the current scenario, but also for 
future detection tests for SARS-CoV-2 for diagnosing the immunity obtained after 
infection or vaccination. Once issues of reliability and evaluation of diagnostic tests 
have been clarified, they will be an essential tool for the development of strategies 
against SARS-CoV-2 and diseases that may emerge. 

5 Conclusions and Future Perspectives 

This chapter has discussed statistical quality tools for the quality control of diagnostic 
tests for SARS-CoV-2.
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Among such tools, validation proves an analytical method is suitable for its 
purpose, thus ensuring routine analyses reproduce consistent values when compared 
to a reference value. A method is considered validated when evaluated according 
to a series of established parameters, such as specificity and selectivity, linearity, 
working range or range, precision, detection limit, quantification limit, accuracy, 
and robustness (repeatability) and if it has achieved the expected performance. 

The uncertainty estimate that provides the confidence level of the result of each 
test must also be established, and laboratories must be aware of the reliability 
of qualitative analysis results so that, when necessary, they can report limitations 
for interpreting results and accurately responding to customers’ questions about 
reliability. 

Moreover, well-characterized reference (control) materials that simulate real 
patient samples and reference test methods should be inventoried, verified, or estab-
lished towards comparisons of the performance of different tests according to the 
quality standards required. Other proficiency testing exercises must be organized, so 
that laboratories can prove their competence in COVID-19 testing. 

Despite the importance of application of statistical tools to diagnostic tests for the 
detection of SARS-CoV-2, no standardization has been established for the registra-
tion process with regulatory bodies. Therefore, this chapter has addressed an eval-
uation and application of statistical tools (validation, uncertainty estimation, and 
proficiency testing) for the development and monitoring of such tests. The trans-
mission cycles of SARS-CoV-2 must be understood and mechanisms that help the 
prevention and mitigation of transmission must be developed for use in future risk 
conditions in the context of emerging zoonotic diseases, including the current one. 
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