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Abstract: Coronavirus disease 2019 (COVID-19) is a highly virulent infection that has caused a pan-
demic since 2019. Early diagnosis of the disease has been recognized as one of the important
approaches to minimize the pathological impact and spread of infection. Point-of-care tests proved
to be substantial analytical tools, and especially lateral flow immunoassays (lateral flow tests) serve
the purpose. In the last few years, biosensors have gained popularity. These are simple but highly
sensitive and accurate analytical devices composed from a selective molecule such as an antibody or
antigen and a sensor platform. Biosensors would be an advanced alternative to current point-of-care
tests for COVID-19 diagnosis and standard laboratory methods as well. Recent discoveries related to
point-of-care diagnostic tests for COVID-19, the development of biosensors for specific antibodies
and specific virus parts or their genetic information are reviewed.

Keywords: antibody; antigen; coronavirus disease; diagnosis; handheld assay; immunosensor; lateral
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1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), emerged as an abrupt epidemic with a global impact and
has been declared a pandemic by the World Health Organization since 11 March 2020.
Since the pandemic began, many strategies have been established to prevent the spread
of the disease. The use of protective means, the quarantine strategy, travel restrictions,
and vaccination can be mentioned [1–6]. The efficacy of these approaches in establishing
national strategy countermeasures to COVID-19 has been limited, and the countermeasures
caused side effects, including a social impact on the population and economy [7–10]. The
increased focus on COVID-19 also suppresses healthcare capacities for other diseases that
can be manifested in other areas, such as cancer therapy and prevention [11].

Explicit disclosure of disease onset is one of the basic approaches in countermeasures
to COVID-19 and reduce unspecific precautions that cause collateral damage and expenses.
Since the pandemic started, great progress has been made in instrumental methods for the
diagnosis of COVID-19, and new analytical methods have been invented. Point-of-care
tests, biosensors and portable bioassays were recognized as crucial tools as capacity was
restricted and some regions were not even equipped for performing instrumental diagnoses.
The great progress of biosensors and point-of-care tests on COVID-19 diagnosis followed
early after the onset of the pandemic [12–14].

Biosensors are analytical devices in which a biomolecule, also called a biorecognition
element, is combined with a sensor transduction system, also called a physicochemical trans-
ducer. The outgoing signal in the form of a physical property is measured by an analyzer.

This review focuses on the development of new biosensors suitable for the diagnosis of
COVID-19 by the detection of specific parts of the viruses (or markers in the infected people
and are suitable for testing at the point-of-care testing or in handheld assay conditions. The
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actual trends and literature on this issue are surveyed here. The review contains a com-
parison with the currently available point-of-care tests and discussion about limitations of
various diagnostic approaches when COVID-19 was revealed.

2. Current Point-of-Care Tests for COVID-19

COVID-19 is a viral respiratory disease with increasing mortality with increasing
age of patients and occurring comorbidities such as obesity, diabetes and immune defi-
ciency [15–17]. The disease has typical indicators of shortness of breath (dyspnea), fever,
fatigue and cough, but other manifestations can occur depending on the variant of COVID-
19 and individual dispositions, and some post-COVID-19 syndromes can remain even after
the infection resolves [18–23]. An increase in inflammatory cytokines and the appearance
of symptoms after inflammation is also typical for COVID-19 [24–28]. The exact diagnosis
can be based on various techniques and instruments, including the techniques locating
damaged tissues such as tomography and sonography [29–31] and molecular biology
methods such as polymerase chain reaction (PCR) and loop-mediated isothermal amplifi-
cation (LAMP) in their reverse transcriptase [32–38]. Immunochemical methods such as
enzyme-linked immunosorbent assay (ELISA) for the detection of specific antibodies or the
presence of the COVID antigen can also be used [39–42]. The mentioned methods generally
exert good accuracy and reliability. On the other hand, common laboratory assays require
reliable and expensive equipment and infrastructure, systematic quality control, instrument
services and experienced and educated personnel to be performed [43–47]. During the
COVID-19 pandemic, simple means of diagnosing the disease or detecting the presence of
covid antigens or other markers were highly desired and were helpful when available in
sufficient numbers and at a low price at the same time.

Lateral flow tests have become the main analytical tool for the diagnosis of COVID-19
since the early phases of the pandemic [48–50]. The lateral flow tests are a simple analytical
tool that has spread since the 1980s. The first applications of lateral flow tests were focused
on revealing but further analytes followed, and the tests gained popularity as tools for the
analysis of biochemical and immunochemical markers, toxins, microorganisms, pollutants,
drugs, pharmaceutics and others [51–57]. These devices resemble biosensors and some
scholars consider them a type of biosensor. Compared to standard types of biosensors,
lateral flow tests do not contain a physical sensor, as coloration is read by the naked eyes.
On the other hand, readers of coloration are provided by some companies, and therefore
lateral flow tests combined with colorimetric readers can be considered biosensors.

The principle of lateral flow tests is based on an affinity interaction between a recogni-
tion molecule immobilized on a matrix and another recognition molecule that is labeled by
a dye, fluorescent label, colored or fluorescent nanoparticles or other molecule allowing
visualization. The antibody is a typical recognition molecule used in lateral flow tests,
but aptamers have also gained a high popularity for the purpose, and various antigenic
and receptor structures are also suitable for test manufacturing [58–60]. During the as-
say, the analyte interacts with the labeled recognition molecule and migrates by capillary
flow on the matrix at the same moment. Migration is stopped by capturing the complex-
analyte-labelled recognition molecule by another recognition molecule of the analyte that is
chemically bound to the matrix and forms the lines that the user of a test. The second line is
typically used for controls and it contains an attached antibody or another molecule specific
to the labeled recognition molecule. This is the reason why the control line is formed even
if no analyte is present in the tested sample. The colored lines can be easily read by the
naked eye without any equipment, and also the assay does not need any specific tools or
sample processing; therefore, the lateral flow tests are suitable for point-of-care conditions
as a simple and inexpensive method. In the linear dynamic concentration range of the
assay, the color intensity of the lines is proportional to the analyte concentration [61]. On
the other hand, the common tests are not designed or suitable for the exact determination
of the analyte concentration, and they provide only qualitative information on the presence
or absence of analyte in a sample, and the intensity of the color is a crude estimation



Sensors 2022, 22, 7423 3 of 16

only. Although some devices can be used for the estimation of analyte concentration by
measuring the optical density of colored lines, they can be taken as a semiquantitative assay
with limited accuracy. Quite high limits of detection are other drawbacks that are typically
significantly higher for lateral flow tests than for standard laboratory immunoassays such
as ELISA.

Lateral flow tests play an important role in the early diagnosis of COVID-19 and both
the determination of the respective antigens from the virion particles and antibodies of the
particles can be measured by the commercially available tests. Common tests for COVID-19
diagnosis are based on the detection of specific structures from virion particles, and they
are called antigen or antigenic tests; these tests are typically determined for analysis of
nasopharyngeal swab samples. An example of a standard antigen lateral flow test for
COVID-19 is depicted in Figure 1. They can be used in home care conditions or in field
epidemiological screening, where they can confirm the manifested disease and reveal some
phases of latent infection [62–64]. The sensitivity of the available test kits is generally
significantly lower than the sensitivity of reverse transcriptase PCR [65,66] or ELISA [67],
and false negativity can be easily concluded by lateral flow tests. The specificity of antigen
lateral flow tests for COVID-19 is quite good [68]. Nevertheless, there can be issues with
false positivity in some cases and some studies pointed to number of people falsely tested
as positive [69].
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Figure 1. Example of a commercially available antigen lateral flow test for the diagnosis of COVID-19.
A test with formed test and control lines is depicted in the upper photograph. An unused test is
shown in the bottom figure.

3. Concept of Point-of-Care Biosensors for COVID-19 Diagnosis

Taking into account the current methods for the diagnosis of COVID-19, the concept of
a biosensor for diagnosis purpose can be based on either on direct detection of a determinant
structure or indirect diagnosis based on the measurement of immunochemical markers
created as a response to disease progression. The general concept is depicted in Figure 2.
The indirect diagnosis based on measuring of immunochemical markers such as specific
antibodies is easier from a technological point of view because specific antibodies (the
most common marker for COVID-19) or certain cytokines (the less common marker for
COVID-19) are released in a mass amount in the response to the disease, and they also exert
chemical uniformity. The number of antibodies and cytokines is amplified considering
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the stimulus by the pathogen. In an instance, one B lymphocyte can produce a number
of specific immunoglobulins (Ig) when stimulated by the pathogen. The response also
remains for a certain period even after the erasing of SARS-CoV-2 from the blood. A lag
between COVID-19 progression and the markers’ presence in the blood is a disadvantage
of the indirect diagnosis. Specific antibodies against SARS-CoV-2 can be demonstrated
approximately one week after the onset of the disease symptoms [70]. Specific IgG and IgM
are probably the best markers for which new biosensors should be aimed when analyzing
blood samples from suspected COVID-19. In a 2020 study, seroconversion times of 12 days
for IgM and 4 days for IgG were reported [71]. However, the beginning of antibody
production is somewhere between 1 and 2 days after infection starts though the amount
of antibodies released is still low at this moment and the speed of antibody production
is also individual depending on various factors [72]. A highly sensitive biosensor would
prove the presence of Ig soon after infection, but a reliable diagnosis using antibodies is
not expected in the early stages of COVID-19. In addition to the diagnosis of COVID-19
disease, the analysis of anti-SARS-CoV-2 antibodies serves to control vaccination efficacy
or the evaluation of natural immunity against the disease, because vaccination has unequal
efficacy in various groups, such as people with chronic diseases and dialyzed patients as
compared to healthy people of working age [73–77]. Biosensors can be a functional tool for
this supervision of vaccination efficacy.
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Figure 2. General concept of the diagnosis of COVID-19 by biosensors.

The direct SARS-CoV-2 assay from samples such as blood, nasopharyngeal swab
samples and feces is unambiguous proof of the infection even before the onset of symptoms
and confirmation of the COVID-19 disease when a symptomatic phase begins. Gargles
and mouth wash are also suitable for sampling [78]. Membrane proteins (M), envelope
proteins (E), spike proteins (S) and nucleocapsid proteins (N) and single-stranded positive-
sense RNA with specific genes for the aforementioned proteins are the most important
structures to analyze [79,80]. Biosensors and assays for direct detection of SARS-CoV-2
virions or its determinant structures should be highly sensitive because the concentration
of typical markers is low. In addition, a large part of the viral particles is, moreover,
closed within host cells [81]. In a study on the N protein of SARS-CoV-2, there was found
a concentration of around 1 ng/mL in serum samples from patients with manifested disease,
but infected patients with an asymptomatic phase can have N protein in the concentration
of approximately 10 pg/mL [82]. A mean concentration of N protein in blood samples of
1.73 ng/mL was reported in another study [83].
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When considering the principle of the biosensors for COVID-19 diagnosis, there is not
a substantial difference in physical assay principle of the SARS-CoV-2 antigenic or other
structure assays and assays for anti- SARS-CoV-2 antibodies. All basic types of biosensors,
including electrochemical, optical and piezoelectric, can be adopted for the purpose of
preparing a point-of-care diagnostic tests for COVID-19.

Adaptation of the specific types of biosensors into praxis will depend not only on
analytical specifications but also on expenses, which will play an important role in decisions
for which point-of-care test will be preferred. Consumption of energy or raw material
consumption can have a negative effect on the manufacturing costs. Prices of material and
energy have become highly volatile, and some types of biosensors, such as electrochemical
devices with electrodes manufactured from noble metals, could have problems being
competitive. The production of metal nanoparticles used in both the electrochemical and
optical biosensor can also be influenced by recent economic events and an increase in the
price of the nanoparticles can be expected. The volatility of prices can also be related to
the biorecognition element. Production of monoclonal antibodies is, for instance, a quite
expensive process where energies are also necessary. However, the situation can change
due to economic cycles and cheaper and more innovative mass production and the prices
can drop again.

4. Biosensors for Measuring Anti-COVID-19 Antibodies

Biosensors for diagnosis of COVID-19 by assay of anti-COVID-19 antigen-specific
antibodies have a common sense for confirmation of specific antibody presence as a result
of the disease or for measuring of seroconversion initiated by vaccination or the disease.
The specific antibodies are not a tool for the diagnosis of an undergoing disease in an
acute phase because specific antibodies are created after a delay of several days and highly
specific antibodies such as IgG are presented in the blood even later. The first phases of
an infection disease (incubation and prodromal) are typically not covered by antibody
production, while the antibodies remain up to the convalescence phase of the disease and
further while other biochemical and immunochemical markers gain their normal values.
The practical relevance of biosensors as tools for point-of-care testing is lower compared
to the COVID-19 antigens. However, such biosensors would improve the quality of care
by faster and more accurate decisions for revaccination and identification of the most
endangered people by the disease development.

Cady and coworkers developed a multiplexed grating-coupled fluorescent plasmonic
biosensor for the detection of antibodies specific to spike S1 protein, spike S1S2 protein,
the and N protein as these proteins were immobilized on a biosensor chip [84]. This type
of spectroscopic assay exerted 100% selectivity and sensitivity for an assay of specific IgG
and selectivity of 100% and sensitivity of 87% for an assay of total anti-SARS-CoV-2 anti-
bodies in blood samples from human volunteers. The other specific antibodies, including
immunoglobulins IgM and IgA, can also be analyzed. The assay was also fully correlated
with standard ELISA. In another application of a non-linear optical method, a surface
plasmon resonance biosensor was developed for the assay of IgG, IgM and IgA specific to
the receptor binding domain of SARS-CoV-2 [85]. The biosensor contained immobilized S
protein and was verified on 102 human samples in which the presence of anti-S protein
antibodies and their isotype were measured in a single step. The sensitivity of the test
reached 90% for IgG, 95% for IgA and 98% for IgM, while the best specificity was achieved
for the IgG assay at 98%, followed by IgA at 91% and IgM at 89%. Total sensitivity was
equal to 93% and specificity to 100%. Though this biosensor exerted good properties, it is
not a common example of a point-of-care test because of the price and size of the surface
plasmon resonance principle. Maybe future development can reduce the price and make
this platform more suitable for applications outside the laboratory environment.

Nanoplasmonic biosensing platforms with immobilized S protein on gold triangular
nanoprisms served as anti-SARS-CoV-2 antibodies in the work of Masterson et al. [86]. The
device, working on the principle of non-linear optics, exerted a very low limit of detection
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equal to 30 amol/L for the specific IgG molecules, and 90% specificity and 100% sensitivity
were proved when the device was tested on a group of 121 COVID-19-positive patients
and 65 healthy individuals.

Bao and co-workers developed a simple colorimetric vertical flow immunoassay
biosensor [87]. The colorimetric device was suitable for the recognition of IgG and IgM
antibodies specific to S protein, and the visualization was done in presence of secondary
antibodies labeled with gold nanoparticles on a nitrocellulose membrane that served
as a matrix for the reaction. The whole assay was completed in 2 min. Although the
principle of the test is quite common, the authors made a promising innovation based on
the manner in which samples are taken. The bottom part of the biosensor was fabricated
from biodegradable porous microneedles from polylactic acid that can safely penetrate
the skin and collect interstitial fluid through the capillary effect. A point-of-care device
for the detection of specific anti-SARS-CoV-2 antibodies was also developed by Mattioli
et al. [88]. They immobilized a SARS-CoV-2 antigen (receptor binding domain bioconjugate)
on a graphene-based electrode and verified the prepared biosensor on real human serum
samples by voltammetry. The electrochemical device detected IgG specific to the receptor
binding domain of SARS-CoV-2 with a limit of detection of 1.0 pg/mL for a sample sized
40 µL. An assay was finished within 15 min. All the specifications in combination with
the fact that the biosensor was a miniaturized device makes it suitable for testing in
point-of-care conditions. A miniaturized device with the potential to be used in point-of-
care conditions was also constructed on a fluorometric principle [89]. The fluorometric
assay was conceived as an optofluidic fluorescence biosensor where the S protein was the
recognition part interacting with IgG in the tested sample. In the second step, an Alexa
Fluor 680-labeled goat anti-human IgG secondary antibody was applied, and fluorescence
was detected by fiber optics. Because the secondary antibody was specific to the IgG class
of immunoglobulins, other immunoglobulins including IgM, were not detected during the
analysis. It makes the assay more specific; on the other hand, it may cause lower sensitivity
for the diagnosis of COVID-19 in the early phases. The specific IgG was proved with
a detection limit of 12.5 ng/mL for a sample sized 100 µL and an assay lasting 25 min.
Xu et al. constructed another fiber optic device for the detection of IgG and IgM against
S protein [90]. The researchers opted for a Fresnel reflection microfluidic biosensor as
a device allowing quite fast and label-free detection of the antibodies. The microfluidic chip
in the device contained fiber with attached goat anti-SARS-CoV-2 IgG and IgM antibodies
responsible for the interaction with the specific IgG and IgM from tested samples. The limit
of detection for IgM antibodies against SARS-CoV-2 was equal to 0.82 ng/mL, while the
assay of IgG specific to SARS-CoV-2 exerted a limit of detection of 0.45 ng/mL.

A field effect transistor voltammetric biosensor was developed for the detection of
IgG anti-SARS-CoV-2 antibodies, but it was also suitable for antigen detection [91]. The
electrochemical biosensor contained titanium-gold working electrodes improved by In2O3
nanoribbons, and the Ag/AgCl electrode served as a reference electrode. The electrochemi-
cal assay was based on the formation of an immunocomplex containing streptavidin and
alkaline phosphatase. Alkaline phosphatase catalyzed the conversion of p-nitrophenyl
phosphate to p-nitrophenol and the drop in pH causes protonation of In2O3 nanoribbon
surface and increases material conduction. The limit of detection for IgG specific against S
protein was equal to 1 pg/mL.

An avidity testing-on-a-probe biosensor assay measuring platform was developed
for COVID-19 diagnosis by Yang and coworkers [92]. The flurimetric assay was based on
a quartz with S protein probe interacting with specific antibodies, another S protein with
Cy5-Streptavidin-polysacchcaride conjugate was added after sample application and the
fluorescence signal was recorded when the total neutralizing antibodies were analyzed.
Taking into account the figures presented, approximately 2.5 µg/mL of IgG and IgM were
recorded by the method. The assay was further adapted for an anti-COVID-19 antibodies
assay [93].
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Antibodies can be easily detected by a piezoelectric biosensor. This type of assay was
described for the diagnosis of various pathological states with quartz crystal microbalance
as the sensor platform [94–97]. This type of biosensor remains rare for development of
new point-of-care tests for the diagnosis, but they are quite convenient for the purpose
and interest for piezoelectric platform can grow in the future. The major advantage of
the piezoelectric platform is the possibility of making a label-free assay specifically mea-
suring mass of the analyte catch on the biosensor surface by determining the oscillation
frequency dropping due to the bound mass. The principle of antibody assays by a piezo-
electric biosensor can be learned from Figure 3. An ultrasonic guided wave sensor using
lithium niobate piezoelectric wafer was prepared and verified by Mandal and cowork-
ers [98]. The piezoelectric biosensor contained the S protein immobilized through gold
nanoparticles and exerted the signal when a sample containing total anti-SARS-CoV-2
antibodies presented. The authors did not report analytical specifications, such as the limit
of detection or sensitivity of their method, but introduced their assay as a platform for the
next development.
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Biosensing platforms can serve to precise determine the efficacy of vaccination efficacy.
Such an approach was examined, for instance, in the study by Kim and collaborators, where
a label-free surface-enhanced Raman scattering biosensing platform containing metallic
nanostructures was developed to prove anti-SARS-CoV-2 antibodies in tears [99]. The
non-linear optical assay was tested on volunteers vaccinated with Oxford-Astra Zeneca
AZD1222 vaccine. The assay was able to detect IgG with a detection limit of 10−14 mol/L
with good reproducibility of the results, as the relative standard deviation was under 3%.
The high sensitivity was necessary to allow the use of tear fluid samples where the number
of antibodies is quite low compared to blood. The fact that the assay can be used for
the analysis of samples where noninvasive collection is possible represents a substantial
advantage. The aforementioned biosensors are summarized in Table 1.

Table 1. Anti-COVID-19 point-of-care biosensors for measuring anti-SARS-CoV-2 antibodies.

Device Type of Technique Type of Detected Antibodies Specifications References

multiplexed grating-coupled
fluorescent plasmonics

biosensor with immobilized
S and N proteins

spectroscopic technique anti S and N proteins Ig selectivity 100% and
sensitivity 87% [84]

surface plasmon resonance
biosensor containing S protein spectroscopic technique IgG, IgM, and IgA specific to

receptor binding domain

sensitivity was equal
to 93% and specificity

to 100%
[85]
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Table 1. Cont.

Device Type of Technique Type of Detected Antibodies Specifications References

nanoplasmonic biosensing
platform with immobilized

S protein on gold
triangular nanoprisms

spectroscopic technique IgG specific to S protein
limit of detection equal
30 amol/L, specificity
90%, sensitivity 100%

[86]

colorimetric vertical-flow
immunoassay biosensor

containing gold nanoparticles
labeled antibodies

spectroscopic technique IgG and IgM specific to
S protein

assay time 2 min,
applicable for

interstitial fluid as
a sample

[87]

voltammetric biosensor with
receptor binding domain

bioconjugate with
SARS-CoV-2 antigen

electrochemical
technique

IgG against receptor
binding domain

limit of detection
1.0 pg/mL, sample size
40 µL, assay time 15 min

[88]

optofluidic fluorescence
biosensor containing S protein spectroscopic technique IgG specific against S protein

limit of detection
12.5 ng/mL, sample
sized 100 µL, assay

lasting 25 min

[89]

Fresnel reflection
microfluidic biosensor spectroscopic technique IgG and IgM specific to

S protein

limit of detection
0.82 ng/mL for IgM

and 0.45 ng/mL for IgG
[90]

field effect transistor
voltammetric recording

formation of
an immunocomplex

electrochemical
technique IgG specific to S protein limit of detection

1 pg/mL [91]

avidity testing-on-a-probe
biosensor spectroscopic technique total antibodies specific to

S protein

approximate limit of
detection 2.5 µg/mL of

IgG or IgM
[92]

piezoelectric biosensor piezoelectrical
technique

total antibodies specific to
S protein N/A [98]

surface-enhanced Raman
scattering biosensing platform spectroscopic technique IgG created after the

AZD1222 vaccine application

limit of detection
10−14 mol/L, the
relative standard

deviation was under 3%

[99]

5. Biosensors for Measuring SARS-CoV-2 and Its Determining Parts

Biosensors for the direct detection of SARS-CoV-2 under point-of-care conditions can
represent a wide group of analytical devices using immunochemical or molecular biology
approaches to identify the unique determinants distinguishing SARS-CoV-2 from other
viruses or biological materials. In addition to biosensors for use in point-of-care conditions,
there are also highly sophisticated biosensors suitable for SARS-CoV-2 detection [100–105].
In this review, portable platforms ready to be used in the conditions of home care or other
outside laboratory environments are taken into account. An overview of the biosensors
discussed is given in Table 2.
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Table 2. Point-of-care biosensors for SARS-CoV-2 assay.

Device Type of Technique Detected Part of SARS-CoV-2 Specifications References

electrochemical biosensor with
oligonucleotide immobilized on

gold nanostructures

electrochemical
technique specific oligonucleotide limit of detection

514 amol/L [106]

quartz crystal microbalance
biosensor with bound antibody

piezoelectrical
technique N protein limit of detection

6.7 × 103 PFU/mL [107]

potentiometric biosensor with
dual gate field-effect transistor,

immobilized ACE2,
and an antibody

electrochemical
technique

S protein via interaction with
ACE2 or an antibody

limit of detection
165 viral particles/mL,

assay time 20 min
[108]

lateral flow test with antibodies
labeled by colored cellulose
nanobeads and line analyzer

spectroscopic
technique N protein

limit of detection 100 pg
of N protein respectively

1400 TCID50,
assay time 15 min

[109]

lateral flow test with
fragmented antibodies labeled
by colored cellulose nanobeads

and line analyzer

spectroscopic
technique N protein

limit of detection 2 ng for
N protein or

2.5 × 104 PFU
[110]

electrochemical biosensor with
graphene on silicon carbide and

immobilized anti S1 protein
antibody

electrochemical
technique S1 protein

limit of detection 60 virus
copies/mL or 1 ag/mL

for pure S1 protein
[111]

paper electrochemical biosensor
containing either anti S protein

antibody (or S protein)

electrochemical
technique

S protein and possible assay
of anti S protein antibodies

limit of detection
0.96 ng/mL for IgG,

0.14 for IgM, 0.11 ng/mL
for S protein

[112]

A biosensor that works on the principle of electrochemiluminescence was devel-
oped to detect very low concentrations of SARS-CoV-2 DNA [106]. The biosensor used
tris(bipyridine)ruthenium (II) chloride as the luminophore in combination with carbon nan-
odots as the reactant. The surface of the biosensor was covered with gold nanotriangles and
gold nanoparticles with SARS-CoV-2-specific single-stranded oligonucleotide hybridization
with SARS-CoV-2 DNA in a tested sample. The assay proved to be very sensitive as the limit
of detection for oligonucleotides from SARS-CoV-2 was equal to 514 amol/L and the assay
was resistant to interference by oligonucleotides from the influenza virus at the same time.

A piezoelectric biosensor based on a quartz crystal microbalance resonator was de-
veloped for a label-free detection of SARS-CoV-2 virions [107]. The biosensor contained
an immobilized antibody specific to the N protein of SARS-CoV-2 and was suitable for
a label-free assay with a limit of detection of 6.7 × 103 PFU/mL and was successfully
validated on nasopharyngeal swab samples previously analyzed by reverse transcriptase
PCR. In another experiment, an electrochemical biosensor working on the principle of
potentiometry and based on a dual gate field-effect transistor was developed as a portable
analytical device [108]. While one gate of the biosensor contained immobilized angiotensin
converting enzyme 2 (ACE2), the second gate had an immobilized antibody specific to
the S protein of SARS-CoV-2. Surrogate viral particles prepared from liposomes covered
with avidin and S protein served as an analyte during biosensor testing. Both gates of
the biosensor had the same limit of detection equal to approximately 165 surrogated viral
particles per milliliter of a sample for an assay lasting 20 min. The dual assay based on
both ACE2 and an antibody as biorecognition elements of the biosensor was an original
approach because an assay based on the recognition ability of an antibody can be highly
specific, but there is a risk of false negativity when a mutant SARS-CoV-2 is detected. On
the other hand, the interaction between ACE2 and SARS-CoV-2 will be a sensitive one but



Sensors 2022, 22, 7423 10 of 16

false positivity could occur. Combining information from the two gates can provide highly
plausible confirmation or the neglect of SARS-CoV-2 presence in a tested sample.

The principle of a standard lateral flow test with a color density can be easily adopted
for a biosensor construction. Such an approach combines reliability of the lateral flow
tests with semi-quantification of an analyte content. The common principle of such test
is depicted in Figure 4. Lee et al. constructed a colorimetric biosensor on the platform
of lateral flow tests using monoclonal antibodies against N protein and colored cellulose
nanobeads as a label attached to the secondary antibody [109]. The assay was organized as
a semiquantitative one with a portable line analyzer as the measuring device. The limit of
detection of 100 pg of N protein and 1400 TCID50 (median tissue culture infectious dose)
in a tested sample was calculated for an assay lasting 15 min. A similar concept based on
the lateral flow test was chosen in the study by Kim et al. [110]. The researchers prepared
fragmented anti-N protein antibodies and also used colored cellulose nanobeads. When
the assay was combined with the portable line analyzer as a measuring device, a limit of
detection of 2 ng for N protein or 2.5 × 104 PFU was achieved.
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The recognition capability of antibodies was also used in a biosensor manufactured
by Kim and coworkers [111]. They chose quasi-free-standing bilayer epitaxial graphene
on silicon carbide with immobilized anti S1 protein antibody as recognition element and
titanium–gold electrodes. The electrochemical assay exerted a limit of detection of 60 SARS-
CoV-2 copies per milliliter of sample, and a limit of detection of 1 ag/mL for the pure S1
protein was achieved.

Another concept for manufacturing a simple biosensor suitable for mass production
and point-of-care conditions was proposed by Yakoh et al. [112]. A folding paper with
integrated ink-printed working, counter and reference electrodes was the assay platform.
The electrochemical biosensor was prepared in two variants applicable for the test of an-
tibodies against SARS-CoV-2 and the direct detection of SARS-CoV-2 by recognizing its
S protein. The working electrode of the biosensor contained graphene oxide with immo-
bilized S protein for detection of antibodies in blood samples or anti S protein IgM when
SARS-CoV-2 was detected. The redox system of ferrocyanide—ferricyanide in combination
with square wave voltammetry served for the assay. Access to the redox reaction to the
electrode was restricted when an analyte became bound. The limit of detection was equal
to 0.96 ng/mL for IgG and 0.14 for IgM when the diagnosis of COVID-19 was made by
recognition of specific antibodies against the S protein. The S protein was assayed with the
limit of detection of 0.11 ng/mL.

6. Conclusions

Biosensors are promising analytical devices suitable for various outdoor applications
and field and point-of-care tests. The reviewed applications for COVID-19 diagnosis by
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detecting SARS-CoV-2 virus parts or recognizing specific anti- SARS-CoV-2 antibodies
exert great potential to be implemented and used in medical praxis. Although further
development of technical instruments controlling the biosensors and solving of industrial
feasibility should be performed, the primary research on the biosensors for COVID-19
diagnosis resulted in the promising proposals. Further research on the biosensor would
simplify the manufacture of devices with fewer costs and lower requirements for users.
Current research made biosensors fully competitive with other analytical and diagnostic
point-of-care tests, and biosensors can help to improve the care of patients suffering with
COVID-19 and make the diagnosis of the disease more accurate and available and the
results of the assay more plausible. When compared to the two types of biosensors for
COVID-19 diagnosis, the biosensors for the anti-SARS-CoV-2 antibodies assay seems to be
less practical for point-of-care conditions because of potential problems with blood sample
collection by inexperienced staff and possible false negative diagnosis in the early phases
of the disease. Nevertheless, both types of the biosensors have potential to be used in
medical praxis.

The practical implementation of findings and new technologies in the field of biosen-
sors for the diagnosis of COVID-19 can be expected and commercialization of the inventions
will be one of the next steps. The scale of implementation of the findings will depend on
the further development of the COVID-19 pandemic and the necessity to solve it. However,
findings related to COVID-19 diagnosis can be easily adapted to the diagnosis of other
infectious diseases and so they can gain practical impact even in the case of successful
suppression of the COVID-19 pandemic.
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