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COVID-19 pandemic outbreak is the most astounding scene ever experienced in the XXI century. In this opin-
ionated review, we underscore the crucial role of biosensing to handle with such situations. As a matter of fact,
testing accelerates life-saving decisions on treatment and isolation of COVID-19 patients in an early stage, and
thereby, decelerating or even preventing the spread of such emerging infectious diseases. Meanwhile, it is also
proven that a timely and broad application of testing leads to lower mortality rates in countries like Germany or
South Korea. Besides, biosensors are also powerful tools for effective assessment of clinical progress and to
provide alertness on severity or critical trends of infection. In view hereof, we critically discuss the state-of-the-

art biosensing devices for COVID-19 testing. We spot the urgent needs and highlight innovative diagnostic ap-
proaches for targeting various COVID-19 related biomarkers. Finally, we outline our recommendations on bio-
sensors and biosensing-related issues towards pandemic outbreaks.

Announced as pandemic on 13 March, severe acute respiratory-
related coronavirus 2 (SARS-CoV-2) is not only leading to an unex-
pected public health crisis worldwide (Fauci et al., 2020), but it is also
becoming an unprecedented socio-economic burden (Schoch-Spana,
2020). In this context, World Health Organization (WHO) was urging
the international community to perform massive diagnostic testing to
fight transmission of the virus and decrease number of undetected cases,
since testing is also a valuable tool, aiding researchers to learn the
epidemiology of the disease. Moreover, diagnostics play a decisive role
in making timely decisions on treatment and isolation of infected peo-
ple, thereby, slowing or stopping the spread of the infectious diseases.

Testing along with the risk management and the healthcare system is
a pivotal response in all outbreaks. Extraordinary examples of this
response are occurring in a few countries; for instance, South Korea is
now able to test around 20,000 citizens per day using aggressive testing
campaigns enabled by drive-through and “phone booths” tests (South
Korean hospital, 2020; South Korea’s “drive-through,” 2020; Testing
times, 2020), and German laboratories are currently carrying out about
400,000 coronavirus tests every week (Becker, 2020), which may be
contributing to the lowest mortality rates due to COVID-19 in the world.
However, most of countries have a paucity of massive testing given

supply problems (for example, specialized swabs, face masks and re-
agents) (Thomas, 2020) or a disparity in terms of politics and public
health measurements (Apuzzo and Gebrekidan, 2020; Dewan et al.,
2020.; Wittenberg-Cox, 2020).

The technology behind testing is biosensing, which aims to detect
biological and (bio)chemical agents employing a biologically derived or
a biomimetic recognition element while either undergoing a (bio)
chemical reaction (for example, enzyme-based biosensors) or binding
the target molecule (i.e. analyte) in a highly specific way. Such a binding
event can be then transduced to a measurable signal either directly (for
example, by means of impedance measurements or surface plasmon
resonance), or employing signaling molecules (i.e. labels) including
enzymes, fluorophores or electrochemically/optically active compounds
(Dincer et al., 2019).

Once China published the coronavirus genetic code in early January,
polymerase chain reaction (PCR)-based tests were developed around the
world and COVID-19 is conventionally being diagnosed by means of this
gold standard method (Chu et al., 2020; Read Online-Handbook, 2020).
PCR tests are also crucial in order to take decisions related to contact
tracing and isolation of specific citizens. It is worth mentioning that
thoracic imaging, via computer tomography scans, portable chest X-rays
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and flexible bronchoscopy, is also valuable in diagnosis, therapy moni-
toring and discharge assessment related to COVID-19 infection since as
far as it is known, it is mainly a respiratory illness (“COVID-19 and
Coagulopathy - Hematology.org, 2020”; Read Online-Handbook, 2020;
Udugama et al., 2020).

PCR involves amplification of minute traces of genetic material; i.e.,
the ribonucleic acid (RNA) of the virus, leading to highly specific and
sensitive detection. However, PCR tests are generally performed in
centralized diagnostic services by highly skilled personnel and their
results may take from 4 hours up to 3 days. Apart from this, PCR tests are
prone to the following limiting factors: (i) Sampling error: Nasopha-
ryngeal swab is suitably performed to take mucus from the ventilatory
system; however, this may give rise to false negatives as optimal sam-
pling moment is still ambiguous. (ii) Besides, as a sample preparation
(including cell lysis and nucleic acid purification) for PCR analysis is
required, not only the number of the tests but also the number of
extraction kits is a limiting factor for ramping up COVID-19 testing.
(Shortage of RNA, 2020) (iii) Generally, PCR samples require specialized
handling and transportation. Genetic material may be denatured during
inadequate transportation, bringing also about false negatives. (iv)
Quality of reagents utilized by different PCR kit manufacturers may also
affect consistency among results. (v) Standard PCR methods may lack of
sensitivity, potentially giving rise to false negative results in COVID-19
patients with unapparent clinical symptoms. For patients in recovery,
this resulted in the heatedly debated issue with the “re-infection”, or
more accurately “re-detectable positive” patients, as confirming tests
with more-sensitive methods delivered again positive results (An et al.,
2020). (vi) For recovered patients, even weeks after full recovery, PCR
tests can report the presence of genetic material of the dead
SARS-CoV-2, thereby, resulting in false positive outcomes (not particu-
larly reinfections) (Bo-gyung, 2020). (vii) Because of the nucleic acid
amplification employed, special primers and probes for each target are
necessary which limits PCR’s flexibility of scaling up for other nucleic
acids in an easy and rapid manner. (viii) This previous point could even
be a problem for the same target since SARS-CoV-2 RNA is likely to
undergo mutations (Kupferschmidt K., 2020). Therefore, sequencing of
genetic material of the virus should be continuously monitored and
confirmed to ensure accuracy of this method. In this regard, as discussed
below, other biosensing technologies offer a complementary approach
to standard PCR-based tests not only in terms of sensitivity, but also in
terms of diagnostics and therapeutic decisions. Moreover, the biosensing
community is actively working to improve portability, time and cost of
PCR-based SARS-CoV-2 detection (Nunez-Bajo et al., 2020) as well as to
create easy-to-use PCR-based microfluidic devices with an integrated
sample preparation (Hahn-Schickard, 2020 ). Interestingly, an interna-
tional company envisions an alternative approach by detecting
COVID-19 within the exhaled breath condensate using the combination
of PCR and lateral flow assay (LFA) technology since it is an airborne
droplet infection (The detection of COVID-19, 2020). In contrast to PCR,
isothermal amplification of genetic material (at constant temperature)
enables to develop point-of-care devices for the rapid detection of
nucleic acids. A remarkable example of an approved technology for
COVID-19 determination is shown by the company Abbott, which de-
livers results in around 13 min (Abbott Launches, 2020).

The possible ways to target SARS-CoV-2 via different biomolecules
are summarized in Fig. 1. For the COVID-19 testing, apart from the
aforementioned viral RNA, novel coronavirus exhibits spike proteins
which are immunogenic (Grifoni et al., 2020); hence, immune system is
able to produce immunoglobulins to trigger an immune response against
the pathogen. Importantly, these immunoglobulins are not only valuable
to detect COVID-19, but also for its potential therapy (Chen et al., 2020).
Immunoglobulin M (IgM) antibodies are produced during the onset of
the infectious disease (between 4 and 10 days), whereas immunoglob-
ulin G (IgG) response is produced later (around 2 weeks). (Immuno-
globulin M Antibody, 2020; Read Online-Handbook, 2020)

In order to overcome the aforementioned issues with PCR-based
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Fig. 1. Schematic illustrating the structure of SARS-CoV-2 and related targeting
sites (biomolecules) that can be used for the COVID-19 detection. Not to scale.

systems, researchers around the world are pushing hard to develop
different methods and devices, allowing an easy, rapid, affordable and
highly sensitive and selective quantification of nucleic acids in low-
resource settings (such as doctors’ practices, or directly at home). For
this purpose, a promising and powerful tool is the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) technology, mainly
employed in gene editing (Li et al., 2019; Zuo et al., 2017). Thanks to its
different CRISPR-associated (Cas) enzymes, that can be programmed by
single-guide RNAs (sgRNAs) or CRISPR RNAs (crRNAs), CRISPR tech-
nology enables to target all types of nucleic acids for a wide range of
various targets, including bacteria, viruses, microRNAs and cancer
mutations, in a simple and easily scalable way (only by changing the
target-specific sgRNA/crRNA) (Bruch et al., 2019a (Trends in Biotech-
nology); Li et al., 2019). Current CRISPR-tailored approaches are based
on two different detection modes, binding- or cleavage-based, shown in
Fig. 2.

Mammoth Biosciences and Sherlock Biosciences, leading companies
in the field of CRISPR diagnostics, have already presented their CRISPR-
powered assays to enable rapid and low-cost tests for SARS-CoV-2
employing conventional LFAs (Sheridan, 2020). Using the Casl2
effector (capable of targeting single-stranded DNAs and RNAs) and
loop-mediated isothermal amplification (LAMP), Broughton and col-
leagues from Mammoth Biosciences have achieved a detection limit of
around 10 copies per pL for the fluorescence detection of different re-
gions of the SARS-CoV-2 viral genome (E gene and N gene) in extracted
patient swab samples within 40 minutes (Broughton et al., 2020). On the
other hand, CRISPR pioneer Feng Zhang and co-workers from Sherlock
Biosciences have demonstrated the LFA-based colorimetric detection
(only by the naked eye) of S gene and Orflab gene of COVID-19 with
detection limits of 10 and 100 copies per pL, respectively, in less than 1
h, employing recombinase polymerase amplification (RPA) along with
Casl3a enzyme (targeting single-stranded RNAs) (Zhang et al., 2020).
This approach is not validated yet with patient samples.

However, these systems still employ a target amplification (such as
LAMP or RPA) (Broughton et al., 2020; Shen et al., 2020); which covers
up the CRISPR’s great versatility as different primers and probes for each
target are required. In this regard, two amplification-free biosensing
systems using CRISPR technology have recently introduced: the
CRISPR-Chip for electrical detection of genetic mutations using Cas9
(Hajian et al., 2019) and the electrochemical CRISPR-Biosensor for
microRNA analysis employing Cas13a (Bruch et al., 2019¢ (Advanced
Materials)). Both groups have announced their interest to extend their
systems for an amplification-free on-site COVID-19 testing (Cardean
Transistors, 2020; Diagnostics with molecular, 2020). Besides, CRISP-
R-Biosensor’s group would like to target two characteristic genome se-
quences (E gene and RdRP gene) of SARS-CoV-2 simultaneously, using a
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Fig. 2. Possible detection strategies for CRISPR-powered COVID-19 testing ( Bruch et al., 2019b (Nature Biomedical Engineering)). In cleavage-based approach, after
the recognition event of the target gene of SARS-CoV-2, the Cas/crRNA complex gets activated and cleaves the surrounding labelled reporter RNAs (reRNA), resulting
in a concentration-dependent signal change. For the binding-based CRISPR detection, a catalytically deactivated Cas/crRNA complex, specific to the target sequence
of COVID-19, is immobilized on the sensor surface (for example, on a graphene-based field effect transistor as previously applied for detecting genetic mutations
(Hajian et al., 2019)). Upon recognition of its target, the resulting signal can be read out via a handheld device.

multiplexed microfluidic chip. In principle, CRISPR-powered ap-
proaches allow for an easy adaptation to any nucleic acids and thus, can
address potential mutations of SARS-CoV-2 in a timely manner. As
another nucleic acid amplification-free approach, an optical biosensor
combining plasmonic photothermal effect and localized surface plasmon
resonance has been recently demonstrated to discriminate similar gene
sequences with high analytical sensitivity (Qiu et al., 2020).

Another convenient way of sensing is the use of substrates (i.e. sensor
material) functionalized with recombinant viral antigens which can be
exploited to bind the aforementioned immunoglobulins. With this, it is
possible to detect the presence of the novel coronavirus (via IgM) or to
provide a history of past infections (via IgG) as these antibodies are
much longer present in the blood (Vogel, 2020). In this regard, LFAs,
well-known as at-home pregnancy and ovulation tests, offer an equip-
ment free, user-friendly and rapid platform for optical on-site testing and
are the masterpiece of biosensing and nanotechnology, so far (Marquez
and Morales-Narvaez, 2019). Moreover, as LFA utilizes cellulose-based
materials (such as paper), it is amenable to mass production at very
low costs (Morales-Narvaez et al., 2017). Hence, commercial LFAs tar-
geting the aforementioned immunoglobulins even simultaneously have
already been developed and approved around the world, including
Australia, China, Germany, Singapore, South Korea and USA (Sheridan,
2020). These devices are now a valuable tool to monitor the course of
SARS-CoV-2 infection using a drop of human serum, plasma or even
whole blood, offering qualitative results within 15 min at the point of
care; for example, at home or primary care (Sheridan, 2020). Interest-
ingly, collective positive tests facilitated by LFAs could lead to spot herd

immunity regions, thereby possibly abandoning lockdowns. Moreover,
Germany is planning to issue “immunity certificates” allowing citizens
with positive antibody tests to stop their lockdown early (Bienkov,
2020). However, highly sensitive approaches enabling a quantitative
testing are also demanded since the measurement of the virus-related
immunoglobulin levels can be employed as diagnostic criteria for sus-
pected cases with negative PCR results (Read Online-Handbook, 2020).
In addition, determination of breadth and kinetics of immune responses
can be meaningful to study non-severe cases of novel coronavirus,
thereby forecasting infection outcome (Thevarajan et al., 2020).
Although, employment of serological tests to determine COVID-19 im-
munity is still under debate (Lovelace Jr. and Feuer, 2020; Mallapaty,
2020), — likewise, the protection capability of face masks was
cautiously discussed by WHO (Devlin and Campbell, 2020) — we
believe that serological test will be a crucial tool to execute serosurveys
(Stadlbauer et al., 2020), thereby, offering relevant information to take
measures aimed at ceasing lockdowns and getting back to common life
gradually.

Other biosensing strategies using antibodies to selectively capture
the whole virus exist. A very recent example, CONVAT project, sup-
ported by the European Union, aims at the optical detection of the whole
virus in 30 minutes to determine the viral load (viral content per mL) in
saliva samples, whose result would be then followed via PCR in the same
platform (Lechuga, 2020). Similarly, graphene-based field-effect tran-
sistors, enabling portable devices, have been engineered to determine
COVID-19 viral load in clinical nasopharyngeal samples, using a specific
antibody against its spike protein (Seo et al., 2020). Viral load, which is
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conventionally determined using quantitative real-time PCR, is not only
important to determine the severity of the infectious disease, but also to
monitor viral dynamics in infected patients and a therapy response (Pan
et al., 2020). Hence, viral load determination may help to facilitate
decisions driven by personalized medicine, thereby, effective clinical
procedures can be applied. Nevertheless, antibody-based approaches
mainly suffer from their relatively slow (typically a few weeks) devel-
opment when compared with nucleic acid tests against a new infection
as well as from their time-consuming and expensive production.
Depending on the specificity of the employed antibodies, they may also
suffer from false positives caused by potential cross-reactivity with other
coronaviruses. Importantly, existing literature summarizes current
commercialized technologies focused on COVID-19 diagnosis and
compare their strengths and weaknesses (Mallapaty, 2020; Sheridan,
2020).

Detection of additional biomarkers, different than immunoglobulins,
is another approach to perform effective assessment of clinical progress
and provide alertness on severity or critical trends of COVID-19 infec-
tion. They are also valuable as a blueprint to formulate therapeutic
procedures. The First Affiliated Hospital, Zhejiang University School of
Medicine, a top hospital in China with zero fatalities, recommends the
surveillance of the following inflammatory response biomarkers for the
SARS-CoV-2 infection: C-reactive protein, procalcitonin, ferritin, D-
dimer, IL-4, IL-6, IL-10, TNF-a and INF-y. It is worth mentioning that low
total number of lymphocytes at the onset of the disease is also an indi-
cator of poor prognosis, whereas severe infections display a gradually
decreased number of peripheral blood lymphocytes (Read
Online-Handbook, 2020). Hence, lymphocyte analysis is also an effec-
tive resource in this emerging infectious disease. The clinical relevance
of some of these biomarkers are discussed in Table 1. In this context, the
biosensing community is urged to create affordable, rapid, sensitive and
multiplexed systems amenable to mass production in order to detect
these biomarkers simultaneously. Besides, biosensing devices incorpo-
rating artificial antibodies (such as molecularly imprinted polymers)
(Zamora-Galvez et al., 2017) or other innovative antibodies (for
example, shark antibodies) (Matz and Dooley, 2019) would be of great
value in emerging infectious disease diagnostics, since they are
amenable to withstand harsh conditions during handling and delivery.

All in all, as early career scientists and members of the biosensing
community, facing the most dramatic situation ever experienced in XXI
century, we believe that we will undergo other disease outbreaks caused
not only by viral but also bacterial pathogens, and the world has to
rethink the way we cope with such situations. Thus, we offer the
following seven recommendations:

1. Investment in pandemic preparedness in terms of diagnostic tools is
pivotal to prevent the spread of emerging infectious diseases. This
should be a joint and even an international task of different entities,
including governments, funding agencies, academia and industries.
We believe timely and large-scale testing based on reliable bio-
sensing technology might lead to avoid or soften stringent measures

Table 1
Clinical relevance of inflammation markers in the SARS-CoV-2 diagnosis.”

Biomolecular scenario Clinical scenario

Procalcitonin: normal levels
C-reactive protein: significantly
increased levels

C-reactive protein: quick and
significantly elevated levels

D-dimer: significantly elevated levels

Often displayed in patients with COVID-19
infection.

Potentiality of secondary bacterial or
fungal infection.

Severe cases of COVID-19 infection.
Probability of poor prognosis.

IL-6 and IL-10: dramatically increased ~ Severe condition of COVID-19 infection.

levels

# (“COVID-19 and Coagulopathy Hematology.org, 2020; “Read

Online-Handbook of COVID-19 Prevention and Treatment.pdf,” 2020).
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such as lockdowns, border closing and travel bans, as shown in the
example of South Korea or Iceland.

2. Collaborative networks should be formed and involve not only ex-
perts in biosensing but also in biosecurity and their corresponding
facilities, as well as robust biotechnology companies ready for mass
production. Actually, getting their central innovation opportunities
in testing not dominated by already established methods (like PCR),
the biosensing community will play a critical role to control, slow,
hinder or prevent such pandemic outbreaks.

3. In case of stringent measures such as border closings, each country
should be prepared (i.e. sustainable and independent) in terms of
manufacture of biosensing technology and protection equipment.
For instance, Germany develops various kind of machines for the
production of protection equipment but even Germany, itself, has a
limited activity to fabricate its own protection materials such as
masks and protective clothing, leading to shortages of these items.

4. The aforementioned collaborative networks should be ready to
develop new diagnostic tools or adapt the existing ones rapidly and
the governments should offer fast-track approval programs (such as
the Food and Drug Administration - FDA) to examine those tools
rapidly.

5. Biosensing devices for testing infectious diseases should rigorously
satisfy the following requirements: They must be (i) disposable, of-
fering reliable mass production, (ii) accessible and affordable,
allowing large-scale population screening, (iii) easy-to-use by mini-
mally trained users or even by the patients themselves, (iv)
equipment-free or operated with an inexpensive and portable
readout unit, (v) rapid, enabling short sample-to-result times (less
than an hour), (vi) able to work with low sample volumes and easily
accessible samples (for example, blood from a finger prick or non-
invasive swab samples), (vii) highly selective and sensitive (if
possible, without target amplification), delivering accurate results in
accordance with central laboratory findings, (viii) with an integrated
sample preparation (including lysis and isolation for nucleic acid
testing, or plasma separation for proteomics), (ix) easily scalable and
flexible to detect different targets using the same platform (such as
CRISPR-powered systems), and (x) capable of multiplexing, simul-
taneous detection of different analytes including controls (Dincer
et al., 2017). Ideally, these systems should also be able to perform
multiomics simultaneously (for instance, the detection of nucleic
acids along with immunoglobulins)

6. Internet-of-Things, connecting sensors via databases with healthcare
workers to realize a decentralized healthcare, is also an important
tool to provide valuable insights in terms of emerging infectious
disease scenarios and dynamics, determination of herd immunity
regions, as well as epidemiology and big data. In order to secure all
these information, Blockchain technology, known from crypto-
currencies like bitcoin, could be applied for Internet-of-Things.

7. General population should be trained in advance to perform effective
self-sampling (for example, to collect nasal swabs) as well as self-
testing (especially, for LFA-based immunity testing in order to esti-
mate population coverage). In this regard, it would be helpful to have
some classes in the high or secondary school, or seminars in com-
panies where the general public gets familiar with issues like sample
collection and performing self-tests (similar to fire drills).
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