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The global pandemic of COVID-19, which began in late 2019, has resulted in extremely high morbidity and
severe mortality worldwide, with important implications for human health, international trade, and national
politics. Severe acute respiratory syndrome coronavirus (SARS-CoV-2) is the primary pathogen causing
COVID-19. Analytical chemistry played an important role in this global epidemic event, and detection of
SARS-CoV-2 even became a part of daily life. Analytical chemists have devoted much effort and
enthusiasm to this event, and different analytical techniques have shown very rapid development.
Electrochemical biosensors are highly efficient, sensitive, and cost-effective and have been used to
However, another fact is that
electrochemical biosensors are not the technology of choice for most detection applications. This
review describes for the first time the role played by electrochemical biosensors in SARS-CoV-2

detect many highly pathogenic viruses long before this event.

detection from a bibliometric perspective. This paper analyzed 254 relevant research papers up to June
2022. The contributions of different countries and institutions to this topic were analyzed. Keyword
analysis was used to explore different methodological attempts of electrochemical detection techniques.
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DOI: 10.1039/d2ra04162f More importantly, we are trying to find an answer to the question: do electrochemical biosensors have

rsc.li/rsc-advances the potential to become a genuinely employable detection technology in an outbreak of infectious disease?
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Introduction

SARS-CoV-2 was first identified in December 2019 by the Inter-
national Committee on Taxonomy of Viruses (ICTV)." The virus
causes fatal acute respiratory distress syndrome, heart disease,
multi-organ dysfunction, and death when it infects humans.
The composition of SARS-CoV-2 mainly includes structural
proteins, genetic material single-stranded RNA, non-structural
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proteins, and accessory proteins.”> The analytes currently
tested fall into four categories: nucleic acids,® antigens,* anti-
bodies,’ and viral particles.® To date, RT-PCR-based nucleic acid
testing is still the gold standard for diagnosing COVID-19.”
Developing an accurate and efficient SARS-CoV-2 detection
method is essential to reducing the rate of COVID-19 trans-
mission.>* In the past two years, many papers have proposed
new methods to detect SARS-CoV-2.

Biosensor technology is one of the most promising
approaches to solving the problems of low sensitivity and high
cost in clinical diagnosis.'* It consists of two most important
components: the biological part reacting with the target mate-
rial and the detection signal generation. The choice of these two
components is crucial for the sensitivity and specificity of the
biosensor. The principle classification of biosensor devices can
be divided into thermal biosensors,*? field-effect transistor
biosensors,"  piezoelectric  biosensors,”* electrochemical
biosensors,'* optical biosensors,'® acoustic wave biosensors,"”
etc. Electrochemical biosensors are based on electrochemical
analysis (including potentiometric analysis,"® conductivity
analysis,'® voltammetry,?® capacitance analysis,* etc.) to convert
the chemical quantity of the analyte to be measured into an
electrical quantity to achieve the monitoring of the target ana-
lyte, which has the potential for real-time monitoring and rapid
detection in the field for virus detection. According to the
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different biomaterials used for sensitive elements, electro-
chemical biosensors can be divided into enzyme electrode
biosensors,** microbial electrode biosensors,* electrochemical
immunosensors,** and electrochemical nucleic acid biosen-
sors.”® Among them, the primary biosensors commonly used to
detect viruses are immunosensors and nucleic acid biosensors.
They have been successfully used to detect hepatitis virus,*
influenza virus,” human papilloma virus,*® Zika virus,* etc.

Although there have been tremendous methodological
breakthroughs in detecting viruses by electrochemical biosen-
sors, it cannot be denied that these efforts have been mainly
investigated and discussed at the scientific level and have not
presented an undeniable commercial value. This is because
there are still many challenges facing the current electro-
chemical biosensors in virus detection.**** Virus field diagnosis
requires simple and efficient detection methods with accurate
results and universal applicability. Current biosensors of this
type still require demanding operating conditions. In partic-
ular, the activity of biosensitive materials can directly affect the
accuracy of results, and most materials are only maximally
active at optimal pH, ionic strength, temperature, etc. Moreover,
many materials remain active for a short period at room
temperature and are only suitable for testing under ideal labo-
ratory conditions. In addition, the complex composition of
clinical samples may result in false positive or false negative test
results, affecting the accuracy of the test results.

Electrochemical biosensors can be used to detect and quantify
SARS-CoV-2 through several strategies. SARS-CoV-2 related anti-
gens and antibodies were the most selected analytes. Secondly,
markers of inflammation, heart biomarkers, liver biomarkers,
kidney biomarkers, blood biomarkers, and biochemical
biomarkers altered during disease progression can also be tar-
geted for viral detection.**** Because electrochemical biosensors
are a highly sensitive analytical method and a candidate tech-
nology in the COVID-19 global pandemic, related publications are
not only cited and discussed in academic journals but are even
competitively covered by social media.** Some of these reports are
considered to have the potential for practical application. So far,
electrochemical biosensor-based detection in COVID-19 has been
reviewed by several papers.**** These reviews introduce the
different methodologies and interpret the highlighted work. In
this review, we attempt to analyse and review this topic statisti-
cally using a bibliometric approach. Bibliometric analysis is
a literature and information mining method based on mathe-
matical statistics. It can reflect research trends and hotspots
through clustering relationships of keywords in the literature and
has become an important tool for global analysis in various
scientific fields.**” This article hopes to analyse the collaborative
networks and directions of investigation on this topic. We try to
be able to give answers to the following questions:

(1) Which detection methodologies in electrochemical
biosensors have been applied to SARS-CoV-2 detection?

(2) Which countries and institutions have majorly contrib-
uted to this topic? Do they form an international collaboration?

(3) Do electrochemical biosensors already meet the sensi-
tivity requirement for SARS-CoV-2 detection? Do scientists need
to explore further ways to lower the limit of detection?
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(4) Is the current stage of miniaturization efforts of electro-
chemical biosensors sufficient for field detection?

(5) What are the most significant challenges facing electro-
chemical biosensors for SARS-CoV-2 detection?

Data and analysis method

Two bibliometrics software have been used in this systematic
literature review. The first is CiteSpace, developed by Dr Chao-
mei Chen, a professor at the Drexel University School of Infor-
mation Science and Technology.**>" CiteSpace 6.1R2 was used
to calculate and analyze all documents. COOC is another
emerging bibliometrics software.”® COOC12.6 was used to
analysis of country contribution and keywords co-occurrence.
We used the core collection on Web of Science as a database
to assure the integrity and academic quality of the studied
material. “electrochemical COVID-19” or “electrochemical
‘SARS CoV 2’” has been used as a “Topic”. The retrieval period
was indefinite, and the date of retrieval was June, 2022. 254
articles (including 254 articles and 9 early access) were retrieved
(review article was not included in this survey).

Developments in the research field

Literature development trends

Since the COVID-19 pandemic started in 2019, the annual
publication number is not of significant value on this topic.
Electrochemical biosensors in the detection of COVID-19 did
not show a spurt in 2020, with only 18 papers published.
However, this number reached 150 articles in 2021. The growth
of this data is influenced by many factors, such as our under-
standing of COVID-19, experiments and the publication cycle of
the paper. By June 2022, 86 papers on this topic had been
indexed by WOS. It can be predicted that the annual publication
of this topic in 2022 should be no less than that in 2021, but it
will not show very rapid growth. Academic attention to a topic
during an outburst public health event is not led by free inquiry
but can be heavily influenced by politics and policy. 22 papers
out of 254 are now marked as highly cited papers in WOS,
accounting for 8.66%. In contrast, only about 6% of COVID-19-
related articles are highly cited (“COVID-19” or “SARS CoV 2”
has been used as a “Topic”). Therefore, applying electro-
chemical biosensors in COVID-19 detection is a hot topic. This
may be because electrochemical biosensors have been consid-
ered throughout their development history as an analytical
technique with the potential for rapid detection. The method-
ology it has been developed possesses excellent specificity and
sensitivity.

Journals, cited journals and research subjects

Fig. 1 shows the 9 journals that published the highest number
of electrochemical biosensors in SARS-CoV-2 detection. As seen
from the figure, Biosensors and Bioelectronics presents an
absolute dominance with a total of 44 publications, accounting
for approximately 17% of the total number of articles on this
topic. Biosensors and Bioelectronics is a top journal in the field
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Fig. 1 Top 9 journals that published articles on the electrochemical biosensors in SARS-CoV-2 detection.

of biosensing, and electrochemical biosensors are a method-
ology of great interest to this journal. All the remaining journals
in Fig. 1, except Scientific Reports, are in the field of analytical
chemistry. Therefore, the establishment and innovation of
detection technology have been the most important focus of
this topic during these three years.

In addition to the number of papers published by the journal
on the topic, the frequency with which the journal is cited by
papers related to the topic is also an important indicator.
Table 1 shows the top 15 cited journals on the electrochemical
biosensors in SARS-CoV-2 detection.

The journals in Fig. 1 can be found in Table 1, except for the
Journal of the Electrochemical Society. Biosensors and Bio-
electronics is also ranked first in Table 1, further indicating that
it plays a very important role in this topic in terms of publica-
tions and citations. Also appearing in Table 1 is a series of
comprehensive journals, including Science, Nature, and Nature
Communication, representing papers published in these jour-
nals (not necessarily relevant to electrochemical biosensors, but

Table 1 Top 15 cited journals on the electrochemical biosensors in
SARS-CoV-2 detection

No. Count Cited journal

1 180 Biosensors and Bioelectronics

2 146 Sensors and Actuators B: Chemical
3 141 Analytical Chemistry

4 133 ACS Nano

5 87 Sensors

6 85 Nature

7 85 Microchimica Acta

8 84 Talanta

9 83 Scientific Reports

10 79 ACS Sensors

11 78 Analytica Chimica Acta

12 78 Electrochimica Acta

13 75 ACS Applied Materials & Interfaces
14 74 Nature Communications

15 71 Science
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at least relevant to the COVID-19 pandemic) that have also
influenced the development of the topic of electrochemical
biosensors in SARS-CoV-2 detection. Sensors, ranked fifth,
deserve special attention. It does not publish many papers
related to electrochemical biosensors in SARS-CoV-2 detection,
but the papers published in this journal on other types of
biosensors clearly impact this topic. The development of elec-
trochemical techniques and the investigation of electro-
chemical behavior is also directly related to this topic, hence the
inclusion of Electrochimica Acta in Table 1. On the other hand,
the development of materials science has been closely related to
electrochemical biosensors. Superior materials can improve
electrode performance and increase the efficiency of the
recognition element immobilization. In addition, electro-
chemical biosensors rely on interfacial reactions. Therefore,
ACS Applied Materials & Interfaces is also included in Table 2.

The above analysis can be used to understand the most
important and popular journals on this topic, but these data
cannot present the latest developments. Journals publishing
papers on this topic for the first time in 2022 can be used to
understand the most cutting-edge research trends. Although
journals in materials science are already included in Table 1,
this topic was first published in 2D Materials and Flatchem in
2022. This means that two-dimensional materials have been
used for the assembly of electrochemical biosensors. Pola
et al.*® proposed an electrochemical immunosensor using gra-
phene ink and aerosol jet printing technology that enables the
detection of SARS-CoV-2 in saliva samples. Ang et al.>* used
graphene oxide nanocolloids as a transduction platform and
electroactive tag to enable the detection of SARS-CoV-2 genomic
sequences. A paper on this topic was also first published in
Dalton Transactions, which mainly publishes papers related to
organometallic chemistry. Cui et al®® constructed a novel
porphyrin-based porous organic polymer by a solvothermal
method that can strongly bind to SARS-CoV-2 N-gene targeting
antibodies. This new material can be used for the construction
of electrochemical aptamersensor and immunosensor. Since
SARS-CoV-2 can survive in the environment, detecting SARS-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Category development history on the electrochemical biosensors in SARS-CoV-2 detection

Year Category

2020

Chemistry, Analytical; Geosciences, Multidisciplinary; Geology; Energy & Fuels; Pharmacology & Pharmacy; Engineering,

Electrical & Electronic; Materials Science, Coatings & Films; Chemistry, Physical; Physics, Applied; Instruments &
Instrumentation; Materials Science, Multidisciplinary; Biotechnology & Applied Microbiology; Chemistry, Multidisciplinary;
Biophysics; Electrochemistry; Nanoscience & Nanotechnology

2021

Clinical Neurology; Medicine, General & Internal; Computer Science, Theory & Methods; Infectious Diseases; Engineering;

Biomedical; Computer Science, Artificial Intelligence; Physiology; Acoustics; Computer Science, Hardware & Architecture;
Neurosciences; Immunology; Chemistry, Inorganic & Nuclear; Education, Scientific Disciplines; Physics, Atomic, Molecular &
Chemical; Computer Science, Information Systems; Telecommunications; Public, Environmental & Occupational Health;
Virology; Spectroscopy; Metallurgy & Metallurgical Engineering; Engineering, Environmental; Food Science & Technology;
Biochemical Research Methods; Engineering, Chemical; Environmental Sciences; Biochemistry & Molecular Biology; Physics,

Condensed Matter; Multidisciplinary Sciences
2022

CoV-2 is not limited to body fluid samples. Ramirez-Chavarria
et al.>® reported an electrochemical biosensor for the detection
of the N and ORF1ab genes of the SARS-CoV-2 genome. This
biosensor enabled the detection of SARS-CoV-2 in wastewater.
This work was published in the Journal of Environmental
Chemical Engineering, a journal related to environmental
science.

The category analysis provides further insight into how this
topic changes in different areas. Table 2 summarizes the
evolution of this topic in the category from 2010 to the present.
Electrochemical biosensors for detecting SARS-CoV-2 did not
enter the clinical and pharmaceutical-related category in 2020.
On the other hand, computer science-related categories such as
Information Systems and Artificial Intelligence appear in this
theme in 2021, representing the data processing of electro-
chemical biosensors that have begun to be coupled with intel-
ligent systems. At the same time, the topic also began to cover
Engineering, Environmental; and Food Science & Technology.
In 2022, some of the more secondary areas, such as Nutrition &
Dietetics and Medical Laboratory Technology, begin to be
included.

Geographic distribution

Fig. 2 shows a Rose plot of the publication number by different
countries. China was involved in 50 of these papers (>16%). The
USA is similar, participating in >15% of the papers. India,
Turkey, Brazil, and South Korea were all involved in >5% of the
papers. According to the distribution of countries, it is known
that this topic attracts the attention of scientists and doctors
from all regions of the world. However, as this topic is in its
explosive phase, it will continue attracting new academic
groups to the survey. For example, in the first six months of
2022, German, Lithuania, United Arab Emirates, Israel, Roma-
nia, Latvia, and Netherlands all published papers for the first
time on this topic.

Fig. 3 illustrates the cooperation network between the
different institutions on this topic. Although this topic has only
been going on for less than three years, three incipient coop-
eration networks have already been formed. The Chinese
Academy of Sciences, Nanjing University, and the Nanjing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Rose plot of papers related to the electrochemical biosensors
in SARS-CoV-2 detection contributed by different countries (countries
with fewer than 4 papers are not included).
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University of Chinese Medicine led the largest collaborative
network. This collaborative network includes universities and
research institutions from China, universities in the United
States (Massachusetts Institute of Technology and University of
California, Los Angeles), and the United Arab Emirates (Imam
Abdulrahman Bin Faisal University). The second cooperation
network is mainly led by Ege Universitesi and the University of
Sao Paulo. This collaborative network presents a wide range of
international collaborations, including universities and
research institutions in Turkey, Brazil, the United Arab Emir-
ates and the USA. The third collaborative network comprises
universities and research institutes in Singapore and Iran, led
primarily by Shiraz University of Medical Sciences and the
National University of Singapore. Although this academic topic
is only three years old, it already presents a wide range of
international collaborations. This is not to be taken as the usual
pattern for developing academic topics. As COVID-19 was an
outburst global public health event, breakthroughs in the
medical field had a decisive impact on the resolution of the
event. As a result, a great deal of attention and resources were
devoted to this topic, which in turn contributed to effective
international cooperation's success in a short time.

Keyword analysis and evolution of the
field

The most effective way to understand the direction of investi-
gating concerns in a topic is the analysis of keywords. Table 3
lists the top 15 keywords in this topic. Most of these keywords
are directly related to the topic and do not require further
explanation, such as Biosensor, Sensor, COVID 19, etc. However,
some of these keywords can be used for further interpretation.
For example, DNA was ranked 7" as a keyword appearing 14
times. Based on the published RNA sequence of SARS-CoV-2,
the synthesis of single-stranded DNA matching it is already
commercially customizable. Zhao et al.>” prepared a super-
sandwich-type electrochemical biosensor, which can read the

Table 3 List of top 15 keywords for electrochemical biosensors in
SARS-CoV-2 detection

No. Freq Centrality Keywords

1 31 0.18 Biosensor

2 24 0.2 Sensor

3 22 0.12 Electrochemical Sensor

4 20 0.1 COVID 19

5 19 0.08 Electrochemical Biosensor
6 16 0.06 Assay

7 14 0.05 DNA

8 13 0.08 Virus

9 13 0.07 Electrochemical Detection
10 12 0.17 Gold Nanoparticle

11 12 0.05 Rapid Detection

12 11 0.06 Nanoparticle

13 11 0.06 Electrode

14 11 0.02 SARS CoV 2

15 11 0.02 Coronavirus

22596 | RSC Adv, 2022, 12, 22592-22607
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electrochemical signal by smartphone and then realize the
qualitative detection of SARS-CoV-2. On the other hand, the
RNA of SARS-CoV-2 can trigger the catalytic hairpin assembly
circuit. This can initiate terminal deoxynucleotidyl transferase-
mediated DNA polymerization. A large amount of long single-
stranded DNA product is produced and bound to Ru(NH;)e>*
to generate a current signal. Peng et al.*® used this hairpin
structure to design an ultrasensitive electrochemical biosensor
to achieve linear detection of SARS-CoV-2 RNA in the range of
0.1-1000 pM. The response part of an electrochemical sensor is
on the electrode surface, so the electrode characteristics are
critical to the biosensor's performance. Electrode is ranked 13™
in Table 3, implying that the selection and modification of
electrodes is an important direction in the assembly of
biosensors. Witt et al.>® investigated the effectiveness of boron-
doped diamond electrodes in detecting SARS-CoV-2 S1 protein.
Graphitic carbon foil was investigated by Adeel et al.*® for the
response performance of SARS-CoV-2 S1 protein. Butler and
Ebrahimi®* investigated the performance of interdigitated
electrodes in detecting SARS-CoV-2 virus particles. Nano-
particles are ranked 12 in Table 3. Nanoparticles have been
a frequently chosen material for electrode surface modification
for electrochemical biosensors. They can not only increase the
specific surface area of the electrode and facilitate the adsorp-
tion of the analytes but also trigger some electrocatalytic
responses. Also, some nanomaterials useful for redox signals
can be used as probes for quantitative identification of the
concentration of analytes. For example, Aydin et al.®* coated 11-
mercaptoundecanoic acid with gold nanoparticles to detect
COVID 19 specific spike receptor-binding domain protein. Feng
et al.®® developed an electrochemical and colorimetric biosensor
based on peptide-triggered gold nanoparticle assembly to detect
SARS-CoV-2 major protease.

Cluster analysis can further understand the different direc-
tions of investigation in this topic. Fig. 4 shows that 11 clusters
were formed after clustering the keywords. Some of these
clusters overlap with each other, representing that these

1
#5 A\p me
#4 Spike protein

#10 D!

#7 Nanocomposite
‘ochemical immunosensor

#é Impedance spectroscopy

#3 Electrode

#8 Gold

Fig.4 Grouping of keywords for electrochemical biosensors in SARS-
CoV-2 detection.
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Table 4 Knowledge clusters in the topic electrochemical biosensors in SARS-CoV-2 detection on keyword co-occurrences for each cluster

Cluster ID  Size  Silhouette  Keywords Ref.

0 23 0.818 SARS CoV 2; platform; amplification 31, 38, 62, 64-71

1 18 0.867 Sensor; electrochemical biosensor; rapid detection; binding 31, 64, 72-84

2 16 0.882 Biosensor; Impedance spectroscopy; Point of care; Electrochemical impedance 53, 76, 85-96
spectroscopy; Protein

3 16 0.851 Electrochemical; Detection; Electrode; Antibody; Immunosensor 38, 77, 87, 97-105

4 16 0.868 Electrochemical sensor; COVID 19; Spike protein; Performance; Nanosheet 56, 72, 85, 106-117

5 15 0.918 Virus; Coronavirus; Point; Aptamer; Discovery 118-128

6 13 0.858 Assay; Electrochemical immunosensor; Nucleocapsid protein; Surface 63, 85, 90, 129-133

7 12 0.843 Nanoparticle; Graphene; Nanocomposite; Oxide; 55, 85, 86, 98, 106, 134-136

8 7 0.923 Gold; Nanoparticle; Polymer; Impedimetric biosensor; Acid 86, 89, 137, 138

9 6 0.838 Film; Ion; Electrochemical sensing; Plasma; System; C-reactive protein 99, 139

10 6 0.950 DNA; Biomarker; Multiplexed detection; PCR; Electrochemical immunosensing 85, 101, 140-143

clusters share some similar content. Table 4 describes the
clusters and their ID, size, silhouette, and respective keywords.
The silhouette values of most of the clusters in Table 4 are below
0.9, representing that the clustering results are not particularly
satisfactory. This may be because there is no particular uniform
direction of investigation on this topic. Different works have
tried to build electrochemical biosensors for SARS-CoV-2
sensing strategies. Therefore,
different sensing strategies and detection targets in electro-
chemical biosensors are included in Table 4. By reading the
specific literature, the strategies for SARS-CoV-2 detection using
electrochemical biosensors at this stage can be summarized as
follows:

SARS-CoV-2 genome consists of genes encoding structural
proteins, including spike (S), envelope (E), membrane (M), and
core-shell (N) proteins. Among them, the S-protein protrudes
from the lipid bilayer surrounding SARS-COV-2. S-protein can
be used as a biometric element for electrochemical immuno-

detection with different

sensor because SARS-COV-2 infection induces an immune
response and releases specific antibodies. Liustrovaite et al.***
recombinant SARS-CoV-2 spike protein (SCoV2-rS) and used
covalent immobilization on the surface of a pre-modified gold
electrode. SCoV2-rS can interact affinely with SARS-COV-2
infection-induced anti-S-protein and alter the electrical signal.
This biosensor can confirm COVID-19 infection or immune
response in humans after vaccination. Karaman et al.*** chose
nucleocapsid protein as the analyte. They modified the elec-
trode surface with Bi,WO/Bi,S; to efficiently immobilize the
capture antibody. Under optimal conditions, the detection limit
of this biosensor can reach 3 fg mL™". Organic electrochemical
transistors (OECTs) are often used to detect nucleic acids,
proteins, and metabolites. It has also been reported for the
detection of SARS-CoV-2. Liu et al.*** prepared a simple OECT to
detect SARS-CoV-2 IgG. SARS-CoV-2 S-protein was immobilized
on the gate electrode by covalent binding, and SARS-CoV-2 IgG
was bound to S-protein by antibody-antigen reaction during
incubation leading to the OECT response. Field-effect transis-
tors (FETs) can also be used in combination with immunoas-
says for S-protein detection. Cui et al.*” prepared FET using
laser-induced graphene and immobilized specific antibodies.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The FET can achieve detection limits of 1 pg mL ™' and 1 ng
mL ™' in PBS and human serum, respectively.

Enzymatic electrochemistry is a sensing strategy based on
the specific binding of enzymes and substrates. The receptor-
binding domain of the S protein of SARS-CoV-2 can bind to
the human angiotensin-converting enzyme 2 (ACE2) receptor
and mediate coronavirus entry into host cells. Therefore, Nas-
cimento et al.**® developed an ultrasensitive electrochemical
biosensor of magnetic beads and gold nanoparticles bound to
ACE2 peptide for highly sensitive detection of S protein (Fig. 5).
Similar work has been reported by Liu et al.**® They proposed
peptides bind to ACE2 in serum and then form a gel-like 2D
protein network with serum proteins. The detection limit of this
strategy can reach 1 pM.

,,11'? Supernatant
{n removal
fif

Resuspension and|

#Qj/,

I\
Slow shaking

Magnetic
separation

MB-ACE2/Spike/
ACE2-AuNP

Saliva sample

N
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APH e ;Au

Electrochemical Oxidation
(+1.25V by 120 5)

Fig.5 Scheme of MIP-based electrochemical biosensor for N-protein
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Molecular imprinting (MIP) is often used in electrochemical
sensing to identify substances that are not significantly elec-
trochemically active. It synthesizes MIP by mixing functional
monomers, crosslinkers, and initiators with appropriate tem-
plating agents. After synthesis, removal of the template from the
MIP leaves a template-specific binding site that allows the
analyte to bind selectively. This detection strategy has been
explored for various viral assays such as HIV-1,"*” HIV-p24,**®
Zika,"* and Dengue."® For SARS-COV-2, detection with MIP was
also attempted by Raziq et al.*** (Fig. 6A). SARS-CoV-2 N-protein
and phenylenediamine were chosen as the template molecule
and functional monomer, respectively. This MIP electro-
chemical biosensor can detect N-protein in the range of 2.22-
111 fM. The detection limit can reach 15 fM. Sukjee et al.*** used
the MIP strategy to detect viral particles, and the detection limit
could reach 0.1 fM. Similar work has been reported by Sharif
et al.® for whole virus detection via MIP. Other functional
monomers have been chosen to construct MIP electrochemical
biosensors, such as S spike glycoprotein.

The electrochemical genosensor mainly detects hybridiza-
tion reactions of nucleic acids. It consists of an electrode as
a transducer, a single-stranded or gene probe as a sensitive
element, and an electroactive indicator that recognizes the
hybridization information. Tailoring single-stranded DNA for
specific identification based on the reported genetic informa-
tion of SARS-CoV-2 has been reported in many papers.>*?*133-13¢
Isothermal rolling circle amplification (RCA) can be used to
assist in electrochemical genosensor. RCA amplicons can
hybridize with probes that have redox signals for the identifi-
cation of N and S genes in SARS-CoV-2 (ref. 157) (Fig. 6B). Gene
sensing strategy can also be combined with immunosensing to
detect different analytes simultaneously. Jiang et al.**® proposed
a biochip for simultaneous detection of S-protein, N-protein,
and anti-IgG by two strategies. FET can also assist genosensor
in recognition of nucleic acids. Kong et al.** constructed a gra-
phene-based FET containing y-shaped DNA dual probes for
highly sensitive recognition of ORFlab and N genes of SARS-
CoV-2 nucleic acids. In addition to conventional electro-
chemical signals, photoelectrochemical signals can also be
used for detection. Tabrizi et al.**® assembled an aptamer-based
photoelectrochemical biosensor to detect S-protein RBD. The
photogenerated current was used as the detection signal and
could be detected linearly in the range of 0.5-32.0 nM, with
a detection limit of 0.12 nM. Information visualization and

machine learning have been explored for data analysis of
161

152

genosensor.
Potential scanning can be used to sense intermolecular
resonances. Zhou et al.*® used this methodology to capture the
motion of SARS-CoV-2 labeled proteins during their interaction
with peptide probes. After a single sampling, a sudden change
in potential causes a current to be generated between the elec-
troactive molecule and the electrode surface. The currents of
molecules that move too fast are not sampled in real-time, but
the current values of molecules that move too slowly cannot be
captured before the data are sampled (Fig. 6C). By this property,
they can identify the movement before and after covalent
binding to SARS-CoV-2 tagged proteins with peptide probes.
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Table 5 summarizes the published electrochemical biosen-
sors for SARS-CoV-2 detection. The following information can
be obtained by combining the above discussion:

(1) Electrochemical immunosensors and electrochemical
genosensor (aptamer biosensors) are the most investigated
methodologies. Several other technologies are also used to
assist in efficiently operating these biosensors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Summary of current reported electrochemical biosensors for SARS-CoV-2 detection

Methodology Electrochemical technique Analytes LOD Ref.
Electrochemical CV, EIS Anti-S-protein 2.53 nM (CV); 1.99 nM (EIS) 130
immunoassay DPV N-protein 3fgmL" 112
SWv IgG and IgM 20 nM 163
EIS Anti-N-protein 0.4 ng mL ' 89
SWv Anti-S-protein 0.01 ag/mL 95
EIS S-protein RBD 150 ng mL ™" 114
EIS S-protein 100.0 fg mL ™" 164
DPV S-protein 25 pg mL 60
SWV Anti-S-protein 1 pg mL ™" 165
EIS Anti-S-protein — 166
EIS Anti-S-IgG 10 ng mL ™" 167
SWv Anti-S-protein 9.3 ag/mL 168
EIS Anti-N-protein 21 fg mL ™" 85
EIS Anti-N-protein 13 fM 169
EIS Anti-S-protein, IgG 0.25 fg mL ™" 117
EIS S-protein 15 ng mL ™' 92
EIS S-protein 0.04 fg mL™" 108
EIS S-protein 3.16 pM 170
EIS S-protein 189 ftM 111
EIS S-protein 1fg mL ™" 59
EIS S-protein 0.54 ng mL™! 133
EIS S-protein RBD 0.577 pg mL ™" 62
DPV S-protein, N-protein 19ngmL ', 8 ng mL " 171
DPV S-protein 0.3 fg mL ™" 172
DPV S-protein 0.1 ng mL™* 173
DPV S-protein 1, S-protein 2 0.53 ng mL™ ', 0.75 ng mL~ 174
SWv N-protein 0.4 pg mL™" 175
SWv S-protein 276 fM 76
Chronoamperogram N-protein 50 PFU/M1 176
EIS N-protein 0.227 ng mL ™" 177
EIS N-protein 0.48 fg mL ™! 138
T S-protein — 178
DPV Anti-S-protein 0.0072 ng mL™" 179
DPV Anti-S-protein 0.001 fg mL ™" 180
Chronoamperogram N-protein 10 pg mL ™" 181
DPV S-protein 0.73 ftM 182
SWV Anti-S-protein 0.8 pg mL ™" 183
SWvV S-protein 1 ag/mL 184
SWV Anti-S-protein 0.03 fg mL ™! 185
DPV S-protein 2.9 ng mL ! 186
SWV S-protein 20 pg mL ! 187
EIS N-protein 6 pg mL " 129
MIP DPV N-protein 15 fM 151
Cv Virus particle 0.1 fM 132
Pulsed amperometric detection S-glycoprotein — 152
DPV S-protein 64 fM 188
EIS S-protein RBD 0.7 pg mL ™" 189
EIS Virus particle 57 pg mL 70
EIS Virus particle 4.8 pg mL ! 90
Electrochemical DPV RNA 200 copy/mL 57
genosensor Ccv RNA 1fM 143
I-T RNA 807 tM 153
v RNA 5.0 and 6.9 copy/uL 154
SWv S and Orflab genes 6.8 ag/uL 155
DPV RNA 26 fM 58
DPV RNA 45 tM 156
Capacitive measurement RdARP gene 0.843 nF nM ! 190
EIS S-protein RBD 7.0 pM 191
CV, EIS D-protein 258.01 copies/uL 96
DPV RARP gene, N gene 0.972 fg uL ™', 3.925 fg pL " 192
DPV N gene 15 nM 127
EIS, DPV RdRP gene 0.186 M 54
DPV RNA 0.48 aM 193

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 (Contd.)

Methodology Electrochemical technique Analytes LOD Ref.
DPV RARP gene 0.15 pM 194
DPV S-glycoprotein 0.07 ftM 121
SWvV S-glycoprotein 0.03 fg mL™" 124
DPV RNA 22.2 ftM 195
Chronoamperogram RNA 1pM 196
DPV MicroRNA of N-gene — 118
DPV OREF, S genes 0.044 fg mL ™", 0.081 fg mL ™" 197
DPV ORF1ab 100 fg mL "’ 198
EIS S-protein 1000 copies per mL 72
EIS D-protein 0.389 fM 199
EIS S-protein 1.30 pM 200
DPV N-protein 1.7 fM 65
DPV N-protein 16.5 pg mL " 201
DPV N-protein 8.33 pg mL " 202
SWv S-protein — 203
DPV N and S genes target sequences 1 copy per puL 157
EIS N-protein 0.16 ng mL™* 204

Enzymatic electrochemical DPV S-protein 0.35 ag mL ™" 145

sensor DPV ACE2 1pM 146
SWV ACE2 229 fg mL ™’ 205
EIS S-protein 0.1 ug mL ™" 88
EIS S-protein 299.30 ng mL ™" 206

(2) S-protein and N-protein are the most commonly used
fractions for recognizing SARS-CoV-2. They can be specifically
recognized by antigen-antibody binding.

(3) By customizing the sequence of ssDNA, the genosensor
can recognize the RNA of SARS-CoV-2. Specific sequence
segments were also used for efficient identification.

(4) Enzyme-based electrochemical biosensors rely mainly on
the specific reaction between S-protein and ACE2.

(5) MIP can recognize not only specific proteins but also
whole viral particles.

(6) Regardless of which fraction of SARS-CoV-2 is used as the
analyte, they do not possess their electrochemical activity.
Therefore, voltammetry-based detection requires the inclusion
of a probe in the biosensor's design. Another approach is to
determine the change of the electrode surface by EIS.

(7) Due to methodological differences, different works are
difficult to compare directly in terms of assay performance. This
difficulty is simultaneously amplified by the different concen-
tration units used for the papers.

Key publications analysis

Through reference analysis, bibliometrics can analyse papers
that have significantly impacted a topic. Fig. 7 shows the
reference network diagram of literature on electrochemical
biosensors in SARS-CoV-2 detection. As seen in the figure, some
of these important co-cited papers are earlier than 2020. These
papers are not related to COVID-19, but their contents have
significantly impacted the development of these electro-
chemical biosensors in SARS-CoV-2 detection. For example, the
paper published by Hai et al.*” in 2017 is at the centre of the
network. This work achieved label-free detection of human
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Fig. 7 Reference analysis of electrochemical biosensors in SARS-
CoV-2 detection.

influenza virus by quartz crystal microbalance and potentio-
metric detection method. This methodology provides ideas for
subsequent virus detection. On the far left side of the co-citation
network, an electrochemical detection technique for avian
influenza virus H7 (AIV H7) was proposed by Huang et al.>*® in
2016. Biosensors modified with graphene and silver nano-
particles were used to efficiently immobilize antibodies and
subsequently for specific recognition of AIV H7. The method-
ology of this electrochemical biosensor is very similar to most
electrochemical immunoassays mentioned in Table 4. Another
similar electrochemical immunosensor was published by Lay-
gah and Eissa®* in 2019. The biosensor proposed in this work is
for detecting Middle East respiratory syndrome coronavirus

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(MERS-CoV). The S-protein of MERS-CoV is the analyte used for
quantitative analysis. Although the coronavirus species are
different, the detection strategy and the target of detection in it
have been very similar to the most commonly used strategies in
the electrochemical biosensors in SARS-CoV-2 detection.

Some of these papers have high citation rates, representing
that they establish excellent sensing strategies or are often used
as comparisons. The FET-based biosensing device reported by
Seo et al.*** allows highly sensitive detection of the S-protein of
SARS-CoV-2. Fabiani et al.’”* used magnetic beads to support the
immune chain in preparing the biosensor. This biosensor can
be used to detect S-protein and N-protein in SARS-CoV-2. This
work was cited 41 times in all the articles analysed. Qiu et al.***
developed a genosensor by combining the ionophore photo-
thermal effect with localized surface plasmon resonance. This
work was cited 33 times in all the articles analysed. Electro-
chemical biosensors also play an important role in this network.
The electrochemical immunosensor prepared by Zhao et al.>’
was widely recognized and was cited 38 times in these papers.
The MIP biosensor proposed by Raziq et al.*** has also received
attention and has been cited 23 times. The electrochemical
biosensor (Fig. 6B) constructed by Chaibun et al.**” mentioned
in the previous section has also received a series of citations.

Other biosensors with various technologies are often applied
for comparison in papers on this topic, such as plasmonic
biosensor,”** fluorescent plasmonics biosensor,***** and CRISPR-
based assay.”>*'® In addition, some reviews and perspectives on
COVID*7** are often cited in papers on this topic.

Product analysis

In addition to the establishment and innovation of the meth-
odology, some of these works have gone a step further by
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proposing ideas for products and even producing model prod-
ucts. The following is a brief description and summary of the
products that have been proposed.

COVID-19 ePAD?*** (Fig. 8A): It can be printed by a wax printer
and consists of 3 folded layers. The wax barrier is used to
control the reaction of the liquid sample in the test area. The
sample can be encapsulated by folding after sample collection,
ensuring that the sample is not contaminated before testing.
The ePAD works by immobilizing the spike protein receptor-
binding domain (SP RBD) of SARS-CoV-2 on a working elec-
trode and is intended to detect SARS-CoV-2 antibodies.

SARS-CoV-2 RapidPlex*** (Fig. 8B): Four laser engraved gra-
phene electrodes are used as working electrodes to detect viral
antigenic nucleocapsid proteins, IgM antibodies, IgG anti-
bodies, and C-reactive proteins. This biosensor can detect blood
and saliva. The cost of each biosensor and reagent can be kept
below $1.

SPEEDS:*** This is a portable, low-cost electrochemical
immunosensor. It allows for the rapid, quantitative determi-
nation of IgG and IgM antibodies against SARS-CoV-2 S-protein
in human serum. This biosensor also comes with a device
stabilization and storage strategy that allows for stable perfor-
mance at room temperature for up to 24 weeks.

RAPID:**® Real-time Accurate Portable Impedance Detection
Prototype 1.0 (RAPID) is based on EIS. The product was tested
on 321 anterior nasal swab samples with sensitivity, specificity,
and accuracy of 80.6%, 89.0%, and 88.2%, respectively.

MARK-B:*** This is a magnetically assisted electrochemical
immunosensor. It was tested on 170 nasopharyngeal swab
specimens with an overall sensitivity and specificity of 90.0%
and 99.0%, respectively. The semi-quantitative determination
of the results can be achieved in conjunction with a fully
automated portable device.

SARS-CoV-2

Detection
N_anw 3 Xnu_ )
H,0, HRP,, HO,,

(A) Scheme of detection principle of the COVID-19 ePAD. (B) Scheme of SARS-CoV-2 RapidPlex for rapid and multiplex electrochemical

detection of SARS-CoV-2 in blood and saliva. (C) Scheme of ECDAQ platform. Reprinted with permission 40222225 Copyright 2022, Elsevier.
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SenSARS:** This is also a portable biosensor that detects S-
protein with EIS. The cost per test is about $5, and the test
time is less than 10 minutes. The paper on SenSARS is different
from other papers in that the authors provide its hardware
architecture, power supply circuit, signal generation module,
and signal conditioning module.

Bi-ECDAQ'" (Fig. 8C): It is a biosensor with a potentiostat
and contains a two-electrode design. The EIS response was used
to determine the specific binding of S-protein to the antigen on
the electrode surface. Embedded microcontrollers and single-
board computers will process the measured data and display
it to the user through an LCD.

Conclusion and future perspectives

COVID-19 has changed our lives while also having a profound
impact on academic research. How to rapidly detect SARS-CoV-2
is a very important topic in the COVID-19 pandemic. In this
bibliometric-based review, the development history and the
current status of electrochemical biosensors in SARS-CoV-2
detection are summarized and expressed. We present a statis-
tical analysis and data visualization of this topic through
contributions from different countries, collaborative relation-
ships between different keyword analysis/
clustering and citation analysis. Based on the results of the
analysis, the following tentative conclusions can be drawn:

(1) Electrochemical biosensors are a technology with appli-
cations worthy of being explored, as many of these methodol-
ogies can genuinely meet the needs of field detection. This
challenge has been accomplished in some existing initial
products.

(2) Electrochemical immunosensors and genosensor are the
most investigated methodologies at this stage. The most
commonly used detection targets are the S-protein and N-
protein of SARS-CoV-2.

(3) The rapid achievement of electrochemical detection for
SARS-CoV-2 has been made possible by the methodology
established by developing the field of electrochemical sensing
over the years. Although SARS-CoV-2 is a new virus, the tech-
niques used in the detection have been successfully validated in
other viruses, such as influenza virus and MERS-CoV.

(4) China and USA are the countries contributing the highest
number of papers on this topic but do not present an absolute
dominance. In general, the participants in this topic do not
present local geographical limitations because the COVID-19
pandemic attracts worldwide attention.

(5) This topic has only been developing for less than 3 years
but has already formed three initial international cooperation
networks. This rapid international cooperation has benefited
from the global impact caused by this public health event. At the
same time, political intervention should have played an
important role in this cooperation.

(6) Some initial electrochemical biosensors have been
assembled, and efficient field detection has been achieved.
However, it is undeniable that electrochemical biosensors are
still not particularly competitive in terms of cost. The lowest
cost price (electrode + reagent) reported is $1.

institutions,
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On the other hand, based on the clues given by bibliometrics
and the changes in national policies for the COVID-19
pandemic, we can give the following perspectives:

(1) The sensitivity and detection limits of electrochemical
biosensors are already sufficient for confirming COVID-19, so
further developing more sensitive electrochemical biosensors is
not the most important challenge. Instead, reducing the cost of
detection is a significant challenge for this detection technology
to be practically applied.

(2) Ensuring the stability of electrochemical biosensors is
also a significant challenge in practical applications. Since this
technology is designed for field detection, how to avoid the
deactivation of biological reagents and interference by envi-
ronmental factors is a direction that deserves further
exploration.

(3) variants of SARS-CoV-2 have been an important factor
contributing to the spread of COVID-19. The direct determina-
tion of SARS-CoV-2 variants by electrochemistry is a direction
worth exploring.

(4) Based on the data for the first 6 months of 2022, the
number of papers published on this topic this year should not
be less than the annual publication last year. However, shifts in
attitudes toward COVID-19 in different countries can signifi-
cantly affect scholars' enthusiasm for the topic. The commer-
cialization of electrochemical biosensors must be supported by
very large and sustained market behaviour. It is doubtful
whether this topic has any chance to continue to attract
researchers. Therefore, whether electrochemical biosensors can
have a broad market does not possess a bright future.

(5) COVID-19 pandemic is a special event. A retrospective
analysis of the development of different academic fields and
topics through this time is worth discussing.
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