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ARTICLE INFO ABSTRACT

Keywords: Currently, the coronavirus disease 2019 (COVID-19) pandemic is ravaging the world, causing serious crisis in
COVID-19 economy and human health. The top priority is the detection and drug development of the novel coronavirus.
SARS-CoV-2 The gold standard for real-time diagnosis of coronavirus disease is the reverse transcription-polymerase chain
ACE2 . . . . . . . .

Detection reaction (RT-PCR), which is usually operatively complex and time-consuming. Biosensors are known for their
Biosensors low cost and rapid detection, which are developing rapidly in detecting severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2). The current study showed that the spike protein of SARS-CoV-2 will bind to
angiotensin-converting hormone 2 (ACE2) to mediate the entry of the virus into cells. Interestingly, the affinity
between ACE2 and SARS-CoV-2 spike protein increases with the mutation of the virus. Using ACE2 as a biosensor
recognition receptor to detect SARS-CoV-2 will effectively avoid the decline of detection accuracy and false
negative caused by variants. In fact, due to the variation of the virus, it may even lead to enhanced detection
performance. In addition, ACE2-specific drugs to prevent SARS-CoV-2 from entering cells will be effectively
evaluated using the biosensors even with virus mutations. Here, we reviewed the biosensors for rapid detection
of SARS-CoV-2 by ACE2 and discussed the advantages of ACE2 as an antibody for the detection of SARS-CoV-2
variants. The review also discussed the value of ACE2-based biosensors for screening for drugs that modulate the

interaction between ACE2 and SARS-CoV-2.

1. Introduction

In December 2019, a public health emergency of international
concern caused by the novel coronavirus occurred in Wuhan, China [1].
It is known to be caused by SARS-CoV-2, which causes severe acute
respiratory illness and a host of complications [2]. The novel corona-
virus disease also known as COVID-19, which is highly contagious and
spreads rapidly around the world, causing a huge impact on human life
and the global economy [3,4]. Up to May 2022, 515,192,979 confirmed
cases of COVID-19 including 6,254,140 deaths have been reported to the
World Health Organization (WHO). Despite the development and use of
multiple vaccines against the virus, the global epidemic has not been
effectively controlled due to high mutations in SARS-CoV-2 and low
vaccination rates [5].

Genome sequencing of SARS-CoV-2 virus extracted from multiple
clinical patients showed 80% similarity to SARS-CoV [6-8]. As shown in
Fig. 1, SARS-CoV-2 is a single-stranded p coronavirus RNA virus, which
mainly contains four structural proteins: nucleocapsid (N), membrane
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(M), envelope (E) and spike (S) proteins [8-10]. The S-protein binds to
the receptor ACE2 on the surface of human cells, mediating subsequent
viral uptake and fusion, and then SARS-CoV-2 multiplies rapidly in the
body tissues [11-16]. The SARS-CoV-2 multiplies rapidly in the body
tissues. Typically, symptoms of COVID-19 may appear after exposure to
SARS-CoV-2 for 2-14 days [17]. Cough, shortness of breath and fever
are the most common clinical symptoms that provide some basis for
determining whether you have COVID-19 [18-22]. However, the
emergence of a large number of asymptomatic infected persons makes it
difficult for SARS-CoV-2 to guard against.

At present, in the absence of specific drugs, the best way to control
the epidemic is to isolate the source of infection through testing and stop
the spread of SARS-CoV-2. Therefore, it is necessary to establish a
detection method that has the advantages of being cheap, fast, accurate
and capable of large-scale testing to enable frequent and extensive virus
testing. As shown in Fig. 2, based on the structure of SARS-CoV-2, the
most used biomarkers for detecting SARS-CoV-2 are single-stranded
RNA, nucleocapsid and spike proteins [23,24]. In addition, antibody
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detection can also be carried out, but the generation of antibodies needs
a certain period [25], antibody detection is generally only used as a
means of clinical confirmation [26,27].

Currently, the gold standard for SARS-CoV-2 testing is RT-PCR [28].
But RT-PCR is a time-consuming test that can take two to 4 h per test and
requires a professional to perform [29]. With the continuous mutation of
SARS-CoV-2, false negative results may occur in RT-PCR detection, and
it is difficult to determine the mutant strains, requiring further gene
sequencing [30,31]. The appearance of false-negative patients is cata-
strophic and can hamper the control of the outbreak [32,33]. Large-scale
nucleic acid testing has placed a huge burden on medical services with
the further development of the epidemic.

Biosensors realize the detection of viruses in biological samples
cheaper, simpler, faster, and without using professionals. Nowadays,
many biosensors have been developed to detect SARS-CoV-2 using RNA
or proteins as markers for detection [34]. SARS-CoV-2 has evolved to
adapt to human hosts in a variety of ways, including single nucleotide
mutations and structural mutations, which have a significant impact on
genome structure and protein function [35]. This may lead to a decrease
in the accuracy of detection methods based on genes and marker pro-
teins. The advantage of the biosensors based on ACE2 is the accuracy
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will not be affected by S-protein mutation which is specifically com-
bined with ACE2. The affinity between ACE2 and S-protein increases is
conducive to detecting after the virus mutation. The purpose of this
review is to introduce the current research progress of biosensors for
detecting SARS-CoV-2 using viral receptor ACE2. In addition, this re-
view also discussed the role of such biosensors in drug screening and
neutralizing antibodies.

2. Virus receptor-ACE2
2.1. ACE2

ACE2, a type I integral membrane protein with transmembrane
domain and extracellular domain, was discovered independently by two
different teams in 2000 [36,37]. The extracellular domain of ACE2
contains a zinc metallopeptidase domain, which is a single catalytic
domain [36-38]. ACE2 exists in two forms, one is the lack of trans-
membrane domain, which exists in body fluids and blood; the other is
anchored on the cell membrane through the transmembrane domain,
and widely distributed in ACE2 in the heart, kidney, liver, intestine,
upper respiratory tract and alveolar (type II) pulmonary vascular
epithelial cells [36].

ACE2 is known as a regulator of the renin-angiotensin system (RAS)
at primary, whose main function is to convert angiotensin I and angio-
tensin II into angiotensin 1-9 and angiotensin 1-7 [39,40]. During the
SARS outbreak in 2003, researchers discovered that ACE2 was a func-
tional receptor for SARS-CoV, mediating virus invasion into host cells
[41-43] and this finding was later confirmed in animal experiments
[44]. Due to the genetic similarity between SARS-CoV-2 and SARS-CoV,
it was speculated and confirmed that SARS-CoV and SARS-CoV-2 have
the same receptor ACE2 [8,45-47].

SARS-CoV-2 S-protein, which is a homotrimer protruding from the
viral surface and includes the S1 subunit and S2 subunit responsible for
binding to host cell receptors and fusing viral and cell membrane,
respectively [48,49]. The entry of SARS-CoV-2 into host cells is a com-
plex process that requires the synergistic action of ACE2 and proteolytic
enzymes to facilitate the mutual fusion of virus and cell [50]. As shown
in Fig. 3, SARS-CoV-2 has two ways of entering cells and the binding of
ACE2 to the receptor binding domain (RBD) domain on the S1 subunit is
well-defined [51-53]. Viruses must rely on ACE2 to enter host cells, so
drugs targeting ACE2 are under development. Studies have shown that
the antibody neutralization reaction is targeted at RBD and inhibits the
binding of RBD to ACE2 [51]. The specific binding of ACE2 to S-protein
has led many researchers to design and develop biosensors for
SARS-CoV-2 detection. Since ACE2 is the receptor for viruses to enter
cells, this biosensor can also be used to screen or validate drugs that
block the binding of coronavirus to ACE2.

2.2. The advantage of ACE2

Since the beginning of the COVID-19 pandemic, SARS-CoV-2 has
been widely circulating for a long time, with the accumulation of gene
mutations and significant changes in the viral gene sequence leading to
corresponding changes in acupuncture (S) proteins, viral transmission
and antigenicity [53,54]. For example, the rapid spread of Omicron
around the world has increased uncertainty in the fight against
COVID-19 and is another blow to the already troubled global economy
[55-58].

Changes in genes and expressed proteins of SARS-CoV-2 may affect
the accuracy of currently available diagnostic methods. False-negative
results occur from time to time in molecular tests, and now that the
virus genome has mutated, the probability of false-negative results will
be much greater. It has been found that the deletion of the N gene may
reduce the sensitivity of the detection of SARS-CoV-2 [59]. Most of the
current antigen tests used to detect SARS-CoV-2 are based on antibodies
against SARS-CoV-2. However, with the rapid variation of SARS-CoV-2,
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mediating membrane fusion and releasing viral RNA. Right: when TMPRSS2 is present on the cell surface, the S-protein is cleaved on the cell surface and the S2 site is

exposed, mediating membrane fusion and releasing RNA. Adapted from Ref. [52].

the development cycle of biosensors based on antibodies against
SARS-CoV-2 has greatly extended due to a series of problems such as
cost, sensitivity, accuracy and stability [54]. For various reasons above,
the development of biosensors is slower than the rate of virus mutation,
resulting in a significant decline in its application value. The safest way
to detect SARS-CoV-2 is to find a constant substance or relationship that
does not change with the variants of the virus. This is the advantage of
ACE2.

Studies have shown that variants in SARS-CoV-2 can replace the RBD
amino acid sequence of spike protein, and the affinity between S-protein
and ACE2 may be affected by the substitution of amino acid caused by
virus variants [60]. Moreover, studies on the affinity between RBD and
ACE2 of mutant strains showed that the affinity between ACE2 and RBD
increased rather than decreased with the evolution of the spike protein
RBD region which explained the reasons that SARS-CoV-2 variants were
more infectious and spread more quickly [61-64]. The research also
demonstrated that the incidence of RBD mutation in the population was
positively correlated with the increase of ACE2 binding affinity [65].
Therefore, the RBD amino acid of S-protein will change with mutation,
but the affinity between ACE2 and RBD is stronger after mutation, which
makes the method of detecting SARS-CoV-2 using ACE2 more advan-
tageous in the face of virus mutation. Detection with ACE2 will ignore
the impact of virus mutations and focus more on other aspects, such as
improving detection accuracy, low cost, shortening detection time, etc.
If the antibody used to detect SARS-CoV-2 biosensor antibodies is
standardized, it will be conducive to the further commercialization of
biosensors and greatly improve their application value. The ease of
operation of using biosensors is conducive to reducing the workload of
medical staff or professionals. Those who are tested can test by them-
selves, making it easier to prevent and control the epidemic.

3. ACE2-based biosensors for SARS-CoV-2 detection

A biosensor is an analytical tool which has three main parts,

including the bio-recognition component, sensor and signal analysis
system [66]. The bio-recognition component is the basis of biosensor
selectivity which mainly uses biomolecules to identify the objects to be
tested and cause signal changes. The commonly molecular recognition
components including antibodies, nucleic acids and aptamers will
convert the signal changes caused by recognition into measurable
physical or chemical signals for perform operational analysis [67,68].
The basic composition and principle of biosensor was displayed in Fig. 4.

Biosensors can be classified according to molecular recognition
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elements, such as enzyme-sensor, immunosensor, organall-sensor and so
on. It can also be classified according to the type of detection signal, such
as optical sensor, electrochemical sensor, etc. Due to the rapid devel-
opment of biosensors and the emergence of various biosensors, the
classification of biosensors should consider all aspects [69].

With its obvious advantages of simplicity, cheapness and low cost,
biosensors are widely used in food safety testing, ecological environ-
ment monitoring, medical hygiene and other fields, and have full po-
tential [70]. There are already many biosensors for the detection of
SARS-CoV-2. The use of biosensors to detect viruses can not only meet
the needs of poor areas and individuals for detection but also play a
major role in the control of the epidemic [71]. There are many bio-
sensors using viral RNA and antibodies. However, they have obvious
shortcomings in the face of SARS-CoV-2 variants. At present, mutations
of SARS-CoV-2 affect various characteristics of the virus, including
infectivity, antigenicity and lead to a lower sensitivity of SARS-CoV-2
antigen tests. ACE2-based biosensors have unique advantages in
detecting SARS-CoV-2, especially in the face of mutants (see Table 1).
Next, we will briefly introduce various biosensors based on ACE2
detection of SARS-CoV-2.

3.1. Electrochemical sensor for the detection of SARS-CoV-2

Electrochemical sensor is an important branch of sensors. Owing to
its advantages such as good selectivity, high sensitivity, low cost, simple
operation and easy miniaturization, it has become an important
analytical tool and is widely used in the food industry, pharmaceutical
industry, environmental analysis, clinical detection and other fields [72,
73]. The interaction between the recognition system of the electro-
chemical sensor and the analyte is converted into a certain signal to the
transduction system, which is presented in the form of the electrical
signal to analyze the concentration of the analyte [74]. At present, the
most used electrochemical sensor is a three-electrode system, including
a counter electrode (CE), a reference electrode (RE) and a working
electrode (WE). In general, the selection and fixation of receptors
(aptamer, enzyme, or antibodies) fixed on the surface of WE are the core
part of electrochemical sensor construction, which is of great help to
improve selectivity and specificity.

With the development of electrochemical sensors, they have been
applied to virus detection and showed good development potential [75].
Electrochemical sensors for detecting SARS-CoV-2 are under rapid
development. Currently, electrochemical sensors based on SARS-CoV-2
genes [76,77] and antigen detection are available [78,79]. However,
most of them have inherent defects in the face of viral variants and
cannot detect the variant strains. The advantages of using ACE2 to detect
viruses have been introduced previously.

De Lima, L.F. et al. designed a low-cost electrochemical sensor for
rapid diagnosis of SARS-CoV-2 [80]. In this electrochemical sensor, a
traditional three-electrode mode was adopted, and gold nanoparticles
(AuNPs) were fixed to the electrode surface by crosslinking aldehyde
group of glutaraldehyde with amine group of cysteamine on the graphite

Table 1

Comparison of ACE2 - based biosensors.
Type of Biosensor ~ Testing Assay Time LOD Ref.

Sample (min)
Electrochemical saliva 6.5 229 fg mL~! [80]
Electrochemical saliva 4 2.8 fgmL~! [81]
Electrochemical saliva 60 0.35 ag mL ! [82]
Colorimetric NP/OP 5 0.154 pg mL ™! [83]
Colorimetricr NP/OP 30 4.98 ng mL ™! [84]
Colorimetric NP/OP 5 100 pfu mL~! [85]
SERS - - 300 nM [89]
SERS urines 5 80 copies mL ! [90]
Nano biofluids 0.08 12.6 nM [93]
FET PBS 20 165 copies [94]
mL~!
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working electrode. Subsequently, ACE2 was added to a solution con-
taining the pre-prepared reaction intermediates N-(3-dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride (EDQC) and
N-hydroxysuccinimide (NHS) to obtain EDC-NHS-ACE2. AuNPs-Cys
and EDC-NHS-ACE2 were incubated at 37 °C for 30 min to generate
ACE2-AuNPs-Cys. The specific binding between ACE2 and S-protein
prevented the redox probe [Fe (CN)g 3/=4 from entering the working
electrode surface, which improved the sensitivity of square wave vol-
tammetry (SWV) and enhanced the detection of SARS-CoV-2. The sensor
can detect SARS-CoV-2 in 6.5 min, which not only cost less overall
($1.50) but also was much faster than traditional RT-PCR detection. The
limit of detection (LOD) of the sensor in saliva samples was 229 fg mLL.
When clinical saliva was used for testing, the accuracy was 100%
compared with RT-PCR results, indicating that the sensor has excellent
performance.

Due to its low cost and short time, high-frequency testing can be
widely used in various groups of people and provide opportunities for
people in remote areas to increase detection opportunities. In addition,
because ACE2 was used to detect the virus, the sensor was also
responsive to the mutant strain, and analysis of the infectious SARS-CoV-
2 B.1.1.7 UK variant showed a higher interaction between the S-protein
and ACE2 than SARS-CoV-2 [80]. This sensor was a good example of the
advantages of electrochemical sensors and had a great advantage in the
face of mutant strains. Today, mutant strains are prevalent around the
world and are still mutating. Therefore, this type of biosensor will have
great potential in the future to play a role in the detection of SARS-CoV-2
variants.

Marcelo D.T. Torres and his team prepared another electrochemical
biosensor (Fig. 5) that used a 1% Nafion solution to create a protective
polymer film that enhances the robustness and sensitivity of the
biosensor. The biosensor was able to detect SARS-CoV-2 using 10 pL
samples in 4 min by electrochemical impedance spectroscopy. The
lowest concentration detected is 2.8 fg mL™! and the cost is only $4.67.
The sensitivity and specificity of the biosensor to nasopharyngeal swabs
were 85.3% and 100%, respectively. The team also tested the highly
contagious SARS-CoV-2 UK B.1.1.7 variant with good results [81].

Nascimento et al. developed an ultra-sensitive magnetic assay using
magnetic beads to capture and detect SARS-CoV-2 spike proteins in
human saliva. Magnetic beads and gold nanoparticles were connected to
ACE2 and mixed with saliva. The magnetic beads and gold nanoparticles
were connected to SARS-CoV-2 through the affinity of ACE2-S-protein.
SARS-CoV-2 was captured by magnetic force and then dropped onto a
disposable electrochemical device containing eight screen-printed car-
bon electrodes. S-protein was detected by differential pulse voltammetry
(DPV) with HCI as an auxiliary electrolyte. The sensor allowed simul-
taneous analysis of up to eight samples, the detection limit was 0.35 ag
mL~. In terms of efficiency, the specificity was 93.7%, which showed
good similarity with RT-PCR. The results indicate that this method has
simple, low-cost application potential for salivary based magnetic
analysis and for immediate diagnosis of COVID-19. The advantages of
this magnetic method are short analysis time (about 60 min), simple
sample preparation, low cost, and no long and tedious steps [82].

At present, electrochemical sensors are modified with nanomaterials
to improve their sensitivity. However, due to the outbreak and short
time, the above sensors did not use new materials to modify the elec-
trochemical sensor, but still showed a good response to virus detection.
Although electrochemical sensors using ACE2 for detection are still very
limited, they have great application potential in future detection of
SARS-CoV-2 and need to be further developed and optimized.

3.2. Colorimetric sensor for the detection of SARS-CoV-2

It is attractive to use biosensors to enable direct and simple detection
of entire virus particles or their corresponding surface antigen epitopes.
This strategy could be used to develop diagnostic or screening tools for
COVID-19. The most straightforward and simplest detection is the color
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response, which can be detected by the naked eye rather than through
complicated procedures. SARS-CoV-2 can be detected directly and easily
by a colorimetric method, greatly reducing the detection time. If ACE2
can be effectively fixed to cotton swab-like objects and SARS-CoV-2 can
be detected through specific color reactions, it will bring a victory to the
fight against SARS. This will directly reduce the cost of testing and
operation difficulty, which is beneficial to epidemic prevention and
control in poor and remote areas and areas lacking medical resources.
As shown in Fig. 6, Ferreira, A.L. et al. developed a low-cost colori-
metric biosensor for rapid detection. First, they used tetrachlorauric
acid, AuNPs and cysteine (Cys) to synthesize AuNPs-Cys nanomaterial,
and then AuNPs-Cys was added to the mixture containing ACE2 and
EDC/NHS for incubation, forming the structure of AuNPs-Cys-ACE2. A
cotton swab containing ACE2 was inserted into SARS-CoV-2 containing

)

saliva and the AuNPs-Cys-ACE2 structure was added. If SARS-CoV-2 is
present in saliva, a sandwich structure of (ACE2) -(SARS-CoV-2)
-(AuNPs-Cys-ACE2) will be formed. When AuNPs were attached to the
surface of the virus, the plasma effect was produced and the color
changes from red to purple, resulting in a color change visible to the
naked eye. In the presence of SARS-CoV-2, the sensor produced a color
change from white to purple in the swab within 3 min. This colorimetric
biosensor ensured selective and rapid identification of SARS-CoV-2 S-
protein using ACE2, which is fixed directly to cotton. The detection limit
of the sensor is 0.154 pg mL™}, and the cost is only 15 cents. The
sensitivity, specificity and accuracy of 100 nasopharyngeal/oropha-
ryngeal clinical samples were 96%, 84% and 90%, respectively [83].
Buyuksunetci, Y.T. et al. synthesized magnetic y-Fe;O3 nanoparticles
with peroxidase activity, under which 3,3',5,5'-Tetramethylbenzidine

Negative test

Positive test

Fig. 6. A low-cost colorimetric biosensor. Reproduced from Ref. [83] with permission from American Chemical Society, copyright 2021.
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(TMB) changed from colorless state to blue TMB (Ox) state. They found
that the blue TMB (Ox) was converted to colorless TMB during the
interaction of the S-protein with ACE2. They used this feature to design a
colorimetric sensor. During the design process, the redox reaction was
studied by spectroscopic and electrochemical techniques and the
experimental parameters were optimized. Theoretically, the detection
limit can be achieved 4.98 ng mL .. Finally, real samples were detected
and compared with RT-PCR, and the results were good [84]. Alhadrami,
H.A.et al. fixed lactoferrin on cotton swabs as the trapping agent and
used ACE2, which was decorated with orange polymer nanoparticles, as
the labeled antibody. When SARS-CoV-2 was present, ACE2 bound to
S-protein and aggregated on cotton swabs to produce color change. A
colorimetric change from white to orange in the swab test area
confirmed the positive result. The test time was only 5 min, and the
visual detection limit was 100 pfu mL ! [85].

For SARS-CoV-2 variants, Lee, J.H. et al. designed an ACE2-based
biosensor to detect SARS-CoV-2 variants and neutralize antibodies.
This biosensor can detect not only the « (500 pg mL™!) and p (10 ng
mL™!) of SARS-CoV-2 variants and S1-protein of wild-type S1-protein
(10 ng mL ™), but also distinguish SARS-CoV-2 variants by color, which
is a major advance for other sensors. In addition, the biosensor has a
binding mode for detecting SARS-CoV-2 and s blocking mode for
detecting neutralizing antibodies [53]. Rapid and accurate measure-
ment of SARS-CoV-2 neutral antibodies may be helpful to understanding
human immunity to SARS-CoV-2, and to making an accurate judgment
and evaluation of vaccine efficacy. Therefore, biosensors for detecting
neutralizing antibodies are also very important at present [86]. Colori-
metric sensors are the simplest and most promising method for
large-scale application, but limited specific color reactions, storage
costs, mass production and other problems still have a long way to go
before large-scale application.

3.3. SERS sensor for the detection of SARS-CoV-2

Surface-enhanced Raman scattering (SERS) has developed rapidly
and become a mature spectroscopic technique. It is more and more
widely used in detection. In particular, the development of the design
and manufacture of biosensors based on SERS has brought great
development to biological and biomedical sensing applications. The
chemical specificity and signal amplification ability of SERS is beneficial
to the quantitative analysis of SARS-CoV-2 and improve the speed and
accuracy of existing detection methods.

SERS can be used for highly sensitive, rapid and accurate detection of
single biomolecules such as DNA and protein. However, other abundant
biomolecules in the sample will generate interference signals, which is
the main limiting factor for SERS application in detection [87,88]. In
order to improve the selectivity in complex biological environment,
Payne, T.D. et al. developed a SARS-CoV-2 SERS sensor based on using

Laser SERS Signal

Excitation Detection

SARS-CoV-2

Spike-Binding
Peptide

Fig. 7. A SARS-CoV-2 SERS sensor based on ACE2. Reproduced from Ref. [89]
with permission from American Chemical Society, copyright 2021.
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ACE2 as a viral protein capture probe as shown in Fig. 7. A multivariable
calibration model was used to identify and quantify the unique vibration
characteristics of the surface modified by S-protein binding peptide
[89]. The sensor showed a detection limit of 300 nM.

A gold “virus trap” nanostructure functionalized by ACE2 was pro-
posed as a highly sensitive biosensor for SERS, which can selectively
capture and rapidly detect coronavirus expressing S-protein. ACE2 can
specifically capture viruses within the 10 nm strong electromagnetic
field enhancement region on the nanowire surface. This SERS sensor
greatly enhanced the SERS signal by enriching viruses, and the detection
limit could reach the level of a single virus. Through the SERS signal
recognition standard was established which could quickly identify
simulated SARS-CoV-2 from urines with a low viral load (80 copies
mL_l) within 5 min [90].

Many other biosensors were prepared to detect SARS-CoV-2 genes
using aptamers or directly detect S-protein based on SERS technology
[91,92]. However, in the face of SARS-CoV-2 variants, ACE2-based
biosensors reflect unique advantages, and the above two biosensors
have directly or indirectly detected and verified variants. It proves the
universality of detecting SARS-CoV-2 and variants based on ACE2.

3.4. Other types of biosensors for the detection of SARS-CoV-2

In addition to the types of sensors mentioned above, there are several
other sensors not mentioned. Pinals, R.L.et al. constructed a sensor by
connecting ACE2 to SWCNTs in a non-covalent manner, which could
protect the surface lattice of SWCNT. The binding of the S-protein to
ACE2-functionalized SWCNTs resulted in the quenching of the inherent
near-infrared fluorescence of SWCNT. The sensor could achieve LOD of
12.6 nM and rapidly detect S-protein or virus-like SARS-CoV-2 virus in
seconds [93]. In addition, Park, S.et al. introduced a highly sensitive,
portable ACE2-based field-effect transistor (FET) biosensor as shown in
Fig. 8. They synthesized a SARS-CoV-2 analog virus and optimized the
FET biosensor. The biosensor can be detected in 20 min with sensitivity
comparable to molecular diagnostic tests (165 copies mL™1) [94].

ACE2 is used for ultra-fast and ultra-sensitive detection of SARS-CoV-
2 as a novel biometric element in cell biosensor [95]. The results of
various sensors indicate the potential of viral receptor ACE2 as a
recognition element for screening variation in biosensors. ACE2-based
viruses could be a useful tool for screening for upcoming SARS-CoV-2
variants.

4. Drug screening sensors based on ACE2

As mentioned above, biosensors can take advantage of the affinity
between antigen and antibody for detection. If inhibitors or specific
drugs are added to the solution under test, they interfere with the
interaction between antigen and antibody, resulting in changes in
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Fig. 8. Portable ACE2-based field-effect transistor (FET) biosensor. Reproduced
from Ref. [94] with permission from American Chemical Society, copy-
right 2022.
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physical and chemical properties that can be converted into measurable
signals [96]. Today, many tailored biosensors are an integral part of the
drug discovery platform. These tailored biosensors are designed for drug
discovery and are limited by specific drug goals, which speed up the
evaluation of potential drug candidates for efficacy and toxicity and
enable drugs to be screened for challenging targets such as
protein-protein interactions [97].

The development of a drug for the treatment of SARS-CoV-2 has
become an urgent priority in the wake of COVID-19 in 2019. Although
many vaccines have been developed and widely vaccinated, with the
rapid variation of SARS-CoV-2, the effectiveness of the vaccine has
decreased. Drug development for SARS-CoV-2 can be based on the in-
hibition of ACE2 or S-protein to develop inhibitory antibodies, short
peptides, small molecules, etc. [98-104].

Now it’s clear during the early stages of the SARS-CoV-2 infection
cycle, the RBD of S1-protein binds to host cells by binding ACE2 receptor
[105]. Thus, inhibition of the S1-ACE2 interaction may prevent the virus
from entering the host cell, effectively limiting transmission of the virus
in vivo. Strategies for screening and evaluating drugs against COVID-19
using electrochemical sensors are shown in Fig. 9. ACE2 was fixed to the
working electrode, the RBD of S1-protein and drug were added to the
solution to be tested. If the drug has an effect, it will prevent ACE2 from
binding to S-protein, then there is no signal; If the drug doesn’t work,
ACE2 binds to the S-protein and responds.

Kiew, L. V. et al. constructed a biosensing platform based on elec-
trochemical impedance spectroscopy (EIS), using recombinant palla-
dium nanomembrane electrode and ACE2 coating as the core sensing
elements to screen potential S1-ACE2 binding inhibitors. The platform
can detect the interference of small analytes on S1-ACE2 binding at low
concentrations and in small volumes, and determine some potential of
inhibitors to S1-ACE2 binding within 21 min [106]. Roth, S. et al.
developed a rapid and sensitive inhibitor screening tool using fluores-
cence and magnetic modulated biosensor (MMBS) which could screen
small molecules that inhibit the interaction between S1 and ACE2. The
assay based on MMBS has high sensitivity, minimal non-specific bind-
ing, and was much faster than the commonly used ELISA [107]. Han, Y.
X. et al. designed the calculation of SARS-CoV-2 peptide inhibitors by
changing the ACE2 structure [108].

Specific drugs for SARS-CoV-2 are being developed, and biosensors
for drug screening can play an important role in reducing the time and
efficacy validation. Because it is based on the interaction between ACE2
and S-protein, the use of biosensors can also verify whether the drug
works on the SARS-CoV-2 variants. Such biosensors could be useful in
the future as the focus shifts from vaccines to drugs.

5. Perspectives and conclusions

Since the outbreak, the impact of COVID-19 on human life and
economic development has been enormous. With the further develop-
ment of the epidemic, the number of infected people keeps expanding
and SARS-CoV-2 keeps mutating in the transmission process, which
makes the epidemic prevention and control more difficult and even
leads to the decrease of the effectiveness of the vaccine. With vaccina-
tion and mutation of the virus, the severity of the disease has decreased,
and it may even coexist with humans in the future. RT-PCR is a relatively
good method for detecting SARS-CoV-2, but its use in resource-poor
areas will be hampered by the need for specialized personnel and
equipment. With the deepening of the research on SARS-CoV-2, the
detection methods of SARS-CoV-2 are becoming more and more abun-
dant, and the biosensor represented by SARS-CoV-2 is developing
particularly rapidly.

It is not realistic for biosensors to completely replace RT-PCR. Bio-
sensors are still in development and are some ways from being
commercially available. However, it is not difficult to find from current
studies that biosensors have the advantages of short time consumption,
relatively low cost and simple operation. Biosensors for detecting SARS-
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Fig. 9. Strategies for screening and evaluating drugs against COVID-19 by
electrochemical sensor.

CoV-2 based on virus receptor ACE2 introduced in this paper not only
have the traditional advantages of biosensors but also have unmatched
advantages in detecting SARS-CoV-2 variants. For several virus variants
found so far, their affinity for ACE2 increases with variation. This means
that using ACE2 as the receptor can prevent the loss of sensitivity caused
by the mutation of the virus. In addition, ACE2 can also be used for drug
screening. Effective use of biosensors could shorten the development
cycle of anti-coronavirus drugs which is of great significance in the fight
against the epidemic.

Due to the specific binding of ACE2 and SARS-CoV-2 S-protein,
biosensors have a good selectivity. However, the accuracy is still lower
compared with RT-PCR and stability has always been a headache for
biosensors. In the future, the anti-interference and stability of biosensors
should be addressed. Many biosensors combined with the new nano-
materials to improve sensitivity and anti-interference, but there is a
balance to be struck because of the increased cost of using
nanomaterials.

In this review, biosensors using ACE2 to detect SARS-CoV-2 were
reviewed and their advantages were highlighted. In addition, the use of
ACE2 for drug screening was briefly discussed. The ACE2-based
biosensor has been developed to avoid the effects of SARS-CoV-2 vari-
ants. It is hoped that this review will be helpful to the development of the
biosensor for the detection of SARS-CoV-2, and more biosensors tar-
geting variants could be developed based on ACE2 to end the epidemic
as soon as possible.
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