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The epidemic of coronavirus disease 2019 (COVID-19) was a huge disaster to human society. The severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which led to COVID-19, has resulted in a large
number of deaths. Even though the reverse transcription-polymerase chain reaction (RT-PCR) is the
most efficient method for the detection of SARS-CoV-2, the disadvantages (such as long detection time,
professional operators, expensive instruments, and laboratory equipment) limit its application. In this
review, the different kinds of nano-biosensors based on surface-enhanced Raman scattering (SERS),
surface plasmon resonance (SPR), field-effect transistor (FET), fluorescence methods, and
electrochemical methods are summarized, starting with a concise description of their sensing
mechanism. The different bioprobes (such as ACE2, S protein-antibody, IgG antibody, IgM antibody, and
SARS-CoV-2 DNA probes) with different bio-principles are introduced. The key structural components of
the biosensors are briefly introduced to give readers an understanding of the principles behind the
testing methods. In particular, SARS-CoV-2-related RNA mutation detection and its challenges are also
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DOI: 10.1039/d3ra02560h briefly described. We hope that this review will encourage readers with different research backgrounds

rsc.li/rsc-advances to design SARS-CoV-2 nano-biosensors with high selectivity and sensitivity.
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diagnosed, and deaths were gradually reported. On January 20,
2020, the city of Wuhan was blocked to avoid the spread of this
pneumonia-like illness that was later named COVID-19 disease.
In the following months, the SARS-CoV-2 virus that caused the
COVID-19 epidemic spread quicky throughout the world. In the
following year, the SARS-CoV-2 vaccine' was developed against
the virus. Even though a lot of effort has been made by countries
around the world to control and fight against the SARS-CoV-2
virus, it still is spreading and affecting both people who have
been inoculated with vaccines or have not been inoculated.
SARS-CoV-2 possesses the characteristics of strong trans-
mission ability, strong infection ability, strong mutation ability,
long incubation period, and long survival time.” These proper-
ties make the global anti-epidemic work with great difficulty. It
has been widely accepted that the main means of SARS-CoV-2
spreading are touching, viral aerosol, air contamination, the
oral-fecal route, blood, from mothers to newborns, and animals
to humans.** Thus far, mutated viruses such as Omicron, Delta,
and Alpha SARS-CoV-2 variants are widely observed and
recognized.®

A coronavirus (CoVs) is an enveloped virus that entraps non-
segmented ribonucleic acid (ssRNA), positive sense, and single
strand. The CoVs have a genome size of 26 to 32 kb, which is the
largest RNA virus known today.® SARS-CoV-2 is a member of the
coronaviruses family and it belongs to B-coronaviruses.”® SARS-
CoV-2 possesses a crown-shaped appearance with a diameter of
60-140 nm, which has been observed using transmission elec-
tron microscopy.” The complete genome of SARS-CoV-2 was
reported by Khailany et al*® Fig. 1 illustrates the SARS-CoV-2
structure,®>"'> which consists of a spike protein (S), an enve-
lope protein (E), membrane protein (M), and nucleocapsid (N)
proteins. The M and E proteins form the virus envelope, and
the N protein responds by assembling the virus.*® The S protein
is the key protein for viruses to invade susceptible cells, and it
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Fig. 1 Scheme of the SARS-CoV-2 structure. SARS-CoV-2 is an
enveloped, positive-sense RNA virus with four main structural proteins
that are spike (S) and membrane (M) glycoproteins, as well as envelope
(E) and nucleocapsid (N) proteins.

plays a crucial role in infection." The S protein is a homo-
trimer," and each monomer is folded and glycosylated by sialic
acid distally." The host proteases cleave the S protein into two
subunits, S1 and S2. The S2 subunit acts as an anchor to bind
the viral membrane and it responds to the virus fusion with the
host cell.”® The S1 subunit plays a role in cell recognition, cell
invasion, and antibody neutralization.” The invasion process of
SARS-CoV-2 is mediated by the binding between the S1 subunit
and angiotensin-converting enzyme 2 (ACE2), which acts as
a receptor on the host cell cytomembrane.**>

At present, two detection categories for detecting SARS-CoV-
2 are widely applied, which are gold immunochromatography
assay (GICA) and viral polymerase chain reaction (PCR).***” The
humoral immune response generates SARS-CoV-2 antibodies
approximately 1 week or more after infection.”® In older adults,
children, and patients with immune deficiency disease, the
antibody production capacity is lower in immune-compromised
humans, which may lead to a potentially false categorization or
delayed diagnosis.?” In the GICA, SARS-CoV-2 can be detected by
detecting IgG or IgM antibodies. Since IgM antibodies in the
blood can be detected after the infection of 3-6 days, and IgG
antibodies can only be detected 8 days after infection, the
antibody detection misses the window period of prevention of
the SARS-CoV-2 epidemic. PCR can recognize virus-infected
cases at an early stage with high confidence and detection
limits of a few copies. PCR requires a high level of amplification
of the oligonucleotide, in which the nucleic acid contaminants
introduced in the sampling process or amplification steps may
also serve as templates, resulting in inaccurate assay results.*
Moreover, the inhibitor used in the propagation of viral nucleic
acid is a threat to the enzymatic amplification reaction. Usually,
the product after propagation needs to be further purified,
which makes the PCR complicated and cumbersome.** Studies
have shown that the reporting rate of the PCR “false negative”
results is as high as 20% to 40% when re-examining suspected
cases through medical images.>® This result indicates that the
reliability of PCR, which is regarded as a “gold standard” in
detecting SARS-CoV-2 in practice, is decreased due to its rela-
tively complicated operation process. Therefore, it is of great
significance to develop and research key technologies for the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rapid, efficient, highly sensitive, and economical virus detection
of SARS-CoV-2.

The basic principle of nano-biosensors is to convert the
biometric information to optical or electrical signals, which can
be directly observed. Its fast, sensitive, reliable, and easy-to-use
characteristics are suitable for the detection of SARS-CoV-2. By
combining the specific bio-probe (e.g., S protein, ACE2, anti-
body, and viral RNA sequence) with a sensitive physical and
chemical sensor, the target biomolecules could be specifically
detected. Until now, different kinds of nano-biosensors have
been designed and fabricated in detecting bio-materials, such
as proteins, oligonucleotides, and viruses. In this review, the
nano-biosensors based on optical and electrical methods are
collected and presented. The physical/chemical mechanisms
are presented, as well as the brief fabrication process. A
comparable discussion of each kind of biosensor is presented.
The section discusses the possibility of detecting mutated SARS-
CoV-2 has been individually given.

2. Bio-probes for detecting SARS-
CoV-2

The S protein is the most exposed viral protein on the SARS-
CoV-2 virion surface. In the invasion process of SARS-CoV-2,
the S protein is responsible for receptor recognition and
membrane fusion.*” S1 subunits of the S protein have the
receptor binding domain (RBD) that can interact directly with
the ACE2 peptidase domain (PD).** Meanwhile, the subunits S2
of the S protein play a role in membrane fusion. The coopera-
tion of S1 and S2 with the assistance of ACE2 make the SARS-
CoV-2 affect humans. So, ACE2 can be applied as a bio-probe
in detecting SARS-CoV-2 through the ACE2-S protein pair.
Except for the S protein, N protein detection as an outer struc-
ture of the SARS-CoV-2 virus also has been applied as an RBD,
and the N protein antibody is the bio-probe. For each virus, the
genome sequence is unique. The size of the genome sequence
length of SARS-CoV-2 is around 30 kb, with a 5"-cap structure
and 3-poly-(A) tail enveloped by a complex of structural
proteins.** Due to this uniqueness of the genome sequence, the
perfectly matched nucleic acid sequence is manually fabricated
to selectively bind to the target RNA sequence of the SARS-CoV-
2. IgG and IgM are processed by the human body when the
SARS-CoV-2 invades healthy cells. IgG and IgM can specifically
bind to the SARS-CoV-2 coronavirus antigen. So, IgG/IgM anti-
bodies are good bioprobes in the detection of SARS-CoV-2.

3. Surface-enhanced Raman
scattering (SERS)

Raman spectroscopy is a very important, promising, and
powerful technique in characterizing the structure of chemical
materials or bio-material without any damage. The discovery of
wavelength-shifted scattering occurred from 1922 to 1923.%° In
1928, C. V. Raman found “a new radiation”, which is now widely
known as the Raman effect.***” In the process of Raman scat-
tering, incident light excites the molecules, and most of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photons are scattered in an elastic way with energy maintained.
The minority of photons are scattered inelastically with energy
loss or gain. Raman scattering can provide vibrational infor-
mation about molecules, but only 10° to 10® photons illumi-
nated on the sample can undergo Raman scattering. The
remaining photons experience competing pathways, such as
fluorescence, Rayleigh elastic scattering, and heating.*® Surface-
enhanced Raman scattering (SERS) as a surface sensing tech-
nique has been widely applied in the ultrasensitive and selective
detection in biology and chemistry.***' By applying the proper
SERS-enhanced substrate, the Raman signals could be largely
enhanced.” Until now, SERS is the only capable method for
simultaneously detecting a single molecule and providing its
chemical fingerprint.***” For SERS, two mechanisms are widely
accepted, which are the chemical mechanism (CM) and the
electromagnetic mechanism (EM).**** CM is formed by a charge
transfer between the target molecule and the substrate. It
usually has a minor enhancement factor of 10 to 100.** CM is
commonly referred to as the “first layer effect” because of the
small distances needed for charge transfer. In some studies, the
first monolayer molecules absorbed on the substrate often show
a much larger SERS cross-section than the second layer.*® Such
a reason necessitated a small uniform rough surface to obtain
an improved chemical signal. The localized electromagnetic
field caused by surface excitation plasmon (SPs) is the basis of
the EM mechanism. SP is the coherent oscillation of conduction
electrons under the condition of light illumination.*** The
light-induced electromagnetic field results in a significant
increment of the cross-section of the Raman scattering, and the
Raman enhancement factor could reach up to 10° or more.***53
To achieve higher SERS performance, easily fabricated metallic
nanostructures are the most common and useful SERS-
enhanced materials. The most used materials are Au and Ag,
which can induce larger electromagnetic fields under light
excitation. It has been proved that the higher SERS performance
occurs at the edge of the metallic structures.***® Different kinds
of metallic nanomaterials with verifying morphology have been
designed and applied in SERS, which illustrate good perfor-

57,58 59-61

mance such as nanodisks, nanopores, nanopillar,®>*
nanoparticles,*** nanoprime,**® nano spheres,*® nanostar,*
nanocubic,” nanooctahedron”™ and nanowires.””? Wang”?

designed and fabricated an Au@Ag core-shell structure with
a strong localized plasma resonance effect. By applying the 4-
MBA (4-mercaptobenzoic acid) as reporter molecules, he could
detect the prostate-specific antigen with a LOD of 0.94 fg mL™".
Ganesh’ designed a quantum organic semiconductor with
a strong charge-transfer effect with bio-molecules, and applied
it to detect DNA in the cancer cell. Due to the CM mechanism of
SERS, the SERS signal was enormously enhanced and the LOD
was 10~ " mol L', By analyzing the SERS spectra, Ganesh
decoded the bases of the cancer genome, and revealed the
expression of genomic DNA variation.” Huang” used disor-
dered gold nanopores as SERS substrates, and successfully
analyzed the order of bases in oligonucleotides through the
SERS spectra. Owing to the high sensitivity and selectivity, SERS
illustrates the great potential in the detection of SARS-CoV-2.
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Except for the morphology-dependent SERS performance,
the gap between the coherent nanostructures also affects the
enhanced SERS intensity. It has been widely accepted that the
smaller gap results in larger SERS enhancement factors.***
Ojodomo J. Achadu™ reported that a 3-dimensional porous
magnetic nanoparticle 3D mag-MoO;-PDA@Au NS (molyb-
denum trioxide-polydopamine-gold functionalized nano-
sphere) was designed as SERS “hot spots” in detecting SARS-
CoV-2 (Fig. 2a). By applying an external magnetic field, the
aggregated 3D mag-MoO;-PDA@Au NS showed an unprece-
dented SERS amplification. ACE2 was used as a bio-probe to
specifically bind to the SARS-CoV-2 spike protein, which was
applied as an analyte. During his experiments, the smaller
nanogap between the coherent magnetic nanoparticles was
magnetically induced by an external magnetic field, which
resulted in high SERS performance. Meanwhile, the smaller
gaps can generate the sandwich architecture that is the (NS-
ACE2)-(S protein)-(ACE2-NS) structure. In this sandwich archi-
tecture, the SERS signal binding between the ACE2-(S protein)
was largely enhanced with a detection limit of 4.5 fg mL ™.

SERS can directly identify the structural information of
analytes. Yusi Peng”” used Nb,C and Ta,C MXenes as SERS
substrates to directly identify the SARS-CoV-2 S protein with
a LOD of 5 x 10~° mol L' (Fig. 2b). However, direct identifi-
cation methods are mainly applied in detecting pre-purified
molecules. For complex compounds, the overlap of the char-
acterized SERS peaks limits its application in detecting SARS-
CoV-2 due to multi-component samples. The application of
a bio-probe is more reliable in detecting SARS-CoV-2. ACE2 and
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the S protein antibody are important molecules that can bind to
the S protein of SARS-CoV-2. The ACE2 possesses strong char-
acteristic Raman peaks, and the intensities of some character-
istic peaks are reduced when the interaction occurs between
ACE2 and S protein” (Fig. 2¢). By analyzing the intensity change
of the characteristic peaks (e.g., 1189 ecm ™) of ACE2 and the
appearance of a signal at 1182 cm ™" belonging to the SARS-CoV-
2 virus, it was easy to confirm the existence of the SARS-CoV-2
virus. The SERS performance of biomolecules is relatively
weak. To enhance the SERS intensities,** the Raman-sensitive
molecules are always selected as indicators, which were used
to label the bioprobes. Zhang” used 4-MBA (4-mercaptobenzoic
acid)-labeled Ag NPs as SARS-CoV-2 spike antibody nano-tags
(Fig. 2d). The few-layer Au NPs modified by the SARS-CoV-2
spike antibody were fabricated as SERS-immune substrates.
This SERS-based sandwich biosensor can detect the SARS-CoV-2
spike protein with a LOD of 0.77 fg mL " in phosphate-buffered
saline and 6.07 fg¢ mL™" in untreated saliva, respectively. In
addition, this biosensor is able to detect the SARS-CoV-2 spike
protein in serum and blood with the LOD of 7.60 fg mL ™" and
0.10 pg mL ™", respectively.

The testing of IgG and IgM antibodies is a good method for
COVID-19 diagnosis. It has been reported that the anti-SARS-
CoV-2 IgM/IgG antibodies are detectable within 0-5 days after
symptom onset.*® Normally, lateral flow immunoassay (LFIA)
methods are widely applied to detect anti-SARS-CoV-2 IgM/IgG
antibodies. In a typical LFIA process, a liquid sample contain-
ing the target analytes flows along the strip.®” During the
movement of the sample, the target analytes are labeled by
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(a) Diagram of the 3D mag-MoOs-PDA@AuU nanostructure modified with ACE2 acting as SERS material, and scheme of the sandwich

structure after immunoreaction with a spike protein. Reprinted with permission from ref. 76. (b) Raman schematic diagram and the SERS spectra
of the Ta,C nano-sheets (NSs) for the Raman scattering of the SARS-CoV-2 S protein with a concentration of 107° mol L~* under the excitation
laser at 532, 633, and 785 nm. Reproduced with permission from ref. 77. (c) State-of-the-art diagram of silver-nanorod SERS (SN-SERS) substrate
functionalized with ACE2 for interrogating SARS-CoV-2. The ACE2@SN-SERS array generated strong SERS signals that were significantly
quenched after the binding of the SARS-CoV-2 spike protein. Adapted with permission from ref. 78. (d) Schematic illustration of the SERS-based
immunoassay. The 4-MBA labeled AgNPs-antibody and AuNPs-antibody layers were both stabilized by BSA, and they were applied to form
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from ref. 79.
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metallic Au NPs and then flow to the test lines. The test lines are
functionalized with probes that can specifically bind to the
analyte and illustrate a color change.*** However, LFIA is based
on colorimetric analysis, and it has the disadvantage of low
sensitivity and poor quality. The SERS-LFIA method is a good
candidate for diagnosing COVID-19 through strong, specific,
and stable SERS signals.”*®* In a study by Haifeng Liu,* the
SARS-CoV-2 IgM/IgG antibodies in clinical samples were
analyzed through a SERS-LFIA in 25 minutes (Fig. 3a—c). Shi-
liang Chen®® also performed similar work in which the IgM and
IgG test lines were integrated on the same strip (Fig. 3d and e).
The LOD for IgM and IgG were 1 and 0.1 ng mL ™", respectively.

These methods, combined with artificial intelligence (AI),
are a promising way to distinguish small changes in the optic
spectra, and it is meaningful in SARS-CoV-2 detection. In
principle, SERS can be directly applied in detecting SARS-CoV-2
without any probes or labels. However, unexpected organic
compounds always coexist when taking samples from human
bodies. The mixed sample shows a complex SERS spectrum,
which makes it very difficult to distinguish the characteristic
peaks of SARS-CoV-2. In such a case, deep learning could help.*®
Deep learning methods combined with SERS have been widely
applied in analyzing bio or chemical materials, such as
cancers,””*® bacterial lysate,” honey varieties,'*® and viruses.'**
In the study of Jinglin Huang,” the Ag NPs-coated Si was
applied as a SERS substrate to detect the SARS-CoV-2 antigen
(Fig. 4). In his study, a deep learning model was applied to train
to distinguish the SERS detection spectrum of S proteins of
SARS-CoV-2, SARS-CoV, and Middle East respiratory syndrome
coronavirus (MERS-CoV), and the model illustrated an identi-
fication accuracyof 87.7%. C. Carlomagno'®* also designed
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a deep learning model for detecting SARS-CoV-2 in saliva
samples with an accuracy within the range of 89% to 92%.
These methods, combined with artificial intelligence (AI), is
a promising way to distinguish small changes of the optic
spectra, and it is meaningful in SARS-CoV-2 detection.

Breath volatile organic compounds (BVOCs) analysis is
a non-invasive method that allows for analyzing cancer at an
early stage through analyzing biomarkers in exhaled breath.'**
Interesting research has been performed by Shi Xuan Leong,'*
who came up with a strategy for directly identifying infection of
SARS-CoV-2 by combining SERS with breath volatile organic
compounds (BVOCs) (Fig. 5). SARS-CoV-2 is a virus that can
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(a) Scheme of the preparation of the dual-layers DTNB-modified SiO,@Ag NPs, in which the DTBA acts as indicators. (b) Image of the

preparation of the SARS-CoV-2 S protein-modified SiO,@Ag SERS tags. (c) Operating principle of the high-sensitivity and simultaneous analysis
of anti-SARS-CoV-2 IgM/IgG via the SERS-LFIA strip. Adapted with permission from ref. 84. (d) Schematic diagram of the SERS-based strip for the
detection of IgM and IgG. (e) Scheme of the preparation for the Au core@4-NBT@Au shell structure. Reproduced with permission from ref. 85.
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cause pneumonia, which makes the BVOCs a method of
detecting SARS-CoV-2 with an innate advantage. It has been
reported that the coronavirus can induce immune responses
and metabolic changes, which has been confirmed by analyzing
the changing of aldehydes, ketones, and alcohols in exhaled
breath.'®'*® Normally, mass spectra are widely applied in
detecting BVOCs'”'*® with a sensitivity and specificity of
around 80%. However, it is a time-consuming and money-
consuming method. The combination of Raman spectra and
BVOCs technique illustrates advantages, such as being simple,
portable, and inexpensive.

SERS sensors combine the detection of optical physical
information and biological chemical information, and can
achieve ultrahigh sensitivity with high selectivity. However, to
achieve the best performance, the morphology of the SERS
substrate formed by the noble metal needs to be optimized for
best Raman signal enhancement. In addition, the repeatable
utilization of the SERS sensor and the specially designed noble
metal substrate are challenging for developing low-cost SARS-
CoV-2 sensors. Finally, SERS needs a relatively complicated
Raman system to support the collection of high-resolution
Raman spectra for high-sensitivity detection. The
commercially-available fiber-based Raman system has been
limited by low resolution in Raman spectra. Therefore, the
development of compact, high-resolution, convenient, reusable
SERS systems and sensors is highly desirable.

4. Surface plasmon resonance (SPR)

Surface plasmon resonance (SPR) is a collection of oscillations
of free electrons on a metal surface that is induced by incident
light. The first application of the SPR biosensor was designed by
Liebenberg and Nylander in 1982.' Since then, the SPR
biosensor as a surfacing sensing technique has been widely
applied in the interdisciplinary study between chemistry,
physics, and biology.'"® Nowadays, SPR biosensors have been
widely applied in fundamental biological studies, drug
discovery, affinity of bimolecular binding, clinical diagnosis,
and environmental science and agriculture. The surface plas-
mon resonance (SPR) sensor as a surface sensing detection
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method has been applied in bio-applications for a long time due
to its advantages, such as the simple, low-cost, rapid, real-time
monitoring, label-free detection, revealing the binding kinetics
of patient antibodies."***> The SPR biosensing platform relies
on changes in the localized refractive index (RI) of the sensing
surface, which is caused by the binding between bio-probes and
bio-analytes. In the SPR surface technique, the incident light
can cause excitation of the charge density oscillation, which
propagates along the interface between the metal-dielectric
interface. To excite the SPR, the incident light has to satisfy the
following condition:'**

2T . 27 (e + 12\
71’1 sin § = 7 (m) (1)

where &, is the real part of the dielectric constant of the metal,
n is the refractive index of the metal, n, is the refractive index of
the sensing medium, and 6 is the angle of incident light. When
the analyte flows through the surface of the SPR biosensor, the
refractive index of the metallic surface changes, resulting in
a change of excitation conditions. To re-excite the SPR, nor-
mally, the wavelength or incident light angle of the excitation
light needs to be realigned. Based on such physical principles,
the incident light intensity-dependent, incident light angle-
dependent, or resonance light-phase SPR biosensors have
been designed and applied. For the angle modulation SPR
biosensor, the wavelength of the incident light source is fixed.
With the changing of the dielectric constant of the measured
medium, the resonance angle will shift."****® The angle modu-
lation SPR biosensor possesses the advantage of a simple
structure and cheap optical-electrical units. However, it relies
on high-quality angle modulation devices and low capability in
real-time monitoring. The architecture of intensity-modulated
SPR biosensors is the same as angle modulation SPR biosen-
sors. The reflected light intensity is collected, which is related to
the RI change of analytes. This type is simple and easy to
measure, but the signal-to-noise ratio is relatively low, and it is
easily disturbed by light source fluctuations and environmental
changes.'”*® For the wavelength-modulated SPR biosensor,
a white light source is commonly used. The SPR spectrum was
obtained by using a spectrometer, which shows the intensity of
the reflected light with a minimum at the resonance wave-
length. A small change in the refractive index of the analyte near
the sensing surface can cause a significant shift in the resonant
wavelength in the SPR spectrum.'***** Phase modulation SPR
biosensors measure the phase characteristics of the light re-
flected under the condition of surface plasmon resonance.
When the refractive index of the measured medium changes,
the phase of the spectrum obtained by the spectrometer will
also change accordingly. The phase modulation SPR biosensors
can measure small shifts in the phase of light in the plasmon
resonance region, which is derived by windowed Fourier
transform,'***® and the detection limit can be improved by two
orders of magnitude compared to angle modulation and
wavelength modulation. In comparison with measuring the
light intensity and wavelength, the phase is much more stable.
The only disadvantage of the phase modulation SPR biosensors

© 2023 The Author(s). Published by the Royal Society of Chemistry
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is a complex setup that requires good knowledge to select the
proper optic units.

In comparison to a planar Au film, the metallic nano-
structure illustrates a higher performance. The metallic nano-
structures (such as Au and Ag NPs) possess plasmonic
properties of strong and controllable optical signal enhance-
ment, and manipulation capabilities."™* By proper design of the
morphology of the metallic nanostructures, the SPR wavelength
can be determined at a certain wavelength, which could
improve the sensitivity of the SPR biosensors.***** In a study by
Guangyu Qiu,*” the dual-functional plasmonic photothermal
biosensor was applied in detecting the SARS-CoV-2 RNA
sequence (Fig. 6a). Two-dimensional gold nanoscale islands
(AuNIs) functionalized with DNA complementary receptors
formed the sensing interface. The DNA reporter with specific
DNA sequences can interact with SARS-CoV-2 RNA through
nucleic acid hybridization. A microfluidic chip integrated with
the sensing surface was designed as the detection chip. During
the detection process, an external laser was applied to heat the
sensing surface, which was induced by the plasmonic photo-
thermal (PPT) effect of AuNIs and the calculated temperature of
around 41 °C. Using two different angles of incidence, the
plasmonic resonances of PPT and LSPR can be excited at two
different wavelengths, which increased the stability, sensitivity,
and reliability of the detection. By applying the PPT effect in
SPR, the kinetics of DNA hybridization was largely increased,
which decreased the binding time. The SPR biosensor respon-
sible sensitivity also increased and the LOD was 0.22 pM.

To improve the sensitivity, another way is to increase the
“mass” of analytes by designing sandwich structures that largely
change the RI of the sensing surface. Normally, the Au NPs
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modified with a bio-probe are applied as the top materials to
bind to the analytes, which have been bound to the sensing
surface. In the architecture of the sandwich structure, Au NPs
play two functions: (1) the localized plasmon effects between Au
NPs and the Au film can enlarge the changes of resonance
wavelength. (2) The Au NPs bounded to the sensing surface can
make a bigger mass change, resulting in a larger RI change. By
applying the sandwich structure, the detection limits for
detecting the SARS-CoV-2 RAN sequence'?® (Fig. 6b), N protein**®
(Fig. 6¢), and S protein*** (Fig. 6d) are improved.

In comparison with the most common ATR structure, the
SPR biosensor based on fiber optic surface plasmon resonance
(FO-SPR) is also widely applied in bio-detection. In the FO-SPR
sensor, the light propagates along with the optic fiber through
total internal reflection. For each reflection, the evanescent
wave is generated, which can excite the Au film and generate the
surface plasma to propagate along with the Au film. With
changing the surface complexes on the Au film, the exciting
light wavelength intensity is changing or the excitation light
wavelength should be optimized. The exposure sensing surface
of FO-SPR can be directly put into the analyte's solution with the
out-coupling of microfluidics channels. Moreover, the light is
restrained in the optic fiber, which reduces the complexity of
the alignment of the optic path. These properties make the FO-
SPR an easy-to-fabricate device with high stability and good
sensitivities. Jia-Huan Qu'*”? designed a fiber-optic surface
plasmon resonance (FO-SPR) biosensor in detecting anti-SARS-
CoV-2 antibodies (Fig. 7a). This sensor greatly reduces the
detection time-to-result of only 30 min compared to the
conventional ELISA, and with enormous potential towards
other applications in need of antibody quantification and
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(a) Schematic and experimental setup of the dual-functional PPT-enhanced LSPR biosensing system. Reproduced with permission from

ref. 127. (b) Scheme of the SPR spectral imaging platform integrated with a microfluidic chip. A typical spectral image is shown, and it was
obtained from the CCD. Reproduced with permission from ref. 128. (c) Schematic representation of the gold-coated sensor disk (Au-disk)
surface modified with antigen SCoV2-rN, which was applied as an interactive surface. Reproduced with permission from ref. 129. (d) The SPR
biosensor was designed using a sandwich structure. Reproduced with permission from ref. 130.
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kinetic profiling. Alireza Samavati**® used graphene oxide/Au/

fiber Bragg grating (FBG) as a sensing interface in detecting
the SARS-CoV-2 S protein in the saliva sample (Fig. 7b). This
FBG probe can quickly detect COVID-19 within 10 s.

The SPR sensor has the great advantage of commercially-
available systems and supporting facilities. However, for effi-
cient SARS-CoV-2 detection, SPR faces several severe issues to
resolve. First, the detection surrounding should be stable,
especially for the temperature. Second, for the detection
mechanism by SPR, interference of SARS-CoV-2 detection by
SPR easily occurs by impurities in the solution, which reduces
its specificity. The complexity of real samples needs to be
minimized or eliminated by signal processing.

5. Field-effect transistors (FETs)

The FET biosensor is a label-free, highly sensitive, fast, and low-
cost detection method.™* By combining it with kinds of bio-
probe and advanced functional nanomaterials,"*® FET biosen-
sors have been applied in detecting various bio-molecules and
diagnostic diseases.”®® Through screening the readable and
amplified electrical signals, which are generated through an
interaction between target bio-molecules and bio-probe on the
sensing interface, the FET-biosensor can real-time monitor the
detection process.'?”*?®

Graphene is the most used channel material in FET. Gra-
phene as an atomic thickness two-dimensional(2D) material has
been regarded as the most renowned material."***** The near
ballistic transport and high level of mobility of graphene
make it an attractive platform for nanoelectronics applica-
tions,**'*” particularly for high-frequency applications. Due to
the scalability of graphene, devices achieve 2D atomic dimen-
sions.*®'* In addition, its optical and mechanical properties are
ideal for micro/nano-mechanical systems, thin film transistors,

143-145
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transparent and conducting electrodes, and photonics.’*>'*!
Graphene is a gapless semimetal with zero overlap between its
conduction band and its valence band. At room temperature,
graphene demonstrates a strong ambipolar electric field effect
and possesses high carrier mobilities of ~1 x 10 cm®> V™' s 1,152
For the suspended graphene, its mobility can approach 2 x 10°
em® V' s 7! at a low temperature.’® In the past decades, the
graphene-based field-effect transistor (G-FET) biosensors were
widely applied in the detection and diagnosis of diseases, such
as Ebola virus,” heart failure,” human immunodeficiency
virus (HIV),"® cancer,”” and viral exosomes in cells.'*® Giwan
Seo™ designed a graphene-based FET biosensor, and applied it
in the real-time detection of SARS-CoV-2 (Fig. 8a) with a LOD of
242 copies/mL. This FET biosensor could detect the SARS-CoV-2
spike protein at concentrations of 1 fg mL™' in phosphate-
buffered saline and 100 fg mL™" in clinical transport medium.
Michael Taeyoung Hwang'* used a liquid top-gated graphene
FET biosensor with SARS-CoV-2 antigens with a LOD of 1 aM.
Jiahao Li** applied reduced graphene oxide-FET in the detection
of SARS-CoV-2 RAN with an LOD of 0.37 fM in 2 min. In the study
of Jiahao Li,** the RGO-FET was applied in detecting SARS-CoV-2
RAN. The RGO solution was drop-casted on the FET channel,
and the AuNP functionalized with complementary phosphono-
diamidite morpholino oligos (PMO) probe was decorated on
RGO to form a detection surface (Fig. 8b). The RGO-FET was
applied in detecting RNA-dependent RNA polymerase (RdRP) in
PBS, throat swab, and serum with the LODs of 0.37, 2.29, and
3.99 fM, respectively. The RGO-FET also was applied in detecting
clinical samples in 2 min. A similar study was also performed by
Esteban Piccinini.'*® He used the RGO-FET with a coplanar Ag/
AgCl gate in the detection of the SARS-CoV-2 S protein with an
LOD of 0.74 nM.

Except for carbon-based 2D materials, one-dimensional
carbon nanotubes (CNTs) based on FET have been widely

157
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(a)

(b)

Fig. 8 (a) Schematic diagram of the COVID-19 FET sensor operation
procedure. Graphene is chosen as the sensing material, and the SARS-
CoV-2 spike antibody is conjugated on the graphene sheet through
the i-pyrenebutyric acid ester N-hydroxysuccinimide, which is an
interfacing molecule as a probing linker. Reproduced with permission
from ref. 139. (b) Schematic diagram of the PCR-free rapid direct
identification of COVID-19 using the PMO-functionalized G-FET
nanosensor. Reproduced with permission from ref. 31.

studied in bio-detection. CNTs are molecular-scale wires with
high mechanical stiffness and strength.”® An SWNT with
different chirality illustrates different electrical properties. It
can be metallic, semiconducting, or semimetallic.'®* CNTs
possess excellent electrical properties, good biocompatibility,
and good size compatibility. These characteristics make it
a good channel material to fabricate sensitive FET biosensors in
detecting SARS-CoV-2.'%'% Mazin A. Zamzami'®* designed
a nanotube-based field-effect transistor in detecting SARS-CoV-2
S protein antigens. The single-wall carbon nanotubes (CNTS)
with a length of 5-30 um and a diameter of 1 to 2 nm were
functionalized with the SARS-CoV-2 S protein antibody, which
acts as a bio-probe to bind the SARS-CoV-2 S protein. The FET
was fabricated on Si/SiO, substrates and designed using
a backdated structure. The CNTs-FET can respond to the SARS-
CoV-2 S protein diluted from 0.1 to 5000 fg mL ", and the LOD
was 4.12 fg mL ™" of SARS-CoV-2 S protein in a 10 mM AA buffer
solution (Fig. 9a). Wenting Shao'*> designed an SWCNTs-FET, in
which the top gated structure was constructed by using a silver/
silver chloride reference electrode (Fig. 9b). The SWCNTs
modified by anti-SARS-CoV-2 S protein antibody were applied as
a sensing interface. The LODs for detecting the S protein
antigen and N antigen (NAg) were 0.55 fg mL ™' and 0.016 fg
mL ", respectively. M. Thanihaichelvan'®® used a top-gated
CNT-FET in detecting the target sequence of the SARS-CoV-2
virus. The gate electrode is the Ag/AgCl electrode, and the
CNT functionalized with probe oligonucleotide was used as the
sending interface. The detection limit for the oligonucleotide is
10 fM.

Except for graphene, 2D semiconducting materials hold
great promise in the detection of biomolecules with higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Schematic diagram of the CNT-FET biosensor for detecting
the SARS-CoV-2 S protein. Reproduced with permission from ref. 161.
(b) Schematic illustration of a liquid-gated SWCNT FET for the
detection of SARS-CoV-2 SAg and NAg. Reproduced with permission
from ref. 162.

sensitivity due to their tunable bandgap and the high surface-to-
volume ratio.’® In the 2D materials domain, transition metal
dichalcogenides (TMDs) attracted much attention in designing
TMDs FET-biosensor due to their direct bandgap, biocompati-
bility, and high mobility."”® Molybdenum disulfide (MoS,) as
a new type of 2D layered transition metal dichalcogenides has
been widely applied in FET. MoS, possesses lots of unique
electronic, optical, and mechanical properties. Unlike the
electric properties of graphene,”"'”> MoS, is a semiconductor
with both the top and bottom surface of the Mo atoms layer
bonded by the sulfur atoms to generate a covalent Mo-S band
with the polarity in the vertical direction to the surface.'”*'"*
Junqging Wei'*” designed a MoS,-FET in detecting antibodies
using the SARS-CoV-2 S protein receptor in vaccinated serum
specimens (Fig. 10a). The MoS,-FET can quantitively detect the
IgG within the range of 10> to 10° mg mL ™.

Like single-layer MoS,, WSe, as a TMD material is
a direct bandgap semiconductor with bandgaps (E,) between
1.2-1.8 eV."® WSe, films have pristine surfaces free of
dangling bonds that can reduce surface roughness scattering,
and lead to high mobility."”® The free dangling bonds also
reduce interface traps, and result in a low density of interface
states on the semiconductor-dielectric interface.'”® Parvin
Fathi-Hafshejani'®® designed and fabricated a WSe2-based
FET, and it was applied to detect the SARS-CoV-2 virus with
a LOD of 25 fg uL ' (Fig. 10b).

The FET detection of SARS-CoV-2 can achieve high sensi-
tivity, but the selectivity is relatively low. The challenge for the
FET SARS-CoV-2 sensor is to achieve highly selective recogni-
tion. For FETSs, the electrical signal changes induced by bio-
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interfaces need to be screened by stable control samples, and
some fake electrical signals should be carefully identified.
Another problem is the re-utilization of the FET SARS-CoV-2
sensor. The regeneration of SARS-CoV-2 bio-interfaces may be
complicated for FETs construction. The reliable regeneration of
the FET SARS-CoV-2 nano-biosensor needs more investigation.

6. Fluorescence

Fluorescence spectroscopy is a powerful identification tech-
nique and images the emitters with ultra-high sensitivity, and
its LOD reaches the single molecule level."”” Fluorescence-based
sensing techniques possess advantages, such as high speed,
easy operation, good sensitivity, real-time motoring, good
biocompatibility, and noninvasive characteristics.””®'”* Fluo-
rescence biosensors are the most popular optic devices, and
they have been widely studied and used in bio-detection and
disease diagnosis.'®****> Fluorescence biosensors can directly
provide the readout of bio-analytes or bio-interaction informa-
tion that is located or occurs in different biological organisms
and living cells.*®

The most common fluorescence biosensors are based on
metal-enhanced fluorescence or plasmon-enhanced fluores-
cence. Metallic nanostructures can generate localized surface
plasmon, which can excite the fluorophore near the metallic
nanostructures more efficiently and increase the decay rate,
resulting in stronger fluorescence.'*®'** The enhancement of the
fluorescence can be affected by several factors, such as the
morphology of metallic NPs, the distance between the fluo-
rophore and the NPs, the quantum yield of fluorophores, as well
as the spectral overlap between SPR and excitation/emission

17892 | RSC Adv, 2023, 13, 17883-17906

spectra of the fluorophores.” A grating-coupled fluorescent
plasmonic (GC-FP) was studied in detecting SARS-CoV-2 by
Nathaniel C. Cady'** (Fig. 11a). The sensing interface was a gold-
coated nanoscale grating, and the SARS-CoV-2 antigens or
control proteins were sprinted with an array of 400 um diameter
spots. The Alexa Fluor 647 tagged anti-human IgG was applied
to enhance the detection fluorescence intensity. This
fluorescence-enhanced biosensor can simultaneously detect the
antibody levels for multiple antigens using one sample, and the
maximum measuring time was 27 min. The GC-FP biosensor
possesses a selectivity of 100%. In comparison with the fluo-
rescence biosensors based on a single signal change, the
radiometric fluorescence biosensors are more attractive. Forster
resonance energy transfer (FRET) is a good choice to design
a radiometric fluorescence biosensor. FRET is a non-radiative
physical process, in which the donor is excited by extra
energy, and then transfers its energy to an acceptor proximal to
the ground state via long-range dipole-dipole interactions.*®
The molecular chromophore that offers the energy is regarded
as a donor (D), and the molecular chromophore that accepts the
energy is considered an acceptor (A). The donor chromophore,
originally in the ground state, is transferred by absorbing an
external photon into an excited state. Its energy is transferred to
the acceptor through the nonradiative process of energy trans-
fer from dipole to dipole, thus being transferred back to the
ground state. There is also a competing process that exists. The
excited photons in acceptors and donors both can lose energy to
the ground state by emitting fluorescence. During the FRET
process, several requirements must be satisfied. Firstly,
adequate spectral overlap between the excitation of the acceptor
and the emission of the donor should exist. Secondly, the FRET

© 2023 The Author(s). Published by the Royal Society of Chemistry
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process is efficiently affected by the distance between donor and
acceptor. The FRET efficiency is inversely associated with the
sixth power of the distance between the donor and the acceptor.
For such reason, the distance between the donor and acceptor
should be within a range of 10 nm."*** Thirdly, for the dipole-
dipole interaction, at least one donor and acceptor should
possess a certain degree of rapid rotational freedom to obtain
favorable energy transfer orientation. When all of these condi-
tions are satisfied, the excited electrons in the donor have
a possible competing pathway to transfer their energy to the
acceptor, instead of emitting energy as fluorescence. For the
fluorescence biosensors, two elements are required, which are
the recognition element and a reporter.” The recognition
element is responsible for selectively binding to the analyte,
while the reporter can generate the signal. When the recogni-
tion element combines with the analyte, the fluorescence signal
that comes from the reporter could be quenched™ or
enhanced™® fluorescence. Byunghoon Kang'®® developed an
ACE2 mimic peptide beacon (COVID-19-PEB) for the simple
detection of SARS-CoV-2 using a FRET system (Fig. 11b). The
COVID-19-PEB can specifically bind to the S protein RBD of the
SARS-CoV-2. In the absence of the SARS-CoV-2, the COVID-19-
PEB is a form of a hairpin structure, in which the fluores-
cence signal is minimum due to the FRET process between the
BHQ2 (as acceptor) and Cy3 (as donor). Under the condition of
the existence of ARS-CoV-2, the hairpin structure of COVID-19-
PEB is open, resulting in an increase in the fluorescence
signal within a short period. The LOD of this method is 52.5 pM.
Ghasem Rezanejade Bardajee'®® designed a FRET pair, where
the BHQ2 was applied as an acceptor and Cy3 was applied as
a donor in detecting the specific RAN sequence of the SARS-

© 2023 The Author(s). Published by the Royal Society of Chemistry

CoV-2 (Fig. 11c). The complementary sequence of the target
SARS-CoV-2 sequence was divided into two parts. One part is
modified with Cy3 organic dye, and another part was func-
tionalized with BHQ2. In the absence of a complementary
sequence, the FRET occurred. In the presence of the comple-
mentary sequence, the efficiency of the FRET was blocked,
resulting in the fluorescence intensity decrease. Through such
a design, the LOD is 0.0995 uM. He' used CdTe/ZnS QDs as
a donor and BHQ2 as an acceptor (Fig. 11d). By properly
designing the CdTe/ZnS-DNA and BHQ2-DNA structures, the
sandwich structure (CdTe/ZnS-DNA)-(target SARS-CoV-2 RNA)-
(sequence-DNA) was formed, in which the FRET between the
CdTe/ZnS and BHQ2 occurred. By adjusting the on/off of the
FRET process, the target SARS-CoV-2 RNA sequence was detec-
ted with an LOD of 0.000823 puM.

Fluorescence methods have the advantage of direct low-cost
identification with highly commercially-available detection
systems. However, fluorescent SARS-CoV-2 sensors are affected
by the detection conditions. The modification of the labeled
bioprobes is complicated, and the fluorescence intensity can be
affected by several factors. Therefore, the fabrication of reliable
and easily fabricated fluorophore label bioprobes needs to be
further studied.

7. Electrochemistry

Electrochemical transducers possess the characteristics of cost
efficiency, simplicity, high selectivity, and high sensitivity.'*®
The electrochemical sensors have been applied in detecting
various viruses, such as Hepatitis B virus,* Ebola virus,**
HIV,*** Hantavirus,>® and Epstein-Barr virus*** with excellent
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sensitivities. Electrochemical biosensors are a combination of
electroanalytical methods and bio-interaction, which occurs
between the bio-probes and the target analytes. The bio-probes
are responsible for identifying and binding to the analytes, and
the electroanalytical event plays a role in generating electro-
chemical signals, which is monitored by a transducer that is
related to the analyte concentration. There are mainly two kinds
of electrochemical biosensors that are biocatalytic devices and
affinity sensors.>® For biocatalytic devices, enzyme electrodes
are applied to identify target analytes such as glucose, lactose,
and xanthine and produce electroactive species. For the affinity
sensors, the electrodes functionalized with the bio-probes are
utilized to selectively bind to the analyte, such as an antibody,
nucleic acid, or receptors. The most used affinity sensors in
biology are based on immunosensors, where the antigen or
hapten are detected by using antibodies as bio-probes. The
electrochemical transducer transfers the binding event into
a readable electrical signal. The RNA/DNA affinity sensors also
play an important role in medical diagnostics, cancers detec-
tions, viral infections, and genetic diseases, where the
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complementary nucleic acid sequence is applied as a probe to
identify the target nucleic acid sequence.

In the electrochemical techniques, the current, potential,
and impedance are the main measurable parameters, in which
the voltammetry technique, impedance technique, con-
ductometry technique, and potentiometry technique are
applied.”” The voltammetric technique measures the current
changes between the working electrode reference electrode and
reference electrode by applying a potential. Electrolysis is the
result of the current using an electrochemical reduction or
oxidation at the working electrode. Electrolysis currents are
limited by the mass transport rate of the molecules toward the
electrode. The current is a reflection of the electrochemical
reduction or oxidation at the working electrode. When a scan-
ning voltage is applied, the current response is a spike that is
proportional to the analyte concentration. Voltametric methods
include linear sweep voltammetry (LSV), cyclic voltammetry
(Cv), differential pulse voltammetry (DPV) and square-wave
voltammetry (SWV).>** Lokman Liv**® used a CV platform to
detect SARS-CoV-2 spike antibodies in saliva and oropharyngeal
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(a) Schematic representation of SARS-CoV-2 detection using the electrochemical biosensor. Schematic illustration of the fabrication

process of an electrochemical genosensor. Adapted with permission from ref. 206. (b) Preparation of a premixed A and B, and the detecting
process by using electrochemical methods equipped with a smartphone. Adapted with permission from ref. 207. (c) Schematic illustration of the
fabrication process of an electrochemical genosensor. Adapted with permission from ref. 208.
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swab samples (Fig. 12a). The glassy carbon electrode (GCE) was
applied as the working electrode, and the BSA/S-gene/GluAl/
CysAm/Au/GCE (BSA: bovine serum albumin, S-gene: SARS-
CoV-2 antigen, GluAl: glutaraldehyde, CysAm: cysteamine)
complex was applied as a sensing surface. With the presence of
the SARS-CoV-2 spike antibody sample, the scan peak height
decreased due to the large size of the immuno-complex to block
the electron transfer. The proposed method illustrated a linear
response to the SARS-CoV-2 spike antibody in synthetic media
and saliva/oropharyngeal swab samples varied from 0.1 to 1000
ag mL™ ', and the LOD was 0.01 ag mL ™ '. Differential pulse
voltammetry (DVP) is a very sensitive technique owing to its low
capacitive current.*** In DVP, short pulses with small ampli-
tude are superimposed on a linear ramp, and enhanced
discrimination of faradaic currents is measured before and
after applying the pulse.”® By analyzing the relationship
between the potentials and the current difference of each pulse,
the potentials of the envisaged oxidation or reduction reaction
can be calculated.”* Hui Zhao®” applied a super sandwich-type
recognition strategy in detecting RNA of SARS-CoV-2 by using
portable electrochemical smartphone equipment with differ-
ential pulse voltammetry (DPV) (Fig. 12b). The probe nucleic
acid sequence was functionalized with Au@Fe;0,, and it was
applied to bind the target ssDNA. The total structure of nucleic
acid@Au@Fe;0, was named premix A. The premix B was
a host-guest complex that was Au@SCX8-TB-RGO-(labeled
signal obe) acting as a bioconjugate. The premix A, premix B,
and SARS-CoV-2 target sequence form a sandwich structure,
which illustrates a strong DPV signal with a LOD of 200 copies
mL. Leila Farzin®*® developed an early diagnosis of RNA of SARS-
CoV-2 by using DPV methods (Fig. 12c). The CPE-HT18C6(Ag)/
chitosan/SiQDs@PAMAM/probe (CPE: carbon paste electrode,
HT18C6: hexathia-18-crown-6, SiQDs: Si quantum dots)
sequence was applied in the detection of SARS-CoV-2 RARP
(RARP: RNA-dependent RNA polymerase) sequence. The
proposed nanosensor exhibited a wide linear range of detection,
which was 1.0 pM-8.0 nM.

In electrochemical impedance spectroscopy (EIS) measure-
ments, a small amplitude sinusoidal AC signal with different
frequencies are applied at working electrodes. Upon changing
the frequency of the AC, the ratio of the voltage to the current of
the AC signal changes. A small change in the electrode surface
can change the magnitude of the system impedance. Juan
Carlos Abrego-Martinez*** used EIS to detect the S protein of the
SARS-CoV-2. The LOD was 66 pg mL ™' in 40 min. Jie Zeng®*®
applied an impedimetric biosensor in detecting COVID-19
antibodies in serum. The gold micro-interdigitated electrodes
were photolithographed on SiO,. The SARS-CoV-2 S protein was
functionalized between the Au electrodes with a channel length
of 4 pm. With the assistance of AuNPs modified by antibodies,
the LOD of detecting purified anti-S protein antibodies was 200
ng mL~'. With the assistance of dielectrophoretic (DEP), the
detection time was shortened to 30 min by sacrificing the LOD,
which was 2 ug mL ™.

For the architecture of electrochemical biosensors, a three-
electrode system or a two-electrode system is widely applied,
where the working electrode plays a pivotal role.”***** A typical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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three-electrode electrochemical cell is made up of a working
electrode, a reference electrode, and an auxiliary electrode.
Normally, the semiconducting and conducting materials can be
used as working electrodes, such as carbon or platinum, that
can be in various sizes ranging from bulk materials and nano-
structures, which could affect the performance selectivity and
sensitivity.”** Normally, the reference electrodes and the auxil-
iary electrodes are Ag/AgCl and platinum wire, respectively. The
two-electrode system consists of the working electrode and
reference electrode under the condition of low current density.
Normally, the two-electrode system is generally applied in
disposable sensors because of their lower cost, and the long-
time stability of the reference is not needed. In comparison
with a two-electrode system, charge from electrolysis flows
through the auxiliary electrode instead of the reference elec-
trode, which protects the reference one from changing its half
cell potential in a three-electrode system. Abdulhadee Yakoh®"”
designed an electrochemical biosensor fabricated by using
paper applied in the detection of SARS-CoV-2 antibodies and
antigens (Fig. 13b). The test sheet consisted of 3 folding layers:
a working ePAD, a counter ePAD, and a closing ePAD (Fig. 13a).
The three-dimensional wax barrier was a printed pattern to
isolate the hydrophilic center of each zone in which the solution
could flow through to the working ePAD (Fig. 13c). The counter
electrode (CE) and the reference electrode (RE) were printed and
integrated on the counter ePAD. Through such architecture,
a three-electrode system was established. The SARS-CoV-2 spike
protein was modified on the test zone of the working ePAD. The
paper-based electrochemical biosensor can detect the SARS-
CoV-2 IgG and IgM in the range from 1 to 1000 ng mL ™" with
LODs of 0.96 and 0.14 ng mL "', respectively. Razieh Sala-
handish®*® designed a dual working-electrodes immune-
biosensor in detecting SARS-CoV-2 N-protein in spiked
samples, in which the N protein antibodies are applied as bio-
probes (Fig. 13d). The two working electrodes can simulta-
neously give the detecting results, which can corroborate each
other (Fig. 13e). This biosensor can reach the LOD of 56 fg mL "
and the detection time is 1.5 min.

For the electrochemical biosensors, the bio-probes play
important roles in biosensing. Genxi Li and his research team
have made great progress in designing electrochemical
biosensors combined with kinds of bio-probes that have been
applied in detecting SARS-CoV-2 viruses. In his study, signal
amplification was applied, and it proves that the terminal
deoxynucleotidyl transferase catalyzes the hairpin assembly
(CHA) with amplificated electrochemical signals. By using this
method, the LOD for detecting SARS-CoV-2 RNA,*** the N genes
and the RARp genes®** were 26 fM and 57 fM, respectively. He
also proposed an electrochemical biosensor for the detection of
SARS-CoV-2 based on the aid of the target-triggered cascade
signal amplification strategy. This method possessed a LOD of
45 fM in detecting ssDNA of SARS-CoV-2, with a broad linear
range between 0.1 pM and 3000 pM.*** Except for the common
RNA or antibody detection, he came up with a new method that
used papain-like cysteine protease (PLpro) as a biomarker in
detecting SARS-CoV-2, which can be used in real surroundings,
including blood and saliva with a LOD of 27.18 fM.>*
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lization, followed by surface blockage using bovine serum albumin (BSA) for ultimate SARS-CoV-2 virus conjugation in clinical specimens.

Adapted with permission from ref. 218.

Electrochemical SARS-CoV-2 sensors have the advantage of
low-cost and commercially available systems. They can also
achieve high sensitivity by using carefully designed sensing bio-
interfaces. The challenges for electrochemical SARS-CoV-2
sensors remain in the repeatable quantified detection. For
electrochemical detection, the detection process needs to be
done in a three-electrode system in the electrolyte. Many envi-
ronmental impurities may influence the electrochemical
detection system, including potential, bio-interfaces or refer-
ence electrode stability. Therefore, a stable and robust electro-
chemical detection system should be designed to achieve
repeatable quantified detection with high sensitivity and
selectivity at the same time.

8. CRISPR-Cas and Argonaute

CRISPR-Cas**??® and Argonaute®*?*' systems are deemed as
the next-generation diagnostic technology, as excellent gene
editing tools. In particular, CRISPR-Cas12a and CRISPR-Cas13a
have attracted interest due to their highly accurate gene-editing
capabilities and crosscutting activities.”®* CRISPR-Cas-based
and Argonaute-based SARS-CoV-2 detection methods are more
specific, convenient, and reliable. Cas12 and Cas13 as RNA-
directed CRISPR-related proteins can be programmed to
detect specific DNA and RNA sequences from pathogens with
single-base pair specificity, respectively.?*>****** Ma et al
designed the CRISPR-Cas12a powered SERS bioassay for SARS-
CoV-2 detection with a LOD of 1.9 copies per mL.>** Ashwin
Ramachandran et al. constructed a selective ionic focusing
technique assistant CRISPR assay method in detecting SARS-

17896 | RSC Adv, 2023, 13, 17883-17906

CoV-2 RNA in 35 min. The assay was performed in a micro-
fluidic channel, in which the electric field control was used to
accelerate the CRISPR assay by cofocusing Cas12-gRNA re-
porters, and targets.?*®

Argonaute is a nucleic acid-oriented endonuclease that
prefers to be guided by short 5-phosphorylated single-stranded
DNA and cuts DNA substrates in the absence of a proto-spatial
adjacent motifs (PAM). The selection of target DNA cleavage
sites is not subject to specific sequence restrictions. Wang et al.
proposed a method called PLCR (Pyrococcus furiosus Argonaute
coupled with modified Ligase Chain Reaction), and applied this
technique to nucleic acid detection. In this method, the PfAgo
(Pyrococcus furiosus Argonaute) was applied to specifically
cleave DNA and LCR to precisely distinguish single-base
mismatch, where the PfAgo can only cleave target DNA guided
by phosphorylated DNA guides longer than 14-mer. By utilizing
this technique in other coronaviruses and multiplexed detec-
tion, it effectively reduced the detection time to less than 70
minutes.”*® Similar work also has been done by Wang et al., in
which PfAgo mediated nucleic acid detection method can
significantly reduce the time of detecting COVID-19.>* Ye et al.
developed a multiplex Argonaute (Ago)-based nucleic acid
detection system (MULAN), which was applied in RNA detec-
tion. The advantage of MULAN is that it possessed a detection
resolution of a single base, which illustrated good performance
in detecting mutant genotyping with a LOD of five copies per
reaction.”*

In summary, biosensing based on CRISPR-Cas and Argo-
naute proteins represents a conceptually novel paradigm for
virus detection. Due to their unique biocharacters, they can be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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independently used to detect viruses with excellent sensitivity.
The more important aspect is that they can be integrated with
some existing methods to suit diverse needs, such as being
coupled to fluorimeters,>®* FETS,>” SERS,>® and electro-
chemical biosensors.”*® These combinations have attracted
researchers’ interest, and have great potential in nucleic acid
detection with high specificity and sensitivity.

9. Colorimetric biosensor

The colorimetric biosensor is an excellent inspection tech-
nology because it is sensitive, simple, rapid, and inexpensive.
Colorimetric biosensors can rapidly detect SARS-CoV-2, espe-
cially in resource-limited regions, where external devices and
reagents are not needed.”®® The colorimetric detection tech-
nique is capable of providing results that are visible to the
human eye. The miniature devices based on the colorimetric
technique are popular because they are user-friendly, and they
can capture images via electronic benchtops, as well as wearable
devices. By applying nanomaterials, it can dramatically amplify
the signal intensity of colorimetric biosensors and improve the
sensitivity of biological target molecules.?** Gold nanoparticles
(AuNPs) are widely used in biomedical colorimetric assays
because they are simple to produce and physically stable. AuNPs
exhibit a unique optoelectronic feature where the chromogenic
effect is caused by the aggregation of the AuNPs.>** Karakus
et al. developed a simple and selective AuNP-based biosensing
platform that enables the colorimetric detection of the SARS-
CoV-2 spike antigen at the level of 1 ng mL™*. Karakus et al.
used the color change phenomenon caused by the rapid and
irreversible aggregation of AuNPs when the antibody interacts
with the antigen. Through this method, the color change can be
readily observed by eye, and its LOD was 48 ng mL ™ ".*! Some
performance comparisons of the colorimetric biosensors are
summarized in Table 1.

10. Mutation detection

SARS-CoV-2 has shown a strong capability for mutation, and
various mutations dominate the epidemic at different periods
in different countries. For detecting the mutation of SARS-CoV-
2, the best way is to detect the RNA sequence of the SARS-CoV-2
virus. By identifying the existence of the mutated RNA
sequences, the mutated SARS-CoV-2 can be detected. For the

View Article Online

RSC Advances

SERS, the base information located on the specific position of
RNA can be detected, but it requires a special SERS substrate or
special bio-probes. Lei Wu**® designed a stem-loop structure
that can specifically hybridize a perfectly matched DNA
sequence and the mutated DNA sequence (Fig. 14a). The closed
loop does show a SERS signal, while the open loop does not
have a SERS signal. This design has been applied in identifying
the mutated DNA sequence of cancer cells. Jian-An Huang>*°
reported an approach to control the residence time of the DNA
sequence through an Au hole (Fig. 14b). The DNA is absorbed in
a single nanoparticle and passes through the Au hole, and the
four DNA bases can be distinguished by analyzing the charac-
teristic Raman peaks of the bases. Another method based on
Raman spectroscopy in detecting the mutation of oligonucleo-
tides is tip-enhanced Raman scattering (TERS). For TERS, the
signals are mainly enhanced by the nanoscale gap between
asilver tip and a metal substrate. Due to the small size of the tip,
the TERS can resolve a single-stranded DNA/RNA molecule with
a spatial resolution below 1 nm (Fig. 14c¢).>*****?% This extremely
high resolution provides a possibility of figuring out the type of
mutated base and its position. For detection of mutation by
using SPR™'*® (Fig. 15a-c), fluorescence methods>*>?*
(Fig. 15d), FET**® (Fig. 15e), and electrochemistry methods>**
(Fig. 15f), the kinetic of the hybridization can reveal the exis-
tence of a mutation. Because of the existence of mutated bases,
the kinetic rate is changed, which can be monitored by
measuring the hybridization signal intensity vs. hybridization
time. However, these methods cannot specifically indicate
where the mutated base is located.

11.

Table 2 illustrates the LOD and the detection time of biosen-
sors applied in detecting SARS-CoV-2. All these biosensors
have been applied to detect the real sample of the SARS-CoV-2
virus, and show good sensitivity and short detection time. The
bio-probes such as ACE2, S protein antibody, and specific DNA
sequences are selected to bind to the specific component of
SARS-CoV-2. Among these biosensors, most of them rely on
single optic or electric signal changes caused by the state
changes on the sensing surface and the state changes, owing to
bio-interaction between the probe and the target analyte.
Consequently, the robust sample is always changing in iden-
tifying the SARS-CoV-2.

Perspective

Table 1 Description of colorimetric biosensors for the detection of SARS-CoV-2

Nanomaterial Biological recognition element Target LOD Ref.
AuNPs SSDNA Gene N 10 copies per pL 242
Fe3;0,4/Au core-shell Anti-spike protein antibodies Protein spike 1200 PFU mL ™" 243
AuNPs Antibody monoclonal (mAb) Protein spike 48 ng mL™* 241
AuNPs Antigen Protein N 150 ng mL ™" 244
AuNPs Antibody rabbit 1gG Protein N 3ng mL~’ 245
AuNPs-ACE2 ACE2 receptor Protein spike 1.54 x 10 * ng mL™" 246
AuNPs-N protein N-antigen IgG, IgM elgA 247
Polyurethane polydiacetylene Anti-N protein Protein spike 248

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) The microfluidic chip for SERS analysis of cellular DNA mutations. The NDA and mutated DNA pass through the microfluidic channel
coated with Au@Ag NRs. The mutant KRAS sequences maintain the stem-loop structure, resulting in the 'SERS-on’ state, while the KRAS is
disrupted due to the hybridization of target sequences with the molecular beacon resulting in the 'SERS-off’ state. Adapted with permission from
ref. 249. (b) The diagram of trapping the single DNA passing through the Au nanohole. By controlling the resident time, the specific base
information of DNA can be extracted by plasmon effects induced by the Au and nanoparticles. Adapted with permission from ref. 250. (c)
Diagram of identifying the base in the DNA/RNA sequence by using TESR. Adapted with permission from ref. 251.
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Target sequence: GACCCCAAAATCAGCGAAATGCACCCCGCATTACGTTTGGTGGACCCTCAGATTCAACTGGCAGTAACCAGA
Point mutation sequence: GACCCCAAAACCAGCGAAATGCACCCCGCATTACGTTTGGTGGACCCTCAGATTCAACTGGCAGTAACCAGA
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Adapted with permission from ref. 254.

SERS is an optic method with high accuracy because it
reveals the finger print information of the molecules. During
the SERS experiments, the characteristic peaks of the bio-
probes and the target analytes can be observed. Due to the
bio-interaction, the SERS intensity of the characteristic peaks of
the probe can change or shift. By analyzing the appearance of
the new peaks caused by the analytes and the changes in the

17898 | RSC Adv, 2023, 13, 17883-17906

probe SERS peaks, the existence of the SARS-CoV-2 can be
detected. The SERS substrates are the key to enhanced Raman
scattering. The chemically synthesized metallic nanostructures
are applied in SERS, but the introduced chemical bond in
synthesis always shows a strong fluorescence background or
even a strong Raman signal. This unexpected optic matter
highly affected SERS performance. Moreover, the repeatability

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The comparison of the different SARS-CoV-2 nano-biosensors
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R* for
Methods Analyte LOD Detection time  the linear fit  Selectivity =~ Ref.
SERS SARS-CoV-2 spike protein 1fg mL " 15 min 0.9201 76
SARS-CoV-2 spike protein 5x 10" ° mol L* — 77
Breath volatile organic compounds — 5 min 96.2% 103
(BVOCs)
SARS-CoV-2 virus in Crude water 255 copies per L 10 min 0.9688 78
SARS-CoV-2 spike protein 0.77 fg mL ™! 4h 0.99 79
SARS-CoV-2-specific IgM/IgG antibodies 100 fg mL ™! 30 min 90
IgM/IgG 1 pg mL ™" 25 minutes 0.99 84
IgM/IgG 0.1 nm mL™" 15 min 85
SPR COVID-19 ¢DNA sequence 1 pM 3 min 127
COVID-19 NA sequence 100 aM Real-time 128
SARS-CoV-2 N protein 85 fM Real-time 258
Anti-SARS-CoV-2 antibodies in whole 100 ng mL ™" 30 min 0.96 112
blood samples
SARS-CoV-2 in saliva 1.6 x 103 copies per mL 10 s 133
FET SARS-CoV-2 antigen protein 1 fg mL ™" in buff Real-time 139
SARS-CoV-2 virus from clinical samples 242 copy per mL
SARS-CoV-2 RAN 0.37 ftM Within 2 min 0.997 31
SARS-CoV-2 S protein antigens 4.12 fg mL " Real-time 92% 161
N antigen of SARS-CoV-2 0.016 fg mL ™' Within 5 min 162
RNA sequence of the SARS-CoV-2 virus 10 fM Real-time 166
SARS-CoV-2 S protein receptor 10 mg mL ™" — 167
SARS-CoV-2 virus 25 fg uL* Real-time 168
Fluorescence SARS-CoV-2 IgG antibodies 12.5 ng mL™* Within 7 min 259
SARS-CoV-2 virus in serum — ~30 min 0.998 100% 184
SARS-CoV-2 virus 52.5 pM 1h 185
RAN sequence of the SARS-CoV-2 0.0995 M 20 min 0.9945 186
SARS-CoV-2 RNA 0.000823 uM 25 min 0.9825 187
Electrochemical =~ SARS-CoV-2 spike antibodies in saliva/ 0.01 ag mL ™" 30 min 0.98 206
oropharyngeal swab
RNA of SARS-CoV-2 200 copies per mL 3h 0.999 High 207
RNA of SARS-CoV-2 1.0 pM 25 min High 208
S Protein of the SARS-CoV-2 66 pg mL " 40 min 0.9954 42.5% 215
SARS-CoV-2 S protein 200 ng mL™* 30 min 0.999 216
SARS-CoV-2 IgG and IgM 0.96 ng mL ™" for IgG 45 min 0.9928 217
0.14 ng mL~" for IgM
SARS-CoV-2 N-protein 56 fg mL " 1.5 min 0.99 218

of the SERS substrate has also affected the application of the
SERS.

The SPR biosensor is highly affected by the RI of the sensing
surface. The wavelength-dependent and angle-dependent
biosensors are easily fabricated, while the architecture of the
phase-dependent biosensors with higher sensitivity is more
complicated. The SPR biosensor can be applied to detect SARS-
CoV-2 in real-time. The SPR biosensor is highly affected by the
temperature and the absorption of non-target analytes. In the
measurement of the SRR, the reference liquid solvent has to be
the same as the solvent that is applied for dissolving the ana-
lytes. This property limits the application of the SRR biosensors
in the real sample.

FET biosensors rely on the changes in mobilities of channel
materials caused by the bio-interaction, and the SPR biosensors
are based on the “mass changing” of the sensing surface. FET is
a continuous measurement that can be utilized in detecting
SARS-CoV-2 in real-time. The channel material is the most
important factor, which affects the performance and sensitivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry

For 2D materials such as MoS, and WSe,, it is hard to synthesize
large areas of continuous 2D film. The application of the 2D
flake is possible, but it needs a photograph to fabricate the
source and drain electrodes. The large-scale chemical vapor
deposition (CVD) graphene can be directly transferred on top of
the prefabricated electrode, which reduces the fabrication
difficulty. Moreover, the large-scale graphene with a uniform
property makes the fabrication of the FET much easier, and the
FET has more stable performance. Some other materials, such
as carbon nanotubes and reduced graphene oxide, are spin-
coated on the substrate and form a thin film. The inhomoge-
neous spin-coated film highly affects the performance of the
FET and its reproducibility.

Fluorescence biosensors can detect SAR-CoV-2 at low
concentrations with good sensitivity. For fluorescence biosen-
sors, either bio-probes or analytes need to be modified with
fluorophores, which can be excited and emit strong fluores-
cence. Normally, the modification requires several steps, and it
requires an experienced biological background. This
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disadvantage limits its application in detecting a large number
of samples. Moreover, the unmodified fluorophores and the
fluorescence background should be eliminated, which requires
expensive equipment.

Electrochemical biosensors have properties of high selec-
tivity and sensitivity, but they suffer from a lack of surface
architectures, allowing the desired biochemical event. The
electrode material, surface modification methods, or its
dimensions heavily influence its detection ability. The proper
architecture of the working electrodes can improve the specifi-
cation and sensitivity of virus detection. The unexpected
absorption of the organic or bio-compounds on the surface of
working electrodes can result in the reduction of the working
electrodes’ mobilities and cause the failure of detection. As
a surface sensing technique, it also is affected by the unexpected
absorption of the non-target molecules. The detecting condi-
tions, such as stirring, pH, and temperature, also affect the
detecting reliabilities.

Until now, all of these nano-biosensors have been applied to
detecting the real SARS-CoV-2 samples. Due to the applications
of bio-probes, SARS-CoV-2 can be detected under good selec-
tivity and sensitivity. In comparison with the pure analytes, the
LOD is two or three orders of magnitudes larger. As surface
sensing techniques, the bio events that occur on the surface are
important and require some time. The “real-time” effects are
always observed during the measurement in FET or SPR, but
a cleaning step to remove the unexpectedly absorbed
compounds is missing, which can confirm whether the signals
are generated by the bio-interaction or not.

Until now, the re-utilization of the nano-biosensor has been
rarely mentioned. For the SARS-CoV-2 nano-biosensor, the key
scientific issue is to develop a reusable sensing surface such
that the chemical or physically absorbed organic or biomole-
cules can be easily removed, and the sensitivity can be largely
recovered. By conquering such a problem, the oropharyngeal
swabs sampled from healthy people cannot affect the sensing
surface, which enormously reduces the cost of detecting SARS-
CoV-2.

12. Conclusion

COVID-19 has caused a huge disaster in the world. The
pandemic of SARS-CoV-2 forced people to find a fast, efficient,
easy, and cost-efficient detecting method. As a golden standard,
the RT-PCR method meets the major bottleneck of lacking
sufficient equipment, un-reusable reagents, and cost-
consuming. Nowadays, there is a growing requirement for
novel nano-biosensors with high selectivity and sensitivity. The
principles of the SARS-CoV-2 nano-biosensor are an integration
of physical/chemical principles with the bio-principle. The
ACE2-S protein, ACE2-SARS-CoV-2 virus, S protein-antibody,
antibody-IgG, antibody-IgM, and DNA probe-SARS-CoV-2
target oligonucleotide are the most used bio-pairs in the
detection of SARS-CoV-2. By using the proper bio-probe, the
nano-biosensors can selectively bind to the specific part of
SARS-CoV-2, and the interactions between the probe and the
target can be observed via optic or electrical signals. Moreover,
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some nano-biosensors possess the possibility of cyclic utiliza-
tion, which reduces the cost of epidemiological investigation.
Until now, the biosensor can reach a LOD of 1 copy per pL for
the SARS-CoV-2 target oligonucleotide and 0.01 ag mL " for the
SARS-CoV-2 spike antibody. The extremely low detection limits
indicate a promising future for biosensors in detecting SARS-
CoV-2.

In conclusion, this review highlights the current trends in
SARS-CoV-2 nano-biosensors combined with optic and electric
methods, and the improvement of these nano-biosensors. To
face the present COVID-19 pandemic or the effective virus
epidemic, it is necessary to have efficient virus sensing tech-
niques at hand to help aid in the detection and prevention of
viral spread.
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