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Abstract

The outbreak rate of human coronaviruses (CoVs) especially highly pathogenic CoVs is increasing alarmingly. Early detec-
tion of these viruses allows treatment interventions to be provided more quickly to people at higher risk, as well as helping
to identify asymptomatic carriers and isolate them as quickly as possible, thus preventing the disease transmission chain.
The current diagnostic methods such as RT-PCR are not ideal due to high cost, low accuracy, low speed, and probability of
false results. Therefore, a reliable and accurate method for the detection of CoVs in biofluids can become a front-line tool
in order to deal with the spread of these deadly viruses. Currently, the nanomaterial-based sensing devices for detection of
human coronaviruses from laboratory diagnosis to point-of-care (PoC) diagnosis are progressing rapidly. Gold nanoparticles
(AuNPs) have revolutionized the field of biosensors because of the outstanding optical and electrochemical properties. In this
review paper, a detailed overview of AuNP-based biosensing strategies with the varied transducers (electrochemical, optical,
etc.) and also different biomarkers (protein antigens and nucleic acids) was presented for the detection of human coronaviruses
including SARS-CoV-2, SARS-CoV-1, and MERS-CoV and lowly pathogenic CoVs. The present review highlights the new-
est trends in the SARS-CoV-2 nanobiosensors from the beginning of the COVID-19 epidemic until 2022. We hope that the
presented examples in this review paper convince readers that AuNPs are a suitable platform for the designing of biosensors.
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Introduction

RNA-positive viruses are more dangerous than DNA viruses,
due to their much higher mutation rate [1]. In addition, many
RNA viruses can cause persistent infections in the host body,
occasionally causing a chronic illness or reactivation [2].
One of these RNA viruses that plagues the world is the new
human coronavirus (CoV) called SARS-CoV-2.

Two years after the outbreak of COVID-19 caused by
SARS-CoV-2, this pandemic does not appear to be over. The
new species of Omicron is still spreading around the world
despite approved vaccines. This suggests that scientists need
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to find new ways to fight the new coronavirus. It seems that
the carrier screening and diagnosing infection in asympto-
matic infected people along with high vaccination coverage
can help fight this pandemic.

At present, due to the rapid growth and high demand for
the testing of suspected and asymptomatic patients, as well
as the emergence of mutant strains, finding the point-of-care
(PoC) diagnostic methods with high accuracy and sensitivity
is a main challenge. Although RT-PCR is a gold standard
for the COVID-19 diagnosis, it requires a sufficient amount
of virus RNA in the patient sample [3, 4]. Since the con-
centration of viral RNA in the early stages of the disease
is very low, this can affect the results obtained [5]. Also,
factors such as sample type, sampling time, sample quality
in terms of cellular materials, and how the sample is sent
and stored in the laboratory can strongly affect the RNA
concentration and sometimes lead to false-negative results
[4]. In addition, nucleic acid testing for the RNA-positive
viruses involves additional steps of reverse translation of
RNA to DNA before amplification. Therefore, RT-PCR is
time-consuming and costly and is not suitable for use in
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PoC diagnostics [6]. On the other hand, the ability of RT-
PCR to amplify small amounts of the target DNA pattern in
order to increase sensitivity allows the amplification of small
amounts of contaminations arising from poor and non-spe-
cific probes, laboratory, reagents, and samples [4]. Although,
the most important source of contamination is the presence
of amplified molecules from the previous PCR. These unex-
pected contaminations lead to false-positive achievements
[4,5].

Biosensors are a promising alternative for RT-PCR-based
virus detection. These powerful tools are able to detect
ultratrace levels of CoV RNA strands in the early stages of
the disease without nucleic acid amplification and reverse
transcription. They are a combination of different advanced
technologies such as electronic, photonic, nanotechnology,
and biotechnology. The use of emerging advanced technol-
ogies, such as microchips, smartphones, wireless systems,
clustered regularly interspaced short palindromic repeats
(CRISPR), and nanomaterials, can lead to the design of
new generation biosensors for the PoC diagnosis of diseases.
Among nanomaterials, the gold nanoparticles (AuNPs) have
found special applications in the construction of biosensors
due to their outstanding electrochemical and optical char-
acteristics. In addition, the strong affinity of AuNPs for the
thiol-containing biomolecules makes them suitable plat-
forms for the immobilization of biological receptors [7, 8].

It is well known that the resonant oscillation of conduc-
tion electrons is more prominent in metal nanoparticles,
due to the very high surface-to-volume ratio (especially in
dimensions such as below 20 nm). A phenomenon called
surface plasmonic resonance (SPR) is observed at certain
frequencies. These frequencies are within the visible light
frequency range for noble metal NPs such as AuNPs and
AgNPs, which makes this phenomenon doubly attractive.
AuNPs indicate an SPR band of ~520 nm in the visible
region [9]. With increasing the size of AuNPs, the frequency
of surface plasmonic resonance decreases (known as red-
shifting), and as a result, waves with lower frequency are
absorbed. So, the color seen will have waves with a higher
frequency. This explains the change in color of AuNPs from
red to blue as they get larger. The ability to change the color
of AuNPs from red to blue due to their aggregation is the
basis of the design of many colorimetric biosensors. In addi-
tion to size, the optical features of AuNPs are strongly influ-
enced by their shape. With the change of AuNPs shape from
sphere to rod, the SPR band splits into two peaks of ~ 540
and 700 nm. This ability to change the SPR wavelength from
the visible to NIR makes AuNPs very unique for use in bio-
logical sensors [10].

AuNPs as the outstanding fluorescence quenchers are 9
to 10 times more efficient than ordinary small molecular
quenchers [11]. This phenomenon has attracted much atten-
tion both in basic studies and in practical applications. Up
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to now, a large number of on/off fluorescence biosensors
include quantum dots (QDs) and AuNPs have been designed
[12-14].

The electrochemical properties of AuNPs have led to their
widespread applications as electrode modifiers. The pres-
ence of AuNPs on the electrode surface plays a critical role
in the electron transfer acceleration [15—18]. These nano-
platforms increase electrochemically active surface area [16,
17]. In addition, several studies reported the electrocatalytic
activities of AuNPs in the electrochemical reactions [19-22].

In this review, we discuss the ongoing developments in
the AuNP-based biosensing strategies for the early detec-
tion of human coronaviruses including highly pathogenic
(SARS-CoV-2, SARS-CoV-1, and MERS-CoV) and lowly
pathogenic (HCoV-NL63, HCoV-HKU1, HCoV-OC43, and
HCoV-229E). We try to give a comprehensive view of the
role of these nanoparticles in the designing of biosensors.
Unlike the recently published review articles [23—-29] that
covered the performed studies on the SARS-CoV-2 diag-
nosis in 2020-2021, this manuscript focuses on the newest
trends for the sensing of all human coronaviruses using the
AuNPs from the beginning of the COVID-19 epidemic until
2022. This paper includes a detailed overview of biosens-
ing strategies using the varied transducers (electrochemical,
optical, etc.) and also different biomarkers (protein antigens
and nucleic acids) with a special emphasis on gold nano-
materials. We believe that this novel summary will help the
researchers design and validate efficient sensing strategies
for commercial applications.

AuNP-based sensing methods for detection
of coronaviruses

The biosensing devices are a hot topic in the diagnosis of
biomarkers, which vary according to detection transduc-
ers such as electrochemical, optical, etc. and also the used
biomarkers.

There are two main types of COVID-19 biomarkers: pro-
tein antigens and nucleic acids (Fig. 1). The antigen test
determines viral proteins, such as nucleocapsid (N), enve-
lope (E), and spike (S) proteins. These proteins are among
the most valuable biomarkers of antigens for COVID-19
assessment [30]. The E protein, along with the membrane
(M) protein and S protein, is embedded in a lipidic mem-
brane to form the viral outer wall.

Many molecular diagnostic tests have used RT-PCR tech-
nology to target various genomic regions of SARS-CoV-2.
The five genomic regions of the SARS-CoV-2 including N,
E, S, RNA-dependent RNA polymerase (RdRP), and open
reading frame (ORF1ab) genes have been selected for the
designing of assays [31, 32].



AuNP-based biosensors for the diagnosis of pathogenic human coronaviruses: COVID-19 pandemic... 7071
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SARS-CoV-1 or SARS-CoV is~79.5% genetically simi-
lar to the SARS-CoV-2 [33, 34]. The symptoms associated
with this infection are very similar to those of COVID-19
[34]. However, the transmission of SARS-CoV-1 is lower
than SARS-CoV-2 in the first 5 days of infection [35].

MERS-CoV is another fatal human coronavirus with
the largest genomic size (~30.11 kb) [36]. As mentioned,
SARS-CoV-2 has~79.5% genomic similarity to SARS-
CoV-1 while only about 50% similar to MERS-CoV [36].
MERS-CoV has the same structure proteins as two previ-
ously known groups of coronaviruses. However, the fatality
rate of MERS-CoV infection is about 35%, which is higher
than the SARS-CoV-1 (around 11%) [37].

The focus of this review will be the AuNP-based sensing
platforms for the determination of the main biomarkers of
these viruses, such as protein antigens and nucleic acids that
can be analyzed using electrochemical, optical, and other
detection methods.

Electrochemical sensing methods

Since the introduction of the first enzyme electrode to meas-
ure glucose by Prof. Clark, electrochemical biosensors have
been growing rapidly. Today, the electrochemical biosen-
sors are widely used in various fields, especially medicine.
Meanwhile, research in this area remains strong and efforts
to commercialize new ideas continue.

Electrochemical biosensors are well known for their
numerous advantages such as ultratrace detection limits,
simplicity, wide accessibility, low cost, low sample volume,
high selectivity, and high sensitivity [38, 39]. More impor-
tantly, these powerful tools can be miniaturized to port-
able microchips due to the developments in the affordable

production of microelectronic circuits and processing sys-
tems [39].

This section focuses on state of the art of coronavirus
detection by utilizing AuNP-based electrochemical biosens-
ing platforms. For example, Layqah and Eissa [40] developed
an electrochemical immunosensor for the determination of
MERS-CoV S protein using an AuNP-modified carbon elec-
trode array. The measurement was based on indirect compe-
tition between the immobilized MERS-CoV S protein for a
constant concentration of antibody and free virus. Electro-
chemical measurements using [Fe(CN)6]3_’4_ redox couple
were recorded using voltammetry. A good linear relationship
between the electrode responses and target concentrations
was observed from 0.001 to 100 ng mL~'. This assay with a
LOD of 1.0 pg mL~! was performed in 20 min.

To better understand the efficiency of AuNPs in detect-
ing COVID-19, the latest advances in the electrochemical
SARS-CoV-2 biosensors are presented in Table 1 [41-59].

Colorimetric sensing methods

Colorimetric sensors are a class of optical sensors that
change their color when influenced by external stimuli.
These sensors are very popular and widespread, especially
because of their simplicity and availability [38, 61]. Espe-
cially, the naked-eye colorimetric biosensors are the most
suitable devices for the point-of-care diagnosis due to the
production of visible signals without the need for an excita-
tion light source or complex equipment.

The colorimetric detection of SARS-CoV-2 assisting
AuNPs has been widely studied because of the strong SPR
absorption band of AuNPs in the visible region. The color
changes as a result of aggregation of AuNPs can be led to
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Table 1 Summary of previously reported papers for the electrochemical determination of SARS-CoV-2 using AuNPs

Detection mode Format of modified electrode LOD DLR Ref
Amperometry ~ FTO/AuNPs/Ab/S protein 10 fM (in buffer) 1 ftM-1 pM [41]
120 fM (in spiked saliva samples)

Potentiometry Filter paper/AuNPs/graphene/ssDNA/N gene 6.9 copies pL! 5.854-585.4x 107 copies pL~! [42]

SWV SPGE/AuNPs/Ab/S protein 1 pgmL~! 1 pgmL~'-10 ngmL™" [43]

SWV PDMS/Au microcuboid/Ab/S protein 276 tM 5 pM-100 nM [44]

DPV GCE/Bi,WO/Bi,S, composite/Ab/N protein/Ab/g- 3.00 fg mL ™! 0.01-1 pgmL~!  [45]
C;N,/AuNPs/WO; composite

DPV FTO/AuNPs/Ab/S protein 0.63 fM (in buffer) 120 fM (in 1 ftM-1 pM [46]

spiked saliva samples)

DPV RGO/AuNSs/Ab/S protein 0.001 fg mL™! - [47]

EIS SPGE/MIP/SARS-CoV-2-RBD 0.7 pg mL™! 2.0-40.0 pg mL~! [48]

EIS GIE/APTES/diamond nanopowder-CDI/N-specific ~ 0.389 fM 1 fM-100 pM [49]
aptamer/N protein

DPV GE/dual aptamer/N48 and N61 proteins/GQH 8.33 pg mL~! 0.025-50 ng mL~"  [50]
DNAzyme/dual aptamer/HRP/Au@Pt NPs-MOF
MILS53(Al)

DPV SPE/Au@Fe;0,-CP-HT/ORF1ab/SCX8-RGO-Au- 3 aM or 200 copies mL™"' 107 7-10712M [51]
TB-LP-AP (smartphone)

Electric resist-  AuNPs linked to organic ligands/VOCs - - [52]

ance (conduc-
tivity)

- Ti/AuNPs/cDNA/SARS-CoV-2 RNA - - [53]

EIS 3D-printed G/PLA/AuNPs/Ab/S protein 0.5 pg mL™! 1-10 pg mL™! [54]

DPV SPCE/NC (MoS,NSs, GNPs, CHT)/AuNFs/SA/ 4.4x1072 fg mL~! (ORF) 1x107'-1x 10° fg mL~! [55]
Biotin-crRNA-MB/Cas13a protein/ORF and S 8.1x1072 fg mL™" (S gene)
gene

EIS SPCE/Si0,@Zr6carboxylate MOF (UiO-66)/Ab/S  100.0 fg mL ™! 100.0 fg mL~'-10.0 ng mL " [56]
protein

EIS SPCE/AuNPs/MAA/Ab/S protein 3.16 pM (83.7 pg mL™}) 107121077 mol L™ [57]

EIS ITO/PPy/AuNP/cystamine/cDNA/N gene 258.01 copies uL~! 800—4000 copies L~ [58]

DPV SPCE/magnetic beads/ACE2/S protein/ACE2- 0.35agmL™! - [59]
AuNPs

DPV Paper electrode/GNC/Au@CD NPs/cDNA/RdRP  0.15 pM 0.5 pM-12.00 nM [60]
gene

LOD limit of detection, DLR dynamic linear range, F7O fluorine-doped tin oxide electrode, AuNPs gold nanoparticles, Ab antibody, S spike,
N nucleocapsid, SWV square vave voltammetry, SPGE screen-printed gold electrode, PDMS polydimethylsiloxane, GCE glassy carbon elec-
trode, Bi,WO/Bi,S; bismuth tungstate/bismuth sulfide composite, g-C;N /AuNPs/WO; graphitic carbon nitride sheet decorated with AuNPs and
tungsten trioxide sphere composite, DPV differential potential voltammetry, RGO reduced graphene oxide, AuNSs gold nanostars, MIP molec-
ular-imprinted polymer, EIS electrochemical impedance spectroscopy, GIE gold-interdigitated electrode, APTES (3-aminopropyl) triethoxysi-
lane, CDI 1,1'-carbonyldiimidazole, GE gold electrode, HRP horseradish peroxidase, GOH hemin/G-quadruplex, SPCE screen-printed carbon
electrode, SCX8-RGO p-sulfocalix[8]arene-functionalized reduced graphene oxide, 7B toluidine blue, L strand label strand, A strand auxullary
strand, C strand capture strand, ORFIab open reading frame genes, VOCs volatile organic compounds, G/PLA graphene/polylactic acid, NC
nonocomposite, MoS,NSs MoS, nanosheets, GNPs graphene nanoplates, CHT chitosan, AuNF's gold nanoflowers, SA streptavidin, crRNA com-
plementary reporter RNA, MB methylene blue, MOF metal-organic framework, MAA mercaptoacetic acid, /7O indium tin oxide, PPy polypy-
role, ACE2 angiotensin-converting enzyme 2 peptide, GNC graphite nanocrystal, CD carbon dot.

the naked-eye detection of COVID-19. For example, Rod-
riguez-Diaz et al. [62] designed the colorimetric genosensors
using the molecular beacon—functionalized AuNPs for the
detection of RARP, E, and S genes. To reach this goal, both
the AuNP and cholesterol molecules were attached to the
two ends of the molecular beacon. An increase in the target
gene led to the molecular bacon opening and hybridization
to the target gene, resulting in the cholesterol exposure to
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the solution. The cholesterol molecules caused AuNPs to
aggregate. As the size of the AuNPs increased, their color
changed to blue, which was visible to the naked eye. One of
the advantages of these genosensors is their stability for sev-
eral months without a significant reduction in their activity.
In addition, these sensors allow the SARS-CoV-2 sequence
to be detected by the naked eye in 15 min. Kumar and co-
workers [63] developed a colorimetric RARP genosensor
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based on the aggregation-induced color change of AuNPs  of color change by the naked eye with a limit of detection
in the nasopharyngeal samples of COVID-19 patients. As  (LOD) of 10 copies pL~".
seen in Fig. 2, a mixture of cDNA strands, SARS-CoV-2 Pramanik and co-workers [65] presented the develop-
RdRP genes, and salt was denatured at 95 °C for 30 s and  ment of antibody-functionalized AuNPs for the colorimetric
then annealed at 60 °C for 60 s. With the addition of pink-  determination of SARS-CoV-2 S protein. In the presence
color AuNPs to the mixture, they were aggregated at 10 min  of the target protein, the antibody-functionalized AuNPs
and the color of nanoparticles changed to blue. However, = were aggregated due to the antigen—antibody interaction.
the color of AuNPs retained pink in the presence of RNA  Therefore, the surface plasmon coupling between antibody-
samples from COVID-19-negative volunteers. The proposed ~ functionalized AuNPs resulted in a color change from pink
sensing strategy was able to determine SARS-CoV-2 genes  to blue. This naked-eye sensing strategy was able to deter-
up to 0.5 ng in less than 30 min. mine S antigen within 5 min with a LOD of 1 ng mL™".
In another research, the colorimetric assessment of S Ventura et al. [66] introduced a colorimetric biosensor based
protein of SARS-CoV-2 with AuNP-based immunosen-  on the antibody-attached AuNPs for the quantification of S,
sors was suggested by Karakus et al. [43]. In the presence  E, and M proteins in the nasal and throat swabs using the
of the target antigen, the antibody-functionalized AuNPs = UV-Vis spectrophotometer. In the presence of target pro-
were aggregated as a result of antibody—antigen interaction  teins, an extinction spectrum of antibody-attached AuNPs
(Fig. 3). As seen, the color of the aggregated nanoparticles ~ was redshifted in a few minutes. The authors claimed that
turned from red to purple. This change in color was detected ~ the presented method was able to measure low viral load
using the naked eye or UV—Vis spectroscopy. This high-spe-  with a detection limit close to that of RT-PCR. Moitra and
cific sensing assay showed a LOD of 48 ng mL~!. Another ~ co-workers [67] developed a visual assay based on the DNA
step-by-step strategy was designed by Alafeef et al. [64] for ~ probe—functionalized AuNPs for the assessment of the N
colorimetric detection of the N gene. The plasmonic oligo ~ gene within 10 min. In the presence of SARS-CoV-2 genes,
probe—attached AulNPs were used to detect the amplified  the oligo probe—functionalized AuNPs were agglomerated,
genes of SARS-CoV-2. The specific binding of oligo probes  leading to a change in its surface plasmon resonance. When
to their target sequences led to the aggregation of plasmonic  the ribonuclease H (RNaseH) was added to the RNA-DNA
AuNPs. Determination was performed with the observation  duplex, it cleaved the RNA strands, resulting in a visually
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Fig.3 UV-Vis sensing assay of
SARS-CoV-2 S protein based
on the aggregation of AuNPs-
mAb in the presence of target
protein [43]; reprinted by per-
mission from Elsevier Publisher

Absorbance

Wavelength (nm)

() SARS-CoV-2
. spike protein

YAb

detectable precipitate from the solution due to the additional
agglomeration among the AuNPs (Fig. 4). The analytical
performance of this sensing protocol was evaluated by cal-
culating the LOD which was 0.18 ng pL~".

Aithal et al. [68] used aptamers as the specific biorecep-
tors for early diagnosis of COVID-19. Aptamers are ssDNA
or ssRNA strands that bind to their targets by folding into a
3D conformation with affinity binding comparable to anti-
bodies [68, 69]. These bioreceptors are more stable and less
expensive than antibodies. This research group described a
test using the anti-S aptamer-functionalized AuNPs to deter-
mine this protein. The addition of MgCl, salt (salt M), as a
coagulant, to the target-free solution led to the increased
agglomeration of functionalized AuNPs and redshifted
absorbance (Fig. 5A). The salt M with the surface charges
of the aptamer-functionalized AuNPs formed complexes and
decreased the net charge of aptamer-functionalized AuNPs,
which promoted agglomeration. With the target addition, the
aptamers on the surfaces of AuNPs bound specifically with
the S protein and increased the electrostatic charge, leading
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to an enhanced steric stabilization and decreased agglom-
eration (Fig. 5B). The UV-Vis spectra with and without
agglomeration are schematically illustrated in Fig. 5C. This
colorimetric strategy can detect up to 16 nM of S protein in
the buffer solution. In another attempt, Behrouzi and Lin
[70] described the aggregation of antibody-functionalized
AuNPs for the detection of SARS-CoV-2 N proteins. This
strategy produced observable results by the naked eye in
5 min with a LOD of 150 ng mL~..

The CRISPR/Cas systems including a guide RNA
(gRNA) and a Cas12a protein are widely utilized to improve
the sensitivity and specificity of molecular assays [71]. They
make the determination of nucleic acids possible with a sin-
gle molecular sensitivity [72]. So, the CRISPR/Cas systems
can play an important role in the global fight against the
COVID-19 pandemic using the SARS-CoV-2 detection [73].
The gRNA directs Cas protein to cleave specific sequences
of RNA or DNA molecules [74]. These systems specifically
identify the amplicons that are amplification products and
improve the determination specificity. In fact, the specific
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Fig.4 Schematic representa-
tion for the visual detection of
SARS-CoV-2 RNA using the
oligo probe—attached AuNPs
[67]; reprinted by permission
from ACS Publisher
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sequences of complementary amplicons of gRNA sequences
can only activate the CRISPR/Cas systems. Using these
systems, Cao and co-workers [75] described a colorimetric
sensing strategy for the isothermal and visual detection of
N and E genes. They integrated the reverse transcription
loop-mediated isothermal amplification (RT-LAMP) and the
cleavage activity of CRISPR/Cas12a to facilitate sequence-
dependent aggregation of AuNPs. As seen in Fig. 6, the
Cas12a-gRNA specifically bound to the target sequence
of the amplicon and cleaved the DNA loop of the hairpin
transducer. As a result, the hairpin was destabilized and the
RNA cross-linker was released from its hybrid. Then, the

Fig.5 Schematic illustration for
determination of SARS-CoV-2
spike protein using AuNPs
functionalized with aptamers. A
The addition of MgCI2 salt
(salt M), as a coagulant, to

the target-free solution led to
the increased agglomeration

of functionalized AuNPs and
redshifted absorbance. B With
the target addition, the aptamers
on the surfaces of AuNPs
bound specifically with the
spike protein and increased the
electrostatic charge, leading to
an enhanced steric stabilization
and decreased agglomeration.

C Schematic illustration of
UV-Vis spectra with and
without agglomeration [68];
reprinted by permission from
Elsevier Publisher
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released RNA cross-linker was hybridized with the ssDNA
on AuNPs, leading to the aggregation of AuNPs and the
change of color from red to purple. Based on this sens-
ing strategy, the authors claimed that the N and E genes of
SARS-CoV-2 could be detected visually in 45 min. Ma et al.
[76] developed a smartphone-based genosensor using the
CRISPR/Cas12a system for visual detection of the SARS-
CoV-2 N gene. The N gene target caused degradation of
linker ssDNA using the CRISPR/Cas12a system to bind two
AuNPs, resulting in the disaggregation of AuNPs and thus
the change of color from blue to red. This change of color
was detected by the naked eye as well as a smartphone with
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Fig.6 The principle of Cas12a-
mediated AuNP aggregation
[75]; reprinted by permission
from RSC Publisher
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a Color Picker App. The designed genosensor indicated sin-
gle-copy resolution as confirmed by LOD of 1 copy pL~!
with no cross-reactivity. In another attempt, Jiang and co-
workers [77] presented a magnetic visual genosensor using
the CRISPR/Cas12a for SARS-CoV-2 RNA determination.
In this strategy, the extracted RNA strands of SARS-CoV-2
were detected by the naked eye based on the AuNP probes
with a LOD of 50 RNA copies per reaction.

ECL-based sensing methods

Electrochemiluminescence (ECL) strategy can be regarded
as a combination of both spectrometric and electrochemical
assays, thus holding the advantages of both two methods.
The high sensitivity for the determination of analytes with
very small values and also in a short time are the advan-
tages of this method. However, ECL suffers from several
limitations such as a complex interface that enhances the
non-specific adsorption, simple diffusion of luminescent
reagents in homogeneous solutions, inability for the revers-
ible modulation and poor long-term stability of luminescent
materials, etc. [74, 78]. Using the combination of 3D-DNA
Walker and CRISPR/Cas12a system, Zhang and co-workers
[79] reported an MXene (2D materials made up of surface-
modified carbide)-based genosensor for the ECL determi-
nation of SARS-CoV-2 RdARP gene. In this strategy, the
amplification of RARP gene into a segment of dsDNA using
a 3D DNA walker led to the activation of cleavage activ-
ity of CRISPR/Cas12a. Then, an MXene-based ECL mate-
rial was designed using the polyethylenimine (PEI)-Ru@
Ti;C,@AuNPs for the construction of an ECL biosensor.
The activated CRISPR/Cas12a cleaved the ssDNA on the
genosensor surface and turned away the ferrocene attached
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to the end of DNA from the electrode surface. This led to
the increasing ECL signal (Fig. 7). The extent of the change
in ECL reflects the concentration of the RARP gene. Using
this system, the SARS-CoV-2 RdRP gene was determined
with a LOD of 12.8 aM.

Yao et al. [80] also reported an MXene Ti;C, for the
fabrication of an ECL RdRP genosensor (Fig. 8). They
designed a sensing strategy using the Au@Ti;C,@PEI-
Ru(dcbpy)32+ nanocomposites with excellent ECL perfor-
mance for COVID-19 diagnosis. The MXene-Ti;C, had
good electrical conductivity and a large specific surface
area that dispersed AuNPs uniformly and loaded the high
concentrations of Ru(dcbpy);**. Using the Nb.BbvCl, as
a nicking endonuclease that cleaves only one strand of
DNA on a dsDNA, large numbers of hairpin DNAs were
removed by the amplification strategy of the DNA walker.
In this strategy, the DNA-templated silver nanoclusters
(DNA @AgNCs) were utilized to quench the ECL signal.
This ECL genosensor could determine the SARS-CoV-2
RdRp gene in a linear range of 1 fM to 100 pM and a LOD
of 0.21 fM. In another attempt, a three-stranded Y-type
DNA-induced hybridization chain reaction (HCR) was
designed for the ECL detection of the SARS-CoV-2 RdRP
gene by Zhang et al. [81]. Y-DNA prepared by hybrid-
izing three ssDNA (Y1, Y2, and Y3) provided a nucleic
acid scaffold for the amplification reaction on the surface
of AuNPs-g-C;N,-modified electrode. Using this biosen-
sor, the SARS-CoV-2 RdARP was determined based on the
resonance energy transfer (RET)-ECL strategy between
Au-g-C;N, and Ru. A LOD of 59 aM was achieved in the
pharyngeal swabs. Gutiérrez-Gélvez and co-workers [82]
introduced a combination of gold nanomaterials (AuNMs)
and carbon dots (CDs) for the designing of ECL SARS-
CoV-2 genosensor. In this study, a mixture of AuNMs with
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Fig.7 Schematic representation
of the ECL biosensor based on
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sample. The value estimated for the LOD was found to be
514 aM.

LSPR colorimetric sensing methods

Colorimetric biosensors based on the localized surface plas-
mon resonance (LSPR) of AuNPs have shown enhanced
capabilities for the determination of biological targets, such
as viruses [84]. The remarkable advantages of AuNP-based
LSPR colorimetric biosensors, such as multiplexing capa-
bility, high sensitivity, and ability to miniature, make them
interesting candidates for the PoC diagnosis [85]. Qiu et al.
[83] developed a dual-purpose plasmonic genosensor com-
bined with plasmon photothermal (PPT) and LSPR trans-
ducer for the diagnosis of COVID-19. As seen in Fig. 9,
this genosensor was based on the hybridization of gold
nanoisland (AuNI)—functionalized cDNA bioreceptors with
RdRP genes. To increase sensor performance, plasmonic
resonance frequency was irradiated on the AuNIs to gener-
ate thermoplasmonic heat on the same chip. The localized
PPT heat increased the in situ hybridization temperature,
which promotes the ability to accurately detect two similar
gene sequences. In fact, increasing in situ PPT on the AuNI
chips significantly increased the specificity of nucleic acid
detection by dramatically improving hybridization kinetics.
As the designed LSPR genosensor allowed precise detec-
tion of SARS-CoV-2 RdRP in a multigene mixture and also
showed a high sensitivity toward the target sequences with
aLOD of 0.22 pM.

In another attempt, Kim et al. [8§6] proposed a sensing
strategy based on the dsSDNA-covered AuNPs for the deter-
mination of the E gene and ORF1la. As seen in Fig. 10, the
target gene-oligo probe duplex formed a disulfide-induced
self-assembled complex that protected AuNPs from

Fig.9 Schematic representa-
tion for the dual-functional
PPT enhanced LSPR biosens-
ing strategy for detection of
SARS-CoV-2 RdRP gene [83];
reprinted by permission from
ACS Publisher
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salt-induced aggregation and transition of optical properties.
However, salt-induced aggregation of AuNPs was observed
in the absence of target genes. This biosensor could deter-
mine target genes using a LSPR shift and color changes of
AuNPs in the UV-Vis wavelength range and discriminate
down to 1 pmol pL~! of 30 bp MERS-CoV.

Huang and co-workers [87] reported the determination
of SARS-CoV-2 pseudoviruses using the plasmonic sensor
based on the Au-TiO,-Au nanocup array chip within 15 min.
They detected as few as 30 virus particles in one step and
quantified the virus concentration linearly in the range of
103 to 106 vp mL™'.

SERS-based sensing methods

For sensitive determination of biological analytes, a number
of new sensing strategies have been developed using the
surface-enhanced Raman scattering (SERS). This technique
can overcome the inherent weakness of Raman spectros-
copy. The SERS as a field-deployable, label-free, and non-
destructive technique is able to detect biomarkers for early
diagnosis of diseases using the Raman signals amplified by
AuNPs [88]. So, AuNPs have been widely used as the effec-
tive SERS substrates in the configuration of biosensors [89].
The SERS nanotags are fabricated by binding strong Raman
active molecules to AuNPs [90]. These nanotags are simply
attached with the various bioreceptors for the selective tar-
geting of biomarkers [90].

In this regard, Gao et al. [91] proposed a three-modal
genosensor based on the colorimetric/SERS/fluorescence for
the SARS-CoV-2 RNA detection. Based on the aggregation
of AuNPs, the presented biosensor achieved a LOD of fem-
tomole in all modes, which is 160 fM in absorbance mode,
259 fM in fluorescence mode, and 395 fM in SERS mode.
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Fig. 10 Schematic illustration
of a sensing strategy based on
the dsDNA-covered AuNPs for
the determination of E gene and
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Wu and co-workers [92] suggested a SERS-PCR strat-
egy for the detection of SARS-CoV-2 genes (E and RdARP
genes) using AuNP-internalized Au nanodimple substrates
(AuNDS). According to the obtained results from RT-PCR,
SERS-PCR, and AuNDS-based SERS-PCR, the detect-
able concentrations of genes were found to be 3.36x 102,
3.28%10°, and 2.56x 107 copies pL~, respectively. As seen,
the AuNDS-based SERS-PCR is a preferred method com-
pared to the RT-PCR and SERS-PCR. In addition, AuNDS-
based SERS-PCR reduced detection time by decreasing the
number of thermocycling steps required for DNA amplifica-
tion. Bistaffa et al. [93] designed an immunosensing strategy
based on the SERS of methylene blue (MB) adsorbed onto
AuNPs and coated with a silica shell. This SERS immu-
noassay detected SARS-CoV-2 S protein with a LOD of
0.046 ng mL~! (0.60 pM). Cha et al. [94] proposed a mag-
netically assisted immunosensor consisting of the reporter
antibody, malachite green isothiocyanate conjugated hollow
AuNPs, and antibody-conjugated magnetic beads for the
SARS-CoV-2 determination. In this study, malachite green
was utilized as a popular Raman dye that generates a dis-
tinct spectrum. With the introduction of antigen, the AuNPs
were assembled with the magnetic beads through immuno-
reactions between the antibody pairs and the CoVs in the
sample. Thus, the strong SERS signals of malachite green
were observed in the presence of SARS-CoV-2 antigen
due to the formation of AuNPs carrying malachite green.
The peak intensity increased linearly from 10 fg mL™! to
100 pg mL~! with a LOD of 2.56 fg mL~'. Chen and co-
workers [95] designed a SERS aptasensor to quantify the

SARS-CoV-2 S protein. They used an anti-S protein aptamer
and self-grown Au nanopopcorns. The binding between the
aptamer separated from the Au nanopopcorns and S antigen
led to a change in the SERS peak intensity. The presented
protocol enabled S protein determination with a LOD of 10
PFU mL~'. Antoine et al. [96] reported a magnetic SERS
immunosensor for the detection of SARS-CoV-2 S anti-
gen (Fig. 11). The single-chain Fv (scFv) recombinant Ab
fragments were conjugated to magnetic beads and AuNPs
(with a Raman scatterer) and form immunecomplexes in the
presence of S protein. Using this SERS immunodetection,
a LOD of 257 fg mL™! in the viral medium was obtained.
In another attempt, Pramanik and co-workers [65] designed
a SERS immunosensor based on the 4-aminothiophenol
and antibody-functionalized AuNPs for the S antigen deter-
mination. In this study, 4-aminothiophenol was used as a
reporter molecule. The antigen—antibody reaction led to the
aggregation of AuNPs and the formation of hot spots. The
hot spot formation has a significant effect on the dramatic
enhancement of SERS signals. So, this strategy allowed the
sensitive quantification of SARS-CoV-2 S protein with LOD
of ~4 pg mL~",

Fluorescence-based sensing methods
Huang and co-workers [97] developed a localized surface
plasmon coupled fluorescence (LSPCF) fiber-optic biosen-

sor for the determination of SARS-CoV N protein. They
used a combination of sandwich immunosensing with the

@ Springer
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Fig. 11 A Schematic illustration 4
of SERS-immunosensing assay A
based on the scFvs conjugated
to magnetic beads and AuNPs
(with a Raman scatterer), B
collected magnetic beads in the
presence of an external magnet,
and C SERS spectrum [96];
reprinted by permission from
ACS Publisher
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LSP technique. The fluorescence probe was composed of
fluorophores (DyLightTM) which were labeled with the sec-
ondary antibodies connecting to AuNP conjugate protein A
(Au-PA). In this work, a linear relationship was obtained
between the fluorescence signal and the N protein concentra-
tion from 0.1 pg mL~! to 1 ng mL~! in the buffer solution
and diluted serum. The proposed biosensor made it possible
to determine the low serum concentration (~1 pg mL™!) of
SARS-CoV-1 N protein.

Other sensing methods

The dynamic light scattering (DLS) technique can be applied
for the determination of the SARS-CoV-2 antigen. da Silva
and co-workers [98] utilized this method using the antibody-
functionalized AuNP bioconjugate. The specific binding of
the S antigen to the antibody resulted in an increase of bio-
conjugate size, with a LOD 5.29 x 10°> TCIDs, mL™" (tis-
sue culture infectious dose). In another attempt, Xu and co-
workers [99] reported a single-particle inductively coupled
plasma mass spectrometry (SP-ICP-MS)-based biosensor
for the SARS-CoV-2 detection. The single-particle (SP)-
ICP-MS is a special ICP-MS detection strategy. In this
method, short transient signals emanating from single nan-
oparticles (usually AuNPs) are recorded in a measurement
of the dissolved time by reducing the residence time in the
millisecond time regime [100]. Based on these advantages,
a SP-ICP-MS technique was utilized for the RNA detec-
tion using the AuNPs. In the presence of SARS-CoV-2
RNA, the AuNPs aggregated to form larger particles, which

@ Springer

increased the pulse signal intensity and decreased the pulse
signal frequency of nanoparticles. This method showed a
good potential for detecting nucleic acid in the linear range
of 5-1000 pmol L.

AuNP-based sensing methods for other
coronaviruses

Human coronaviruses are classified into two general types,
low pathogenic and highly pathogenic. Unlike SARS-CoV-1,
MERS-CoV, and SARS-CoV-2, low pathogenic human
CoVs (229E, OC43, NL63, and HKU1) cause mild to mod-
erate upper respiratory illness, which accounts for 15 to 30%
of colds in humans [101]. Due to their lower pathogenicity,
very few studies have been done on the detection strate-
gies of these coronaviruses. In this regard, there is only one
research for the determination of OC43 N protein. Layqah
and Eissa [40] fabricated a voltammetric immunosensor for
the OC43 N detection using an array of AuNP-modified
carbon electrodes. A good linear relationship between the
electrode responses and target concentrations was observed
from 0.01 to 10,000 ng mL~!. This sensing protocol was
performed with a LOD of 0.4 pg mL~! within 20 min.

Conclusion

The incorporation of AuNPs into the biosensing technol-
ogy offers reliable and sensitive detection of coronaviruses.
AuNPs have a profound impact on the biosensing strategies



AuNP-based biosensors for the diagnosis of pathogenic human coronaviruses: COVID-19 pandemic...

7081

due to their unique characteristics, such as easy prepara-
tion, simple surface modification, high conductivity, and
electrocatalytic ability. Additionally, the surface plasmons
of AuNPs exhibit unique features underlying their strong
absorption. This manuscript provides an up-to-date overview
to discuss the current AuNP-based sensing strategies for the
detection of highly and lowly pathogenic human coronavi-
ruses. The described protocols were compared in terms of
detection mechanisms, bioreceptors, surface modifications,
and figures of merit. Based on these studies, we have several
suggestions for increasing the efficiency of biosensors: (I)
integration of biosensors with microfluidic chips to achieve
continual, noninvasive, and in situ quantification of biomark-
ers on organ-on-a-chip platforms; (II) portable systems for
indoor and outdoor applications; (III) multiplexed deter-
mination that reduces false-negative possibility; and (IV)
in vivo biosensors for continuous and long-term monitoring
of analytes in the biological samples. The use of at least two
targets for the SARS-CoV-2 determination provides higher
accuracy and reliability.
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