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Advances in nanobiosensors fe

during the COVID-19 pandemic and future
perspectives for the post-COVID era
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Abstract

The unprecedented threat of the highly contagious virus, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which causes exponentially increased infections of coronavirus disease 2019 (COVID-19), highlights the weak
spots of the current diagnostic toolbox. In the midst of catastrophe, nanobiosensors offer a new opportunity

as an alternative tool to fill a gap among molecular tests, rapid antigen tests, and serological tests. Nanobiosensors
surpass the potential of antigen tests because of their enhanced sensitivity, thus enabling us to see antigens as stable
and easy-to-access targets. During the first three years of the COVID-19 pandemic, a substantial number of studies
have reported nanobiosensors for the detection of SARS-CoV-2 antigens. The number of articles on nanobiosensors
and SARS-CoV-2 exceeds the amount of nanobiosensor research on detecting previous infectious diseases, from influ-
enza to SARS-CoV and MERS-CoV. This unprecedented publishing pace also implies the significance of SARS-CoV-2
and the present pandemic. In this review, 158 studies reporting nanobiosensors for detecting SARS-CoV-2 antigens
are collected to discuss the current challenges of nanobiosensors using the criteria of point-of-care (POC) diagnos-
tics along with COVID-specific issues. These advances and lessons during the pandemic pave the way for preparing
for the post-COVID era and potential upcoming infectious diseases.

Keywords Nanobiosensors, Infectious virus, SARS-CoV-2, COVID-19 pandemic, Point-of-care testing

*Correspondence:

Junhong Min

junmin@cau.ac.kr

! School of Integrative Engineering, Chung-Ang University,
Heukseok-Dong, Dongjak-Gu, Seoul 06974, Republic of Korea

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40580-023-00410-5&domain=pdf
http://orcid.org/0000-0001-9410-8204

Kim and Min Nano Convergence (2024) 11:3

1 Introduction
In December 2019, the first report of unidentified pneu-
monia cases in Wuhan, China, was disclosed [1]. These
strange cases included symptoms such as fever, fatigue,
anosmia, cough, headache, sore throat, chest discom-
fort, difficulty breathing, and loss of taste or smell [2, 3].
Some of those symptoms were very similar to symptoms
of previous respiratory viral infections, such as influenza,
severe acute respiratory syndrome-associated coronavi-
rus (SARS-CoV), and Middle East respiratory syndrome-
related coronavirus (MERS-CoV) [4, 5]. Because this
new virus transmitted from person to person with high
efficiency, it rapidly spread to all countries on earth and
instantaneously paralyzed the public health system in
most countries. The virus was named severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), and the
World Health Organization (WHO) declared a pandemic
on March 11, 2020. Until WTO declared the end of the
global health emergency on May 5, 2023, the confirmed
cases of COVID-19 were estimated to be 765 million,
and more than 6.9 million lives have been lost (http://
www.who.int). At the same time, governments have trou-
ble balancing between public health and economic cri-
sis. Every level of the economy, from home and local to
nationwide and global, has been seriously damaged due
to the repetitive shutdown, which may lead to a global
loss of $28 trillion by 2025, according to the International
Monetary Fund (IMF) report [6, 7]. In addition, the emer-
gencies, along with quarantine and social isolation, also
spread psychological and emotional impacts, including
stress, depression, anxiety, frustration, fear, and anger [8,
9]. Although the vaccine had been developed, approved,
and inoculated with an unprecedented timeline, it took
two more years until the end of the pandemic due to the
repetitive waves and surge of the new variants [10, 11].
SARS-CoV-2 is the third emergence of highly patho-
genic human coronaviruses (hCoV) during the last two
decades, after SARS-CoV in 2003 and MERS-CoV in
2012 [12, 13], and there are commonalities in these three
viruses. According to an analysis of genetic sequencing,
SARS-CoV-2 is classified as betacoronavirus B lineage; its
similarity to SARS-CoV and MERS-CoV was estimated
to be ~79% and ~50%, respectively. Also, more than 96%
of the SARS-Cov-2 genome matched with the bat coro-
navirus RaTG13, implying the zoonotic origin of these
three viruses [14]. Unlike other coronaviruses, human
coronaviruses originate from animal infections through a
process called “spillover” [15] This spillover means these
viruses are almost new to the human immune system
and thus result in highly dangerous outcomes through
human-to-human transmission. However, the aftermath
of the present SARS-CoV-2 pandemic is strikingly dif-
ferent from the previous SARS-CoV and MERS-CoV
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epidemics due to the ultra-fast, population-scale, and
globe-wide transmissibility [16]. At the beginning of the
pandemic, the average reproductive number was esti-
mated to be 3.28, where one infected person would infect
approximately three other people [14]. This number is
much higher than SARS-CoV (~1.8) and MERS-CoV
(<1.0). In terms of the total infected cases, SARS-CoV-2
far surpasses SARS-CoV (8,096 cases) and MERS-CoV
(2,553 cases). Although the fatality rate of SARS-CoV-2 is
relatively low compared to those of the other two viruses,
more contagious characteristics have caused the loss of
millions of lives [17, 18].

One of the primary concerns of COVID-19 is asymp-
totic cases. Since infected individuals present with a wide
range of symptoms, some act as silent spreaders, where
these individuals are unaware of an infection. Numer-
ous research indicate that asymptomatic individuals are
as infectious as symptomatic individuals [19]. Therefore,
the first step in containing the highly contagious virus is
accurate viral detection at the early stage of the infection,
followed by the proper measures for the infected people
[20]. Early detection is a basic premise for all counteracting
strategies, including quarantines, travel restrictions, con-
tact tracing, and social distancing, for the COVID-19 pan-
demic because it enables us to find and isolate the infected
individuals before they contact uninfected people [21].

Unfortunately, the reverse transcription-polymerase
chain reaction (RT-PCR), which has served as the gold
standard diagnostic method during the pandemic, is
insufficient to fully address these exponentially increasing
infection cases because it is neither time-efficient, cost-
efficient, nor easily accessible. Even though rapid antigen
tests (RATs) provide simple and efficient large-scale tests,
their low sensitivity is not enough as an alternative to
RT-PCR. In this context, many researchers have devoted
themselves to developing alternative or complementary
diagnostic tools for detecting SARS-CoV-2. Among these
new techniques, nanobiosensors, which detect biologi-
cal events at the nanoscale with the help of nanomate-
rials, have presented a new opportunity thanks to their
conceptual design to reach ultrasensitive detection and
quantification. Supposing that nanobiosensors pro-
vide accurate and reliable diagnostic results, they would
be useful in lightening the burden of RT-PCR tests and
increasing the possibility of early detection. In addition,
nanobiosensors allow us to operate versatile anti-viral
strategies for decision-making and rapid implementation
against the emergence of infectious viral diseases.

2 Conspectus of this review

This review is organized to focus on significant issues in
the diagnosis of SARS-CoV-2 and the recent advances
in nanobiosensors. The contents begin with a brief
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description of current diagnostic methods for SARS-
CoV-2 (Sect. 3). Next, we summarize the recently
reported nanobiosensors and their performance (Sect. 4)
and then discuss the current challenges of nanobio-
sensors in the midst of the global pandemic in terms
of the development of point-of-care (POC) diagnos-
tics (Sect. 5). Lastly, we summarize the contents of this
review focusing on the post-COVID era and potential
future infectious diseases. The articles of interest were
collected and extracted from PubMed, Scopus, Web of
Science, and Google Scholar. Among the articles describ-
ing nanobiosensors for the detection of SARS-CoV-2,
we particularly focused on antigen-detecting technolo-
gies as an alternative concept to current diagnostics like
molecular tests and antibody testing kits. Also, we chose
the articles published within three years after the SARS-
CoV-2 outbreak (36 months). The total number of the
included articles in this category is 158. The distribution
of the articles of interest is presented in Fig. 1. The earli-
est publication date was March 27, 2020, and the latest
publication date was December 30, 2022. We numbered
the articles in chronological order in the group of the
identical detection technique and marked them with an
article ID consisting of one character and two-digit num-
bers (e.g., A00).
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3 Current diagnostic methods

The diagnosis of COVID-19 is not much different from
that of other respiratory viral infections [22]. Currently,
there are three major approaches to detecting SARS-
CoV-2: (a) molecular tests, (b) antibody (serological)
tests, and (c) antigen tests. These tests are based on diag-
nostic targets and their detection mechanisms. In the
early outbreak, as a desperate measure, the infection was
often confirmed using computed tomography (CT) based
on abnormal features (e.g., varied opacities of lungs) [23].
One early study reported 85% of symptomatic and 50%
of non-symptomatic COVID-19 patients had abnormal
opacities in a CT scan [24, 25]. However, as those data
indicate, the CT-based diagnosis showed a clear limita-
tion in distinguishing COVID-19 from other viral pneu-
monia. In addition, this expensive imaging method,
which requires highly specialized equipment and trained
personnel, makes it hard to contribute to the early detec-
tion of COVID-19.

3.1 Molecular tests

Like other viral infections, RT-PCR has been considered
the gold standard for SARS-CoV-2 identification [16].
This method detects the presence of viral RNAs (N, E,
S, PRFlab, ORF3a, and ORF7ab genes) in the sample,
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Fig. 1 The distribution of articles focused on detecting SARS-CoV-2 antigens over time. A total of 158 published articles published
between January 2020 and December 2022 (36 months) were collected for this review. The numbers above the graph represent the timeline

of COVID-19 infection cases
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so identifying an active infection is possible, regardless
of symptomatic or asymptomatic symptoms since this
molecular test can determine the presence of RNA. Cur-
rently, RT-PCR has been deployed as a routine diagnostic
process and is the most sensitive and reliable diagnostic
tool today. According to the previous literature, RT-PCR
can detect as low as nine copies of the virus per milliliter
[26]. However, RT-PCR has some drawbacks, including
a long turnaround time, high cost, labor-intensive pro-
tocol, and instrument-intensive processes with complex
sample preparation under biosafety conditions. More
importantly, RT-PCR is not free from false negatives due
to the variance of the viral RNAs and the difficulties in
nasopharyngeal swabbing. Numerous reports mention
negative SARS-CoV-2 cases despite clinical symptoms
of COVID-19 and suspicious CT images. There are dis-
parities among the reports, but the average false-negative
rate of RT-PCR was estimated to be 30-40% [27]. Also,
the unstable nature of the RNA virus makes identification
more difficult when the samples are not properly stored
[28]. The low viral presence in the upper respiratory tract
in both the early and late stages of the infection is prob-
lematic; therefore, individuals who were once infected
and then recovered remain asymptomatic and would
not be detected by RT-PCR test [19]. Generally, RT-PCR
utilizes primers for different genes, which reflect the
variation of viral RNA sequences. Thus, mutations in the
primers and probes cause mismatches, thereby decreas-
ing the performance of the assay.

3.2 Antibody tests

The presence of immunoglobulin M (IgM) and immuno-
globulin G (IgG) against SARS-CoV-2 is evidence of viral
infection. Detecting IgM and IgG antibodies is an indi-
rect approach that monitors the outcome of the dynamic
humoral response of the infection, not the virus itself or
parts thereof. However, this method is a more reasonable
way to diagnose COVID-19 when considering the natu-
ral defense system of the human body [29]. Usually, as a
primary immune response, neutralizing antibodies are
found within 14 days after infection [30]. Unlike RT-PCR,
serological tests, which identify antibodies in biological
fluids, can be utilized to detect a past infection and the
current level of immunity. For example, IgM is the first
responder during the course of infection, and its amount
rapidly increases during acute infection phases [31].
IgM can be detected after 3—5 days of the onset, and its
level increases until it peaks around two weeks after the
infection and then decreases to a near-background level.
However, IgG can be an indicator of a current or prior
infection. IgG reaches a detectable level after one week of
infection and is maintained at a high concentration for a
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long time, even after seven weeks [32]. Since serological
tests are not relevant to the presence of symptoms, these
tests are effective for asymptomatic individuals as well
[33]. Currently, there are several methods for serological
binding assays, including enzyme-linked immunosorb-
ent assays (ELISA), lateral flow immunoassays (LFIA), or
Western blot-based assays [34, 35]. However, one critical
drawback in serological tests is that the immune response
usually takes a certain amount of time to produce anti-
bodies after infection. This delay means that antibody
tests depend on the produced antibody concentrations,
and there is a gap between symptom onset and testing
positive.

3.3 Antigen tests

Unlike antibody tests, antigen tests directly detect parts
of or the whole virus itself. Similar to other coronavi-
ruses, SARS-CoV-2 consists of 29 proteins, including
four structural proteins: S (spike), N (nucleocapsid), E
(envelope), and M (membrane). Among these four pro-
teins, S protein and N protein are accessible and can thus
be considered candidates to detect SARS-CoV-2. One
study even profiled the concentration range of S protein
and N protein from patients [36].

S protein has especially been considered a rational tar-
get for nanobiosensors because of its form and function.
A structural study using cryoelectron microscopy and
tomography revealed that each virion has 24x9 perfu-
sion S trimers, so it is possible to roughly estimate that
each virus contains up to 100 S proteins [37]. S protein
exists on the spikes protruding from the surface of virus
particles, so detecting S protein closely correlates with
detecting the virus itself. Furthermore, form follows func-
tion. Because S protein plays a role in entering the host
cells, many researchers have pointed out that S protein
is a critical target closely related to infectivity and patho-
genesis [38]. However, S protein is limited as a target for
antigen tests. First, there are different spatial orientations
of S protein [39, 40]. Since the S protein has three orien-
tations (RBD up, one RBD down, and two RBD down),
the performance of the antigen test might depend on the
position of the RBD. More importantly, considering that
major mutations occur in S protein, a constant response
against the newly emerging variants is hard to expect
with S protein targeting.

In addition, detecting N protein is considered equiva-
lent to detecting SARS-CoV-2 itself because N protein
participates in the synthesis and translation of SARS-
CoV-2 RNA [41]. Interestingly, there is evidence that the
N protein has even higher immunogenicity than the RBD
of the S protein [42]. Studies under identical conditions
with purified S and N proteins usually show that N pro-
tein is an advantageous target. However, it is difficult to
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compare results from a model study to clinical samples.
Some other research has pointed out that N protein tar-
geting is less effective than S protein targeting using clini-
cal samples [43]. This difference might be because of the
position and functional role of the N protein, its location
compared to the S protein, and its release only after host
cell entry.

Like antibody tests, various types of immunoassays,
such as ELISA and LFIA, can be utilized to detect S or
N proteins. The commercial ELISA kits are provided by
major companies like Abcam and Invitrogen. The sen-
sitivity of these kits is in the range of around 107" to
107" M, in spite of the fact that the exact specification
varies from batch to batch. Another limitation of ELISA
is a narrow dynamic range with less than two orders. In
the meantime, the commercial RAT kits were also sup-
plied owing to their simple and rapid detection, enabling
us to conduct at-home testing. However, commercial
RAT kits have failed to be a counterpart of RT-PCR test-
ing due to their low sensitivity. The possibility of infec-
tion cannot be ruled out by the negative results on the
RAT kit, while even positive results should be verified
once again using RT-PCR testing. It means that the pos-
sibility of early diagnosis using the RAT Kkits is quite low,
and their testing results are not likely to contribute to the
virus containment strategy.

4 Nanobiosensors for the detection of SARS-CoV-2
antigen

Although most strategies and concepts for nanobiosen-
sors have already been suggested during the past few
decades, the urgent situation under the COVID-19 pan-
demic highlights their importance more than ever. Ini-
tially, nanobiosensors gained much attention due to the
potential of nanomaterial-assisted enhancement of weak
signals from biological events. Thanks to the high sur-
face-area-to-volume ratio, nanomaterials can amplify sig-
nals of biological events, thus enabling us to detect a low
concentration of analytes [44, 45]. Until now, however,
nanobiosensors remained a laboratory practice because
of the lack of accuracy, reliability, and validity. For exam-
ple, fabrication errors among the samples are sometimes
hard to control precisely due to uncontrollable variations
[46]. Also, the sensitive characteristics of the nanomateri-
als are clear, while the mechanism of molecular recogni-
tion is ambiguous [47].

Previously, nanobiosensor studies have targeted vari-
ous disease-related molecules, from glucose and can-
cer markers to potential carcinogens [48-50]. Viruses
also have long been a target of interest, including influ-
enza [51], human immunodeficiency virus (HIV) [52,
53], Ebola [54], Zika [55], dengue [56], measles [57],
and norovirus [58]. When we narrow down the range to
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betacoronaviruses, nanobiosensors for the detection of
SARS-CoV [59, 60] and MERS-CoV [61] were reported.
However, the amount of SARS-CoV-2 research is unprec-
edented in many ways. The global scale of evolving
threats of SARS-CoV-2 accelerated the research through-
out all related fields, including nanobiosensors. This
phenomenon reflects the urgent need for new tools and
methods to detect the infectious virus. In this subsection,
we classify the design of the reported nanobiosensors
from 158 articles in terms of target analytes, biorecogni-
tion elements, nanomaterials, transduction mechanisms,
experimental conditions, and evaluation criteria (Fig. 2).

4.1 Target antigen

The target antigens of nanobiosensors are mainly divided
into two major forms (S protein and N protein) and four
categories: S(S1+S2) protein, S1 protein, S(RBD) pro-
tein, and N protein (Fig. 3a). These proteins are available
on the market as recombinant proteins expressed from
host cells. Their molecular weight is slightly different
but somewhat consistent in specific ranges: S1 protein
(76.5-78.6 kDa), S(RBD) protein (25.0-27.5 kDa), and N
protein (46.0-48.0 kDa). Also, at least nine articles tested
their scheme using both S and N proteins on a single
platform. Two other protein targets were rarely reported:
protease (NO3) and ferritin (H14). Protease plays a role
in viral replication, and hyperferritinemia is found in
patients with poor clinical progress. Table 1 shows that
more than half of the articles targeted the S1 protein
(50.0%), followed by the N protein (22.2%) and S(RBD)
protein (19.0%).

4.2 Biorecognition elements

The biorecognition element is a critical component of
the nanobiosensor that recognizes the target analytes.
There have been several bioreceptors, including antibod-
ies, aptamers, and enzymes. In the SARS-CoV-2 studies,
five kinds of biorecognition elements have been intro-
duced: antibodies (anti-S antibody, anti-S1 antibody,
anti-S2 antibody, anti-N antibody, anti-S(RBD) antibody),
aptamers, engineered affinity proteins, natural receptors
(ACE2 molecule), synthetic receptors (MIP), and others
(Fig. 3b). Table 1 shows that immunosensors were used
in over 61.6% of the total studies because of their excel-
lent affinity, versatile applicability, and affordability of
antibodies. Besides them, the portion of studies that used
aptasensors, ACE2-based sensors, and MIP-based sen-
sors are 12.6%, 10.7%, and 5.7%, respectively.

4.3 Nanomaterials and other materials

The nanomaterials utilized varied from zero-dimensional
(OD) to three-dimensional (3D) forms (Fig. 3c). Metallic
nanoparticles (AuNPs, AgNPs, PtNPs, and PdNPs) were
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one of the most preferred nanomaterials because they
are simple but strong signal amplifiers in every kind of
detection mechanism, from plasmonic sensors to elec-
trochemical sensors. In the meantime, the graphene fam-
ily (graphene, graphene oxide, laser-scribed graphene,
laser-engraved graphene) has also been preferred due
to their extraordinary surface-to-volume ratio and con-
ductivity. These two major nanomaterials occupy 18.9%
and 16.5% of the study. Other nanomaterials utilized
were other metallic nanomaterials (nanostars, nanorods,
nanocubes, and nanowires), other carbon nanomateri-
als (nanotubes, nanofibers, carbon black, carbon dots,
nanodiamond), magnetic nanoparticles, quantum dots,
silica nanoparticle, hybrid nanocomposites, metal oxide
frameworks (MOFs), 2-dimensional transition metal car-
bide and nitride (MXene), transition metal chalcogenides
(TMCs). In the meantime, polymer, lipid, and hydrogel
were also introduced as a matrix, carrier, or functional
layer. Adopting polymeric material like a hydrogel is
advantageous in concentrating viral analytes to elicit a
greater signal [62, 63]. In fact, this has also been a materi-
alization strategy for nanobiosensor to detect and enrich
biomarkers [64—66].

4.4 Transduction mechanism
The nanobiosensors are usually categorized under a
transduction mechanism that converts the biorecognition

event into a measurable signal. In this review, we classi-
fied the studies into four main categories: electrochemi-
cal (82/158), electronic (25/158), optical (42/158), and
other (3/158) nanobiosensors (Fig. 3d). Each mechanism
has its own characteristics and each detection method
has pros and cons. (a) Electrochemical nanobiosensors
occupied the greater part of the research because of their
simplicity, affordability, portability, and user-friendliness
[67]. Since electrochemical nanobiosensors require a
relatively small volume, they can be implemented as a
miniaturized device. On the other hand, electrochemi-
cal nanobiosensors are sensitive to the surrounding envi-
ronment; signal interference from the redox reaction of
background materials or ionic buffer can affect the per-
formance. They are further divided into voltammetry,
amperometry, potentiometry, electrochemical imped-
ance spectroscopy (EIS), and others. (b) Electronic nano-
biosensors, often represented by a field-effect transistor
(FET), are also anticipated to be an ideal principle for
ultrasensitive, label-free, and real-time detection with a
minimal amount of sample. However, these transistor-
based platforms have an optimization issue that causes
inter-device and/or intra-device variation. Also, the
possible ionic buffer interference implies the challenges
in the operation using real sample. (c) Optical biosen-
sors, one of the major operating principles, occupied
almost a quarter of the research. They offer a safe and



Page 7 of 57

(2024) 11:3

Kim and Min Nano Convergence

19wA|od parundwi Al1e[ndajo| i ‘g-owiAzu3 Bunisauo) uisuaolbuy z-30v ,

ura301d pisde>oapnu N ‘uidioid § Jo urewop Bulpuiq 103dadal (ggy)s ‘ute10id § 4o uN 7§ Z§ ‘ute3oid S Jo un 1S S ‘urdjoid ids §

(SYIUO 9€ ‘2Z0T J9quiadaQ 0} 0ZOT Alenuel WOy {eaiqino Ja)e Jeak €) pouad uoi3da||od JPIMY ,

L1

0¢ 86

|
m < N

93

0¢

6/
[4

€l

Sl

¥

851
9

™Mm N —

cl

o

O ™~ NS

6l

€l

6l

spoyiaw a|diniy
Kesse |eulay |

(Sd) Adodson
-2ads 9|diued dnaubepy

JA3|1IUBDOIIN
SEIe)
JUIBWILIO|0D)

Adodson
-23ds (SY3S) buleneds
uewiey padueyuUs-adeLINS

sondo Jaqiy

(44S7) @ourUOSDY
UOWISe|d 9DBLING PazIjedoT]

Adodsondads (4ds) aoueu
-0S3Y UOWISe|d 92e4INS

2doUDSBUIWIN|IWBYD
95Uds3I0N|4
SIBYI0

(134
101sISURI| 109}49-Pal4

(03d)
ANSIWBLD011239[2010yd

(1D30) Joasisuel|.
|BDIWAYD04393|7 dluebip

(S13) Adodsondads aoue
-paduwi [e21uay201103|3

(10d) A12Wwonua104
(vD) Anawosaduweouoiyd

(AMS)
A11awiwel oA anemaienbs

(AdQ) Anaw
-WEYOA 95|Nd [elnuaIslig

— D

a O x n

- X

eANS

(VD) yoeoidde jeuoneuiquiod

(HL/4D/3N) uonse1ep

[eULIDY1/DLIRWIARIG/|BIIUBYDSIN

(dO) uonda19p [eondo

(713) uonsa1ep dIU0D3

(D3) UoNDIBP [EDIWIBYD0AI3[T

s1YI0

dIN

<-1DV

Apoqnue
paJaauibug

pweidy  Apoqnuy

SIBYI0 N+ILS

(agy) s

LS

(zs+1s)s

210N

,Judwid|d uoniubodaiolg

gwi_m:m 19bie]

|elop

spoyiaw uondeea Al

wisiueydaw uondnpsues |

MB3IARI SIY3 Ul 1S211U1 JO SIPDILIR JO AIRLILUNS [[BJ2AO DY L djqeL



Kim and Min Nano Convergence (2024) 11:3

straightforward measurement of disease-related mol-
ecules [68]. In a broad sense, the basic concept of optical
biosensors is very close to the sensitive, rapid, afford-
able, quantitative, and non-invasive or non-ionizing ver-
sion of biomedical imaging. Still, they usually require
relatively bulky devices compared to other categories of
nanobiosensors, and some of them require additional
signal probes or reporters. The representative opti-
cal biosensors are based on colorimetry, fluorescence,
chemiluminescence (CL), surface plasmon resonance
(SPR), localized surface plasmon resonance (LSPR), bio-
layer interferometry (BLI), and surface-enhanced Raman
scattering (SERS). This category shows wide variation in
principle, having benefits and drawbacks. For example,
SPR enables label-free and real-time detection, whereas
it does not discriminate the non-specific binding. SERS
achieves single-molecule level sensitivity but often suffers
from batch-to-batch reproducibility. (d) Other transduc-
tion mechanisms, gravimetric and thermal nanobiosen-
sors, have rarely been reported in SARS-CoV-2 research.
Gravimetric nanobiosensors are advantageous in simplic-
ity, but their sensitivity is often unsatisfactory. Thermal
nanobiosensors are free from optical and ionic distur-
bance, but the non-specific heating effect needs to be
problematic. (e¢) In some cases, multiple transduction
mechanisms were integrated into one platform.

4.5 Experimental conditions

The basic experimental condition includes tests using
target antigens diluted in a buffer at a certain concentra-
tion level. This condition optimizes the performance of
the designed sensing system. For more realistic condi-
tions, numerous studies spiked the antigens into the viral
transport medium (VTM) or clinical samples obtained
from healthy individuals. Although using a model virus
is essential to assess the usability of the sensors, it is often
not feasible due to safety issues. According to the CDC,
the culture and passage of the virus should be conducted
at biosafety level 3 (BSL-3), and routine diagnostic testing
with inactivated virus samples also needs to be handled
following biosafety level 2 (BSL-2) safety practices.

4.6 Comparison of sensing performance

We evaluated the performance of the nanobiosensors
based on the analytical sensitivity and detection range.
The limit of detection (LoD) indicates the lowest con-
centration of analyte that can produce a statistically
significant signal and should differ from a blank signal.
For a fair comparison, we first transcribed the numbers
precisely as the previous studies reported; however, the
significant figures of the LoD were not suitable for com-
parison. Instead, we separately calculated the LoD in
molar concentration for better understanding, indicated
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in parentheses with an asterisk (*). These estimated val-
ues are based on the information provided in each arti-
cle, and the significant figures were unified with the same
decimal places. In the meantime, the detection range of
the sensors, usually referred to as linear range, dynamic
range, or working range, was also collected for compari-
son. The plot displays the default format for performance
evaluation, with the LoD (M) on the Y-axis and the
detection range (order of magnitude) on the X-axis. As
a result, the sensors show better performance when the
marker is positioned close to the bottom-right corner of
the graph. We also inserted a horizontal line (dotted) to
roughly mark the physiological relevant level [69].

5 Challenges for nanobiosensors

The nanobiosensors mentioned above promise rapid and
ultrasensitive detection of SARS-CoV-2. Unfortunately,
there are still several hurdles to applying nanobiosensors
in real-world situations. In this subsection, we investi-
gate the current diagnostic issues revealed during the
COVID-19 global pandemic. Also, we discuss the impli-
cations of these advances in the post-COVID era. To
suggest a standard for an impartial evaluation, we used
ASSURED, one of the most widely used criteria for POC
diagnostics. Although nanobiosensors do not need to be
a form of POC testing, their POC conditions are also the
utmost goal of nanobiosensors, especially in the detec-
tion of infectious diseases.

5.1 ASSURED criteria

The ASSURED criteria suggested by the WHO is a set of
requirements for developing practical diagnostics, espe-
cially in POC testing. In general, most current standard
methods (e.g., RT-PCR, ELISA) have weaknesses in the
ASSURED criteria, regarding affordable (A), sensitive
(S), specific (S), user-friendly (U), rapid and robust (R),
equipment-free (E), and deliverable to the end-user (D)
standards.

5.1.1 Affordable tests (A)

Affordability indicates the cost-effectiveness of a diag-
nostic test (i.e., cost per test) while also considering a
total socioeconomic burden. The importance of the
socioeconomic area has greatly increased, especially
with infectious diseases like COVID-19. RT-PCR, a sta-
ple of the current preventative strategy, is expensive. The
final test cost is largely varied across countries. Usually,
the cost of a single RT-PCR kit is between 100 and 125
USD [70, 71], and technologist costs are added separately.
We should consider that this cost is not a one-off. The
number of tests increases exponentially with the spread-
ing of the virus. Every time an individual comes in con-
tact with someone who is infected, they are required to
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get tests. Once an individual becomes infected, another
test will be required after a certain period of quarantine
(i.e., 7-14 days). In March 2020, the WHO estimated
that around 10 to 30 tests were required for one positive

case. In terms of both cost and labor, RT-PCR tests are
quite a pressure on healthcare systems. Furthermore,
we should also consider the set-up cost for a diagnostic
laboratory. It is estimated that the average set-up cost for
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new diagnostic laboratories is around 15,000 USD per lab
[72], which does not include labor and training costs.

In this context, the cost of the rapid antigen kits (5 to
10 USD per test), which also underlies the expanded test
capacity, provides a practical guideline for nanobiosen-
sors. Among the articles, 81/158 (51.3%) claimed to use
a low-cost test. Although the low-cost claim implies sub-
stantial cost reduction, it does not always guarantee the
eventual cost of a single test. There are a few ways to pre-
sent the cost reduction of the invented methods. The first
way is to focus on the inexpensive elements of the inven-
tion; for example, mass-producible electrodes, including
glassy carbon (A06, BO6, E06), screen-printed electrodes
(A06, A08, C03, C06, E20), graphite leads (B07), ITO sub-
strate (E07), and LSPR substrate (M03). Some platforms
can be fabricated with cost-efficient methods, like elec-
trochemical anodization (C01), microfluidic chip (E11),
micro-electrode (E24), microcantilever (Q01), 3D print-
ing (J05), or other relatively simple processes (B09, 101,
103, J03). The fundamental advantages of each transduc-
tion method, especially in electrochemical detection,
can also be considered, though the description of each
method often did not include the price in detail (BO1,
B05, B09, C07, EO1, E08, E13, E14, K02). Interestingly,
one study (H10) focused on the economical sampling
method, like pool testing, because their sensor showed
a high specificity even with the 1-in-10 pooled samples
[73].

The cost of biorecognition receptors is hard to control
and accounts for most of the overall cost. Antibodies are
an expensive element of immunosensors. The price range
of antibodies (100 uL) against S protein, S(RBD) protein,
or N protein is usually between $400 and $600, depend-
ing on the providers, countries, and currencies. For these
reasons, some researchers produced in-house antibod-
ies in a more economical way (A07 and H19). Simi-
larly, aptamers are more inexpensive than antibodies, so
aptasensor research tended to emphasize that aptamers
are relatively more affordable than antibodies (E09, GO1).
Deng et al. analyzed the cost of aptamer production and
suggested that their assay required 1 pM. of aptamer per
test, equivalent to $0.006 [38]. It is much inexpensive
than commercial antibody ($0.01 to $0.04 per pM). The
same logic applied to the MIP-based research because it
is an economical and even robust alternative to antibod-
ies and aptamers (A08, B10, E10, E25, M03, NO1).

Similarly, some low-cost claims were based on the
instrumentation costs (A15, C07, E17, E23, G02, HO8). A
few studies indicated commercial-but-inexpensive equip-
ment, whereas others described their own customization
at the lab scale. Using commercial chips may be an advan-
tage of cost reduction. Qi et al. (E15) utilized a com-
mercial MEA chip for their capacitive aptasensor [74].
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Another interesting study (B04) utilized the children’s
toy, Shrinky-Dink® electrodes [75]. On rare occasions,
several studies tried to present the estimated eventual
cost of a single test with specific sums. For example,
Torres et al. (E05) estimated the cost of their RAPID 1.0
biosensor to be $4.67, consisting of fabrication and func-
tionalization costs [76]. Likewise, Salahandish et al. (E23)
estimated the cost of their BiSense biosensor to be $40,
including the customized Potentiostat [77].

5.1.2 Sensitive tests (S)

The early identification of SARS-CoV-2 infection is the
most important issue in this subject. To do so, the sen-
sors should be sensitive to detect a very small amount
of virus or parts of the virus before the symptom onset.
Some early reports indicate that viral loads of asympto-
matic and symptomatic patients are not much different;
therefore, theoretically, the identification of individuals
with no or mild symptoms is possible [78]. The question
is: how much should they be sensitive? It is axiomatic
that the more sensitive the test, the better. Unlike tra-
ditional target analytes of nanobiosensors, there is no
specific background level of viruses in humans, so the
requirement for optimal sensitivity is somewhat complex
and ambiguous. Furthermore, in this subject, the sen-
sor should cover a wide range of analyte concentrations
since the viral load and symptom onset timing of each
individual is different. This implies the need for accurate
quantification, overcoming simple Yes/No outcomes. For
this reason, previous studies suggested various ways to
discuss sensitive detection of SARS-CoV-2.

In terms of analytical sensitivity, which is an indicator
of core performance using model samples with recom-
binant proteins, the nanobiosensors referred to in this
review showed a largely varied LoD from the zeptomolar
level to the nanomolar level (Table 2). There are several
ways to set a reference point. One guideline can be set
based on the mathematical modeling. According to the
research, physiologically relevant levels of SARS-CoV-2
are around 7 X 10° virions per milliliter [79]. Because this
level is equivalent to approximately 10 fM, Stanborough
et al. estimated ~0.25 pM of S protein as a physiologically
relevant level [69]. Therefore, they concluded that sub-
picomolar detection is required for antigen detection. In
the same manner, we can assume that the physiologically
relevant N protein level would also be around the pico-
molar level. Although the exact amount of N protein per
virus is difficult to quantify, a recent analysis concluded
that there is three times more N protein than S protein
monomer in a single virus [80]. Another guideline for
setting a reference point uses the sensitivity of commer-
cial ELISA kits. As seen in Fig. 4, the performance of the
ELISA is converged in a similar range, though there is a
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slight variation according to the provider and produc-
tion batch. The LoD of ELISA spans around the picomo-
lar level, where the physiologically relevant range is, and
the detection range is usually one or two orders of mag-
nitude. Therefore, the best performance of ELISA might
distinguish the patients at the boundary, but it is still not
satisfactory to detect the virus at the very early infection
stage; thus, the advisable sensitivity of nanobiosensors
should be better than this range. Figure 4 indicates that
three-quarters of the nanobiosensor studies show a bet-
ter LoD and detection range than the ELISA.

In terms of clinical sensitivity, the most significant and
practical guideline can be established by referencing the
current gold standard method, RT-PCR. The perfor-
mance of the developed nanobiosensor needs to be as
sensitive as RT-PCR, considered the last and final proce-
dure for evaluating clinical samples in numerous studies
because important indices, like clinical sensitivity, clini-
cal specificity, and clinical accuracy, can be calculated.
Researchers collected positive and negative samples con-
firmed by RT-PCR and compared the results obtained
from developed sensors. A total of 14.6% (23/158) of arti-
cles presented clinical validation, and the results are sum-
marized in Table 3. The results vary from 53.6% (HO03) to
100.0% (A02, A05, A09, Al14, C03, E05, E21) according to
the detection technique, design of the nanobiosensors,
and the characteristics of the clinical samples.

5.1.3 Specific tests (S)

In addition to sensitive detection, diagnostic tests are
also required to reach a low false positive rate, where
the tests should not misdiagnose healthy individuals or
patients with other infections as COVID-19 patients.
From a commonsense standpoint, a false positive diag-
nosis might cause an unnecessary medical procedure and
additional medical expenses. More importantly, a pre-
scription of the wrong medicine or an order of the wrong
treatment can put people at risk. However, COVID-19
cases seem to need a different approach from others. Due
to the aggressive spreading of this highly infectious virus,
the primary measure for the just-diagnosed individual
is usually quarantine. Except for the older age group
who are hospitalized with underlying diseases, other
infected individuals at the very early stage take com-
mon drugs, like fever reducers. Therefore, there is more
leeway regarding false positives compared to other viral
diseases since the outcome of the overdiagnosis is not
relatively fatal. In contrast, missing the infected with false
negatives could be more dangerous to the entire society.
Nevertheless, the importance of specific detection should
not be simply overruled and is related to the accuracy
and reliability of the developed tests. The low specificity
of the diagnostics also endangers the entire healthcare
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system with enormous socioeconomic burdens due to
the unnecessary quarantine accompanied by repetitive
tests to end quarantine.

Without clinical samples, the specificity of the devel-
oped nanobiosensors can be tested using model samples
containing other non-target antigens (Table 4). Almost
66.5% (105/158) of the nanobiosensor studies provided
related data under various sample compositions. Model
samples were mimicked using non-target SARS-CoV-2
structural proteins, other beta-coronaviruses (SARS-CoV
and MERS-CoV), human coronaviruses (HCoV-HKUI,
HCoV-NL63, HCoV-OC43, and HCoV-229E), animal
coronaviruses (BCoV and FCoV), and other viral proteins
(Influenza A, Influenza B, mouse hepatitis virus, herpes
simplex virus, vesicular stomatitis virus, parainfluenza
virus, adenovirus, varicella-zoster virus, and rubella
virus). Specificity testing with model samples is also an
important validation because the viral proteins may
share a homology among their families, and sometimes,
the detection results may be indistinguishable from phy-
logenetically similar viruses. For example, in the case of
SARS-CoV-2, both S and N proteins showed 76% and
90% sequence similarity with S and N proteins of SARS-
CoV. In fact, several studies have pointed out that a cer-
tain amount of signal was detected from the SARS-CoV
antigen [81]. However, non-viral proteins were also uti-
lized to prove that the performance of the nanobiosen-
sor was not inhibited by those proteins (bovine serum
albumin, human serum albumin, CD48, HER-2, IL-6,
Beta-lactamase, and others). Some studies designed
the experiment considering the effect of the interfering
agents (especially in electrochemical detection) and fur-
ther application with biological fluids.

Clinical specificity can be obtained by comparison
with RT-PCR results. As we mentioned in the previous
section, 14.6% (23/158) of the articles presented a clini-
cal validation (Table 3). The results were less varied com-
pared to that of clinical sensitivity. Unless the sample size
of PCR-negatives was small (<10), the clinical specificity
of the reported nanobiosensors was over 86.0%, and 12
studies reported that there were no false-positive results
in at least one experimental design.

5.1.4 User-friendly tests (U)

The development of an easy-to-use test is crucial dur-
ing a global pandemic. If a test is easy for individuals to
conduct for themselves or others with the proper instruc-
tions, the enormous burden of testing capacity would
be relieved. In that case, the healthcare system can effi-
ciently allocate the limited testing resources for molec-
ular tests (i.e., RT-PCR) to the areas in urgent need. In
many countries, this strategy somewhat worked with the
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help of RATs at the peak point of the last wave caused by
the Omicron variants.

Unfortunately, most nanobiosensors are difficult to
handle for individuals at home. There are three hurdles
in this criterion: (a) the whole test process, from the sam-
pling to outcome, needs to be simplified to a few steps
since complexity of the procedures usually lowers the
possibility of a successful test; (b) the sampling also needs
to be conducted by the individuals, so nasopharyngeal
(NP) or oropharyngeal (OP) swabs are inappropriate
for self-collection; (c) if the assistance of instruments is
required for the result confirmation, they can be han-
dled with ease under the instructions. Numerous studies
claimed a simple procedure, but this criterion might be
the hardest to evaluate because there is no quantitative
standard.

One persuasive approach to address this issue is the
adoption of pre-existing commercial products, such as
glucometers and pregnancy tests. These two cases are
not only rare successful examples of biosensors in history
but also current indicators of the accessibility of previ-
ously difficult tests for ordinary people. For example, the
glucose strip is produced and sold on a large scale due
to the high demand for this routine test. So, the facilities
to manufacture the glucose strip are already established,
and they can produce several million sensors per day
[126]. Kiew et al. (E02) suggested glucose strip-inspired
sensors for the detection of SARS-CoV-2 [127]. Although
this article mainly focused on the merit of mass produc-
tion to match the testing demand, their suggestion offers
a way forward. Singh and Ray et al. suggested an innova-
tive way to use an off-the-shelf glucometer with custom-
ized electrodes [229].

Regarding self-collection, the nanobiosensor tests need
to consider the sampling of easy-to-collect specimens
instead of NP and OP. For example, saliva is a rational
specimen considering that the salivary droplet is the
most critical source of human-to-human transmission
of SARS-CoV-2 [230] and can be obtained in a non-
invasive manner, thus meeting the requirements for self-
collection and enabling routine self-testing. However,
the value of saliva as a test sample is still controversial
because there can be a huge difference in the contents
and concentration among sampling methods (mouth-
wash, oral swabbing, coughing, drooling). In addition, the
quality of the sample obtained from the same individual
is not always the same due to anomalous effects, includ-
ing viscosity, mucous contents, and potential inhibition
from food particles. Therefore, it is hard to guarantee
that the best performance of the test can be drawn from
self-collected samples. A total of 14 studies examined the
sensing performance under saliva-related environments,
including real, diluted, filtered, or artificial saliva. Among
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them, tweilve studies compared the results with the sens-
ing performance under a buffer environment (A02, A07,
B13, C08, E05, E29, F01, H13, H16, 002, Q02, U06).
These studies found that the LoD was lowered when the
sample matrix changed from the ideal buffer to a com-
plex environment. The difference in the LoD between the
buffer and saliva was one or two orders and could be a
bottleneck with the relatively low amount of target anti-
gen in saliva.

5.1.5 Rapid and robust tests (R)
Aside from sensitive and specific detection, the most
frequently mentioned claim for nanobiosensors is rapid
detection, indicating that the sensor outputs the results
with a fast response. Under the spreading of infectious
viruses, rapidity is more important than ever before.
Because the number of infected individuals increases by
hundreds of thousands every day, the overwhelmed test-
ing capacity cannot be relieved by a method requiring
a long-term process. For instance, RT-PCR is usually a
four- to six-hour process, implying that the realistic pos-
sibility of handling all the cases that need to be tested is
not likely with the current strategies. Preferably, the test
time should be shortened to a similar level to that of
RATs (15 to 30 min). Understandably, the quicker, the
better, unless other sensing performances are lost.
Rapidity is complicated when we discuss nanobiosen-
sors. Although the usual response time of most trans-
ducers is theoretically in the range of sub-seconds, the
additional signal processing time often varies with the
detection methods [231]. In addition, there is concep-
tual confusion in defining the standard for rapid detec-
tion since every study has different definitions of rapidity,
including detection time, response time, and total turn-
around time. The detection time is the required time
for obtaining detection results from the specimen,
while response time refers to the exact time interval
between the stimuli engagement and the signal genera-
tion. Because the head-to-head comparison among these
studies is illogical, we marked all the articles that claimed
rapid detection in Table 5. However, specific informa-
tion on rapidity is only mentioned when it refers to the
exact sample-to-result time. The results show that 83.5%
(132/158) of studies claimed rapid detection, and one-
third offer a sample-to-result time of under 30 min.
Robustness is an important criterion as well and indi-
cates how long the functionality of the test is main-
tained without any special conditions [232]. Ideally, the
test performance should not be dependent on tempera-
ture and humidity. This criterion highlights the advan-
tage of antigen-based tests because nucleic acids are
highly unstable and easily denatured. Though it is dif-
ficult to evaluate exactly during research, the shelf-life
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Fig. 4 The performance of (a—c) commercial ELISA kits and (d—f) recent nanobiosensors for the detection of SARS-CoV-2 antigens. The X-axis
and Y-axis display the limit of detection (M) and working range (order of magnitude): a/d S1 protein; b/e S(RBD) protein; ¢/f N protein. In the plot
of nanobiosensors, orange, yellow and blue circles indicate electrochemical, electronic, and optical detection. The black solid lines indicate

the median value of the group, and the red dotted line marks a picomolar (physiologically relevant) level of viral proteins
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can be used to assess robustness. The results show
that 54 of 158 studies (34.2%) claimed robustness, and
among them, twelve studies verified that the stability of
the test results was preserved for more than 30 days at
room temperature (A07, A10, A11, B05, C02, E07, E10,
E18, H19, K02, M03, P03). The longest shelf-life was
seven weeks, with a signal decrease of 1.27% at room
temperature (All). Similarly, another study reported
a shelf-life of 42 days at room temperature with a sig-
nal decrease of 8.5% (A06). Interestingly, they also
tested the sensor stability at 37 °C and reported a sig-
nal decrease of 11.9%. Several studies reported stability
at 4 °C (A14, A17, B04, B06, C02, C07, E07, H10, 104,
P01, P03, U03), and the longest period was nine months
(C02).

5.1.6 Equipment-free tests (E)

Equipment is a fundamental dilemma in test develop-
ment. High-performance and expensive equipment have
a better possibility of obtaining a better result. Neverthe-
less, the equipment-free test is one of the ultimate goals
of diagnostic tests that can solve many diagnostic issues.
Since a lack of testing capacity worsens the situation dur-
ing pandemics caused by infectious viruses, equipment-
free tests would be helpful to slow the virus spreading
with more frequent and repetitive testing.

A large portion of nanobiosensors is highly dependent
on equipment; however, portable equipment may address
this issue. Portable equipment is affordable and does
not take up much room. The transport cost is not rela-
tively high because portable equipment can be the size
of a hand-held device and can be shipped in small boxes.
This means portable equipment can be used for at-home
testing or to set up temporary testing sites at a low cost.
However, there is a gap between portable and bench-top
equipment in terms of specification, performance, and
functionality. The issue is if portable equipment can meet
the minimum requirements for detecting viral proteins.
To answer this question, we compared references with
identical principles: S protein detection in a buffer using
voltammetric detection. In this category consisting of 14
studies, seven operated a bench-top EC workstation, and
seven ran a portable device. The LoD distribution of the
former group was slightly better than that of the latter
group. It is hard to compare these studies because each
study had its own unique design and different conditions,
but higher analytical sensitivity might be derived from
the equipment spec. However, the difference in the aver-
ages was not significant, and several studies using port-
able devices showed results in an acceptable range.
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5.1.7 Deliverable tests (D)

The last criterion of ASSURED is the ability of tests to be
deliverable to the end-users. Deliverability indicates the
accessibility of the technology to the public and is closely
related to the requirements for the final stage of the test
at the testing site. The testing sites here varied from at
home to public spaces, including schools, workplaces,
hospitals, train stations, and airports. Furthermore, there
is a need to set up temporary testing sites within a very
short time. There are some postulations to be addressed
in transferring the test to these testing sites. For exam-
ple, some methods need reagents that require cooling
and refrigeration facilities at the testing site. If the test
requires cooling or refrigeration, the flexibility would be
degraded, and the distribution of the test would be lim-
ited. Specialized storage is also problematic regarding at-
home testing since the test reagent may not be stored in
household refrigerators. For these reasons, deliverability
is closely related to the storability at room temperature of
the test in the rigidness criteria.

5.2 MORE issues

Although the ASSURED criteria are important guide-
lines focusing on infectious diseases for over a decade,
they cannot completely cover present issues during the
COVID-19 pandemic. Most importantly, SARS-CoV-2
rapidly spread all over the world before proper actions
were taken, demonstrating how different this virus is
compared to other infectious diseases having relatively
low reproductive numbers. A large portion of infected
individuals causes unexpected variables in the process of
virus containment, and the potential long-term effects of
SARS-CoV-2 cause other serious consequences. There-
fore, we believe more criteria should be established to
address these additional issues aside from the existing
ASSURED criteria. We chose newly emerging issues for
diagnostic tools and arranged them into four categories,
multiplexed detection (M), on-circulating variant (O),
real-time connectivity (R), equity for global health (E),
(MORE). The related articles are presented in Table 5.

5.2.1 Multiplexed detection (M)

Even though the vaccine and therapeutics far lowered the
risk of COVID-19, SARS-CoV-2 will continue to coex-
ist with us for a while. Even in the early stages of the
pandemic, some experts predicted the transition to the
endemic stage [233]. In other words, SARS-CoV-2, which
keeps mutating, will circulate through the world with
other seasonal diseases (e.g., influenza). This prediction
implies the possibility of co-infection with other viruses
or bacteria [234, 235]. In fact, we have realized through
the last two winters that the infection rate of COVID-19
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worsens during flu season. This concern was termed a
“twindemic” since there is evidence that the infectivity
of SARS-CoV-2 can be affected by other viruses [236]. In
that case, the sole detection of SARS-CoV-2 would not be
important in the future. Therefore, several studies have
already suggested multiplexing techniques to detect mul-
tiple viruses along with SARS-CoV-2 at the same time.

As seen in Table 4, 35 studies included a test with influ-
enza antigens. Those tests were designed to assess the
specificity or selectivity of the sensor against real tar-
gets, antigens of SARS-CoV-2, and its variants. Since the
early symptoms of COVID-19 are very similar to the sea-
sonal flu, the discrimination between these two viruses
is important. In this context, several studies investigated
the multiplexed detection of SARS-CoV-2 and influ-
enza (All, C03, HO4, 106). Nanobiosensors are an ideal
platform for multiplexed immunoassays due to their
enhanced sensitivity, reproducibility, and reliability. Also,
nanobiosensors offer less sample consumption and a rela-
tively short test time.

Moreover, the multiplex concept is also useful in the
combination of antigen and antibody detection, espe-
cially in biofluids like serum. As mentioned above, the
antibody level reflects both a past infection and the pre-
sent status of the immunity, so multiplexing can offer a
wider time frame for diagnosis [237]. In addition, mul-
tiplexing is helpful in monitoring vaccine efficiency and
seroprevalence assessments of immunity in a population
[29]. Six studies suggested the detection of both antigens
and antibodies (A13, F02, HO6, H18, J02, U01). The LoD
of those three platforms for IgG or IgM was 1 fg/mlL,
0.36 fg/mL, and approximately 0.3 pg/mL, respectively.
These results are impressive considering the usual LoD of
common serological tests. However, these cases must be
interpreted with caution because both antigen and anti-
body were not detected on a single platform. Instead, two
parallel platforms were used by exchanging biorecogni-
tion elements. Therefore, other nanobiosensors can also
be converted to the antigen-targeted concept without
additional effort.

5.2.2 On-circulating variant (O)

The threat of SARS-CoV-2 variants may cause COVID-
19 to change from the one that had spread at the very
early stage [238]. The mutation of the virus is a normal
process to adapt to natural defenses. RNA viruses have an
especially high mutation rate, so mutations could happen
all the time. However, the consequences were fatal in the
case of SARS-CoV-2 because ultra-fast, population-scale,
and globe-wide spreading gave the virus innumerable
opportunities for evolution. Although most mutations
are expected to be either neutral or middle deleterious,
some lead to different characteristics in pathogenicity,
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infectivity, transmissibility, and antigenicity [239, 240].
This means the variants are generally more transmissible
than the wild-type or have the ability to evade a vaccine.
The statistics show that every new variant drove the start
of new waves of infection.

For this reason, the WHO carefully monitors the newly
identified mutations and designates them as variants of
concern (VOCs) and variants of interest (VOIs) based
on their degree of global health significance. So far, there
have been five major variants of SARS-CoV-2, including
B.1.1.7 (Alpha), B1.351 (Beta), P.1 (Gamma), B.1.617.2
(Delta), and B.1.1.529 (Omicron). Broadly, these variants
could be a serious problem on two counts. First, major
mutations usually occur at the RBD of the S protein.
Since RBD plays a role in the host cell entry, its muta-
tion directly affects viral transmissibility via interactions
with ACE-2 [241, 242]. Until now, most VOCs have had
more infectious characteristics. For example, Alpha was
estimated to be 50% more transmissible than wild-type
viruses [243]. Delta has approximately three-fold greater
infectivity than other variants [244]. More recently,
Omicron, which contains mutations and has three-fold
greater infectivity than Delta, showed more aggressive
spreading, as well as Omicron variants and sub-variants.
Omicron spreading was significantly faster than Delta
variants, and the reproductive number was around seven
[245, 246]. Second, there is a possibility of vaccine evad-
ing. For instance, though Beta and Gamma are not more
transmissible than Alpha, they lowered the effectiveness
of neutralizing antibodies, drugs, and vaccines [10].

In the development of diagnostic tests, mutations are
problematic because the variants can affect the perfor-
mance of the tests. Supposing that the sensitivity of the
tests is reduced every few months, their value for prac-
tical use also keeps changing. The mutation in the S
protein, especially in RBD, increases transmissibility.
This fact implies that the biorecognition elements for S
or S(RBD) might be venerable to a variant issue. Only
one study (I03) conducted an antibody-based detec-
tion of Alpha variants as a practical demonstration in
diluted saliva [177]; the signal difference between Alpha
and wild-type was not provided. Another study (O10)
using an engineered antibody reported that the signal
differences among Alpha, Beta, and Gamma were small
within a margin of error [212]. Two MIP-based stud-
ies (B09, M03) also showed a small difference among
Alpha, Beta, and Gamma from the originally imprinted
wild-type antigen, though the results were clearly distin-
guishable from the background or non-target viral pro-
teins [108, 198]. Moreover, one ACE-2-based study (B06)
showed interesting results [105]. In this very first report
for variant detection, this study obtained an even higher
response with Beta variants and also validated the test
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using clinical samples. Because the mutation of S(RBD)
increases the affinity against ACE-2, the sensitivity of the
sensor was enhanced against variants. N protein is often
considered relatively free from variant issues compared
to S protein. One study (C06) showed that the signal in
Alpha and Beta was higher than that in the wild-type
[118]. Another study (E23) demonstrated signal differ-
ences with 22 clinical samples obtained from patients
diagnosed with the Alpha variant [143].

5.2.3 Real-time connectivity (R)

The fast-spreading rate of SARS-CoV-2 and a large por-
tion of asymptomatic patients make containing the
virus very difficult. It has so far been shown that quar-
antines, travel restrictions, and social distancing are the
most effective strategies for controlling this sort of highly
infectious disease. To conduct this plan of action, aggres-
sive contact tracing, the confirmation of the infection,
and the recovery need to be simultaneously monitored by
the centralized healthcare system. So, test results should
be shared with the authorities, and the proper measures
and actions can proceed. The use of digital technologies
to identify both active and recovered infected cases has
also been implemented successfully to manage the spread
of COVID-19 [247]. To do so, one crucial requirement
for nanobiosensors is real-time connectivity. Fortunately,
the integration of this function is not difficult in the
world of smartphones. The integration of a module for
wireless connection to the nanobiosensor is now achiev-
able in an inexpensive manner.

In this context, several studies describe the real-time
connectivity of their developed nanobiosensors. First,
there are customized devices completely designed by
authors (A05, Al15, E17, H13). Beduk et al. (A05) devel-
oped a handmade POC potentiostat connected to a
smartphone with a custom mobile application [86]. This
device, which has built-in memory, supports both Blue-
tooth and USB-C connectors to sync to a smartphone.
They did not, however, present details for the operation
of the custom-made mobile application. Fortunati et al.
(A15) developed a smart potentiostat that uses Wi-Fi
to connect to a cloud environment directly. This device
does not require external devices like PCs, tablets, or
smartphones [96]. Salahandish et al. (E17) developed a
customized dual electrochemical biosensor that enables
binary electrochemical data acquisition (Bi-ECDAQ) and
Bluetooth [77]. A few months later, they also developed
a custom-designed dual-working electrode immuno-bio-
sensor (BiSense), which has built-in Wi-Fi connectivity.
P.-H. Chen and C.-C. Huang (H13) proposed an electrical
double layer (EDL)-gated FET biosensor [168].

Second, there are studies that integrated their inven-
tion into the electrodes used in commercial equipment,
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including potentiostats (C04, E05), portable FET meas-
urement stations (H14), photometers (J05), and glu-
cometers. Currently, most commercial portable devices
support wireless protocols like Bluetooth, near-field com-
munication (NFC), and Wi-Fi. In addition, the recent
products available on the market usually present soft-
ware development kits for mobile applications. Among
them, two studies (C04, EO5) showed that their sensor
electrodes could be connected to various types of poten-
tiostats. Since these devices were running with both
PC-based bench-top equipment and smartphone-based
portable equipment, the measurement can be conducted
according to the circumstance.

5.2.4 Equity for global health (E)

The current COVID-19 pandemic surpasses the advances
in modern globalization in the twenty-first century [248].
As we realized for the last three years, this highly infec-
tious virus cannot be contained by the sole efforts of
a single community, society, or nation. Nowadays, our
worlds are closely connected on every level and thus
affected interactively. This means crucial responses to
COVID-19 need to move forward under global-level
cooperation [249]. However, joint efforts among nations
still seem very idealistic when considering the inter-
national situation. There are several different levels of
inequity to consider. First, huge gaps in the fundamental
health system and public hygiene exist between advanced
and developing countries; infectious diseases cause
more dangerous aftermath in low-income countries and
communities [9]. Second, there is a staggering inequity
in the aspect of diagnostic infrastructure. The current
diagnostic methods, like RT-PCR, have intensified in
high-income countries. Another inequity to consider is
vaccine distribution [250]. Regarding the emergence of
the new variants, especially, different levels of vaccina-
tion rates have caused other viral mutations. For these
reasons, the alternative methods should cover the area
that RT-PCR cannot reach.

Nanobiosensors, as an alternative tool, should cover
the area that RT-PCR cannot reach. This issue is closely
intertwined with the criteria mentioned above, includ-
ing the affordability, user-friendliness, rapidity, rigidity,
and deliverability of tests. In terms of testing capacity, the
tests need to meet the requirement for mass testing and
stability. Mass-producible platforms can contribute to the
global-scale distribution. Stability is also important dur-
ing transport to isolated areas or undeveloped countries.
Interestingly, 18 studies have demonstrated the reusabil-
ity of their tests (A06, A11, A14, A17, A19, B12, E07, E09,
El6, E18, E24, E26, HO8, 101, 103, J04, L06, N04), where
four claimed that the performance loss was in an accept-
able range even after more than ten uses (A11, A19, E16,
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E24). Reusing the test is useful in resource-limited cir-
cumstances to expand testing capacity.

6 Conclusion and future perspectives

In this review, we first summarized the three-year his-
tory of the COVID-19 pandemic and the advantages
and limitations of the current diagnostic toolbox. Dur-
ing this period, scientific research for COVID-19 had
been published at a record pace, including hundreds of
concepts for nanobiosensors for detecting SARS-CoV-2
through targeting nucleic acids, antibodies, and antigens
of the virus. Among them, about 158 studies particularly
claimed the rapid and sensitive detection of SARS-CoV-2
antigens, thus also achieving the direct detection of the
virus itself at the early stage of the infection. Consider-
ing the relatively short circulating period of the newly
emerged virus, the flourishing of published articles is
unprecedented in the entire biosensor history, imply-
ing the urgent importance of this subject. Thereafter, we
focused on the analytical performance of those reported
nanobiosensor studies and the contribution of the nano-
materials. We then discussed the diagnostic requirements
for a pandemic using the WHO’s ASSURED criteria and
the new MORE virus-specific issues.

In Fig. 5, we illustrated how these issues have been
addressed in the previous articles based on the key claims
of the article. Considering that all the studies directly or
indirectly emphasize the sensitive detection of SARS-
CoV-2, we can estimate the relative weight of other
issues in counteracting infectious diseases. It tells us
about the necessary direction for nanobiosensor research
in the future and also shows both positive and nega-
tive aspects of its current status. The major strength of
nanobiosensors stems from excellent analytical sensitiv-
ity and quantification ability compared to other antigen-
based detection methods, such as conventional in vitro
diagnostics. On the other hand, the critical weakness of
nanobiosensors is a lack of standardization. This includes
low selectivity, performance decrement in real samples,
and the limited reproducibility of results. Most studies
in the scientific literature are dependent on lab-specific
protocols and conducted under different measurement
conditions, which makes the parallel comparison diffi-
cult. These would be essential assignments in the future
to allocate the role to nanobiosensors in urgent circum-
stances. In this context, we need to give attention to con-
ventional immunoassays like ELISA as a standardized
model of newly developed technologies. It is also the rea-
son why a large amount of nanobiosensor research pro-
vides performance comparisons with ELISA tests under
identical conditions.

It is worth noting that the studies with clinical sam-
ples are preferably referred for future development.
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Cross-validation with the gold standard RT-PCR is espe-
cially valuable information. In addition, ASSURED and
MORE criteria illustrate the eventual objective of all
kinds of nanobiosensors. The issues we handled in each
section have great implications for the future develop-
ment of nanobiosensors. Therefore, the studies satisfy
these criteria as much as are worth noticing. In this con-
text, the studies that suggested the prototype or adoption
of the existing commercial platform provide important
points in terms of the feasibility of the concept. An addi-
tional point in future development is the integration with
smartphone-based platforms, along with artificial intel-
ligence-assisted and cloud-connected data analysis. The
smartphone, which has the potential to be a highly per-
sonalized diagnostic device, can contribute to data acqui-
sition, processing, storage, and sharing. In the case of
infectious disease, this approach is particularly important
because it provides real-time monitoring and reactive
counteraction to the spreading of the virus with accurate
data extraction in terms of both quality and quantity.

Although the battle against COVID-19 is now enter-
ing the final stage as the risk of the virus continuously
decreases, its management is still important for the fol-
lowing reasons. First, the virus will not simply disappear.
Instead, SARS-CoV-2 will coexist with us for a long time,
like the flu. Second, we still do not know the exact long-
term consequences of COVID-19, the so-called “Long
COVID? There have been several reports that patients
after recovery have sequelae, including cardiovascular,
pulmonary, neurologic, mental, and emotional disorders
[251, 252]. In fact, the sequelae are somewhat common
to some other viral infections (e.g., hepatitis B), and the
long-term consequences were also observed in survi-
vors of previous SARS-CoV [253, 254]. These long-term
effects may become an even larger problem in the case
of a mass-spreader like SARS-CoV-2. Third, COVID-19
is still dangerous for some population groups, including
the older age group with underlying diseases. Despite
the unprecedented scale of vaccination and the recent
dominance of variants that are more infectious but less
dangerous, the mortality in this subpopulation is excep-
tionally high. So, to protect the entire community, the
continuous effort to control COVID-19 is unavoidable.

It is evident that COVID-19 is not the last pandemic in
human history. Many experts have warned that outbreaks
of other infectious diseases will be more frequent in the
future. In 2022, we observed the unexpected spreading of
once-dismissed viruses, including monkeypox and polio.
Monkeypox had previously never spread outside cen-
tral and west Africa. Polio, a virus feared in the middle
of the twentieth century, had not been detected in large-
scale populations. Both monkeypox and polio have since
spread on a global scale similar to SARS-CoV-2 and its



Kim and Min Nano Convergence (2024) 11:3 Page 52 of 57

Low-Cost

Disposable

Low-Volume Sampling

Rapid

Sensitive

Sensing Platform Specific
Quantification

Reproducible

Reusable

Stable

Portable

Multiplexing (Other Viruses)

Multiplexing (Antigen and Antibody)

Multiplexing (Antigen and Antigen)

SARS-CoV-2 Variants

Functionality and Wireless Connectivity
Expandability Self Collection
Non-buffer Matrix

Saliva Testing
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, MassTesting &
Cultured Virus

_ Clinical Samples

Validation
0% 20% 40% 60% 80% 100%
Published Articles (%)

Fig. 5 The analysis based on key claims and approaches of the relevant studies. (bar graph: a fraction of the relevant cases among a total of 158
published articles)

variants. It is worth noting that the development of trans-  IMF International Monetary Fund
portation allows the world to act as a single society, and <%V Human coronaviruses A .
R . RT-PCR Reverse transcription-polymerase chain reaction
overpopulation and over-urbanization offer a perfect gar Rapid antigen tests
opportunity for viruses to travel, proliferate, and mutate ~ POC Point-of-care
at a remarkable speed. Because the fertile environment 2" Deoxyribo nucleic acid
. . RNA Ribonucleic acid
for the virus is already set, we cannot be sure the con- ¢t Computed tomography
sequence of the next virus will differ from SARS-CoV-2.  ELISA Enzyme-linked immunosorbent assays
One important lesson in this pandemic is the awareness - Lateral flow immunoassays
R . RBD Receptor-binding domain
of the necessary need to prepare various alternative or  acg Angiotensin converting enzyme-2
complementary options to support RT-PCR-based diag-  EIS Electrochemical impedance spectroscopy
. . . FET Field-effect transistor
ngstlc testing through glpbal-gcale tfzstlng to keep. up Chemiluminescence
with the spreading of the infectious virus. Although itis  spg Surface plasmon resonance
difficult to declare that all the above-mentioned advances  LSPR Localized surface plasmon resonance
in nanobiosensors are directly applicable to real-world > surface-enhanced Raman scattering
R ' . BLI Biolayer interferometry
operations, the research published with intense efforts yu Viral transport medium
under urgent and evolving threats shows us what is  PBS Phosphate buffered saline
. INF Influenza

needed tf) prepare for the post-COVID era and potential BOA Bovine serum albumin
future crises. HSA Human serum albumin

IL-6 Interleukin 6

IL-8 Interleukin 8
Abbreviations GFP Green fluorescent protein
SARS-CoV Severe acute respiratory syndrome-associated coronavirus LOD Limit of detection
MERS-CoV Middle East respiratory syndrome-related coronavirus VOC Variants of concern
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2 VOI Variants of interest
COVID-19 Coronavirus disease 2019
WHO World Health Organization

CDC Centers for Disease Control



Kim and Min Nano Convergence

(2024) 11:3

Acknowledgements

This research was supported by the National Research Foundation

of Korea (NRF) grant funded by the Korea government (MSIT) (NRF-
2022R1A4A2000776), and by Research Program funded by the National
Research Council of Science & Technology (NST), (CRC22021-200).

Author contributions

YJK and JM conceived the concept of the review. YJK collected the data and
interpreted the results. JM directed and supervised the project. YJK and JM
wrote the manuscript. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
All datasets used in this review are included in this manuscript.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 25 September 2023 Accepted: 7 December 2023
Published online: 11 January 2024

References

1.

P.Zhou, X-L.Yang, X.-G. Wang, B. Hu, L. Zhang, W. Zhang, H.-R. Si, Y.

Zhu, B. Li, C-L. Huang, H.-D. Chen, J. Chen, Y. Luo, H. Guo, R-D. Jiang,
M.-Q. Liu, Y. Chen, X-R. Shen, X. Wang, X.-S. Zheng, K. Zhao, Q-J. Chen,
F.Deng, L-L. Liy, B.Yan, F-X. Zhan, Y-Y. Wang, G.-F. Xiao, Z.-L. Shi, Nature
579,270 (2020)

N. Chen, M. Zhou, X. Dong, J. Qu, F. Gong, Y. Han, Y. Qiu, J. Wang, Y. Liu, Y.
Wei, J. Xia, T. Yu, X. Zhang, L. Zhang, Lancet 395, 507 (2020)

W. Guan, Z. Ni,Y.Hu, W. Liang, C. Ou, J. He, L. Liu, H. Shan, C. Lei, DS.C.
Hui, B. Du, L. Li, G. Zeng, K--Y. Yuen, R. Chen, C. Tang, T. Wang, P. Chen, J.
Xiang, S. Li, J.Wang, Z. Liang, Y. Peng, L. Wei, Y. Liu, Y. Hu, P. Peng, J. Wang,
J.Liy, Z. Chen, G. Li, Z. Zheng, S. Qiu, J. Luo, C. Ye, S. Zhu, N. Zhong, N.
Engl. J. Med. 382, 1708 (2020)

B. Hu, H. Guo, P. Zhou, Z-L. Shi, Nat. Rev. Microbiol. 19, 141 (2021)
A.L.Wyllie, J. Fournier, A. Casanovas-Massana, M. Campbell, M. Tokuy-
ama, P.Vijayakumar, J.L. Warren, B. Geng, M.C. Muenker, A.J. Moore, C.B.F.
Vogels, M.E. Petrone, M. Ott, P. Lu, A. Venkataraman, A. Lu-Culligan,

J. Klein, R. Earnest, M. Simonoyv, R. Datta, R. Handoko, N. Naushad, L.R.
Sewanan, J. Valdez, E.B. White, S. Lapidus, C.C. Kalinich, X. Jiang, D.J.

Kim, E. Kudo, M. Linehan, T. Mao, M. Moriyama, J.E. Oh, A. Park, J. Silva, E.
Song, T. Takahashi, M. Taura, O.E. Weizman, P. Wong, Y. Yang, S. Bermejo,
C.D. Odio, S.B. Omer, CS. Dela Cruz, S. Farhadian, R.A. Martinello, A.
Iwasaki, N.D. Grubaugh, A.l. Ko, N. Engl. J. Med. 383, 1283 (2020)

G. Rosati, A. Idili, C. Parolo, C. Fuentes-Chust, E. Calucho, L. Hu, C.C.

de Castro e Silva, L. Rivas, E.P. Nguyen, J.F. Bergua, R. Alvarez-Diduk, J.
Munoz, C. Junot, O. Penon, D. Monferrer, E. Delamarche, A. Merkogi, ACS
Nano 15, 17137 (2021)

M. Amouzadeh Tabrizi, J.P. Fernandez-Blazquez, D.M. Medina, P. Acedo,
Biosens. Bioelectr. 196, 113729 (2022)

B. Pfefferbaum, C.S. North, N. Engl. J. Med. 383, 510-512 (2020)

DF. Santomauro, AM. Mantilla Herrera, J. Shadid, P. Zheng, C. Ashbaugh,
D.M. Pigott, C. Abbafati, C. Adolph, J.O. Amlag, A.Y. Aravkin, B.L. Bang-
Jensen, G.J. Bertolacci, S.S. Bloom, R. Castellano, E. Castro, S. Chakrabarti,
J. Chattopadhyay, R.M. Cogen, JK. Collins, X. Dai, W.J. Dangel, C. Dapper,
A. Deen, M. Erickson, S.B. Ewald, A.D. Flaxman, J.J. Frostad, N. Fullman,
JR. Giles, A.Z. Giref, G. Guo, J. He, M. Helak, E.N. Hulland, B. Idrisov, A.
Lindstrom, E. Linebarger, PA. Lotufo, R. Lozano, B. Magistro, D.C. Malta,
J.C. Mansson, F. Marinho, A.H. Mokdad, L. Monasta, P. Naik, S. Nomura,
JK. O'Halloran, S.M. Ostroff, M. Pasovic, L. Penberthy, R.C. Reiner Jr, G.
Reinke, A.L.P. Ribeiro, A. Sholokhov, R.J.D. Sorensen, E. Varavikova, AT. Vo,
R. Walcott, S. Watson, C.S. Wiysonge, B. Zigler, S.I. Hay, T. Vos, CJ.L. Mur-
ray, H.A. Whiteford, AJ. Ferrari, Lancet 398, 1700 (2021)

10.
1.

15.

20.
21.

22.

23.

24.

25.

26.
27.
28.

29.
30.

32.

33

34

35.

36.

Page 53 of 57

S.S. Abdool Karim, T. de Oliveira, N. Engl. J. Med. 384, 1866 (2021)

PR. Krause, TR. Fleming, .M. Longini, R. Peto, S. Briand, D.L. Heymann,

V. Beral, M.D. Snape, H. Rees, A.-M. Ropero, R.D. Balicer, J.P. Cramer, C.
Munoz-Fontela, M. Gruber, R. Gaspar, J.A. Singh, K. Subbarao, M.D. Van
Kerkhove, S. Swaminathan, M.J. Ryan, A.-M. Henao-Restrepo, N. Engl. J.
Med. 385, 179 (2021)

S. A.Meo, A. M. Alhowikan, T. Al-Khlaiwi, I. M. Meo, D. M. Halepoto, M.
Igbal, A. M. Usmani, W. Hajjar, and N. Ahmed, Eur Rev Med Pharmacol
Sci 24(4), 2012 (2020)

Z.Zhu, X. Lian, X. Su, W.Wu, G.A. Marraro, Y. Zeng, Respir. Res. 21, 224
(2020)

R.Lu, X. Zhao, J. Li, P. Niy, B. Yang, H. Wu, W. Wang, H. Song, B. Huang, N.
Zhu, Y. Bi, X. Ma, F. Zhan, L. Wang, T. Hu, H. Zhou, Z. Hu, W. Zhou, L. Zhao,
J.Chen, Y. Meng, J. Wang, Y. Lin, J. Yuan, Z. Xie, J. Ma, W.J. Liu, D. Wang, W.
Xu, E.C. Holmes, G.F. Gao, G. Wu, W. Chen, W. Shi, W. Tan, Lancet 395, 565
(2020)

R. Antiochia, Biosens. Bioelectron. 173, 112777 (2021)

V.M. Corman, O. Landt, M. Kaiser, R. Molenkamp, A. Meijer, D.K. Chu,

T. Bleicker, S. Brunink, J. Schneider, M.L. Schmidt, D.G. Mulders, B.L.
Haagmans, B. van der Veer, S. van den Brink, L. Wijsman, G. Goderski,
J.L. Romette, J. Ellis, M. Zambon, M. Peiris, H. Goossens, C. Reusken, M.P.
Koopmans, C. Drosten, Eurosurveillance 25, 2000045 (2020)

A. Assiri, A. McGeer, TM. Perl, C.S. Price, AA. Al Rabeeah, D.AT. Cum-
mings, Z.N. Alabdullatif, M. Assad, A. Almulhim, H. Makhdoom, H.
Madani, R. Alhakeem, J.A. Al-Tawfig, M. Cotten, S.J. Watson, P. Kellam, Al
Zumla, Z.A. Memish, N. Engl. J. Med. 369, 407 (2013)

S.M.Kissler, C. Tedijanto, E. Goldstein, Y.H. Grad, and M. Lipsitch, Science
368, 860 (2020)

B. Udugama, P. Kadhiresan, H.N. Kozlowski, A. Malekjahani, M. Osborne,
VY.C. Li, H. Chen, S. Mubareka, J.B. Gubbay, W.C.W. Chan, ACS Nano 14,
3822 (2020)

M.J. Loeffelholz, Y.-W. Tang, Emerg. Microb. Infect. 9, 747 (2020)

TM. Oeschger, D.S. McCloskey, R.M. Buchmann, A.M. Choubal, J.M. Boza,
S. Mehta, D. Erickson, Acc. Chem. Res. 54, 3656 (2021)

B.V. Ribeiro, TAR. Cordeiro, G.R. Oliveira e Freitas, LF. Ferreira, D.L. Franco,
Talanta Open 2, 100007 (2020)

T.Ai, Z.Yang, H. Hou, C. Zhan, C. Chen, W. Lv, Q. Tao, Z. Sun, L. Xia, Radiol-
ogy 296, £32 (2020)

Y.Wang, C. Dong, Y. Hu, C. Li, Q. Ren, X. Zhang, H. Shi, M. Zhou, Radiol-
ogy 296, £55 (2020)

U. Teichgraber, A. Malouhi, M. Ingwersen, R. Neumann, M. Reljic, S.
Deinhardt-Emmer, B. Loffler, W. Behringer, J.-C. Lewejohann, A. Stall-
mach, P. Reuken, Respir. Res. 22, 13 (2021)

S. Kleiboeker, S. Cowden, J. Grantham, J. Nutt, A. Tyler, A. Berg, M. Altrich,
J.Clin. Virol. 129, 104439 (2020)

Y. Li, X. Hy, Y. Tu, T. Wu, B. Wang, H. Ma, W. Zeng, D. Zhao, H.M. Mengist,
AJK.Kombe, M. Zheng, Y. Xu, T. Jin, Front. Public Health 8, 339 (2020)
A.Tahamtan, A. Ardebili, Expert Rev. Mol. Diagn. 20, 453 (2020)

F. Krammer, V. Simon, Science 368, 1060 (2020)

B.D. Kevadiya, J. Machhi, J. Herskovitz, M.D. Oleynikov, W.R. Blomberg,

N. Bajwa, D. Soni, S. Das, M. Hasan, M. Patel, AM. Senan, S. Gorantla,

J. McMillan, B. Edagwa, R. Eisenberg, C.B. Gurumurthy, S.PM. Reid, C.
Punyadeera, L. Chang, H.E. Gendelman, Nat. Mater. 20, 593 (2021)
C.Huang, T. Wen, F-J. Shi, X.-Y. Zeng, Y-J. Jiao, ACS Omega 5, 12550
(2020)

H.Hou, T.Wang, B. Zhang, Y. Luo, L. Mao, F. Wang, S. Wu, Z. Sun, Clin
Transl Immunol 9, 1136 (2020)

M.J. Boyle, JA. Chan, I. Handayuni, L. Reiling, G. Feng, A. Hilton, L.
Kurtovic, D. Oyong, KA. Piera, B.E. Barber, T. William, D.P. Eisen, G. Minigo,
C.Langer, DRR. Drew, F. de Labastida Rivera, FH. Amante, TN. Williams,

S. Kinyanjui, K. Marsh, D.L. Doolan, C. Engwerda, F.J.I. Fowkes, M.J. Grigg,
. Mueller, J.S. McCarthy, N.M. Anstey, J.G. Beeson, Sci. Adv. 5, eaax489
(2019)

M.M. Serrano, D.N. Rodriguez, N.T. Palop, R.O. Arenas, M.M. Cérdoba,
M.D.O. Mochén, C.G. Cardona, J. Clin. Virol. 129, 104529 (2020)

K.G. Beavis, S.M. Matushek, A.PF. Abeleda, C. Bethel, C. Hunt, S. Gillen, A.
Moran, V. Tesic, J. Clin. Virol. 129, 104468 (2020)

B. Poore, R.D. Nerenz, D. Brodis, C.I. Brown, M.A. Cervinski, J.A. Hubbard,
Clin. Biochem. 95, 77 (2021)



Kim and Min Nano Convergence

37.

38.

39.

40.

42,
43,
44,
45,
46,

47.
48.

49.
50.
51.

52.
53.

54.
55.
56.
57.
58.

59.
60.

62.
63.
64.

65.
66.

67.
68.
69.

70.

(2024) 11:3

Z.Ke, J. Oton, K. Qu, M. Cortese, V. Zila, L. McKeane, T. Nakane, J. Zivanov,
CJ. Neufeldt, B. Cerikan, J.M. Lu, J. Peukes, X. Xiong, H.-G. Krdusslich,
SHW. Scheres, R. Bartenschlager, J.A.G. Briggs, Nature 588, 498 (2020)
J.Deng, F.Tian, C. Liy, Y. Liy, S. Zhao, T. Fu, J. Sun, W.Tan, J. Am. Chem.
Soc. 143, 7261 (2021)

H.Yao, Y. Song, Y. Chen, N.Wu, J. Xu, C. Sun, J. Zhang, T. Weng, Z. Zhang,
Z.Wu, L. Cheng, D. Shi, X. Lu, J. Lei, M. Crispin, Y. Shi, L. Li, S. Li, Cell 183,
730 (2020)

M.A. Tortorici, M. Beltramello, FA. Lempp, D. Pinto, H.V. Dang, L.E. Rosen,
M. McCallum, J. Bowen, A. Minola, S. Jaconi, F. Zatta, A. De Marco, B.
Guarino, S. Bianchi, E.J. Lauron, H. Tucker, J. Zhou, A. Peter, C. Havenar-
Daughton, J.A. Wojcechowskyj, J.B. Case, R.E. Chen, H. Kaiser, M.
Montiel-Ruiz, M. Meury, N. Czudnochowski, R. Spreafico, J. Dillen, C. Ng,
N. Sprugasci, K. Culap, F. Benigni, R. Abdelnabi, S.-Y.C. Foo, M.A. Schmid,
E. Cameroni, A. Riva, A. Gabrieli, M. Galli, M.S. Pizzuto, J. Neyts, M.S.
Diamond, H.W. Virgin, G. Snell, D. Corti, K. Fink, D. Veesler, Science 370,
950 (2020)

G.O. Sabbih, M.A. Korsah, J. Jeevanandam, M.K. Danquah, Biotechnol.
Progr. 37,3096 (2021)

W. Zeng, H. Ma, C. Ding, Y. Yang, Y. Sun, X. Huang, W. He, Y. Xiang, Y. Gao,
T.Jin, Sig Transduct Target Ther 6, 35 (2021)

W. Shao, M.R. Shurin, S.E. Wheeler, X. He, A. Star, A.C.S. Appl, Mater.
Interfaces 13, 10321 (2021)

D.A. Giliohann, C.A. Mirkin, Nature 462, 461 (2009)

J. Lei, H. Ju, Chem. Soc. Rev. 41, 2122 (2012)

FN. Ishikawa, M. Curreli, H-K. Chang, P-C. Chen, R. Zhang, RJ. Cote, M.E.
Thompson, C. Zhou, ACS Nano 3, 3969 (2009)

S.M. Borisov, O.S. Wolfbeis, Chem. Rev. 108, 423 (2008)

Y.M. Bae, B-K. Oh, W. Lee, WH. Lee, J-W. Choi, Anal. Chem. 76, 1799
(2004)

R.P.Singh, Y.J. Kim, B-K. Oh, J-W. Choi, Electrochem. Commun. 11, 181
(2009)

H.D. Jang, SK. Kim, H. Chang, K-M. Roh, J-W. Choi, J. Huang, Biosens.
Bioelectron. 38, 184 (2012)

S. Hideshima, H. Hinou, D. Ebihara, R. Sato, S. Kuroiwa, T. Nakanishi, S.-I.
Nishimura, T. Osaka, Anal. Chem. 85, 5641 (2013)

J-H. Lee, B-K. Oh, J-W. Choi, Biosens. Bioelectron. 49, 531 (2013)

J-H. Lee, B.-C. Kim, B.-K. Oh, J-W. Choi, Nanomed. Nanotechnol. Biol.
Med. 9, 1018 (2013)

Z.Wu, J. Hu, T. Zeng, Z-L. Zhang, J. Chen, G. Wong, X. Qiu, W. Liu, G.F.
Gao, Y. Bi, D-W. Pang, Anal. Chem. 89, 2039 (2017)

C.Tancharoen, W. Sukjee, C. Thepparit, T. Jaimipuk, P. Auewarakul, A.
Thitithanyanont, C. Sangma, ACS Sens. 4, 69 (2019)

A.J. Baeumner, N.A. Schlesinger, N.S. Slutzki, J. Romano, E.M. Lee, RA.
Montagna, Anal. Chem. 74, 1442 (2002)

R.M. Mayall, CA. Smith, A.S. Hyla, D.S. Lee, CM. Crudden, V.I. Birss, ACS
Sens. 5, 2747 (2020)

W.Y. Cui, H.J. Yoo, Y.G. Li, C. Baek, J. Min, Biosens. Bioelectron. 199,
113878 (2022)

B.Zuo, S. Li, Z. Guo, J. Zhang, C. Chen, Anal. Chem. 76, 3536 (2004)

FN. Ishikawa, H.-K. Chang, M. Curreli, H-I. Liao, CA. Olson, P-C. Chen,
R.Zhang, RW. Roberts, R. Sun, RJ. Cote, M.E. Thompson, C. Zhou, ACS
Nano 3, 1219 (2009)

S. Eissa, K. Al-Kattan, M. Zourob, ACS Omega 6, 32072 (2021)

R.L. Pinals, F. Ledesma, D. Yang, N. Navarro, S. Jeong, J.E. Pak, L. Kuo, Y.-C.
Chuang, Y-W. Cheng, H.-Y. Sun, M.P. Landry, Nano Lett. 21, 2272 (2021)
J.Wang, M. Lv, H. Xia, J. Du, Y. Zhao, H. Li, Z. Zhang, ACS Sens. 6, 2465
(2021)

S-W.Lv, Y. Liu, M. Xie, J. Wang, X-W. Yan, Z. Li, W.-G. Dong, W.-H. Huang,
ACS Nano 10, 6201 (2016)

Y.J. Kim, Y-H. Cho, J. Min, S.-W. Han, Anal. Chem. 93, 1100 (2021)

J.Wei, Z. Zhao, J. Gao, Y.Wang, L. Ma, X. Meng, Z. Wang, ACS Omega 5,
5365 (2020)

D.W. Kimmel, G. LeBlanc, M.E. Meschievitz, D.E. Cliffel, Anal. Chem. 84,
685 (2012)

H. Maddali, C.E. Miles, J. Kohn, D.M. O'Carroll, ChemBioChem 22, 1176
(2021)

T. Stanborough, EM. Given, B. Koch, C.R. Sheen, A.B. Stowers-Hull, M.R.
Waterland, D.L. Crittenden, ACS Omega 6, 6404 (2021)

A. Afzal, J. Adv. Res. 26, 149 (2020)

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

Page 54 of 57

A.Benda, L. Zerajic, A. Ankita, E. Cleary, Y. Park, S. Pandey, Sensors 21,
6581 (2021)

L. Yusuf, M. Appeaning, T.G. Amole, B.M. Musa, H.S. Galadanci, PK.
Quashie, IA. Aliyu, Diagnostics 11, 2105 (2021)

C. Dai, M. Guo, Y. Wu, B--P. Cao, X. Wang, Y. Wu, H. Kang, D. Kong, Z. Zhu,
T.Ying, Y. Liu, D. Wei, J. Am. Chem. Soc. 143, 19794 (2021)

H.Qi, Z. Hu, Z.Yang, J. Zhang, JJ. Wu, C. Cheng, C. Wang, L. Zheng, Anal.
Chem. 94, 2812 (2022)

JA. Zakashansky, A.H. Imamura, D.F. Salgado, H.C. Romero Mercieca,
REL. Aguas, AM. Lao, J. Pariser, N. Arroyo-Currés, M. Khine, Anal. Meth-
ods 13,874 (2021)

M.D.T. Torres, W.R. de Araujo, L.F. de Lima, AL. Ferreira, C. de la Fuente-
Nunez, Matter 4, 2403 (2021)

R. Salahandish, F. Haghayegh, G. Ayala-Charca, J.E. Hyun, M. Khalghollah,
A. Zare, B. Far, B.M. Berenger, Y.D. Niu, E. Ghafar-Zadeh, A. Sanati-Nezhad,
Biosens. Bioelectron. 203, 114018 (2022)

L. Zou, F. Ruan, M. Huang, L. Liang, H. Huang, Z. Hong, J. Yu, M. Kang,

Y. Song, J. Xia, Q. Guo, T. Song, J. He, H--L. Yen, M. Peiris, J. Wu, N. Engl. J.
Med. 382, 1177 (2020)

Y.Wang, G. Xy, Y.-W. Huang, PLoS ONE 15, 0241539 (2020)

Y.M. Bar-On, A. Flamholz, R. Phillips, R. Milo, Elife 9, e57309 (2020)
A.C.Walls, Y.-J. Park, M.A. Tortorici, A. Wall, AT. McGuire, D. Veesler, Cell
181, 281 (2020)

S.A. Hashemi, N.G. Golab Behbahan, S. Bahrani, S.M. Mousavi, A.
Gholami, S. Ramakrishna, M. Firoozsani, M. Moghadami, K.B. Lankarani,
N. Omidifar, Biosens. Bioelectr. 171, 112731 (2021)

L. Fabiani, M. Saroglia, G. Galata, R. De Santis, S. Fillo, V. Luca, G. Faggioni,
N. D’Amore, E. Regalbuto, P. Salvatori, G. Terova, D. Moscone, F. Lista, F.
Arduini, Biosens. Bioelectron. 171, 112686 (2021)

A.Raziq, A. Kidakova, R. Boroznjak, J. Reut, A. Opik, V. Syritski, Biosens.
Bioelectron. 178, 113029 (2021)

J.Tian, Z. Liang, O. Hu, Q. He, D. Sun, Z. Chen, Electrochim. Acta 387,
138553 (2021)

T.Beduk, D. Beduk, J.I. de Oliveira Filho, F. Zihnioglu, C. Cicek, R. Sertoz,
B. Arda, T. Goksel, K. Turhan, K.N. Salama, S. Timur, Anal. Chem. 93, 8585
(2021)

L. Liv, G. Coban, N. Nakiboglu, T. Kocagdz, Biosens. Bioelectron. 192,
113497 (2021)

A. Roberts, S. Mahari, D. Shahdeo, S. Gandhi, Anal. Chim. Acta 1188,
339207 (2021)

T.Zhang, L. Sun, Y. Zhang, Anal. Methods 13, 5772 (2021)

E.D. Nascimento, W.T. Fonseca, T.R. de Oliveira, CR.S.T.B. de Correia, V.M.
Faca, B.P. de Morais, V.C. Silvestrini, H. Pott-Junior, FR. Teixeira, R.C. Faria,
Sens. Actuators, B Chem. 353, 131128 (2022)

E. Ghazizadeh, A. Neshastehriz, A.D. Firoozabadi, MK. Yazdi, E. Saievar-
Iranizad, S. Einali, Sci. Rep. 11, 22969 (2021)

C. Karaman, B.B. Yola, O. Karaman, N. Atar, | Polat, M.L. Yola, Microchim.
Acta 188,425 (2021)

J.Zhao, Z. Fu, H. Li, Y. Xiong, S. Cai, C. Wang, Y. Chen, N. Han, R. Yang,
Electrochim. Acta 404, 139766 (2022)

M.A. Sadique, S.Yadav, P. Ranjan, R. Khan, F. Khan, A. Kumar, D. Biswas,
ACS Appl. Bio Mater. 5, 2421 (2022)

D. Shahdeo, A. Roberts, G.J. Archana, N.S. Shrikrishna, S. Mahari, K.
Nagamani, S. Gandhi, Biosens. Bioelectron. 212, 114406 (2022)

S. Fortunati, C. Giliberti, M. Giannetto, A. Bolchi, D. Ferrari, G. Donofrio, V.
Bianchi, A. Boni, I. De Munari, M. Careri, Biosensors 12, 426 (2022)

D. Beduk, J. llton de Oliveira Filho, T. Beduk, D. Harmanci, F. Zihnioglu,
C. Cicek, R. Sertoz, B. Arda, T. Goksel, K. Turhan, KN. Salama, S. Timur,
Biosens. Bioelectr. X 10, 100105 (2022)

M. Adeel, K. Asif, F. Alshabouna, V. Canzonieri, Md.M. Rahman, S.A.
Ansari, F. Guder, F. Rizzolio, S. Daniele, Biosens. Bioelectron. X 12, 100256
(2022)

F. Curti, S. Fortunati, W. Knoll, M. Giannetto, R. Corradini, A. Bertucci, M.
Careri, ACS. Appl, Mater. Interfaces 14, 19204 (2022)

A.Wang, Y. Li, X. You, S. Zhang, J. Zhou, H. Liu, P. Ding, Y. Chen, Y. Qi, Y. Liu,
C. Liang, X. Zhu, Y. Zhang, E. Liu, G. Zhang, J. Solid State Electrochem.
27,489 (2023)

S. Eissa, M. Zourob, Anal. Chem. 93, 1826 (2021)

B. Mojsoska, S. Larsen, D.A. Olsen, J.S. Madsen, . Brandslund, FA. Alatrak-
tchi, Sensors 21, 390 (2021)



Kim and Min Nano Convergence

103.

104.
105.

106.
107.

108.
109.
110.
111,
112.

113.
114.

116.
117.

119.

120.
121.

127.

128.

129.
130.
131.
132.
133.

134.

(2024) 11:3

S. Eissa, H.A. Alhadrami, M. Al-Mozaini, A.M. Hassan, M. Zourob, Micro-
chim. Acta 188, 199 (2021)

L. Liv, Microchem. J. 168, 106445 (2021)

L.F. de Lima, AL. Ferreira, M.D.T. Torres, W.R. de Araujo, C. de la Fuente-
Nunez, Proc. Natl. Acad. Sci. US.A. 118, 2106724118 (2021)

A. Idili, C. Parolo, R. Alvarez-Diduk, A. Merkoci, ACS Sens. 6, 3093 (2021)
W.A. EI-Said, AS. Al-Bogami, W. Alshitari, D.A. El-Hady, T.S. Saleh, M.A.
El-Mokhtar, J-W. Choi, BioChip J. 15, 287 (2021)

A.G. Ayankojo, R. Boroznjak, J. Reut, A. Opik, V. Syritski, Sens. Actuators, B
Chem. 353, 131160 (2022)

M. Amouzadeh Tabrizi, P. Acedo, Biosens. Bioelectr. 215, 114556 (2022)
L. Liv, A. Bas, Anal. Biochem. 657, 114898 (2022)

R.Zeng, M. Qiu, Q. Wan, Z. Huang, X. Liu, D.Tang, D. Knopp, Anal. Chem.
94, 15155 (2022)

N. Farsaeivahid, C. Grenier, S. Nazarian, M.L. Wang, Sensors 23, 433
(2022)

B.S.Vadlamani, T. Uppal, S.C. Verma, M. Misra, Sensors 20, 5871 (2020)
H. Yousefi, A. Mahmud, D. Chang, J. Das, S. Gomis, J.B. Chen, H. Wang, T.
Been, L. Yip, E. Coomes, Z. Li, S. Mubareka, A. McGeer, N. Christie, S. Gray-
Owen, A. Cochrane, J.M. Rini, E.H. Sargent, S.0. Kelley, J. Am. Chem. Soc.
143,1722 (2021)

J.Li, R.Lin, Y.Yang, R. Zhao, S. Song, Y. Zhou, J. Shi, L. Wang, H. Song, R.
Hao, A.CS. Appl, Mater. Interfaces 13, 22262 (2021)

J.Li, PB. Lillehoj, ACS Sens. 6, 1270 (2021)

V. Ratautaite, R. Boguzaite, E. Brazys, A. Ramanaviciene, E. Ciplys, M.
Juozapaitis, R. Slibinskas, M. Bechelany, A. Ramanavicius, Electrochim.
Acta 403, 139581 (2022)

1.C. Samper, CJ. McMahon, M.S. Schenkel, KM. Clark, W. Khamcharoen,
L.B.R. Anderson, J.S. Terry, EN. Gallichotte, G.D. Ebel, B.J. Geiss, D.S.
Dandy, C.S. Henry, Anal. Chem. 94, 4712 (2022)

V. Vasquez, M.-C. Navas, J.A. Jaimes, J. Orozco, Anal. Chim. Acta 1205,
339718 (2022)

A. Erdem, H. Senturk, E. Yildiz, M. Maral, Diagnostics 12, 1992 (2022)

S. Mavrikou, G. Moschopoulou, V. Tsekouras, S. Kintzios, Sensors 20,
3121 (2020)

S. Mavrikou, V. Tsekouras, K. Hatziagapiou, F. Paradeisi, P. Bakakos, A.
Michos, A. Koutsoukou, E. Konstantellou, G.I. Lambrou, E. Koniari, E.-B.
Tatsi, J. Papaparaskevas, D. lliopoulos, G.P. Chrousos, S. Kintzios, Biosen-
sors 11,224 (2021)

S. Mavrikou, V. Tsekouras, K. Hatziagapiou, A. Tsalidou, P. Bakakos, N.
Rovina, A. Koutsoukou, A. Michos, O. Nikola, E. Koniari, J. Papaparask-
evas, G.P. Chrousos, C. Kanaka-Gantenbein, S. Kintzios, Chemosensors 9,
341 (2021)

W.-I. Lee, A. Subramanian, S. Mueller, K. Levon, C.-Y. Nam, M.H.
Rafailovich, A.C.S. Appl, Nano Mater. 5, 5045 (2022)

7. Rahmati, M. Roushani, H. Hosseini, H. Choobin, Microchim. Acta 188,
105 (2021)

V.J.Vezza, A. Butterworth, P. Lasserre, E.O. Blair, A. MacDonald, S. Han-
nah, C. Rinaldi, PA. Hoskisson, A.C. Ward, A. Longmuir, S. Setford, ECW.
Farmer, M.E. Murphy, DK. Corrigan, Chem. Commun. 57, 3704 (2021)
L-V.Kiew, C-Y.Chang, S-Y. Huang, P-W. Wang, C.-H. Heh, C-T. Liu, C-H.
Cheng, Y-X. Ly, Y.-C. Chen, Y-X. Huang, S.-Y. Chang, H.-Y. Tsai, Y.-A. Kung,
P-N. Huang, M.-H. Hsu, B-F. Leo, Y-Y. Foo, C-H. Su, K-C. Hsu, P-H. Huang,
C-J.Ng, A. Kamarulzaman, C-J. Yuan, D--B. Shieh, S.-R. Shih, L-Y. Chung,
C.-C. Chang, Biosens. Bioelectron. 183, 113213 (2021)

S. Witt, A. Rogien, D. Werner, J. Siegenthaler, R. Lesiyon, N. Kurien, R.
Rechenberg, N. Baule, A. Hardy, M. Becker, Diam. Relat. Mater. 118,
108542 (2021)

G.C. Zaccariotto, MKK.L. Silva, G.S. Rocha, I. Cesarino, Materials 14, 4230
(2021)

E.B. Aydin, M. Aydin, MK. Sezginturk, A.C.S. Biomater, Sci. Eng. 7, 3874
(2021)

J.C. Abrego-Martinez, M. Jafari, S. Chergui, C. Pavel, D. Che, M. Siaj,
Biosens. Bioelectron. 195, 113595 (2022)

S.Ramanathan, S.C.B. Gopinath, Z.H. Ismail, M.K. Md Arshad, P. Poopa-
lan, Biosens. Bioelectron. 197, 113735 (2022)

F. Haghayegh, R. Salahandish, A. Zare, M. Khalghollah, A. Sanati-
Nezhad, Lab Chip 22, 108 (2022)

Y. Tepeli Blytkstnetci, B.E. Citil, U. Anik, Analyst 147, 130 (2022)

135.

137.

138.
139.

140.

141.

142.
143.

145.
146.

147.
148.

152.

154.

155.

156.

157.

158.

159.

161.

162.

163.

164.

Page 55 of 57

J.C. Soares, A.C. Soares, MK.S.C. Angelim, J.L. Proenca-Modena, PM.
Moraes-Vieira, L.H.C. Mattoso, O.N. Oliveira Jr, Talanta 239, 123076
(2022)

S.A. Hashemi, S. Bahrani, S.M. Mousavi, N. Omidifar, N.G.G. Behbahan,
M. Arjmand, S. Ramakrishna, A.M. Dimiev, K.B. Lankarani, M. Mogh-
adami, M. Firoozsani, Talanta 239, 123113 (2022)

M. Mehmandoust, Z.P. Gumus, M. Soylak, N. Erk, Talanta 240, 123211
(2022)

E.B. Aydin, M. Aydin, M.K. Sezgintirk, New J. Chem. 46, 9172 (2022)
F. Haghayegh, R. Salahandish, M. Hassani, A. Sanati-Nezhad, A.CS.
Appl, Mater. Interfaces 14, 10844 (2022)

L.C. Brazaca, AH. Imamura, N.O. Gomes, M.B. Almeida, D.T. Scheidt,
PA. Raymundo-Pereira, O.N. Oliveira, B.C. Janegitz, S.A.S. Machado, E.
Carrilho, Anal. Bioanal. Chem. 414, 5507 (2022)

C. Durmus, S. Balaban Hanoglu, D. Harmanci, H. Moulahoum, K. Tok, F.
Ghorbanizamani, S. Sanli, F. Zihnioglu, S. Evran, C. Cicek, R. Sertoz, B.
Arda, T. Goksel, K. Turhan, S. Timur, Talanta 243, 123356 (2022)
C.-C.Wu, Y.-H. Chiang, H.-Y. Chiang, Biosensors 12, 265 (2022)

R. Salahandish, P. Jalali, H.O. Tabrizi, J.E. Hyun, F. Haghayegh, M. Khalg-
hollah, A. Zare, B.M. Berenger, Y.D. Niu, E. Ghafar-Zadeh, A. Sanati-
Nezhad, Biosens. Bioelectron. 213, 114459 (2022)

H. Cho, S. Shim, WW. Cho, S. Cho, H. Baek, S.-M. Lee, D.-S. Shin, ACS
Sens. 7, 1676 (2022)

M. Amouzadeh Tabrizi, P. Acedo, Biosensors 12, 142 (2022)

S. Ramanathan, S. C. B. Gopinath, Z. H. Ismail, S. Subramaniam, Micro-
chim Acta 189, 226 (2022)

D. Soto, J. Orozco, Anal. Chim. Acta 1205, 339709 (2022)

W. Biatobrzeska, M. Ficek, B. Dec, S. Osella, B. Trzaskowski, A.
Jaramillo-Botero, M. Pierpaoli, M. Rycewicz, Y. Dashkevich, T. tega, N.
Malinowska, Z. Cebula, D. Bigus, D. Firganek, E. Biega, K. Dzigbowska,
M. Brodowski, M. Kowalski, M. Panasiuk, B. Gromadzka, S. Zotedowska,
D. Nidzworski, K. Pyr¢, W.A. Goddard, R. Bogdanowicz, Biosens. Bioel-
ectron. 209, 114222 (2022)

S.Yadav, M. Abubakar Sadique, P. Ranjan, R. Khan, N. Sathish, AK.
Srivastava, J. Mater. Chem. B 10, 8478 (2022)

A. Kurmangali, K. Dukenbayeyv, D. Kanayeva, Int. J. Mol. Sci. 23, 13138
(2022)

K. Guo, S. Wustoni, A. Koklu, E. Diaz-Galicia, M. Moser, A. Hama, A.A.
Algahtani, AN. Ahmad, F.S. Alhamlan, M. Shuaib, A. Pain, I. McCulloch,
S.T. Arold, R. Griinberg, S. Inal, Nat Biomed Eng 5, 666 (2021)

Y. Song, Z.D. Lamberty, J. Liang, M. Aller Pellitero, J.S. Wagner, E.
Jumai'an, M.A. Bevan, J. Frechette, N. Arroyo-Curras, H.E. Katz, A.C.S.
Appl, Nano Mater. 4, 13459 (2021)

ZW. Jiang, T.T. Zhao, CM. Li, Y.F. Li, C.Z. Huang, A.C.S. Appl, Mater.
Interfaces 13, 49754 (2021)

C.N. Botelho, S.S. Falcdo, R--E.P. Soares, S.R. Pereira, A.S. de Menezes,
L.T. Kubota, F.S. Damos, R.CS. Luz, Biosens. Bioelectr. X 11, 100167
(2022)

M. Amouzadeh Tabrizi, L. Nazari, P. Acedo, Sens. Actuators B Chem.
345,130377 (2021)

Y. Chen, W. Duan, L. Xu, G. Li, Y. Wan, H. Li, Anal. Chim. Acta 1211,
339904 (2022)

H. Chang, M. Jiang, Q. Zhu, A. Liu, Y.Wu, C. Li, X. Ji, L. Gong, S. Li, Z.
Chen, L. Kong, L. Han, Microchem. J. 182, 107866 (2022)

X.Zhang, Q. Qi, Q. Jing, S. Ao, Z. Zhang, M. Ding, M. Wu, K. Liu, W.
Wang, Y. Ling, Z. Zhang, and W. Fu, arXiv:2003.12529v1 (2020)

G. Seo, G. Lee, MJ. Kim, S.-H. Baek, M. Choi, K.B. Ku, C-S. Lee, S. Jun, D.
Park, H.G. Kim, S.-J. Kim, J.-O. Lee, B.T. Kim, E.C. Park, S.I. Kim, ACS Nano
14,5135 (2020)

Y. Li, Z. Peng, N.J. Holl, Md.R. Hassan, J.M. Pappas, C. Wei, O.H. Izadi, Y.
Wang, X. Dong, C. Wang, Y.-W. Huang, D. Kim, C. Wu, ACS Omega 6,
6643 (2021)

P. Fathi-Hafshejani, N. Azam, L. Wang, M.A. Kuroda, M.C. Hamilton, S.
Hasim, M. Mahjouri-Samani, ACS Nano 15, 11461 (2021)

K. Ditte, T. A. Nguyen Le, O. Ditzer, D. |. Sandoval Bojorquez, S. Chae, M.
Bachmann, L. Baraban, and F. Lissel, ACS Biomater. Sci. Eng. 9(5), 2140
(2021)

B.V. Krsihna, S. Ahmadsaidulu, S.S.T. Teja, D. Jayanthi, A. Navaneetha, PR.
Reddy, and M.D. Prakash, Silicon 14, 5913 (2021)

M.A. Zamzami, G. Rabbani, A. Ahmad, A.A. Basalah, W.H. Al-Sabban, S.
Nate Ahn, H. Choudhry, Bioelectrochemistry 143, 107982 (2022)


https://arXiv.org/2003.12529v1

Kim and Min Nano Convergence

165.

166.
167.
168.

169.

170.

172.

174.
175.

176.

177.

178.

181.
182.
183.
184.

185.

189.
190.
191.

192.

193.

194.

(2024) 11:3

M.T. Hwang, I. Park, M. Heiranian, A. Tagieddin, S. You, V. Faramarzi, A.A.
Pak, AM. Zande, N.R. Aluru, R. Bashir, Adv. Mater. Technol. 6, 2100712
(2021)

S. Park, H. Kim, K. Woo, J.-M. Kim, H.-J. Jo, Y. Jeong, KH. Lee, Nano Lett.
22,50 (2022)

J.Gao, C.Wang, Y. Chu, Y. Han, Y. Gao, Y. Wang, C. Wang, H. Liu, L. Han, Y.
Zhang, Talanta 240, 123197 (2022)

P-H. Chen, C-C. Huang, C.-C.Wu, P-H. Chen, A. Tripathi, Y.-L. Wang, Sens.
Actuators, B Chem. 357, 131415 (2022)

E. Piccinini, G.E. Fenoy, A.L. Cantillo, J.A. Allegretto, J. Scotto, J.M. Pic-
cinini, W.A. Marmisollé, O. Azzaroni, Adv Materials Inter 9, 2102526
(2022)

I. Novodchuk, M. Kayaharman, I. Prassas, A. Soosaipillai, R. Karimi, L.A.
Goldthorpe, E. Abdel-Rahman, J. Sanderson, E.P. Diamandis, M. Bajcsy,
M. Yavuz, Biosens. Bioelectron. 210, 114331 (2022)

H.-J. Jang, X. Sui, W. Zhuang, X. Huang, M. Chen, X. Cai, Y. Wang, B. Ryu,
H. Pu, N. Ankenbruck, K. Beavis, J. Huang, J. Chen, A.CS. Appl, Mater.
Interfaces 14, 24187 (2022)

DK.Ban, T. Bodily, A.G. Karkisaval, Y. Dong, S. Natani, A. Ramanathan,

A. Ramil, S. Srivastava, P. Bandaru, G. Glinsky, R. Lal, Proc. Natl. Acad. Sci.
US.A.119,e2206521119 (2022)

L. Xu, S. Ramadan, B.G. Rosa, Y. Zhang, T. Yin, E. Torres, O. Shaforost, A.
Panagiotopoulos, B. Li, G. Kerherve, DK. Kim, C. Mattevi, LR. Jiao, PK.
Petrov, N. Klein, Sens. Diagn. 1, 719 (2022)

D. Shahdeo, N. Chauhan, A. Majumdar, A. Ghosh, S. Gandhi, A.CS. Appl|,
Bio Mater. 5, 3563 (2022)

PK.Sharma, E-S. Kim, S. Mishra, E. Ganbold, R-S. Seong, A K. Kaushik,
N.-Y. Kim, ACS Sens. 6, 3468 (2021)

Y. Lin, Y. Han, A. Sharma, W.S. AlIGhamdi, C. Liu, T. Chang, X. Xiao, W. Lin,
P.Lu, A. Seitkhan, A.D. Mottram, P. Pattanasattayavong, H. Faber, M.
Heeney, T.D. Anthopoulos, Adv. Mater. 34, 2104608 (2022)

S.Kim, H. Ryu, S.Tai, M. Pedowitz, J.R. Rzasa, D.J. Pennachio, J.R. Hajzus,
DXK. Milton, R. Myers-Ward, K.M. Daniels, Biosens. Bioelectron. 197,
113803 (2022)

A. Georgas, E. Lampas, D.P. Houhoula, A. Skoufias, S. Patsilinakos, I. Tsa-
faridis, G.P. Patrinos, N. Adamopoulos, A. Ferraro, E. Hristoforou, Biosens.
Bioelectron. 202, 114021 (2022)

B. Gao, R.A. Rojas Chavez, W.I. Malkawi, D.W. Keefe, R. Smith, H. Haim,
AK. Salem, F. Toor, Sens. Bio-Sens. Res. 36, 100487 (2022)

C. Muratore, M.K. Muratore, D.R. Austin, P. Miesle, AK. Benton, LK. Bea-
gle, M.J. Motala, D.C. Moore, J.M. Slocik, M.C. Brothers, S.S. Kim, K. Krupa,
T.A. Back, J.T. Grant, N.R. Glavin, Adv Mater. Inter. 9, 2102209 (2022)
C.Wang, C.Wang, J. Qiu, J. Gao, H. Liu, Y. Zhang, L. Han, Microchim. Acta
188,262 (2021)

S-Y.Cho, X. Jin, X. Gong, S. Yang, J. Cui, M.S. Strano, Anal. Chem. 93,
14685 (2021)

C.Ge, J. Feng, J. Zhang, K. Hu, D.Wang, L. Zha, X. Hu, R. Li, Talanta 236,
122847 (2022)

C. Liang, B. Liu, J. Li, J. Lu, E. Zhang, Q. Deng, L. Zhang, R. Chen, Y. Fu, C. Li,
T. Li, Sens. Actuators, B Chem. 349, 130718 (2021)

M. Svobodova, V. Skouridou, M. Jauset-Rubio, I. Viéitez, A. Ferndndez-
Villar, J.J. Cabrera Alvargonzalez, E. Poveda, C.B. Bofill, T. Sans, A. Basham-
makh, A.O. Alyoubi, CK. O'Sullivan, ACS Omega 6, 35657 (2021)

J.Liy, J. Mao, M. Hou, Z. Hu, G. Sun, S. Zhang, Anal. Chem. 94, 14627
(2022)

D. Liu, C. Ju, C. Han, R. Shi, X. Chen, D. Duan, J. Yan, X. Yan, Biosens. Bioel-
ectron. 173, 112817 (2021)

S.Wang, J. Shu, A. Lyu, X. Huang, W. Zeng, T. Jin, H. Cui, Anal. Chem. 93,
14238 (2021)

H. Jia, A. Zhang, Y. Yang, Y. Cui, J. Xu, H. Jiang, S.Tao, D. Zhang, H. Zeng, Z.
Hou, J. Feng, Lab Chip 21, 2398 (2021)

T.B.A. Akib, S.F. Mou, Md.M. Rahman, Md.M. Rana, Md.R. Islam, |.M.
Mehedi, M.A.P. Mahmud, A.Z. Kouzani, Sensors 21, 3491 (2021)

S. Aithal, S. Mishriki, R. Gupta, R.P. Sahu, G. Botos, S. Tanvir, RW. Hanson,
I.K. Puri, Talanta 236, 122841 (2022)

T.Yano, T. Kajisa, M. Ono, Y. Miyasaka, Y. Hasegawa, A. Saito, K. Otsuka,
A.Sakane, T. Sasaki, K. Yasutomo, R. Hamajima, Y. Kanai, T. Kobayashi, Y.
Matsuura, M. Itonaga, T. Yasui, Sci. Rep. 12, 1060 (2022)

Z.Dai, X. Xy, Y.Wang, M. Li, K. Zhou, L. Zhang, Y. Tan, Biosens. Bioelec-
tron. 206, 114163 (2022)

Q. Wu, W.Wu, F. Chen, P. Ren, Analyst 147, 2809 (2022)

195.

196.
197.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221,

222.

223.

224,

225.

Page 56 of 57

H. Saada, Q. Pagneux, J. Wei, L. Live, A. Roussel, A. Dogliani, L. Die Morini,
|. Engelmann, EK. Alidjinou, A.S. Rolland, E. Faure, J. Poissy, J. Labreuche,
G. Lee, P Li, G. Curran, A. Jawhari, J.A.Yunda, S. Melinte, A. Legay, J.-L.
Gala, D. Devos, R. Boukherroub, S. Szunerits, Sens. Diagn. 1, 1021 (2022)
K. Behrouzi, L. Lin, Biosens. Bioelectron. 195, 113669 (2022)

Y.Yang, J. Murray, J. Haverstick, RA. Tripp, Y. Zhao, Sens. Actuators, B
Chem. 359, 131604 (2022)

N. Bhalla, A.F. Payam, A. Morelli, PK. Sharma, R. Johnson, A. Thomson, P.
Jolly, F. Canfarotta, Sens. Actuators, B Chem. 365, 131906 (2022)

N. Cennamo, G. D'’Agostino, C. Perri, F. Arcadio, G. Chiaretti, E.M. Parisio,
G. Camarlinghi, C. Vettori, F. Di Marzo, R. Cennamo, G. Porto, L. Zeni, Sen-
sors 21, 1681 (2021)

N. Cennamo, L. Pasquardini, F. Arcadio, L. Lunelli, L. Vanzetti, V. Carafa, L.
Altucci, L. Zeni, Talanta 233, 122532 (2021)

S-L.Lee, J.Kim, S. Choi, J. Han, G. Seo, Y.W. Lee, Talanta 235, 122801
(2021)

Z.Wu, C.Wang, B. Liu, C. Liang, J. Ly, J. Li, X. Tang, C. Li, T. Li, ACS Sens. 7,
1985 (2022)

Y.Tao, S. Bian, P. Wang, H. Zhang, W. Bi, P. Zhu, M. Sawan, Sensors 22,
3768 (2022)

M. Zhang, X. Li, J. Pan, Y. Zhang, L. Zhang, C. Wang, X. Yan, X. Liu, G. Lu,
Biosens. Bioelectron. 190, 113421 (2021)

JE. Sanchez, S.A. Jaramillo, E. Settles, J.J. Velazquez Salazar, A. Lehr, J.
Gonzalez, C. Rodriguez Aranda, H.R. Navarro-Contreras, M.O. Raniere, M.
Harvey, D.M. Wagner, A. Koppisch, R. Kellar, P. Keim, M. Jose Yacaman,
RSC Adv. 11, 25788 (2021)

J.Li, A, Wuethrich, S. Edwardraja, R.J. Lobb, S. Puttick, S. Rose, C.B. How-
ard, M. Trau, Anal. Chem. 93, 10251 (2021)

T.D. Payne, S.J. Klawa, T. Jian, S.H. Kim, M.J. Papanikolas, R. Freeman, Z.D.
Schultz, ACS Sens. 6, 3436 (2021)

K. Daoudi, K. Ramachandran, H. Alawadhi, R. Boukherroub, E. Dogheche,
M.A.E. Khakani, M. Gaidi, Surfaces and Interfaces 27, 101454 (2021)

G. Huang, H. Zhao, P. Li, J. Liy, S. Chen, M. Ge, M. Qin, G. Zhou, Y. Wang, S.
Li, Y. Cheng, Q. Huang, J. Wang, H. Wang, L. Yang, Anal. Chem. 93, 16086
(2021)

H. Cha, H. Kim, Y. Joung, H. Kang, J. Moon, H. Jang, S. Park, H.-J. Kwon,
I-C. Lee, S. Kim, D. Yong, S.-W. Yoon, S--G. Park, K. Guk, E-K. Lim, H.G. Park,
J.Choo, J. Jung, T. Kang, Biosens. Bioelectron. 202, 114008 (2022)

OJ. Achadu, N. Nwaji, D. Lee, J. Lee, EM. Akinoglu, M. Giersig, E.Y. Park,
Nanoscale Adv. 4, 871 (2022)

D. Antoine, M. Mohammadi, M. Vitt, J.M. Dickie, S.S. Jyoti, M.A. Tilbury,
PA. Johnson, K.E. Wawrousek, J.G. Wall, ACS Sens. 7, 866 (2022)

M.J. Bistaffa, S.A. Camacho, W.M. Pazin, C.J.L. Constantino, O.N. Oliveira,
PH.B. Aoki, Talanta 244, 123381 (2022)

J-E. Shim, Y.J. Kim, J-H. Choe, T.G. Lee, E-A. You, A.CS. Appl, Mater.
Interfaces 14, 38459 (2022)

A.L. Ferreira, LF. de Lima, M.DT. Torres, W.R. de Araujo, C. de la Fuente-
Nunez, ACS Nano 15, 17453 (2021)

Z.Fu,W. Zeng, S. Cai, H. Li, J. Ding, C. Wang, Y. Chen, N. Han, R. Yang, J.
Colloid Interface Sci. 604, 113 (2021)

F.Wu, M. Mao, L. Cai, Q. Lin, X. Guan, X. Shi, L. Ma, A.C.S. Biomater, Sci.
Eng. 8,3924 (2022)

A. Ahmadivand, B. Gerislioglu, Z. Ramezani, A. Kaushik, P. Manickam, S.A.
Ghoreishi, Biosens. Bioelectron. 177, 112971 (2021)

N.H.L.Nguyen, S. Kim, G. Lindemann, V. Berry, ACS Nano 15, 11743
(2021)

DK. Agarwal, V. Nandwana, S.E. Henrich, V.PV.N. Josyula, C.S. Thaxton,

C. Qi, LM. Simons, J.F. Hultquist, E.A. Ozer, G.S. Shekhawat, V.P. Dravid,
Biosens. Bioelectron. 195, 113647 (2022)

K.Wu, VK. Chugh, V.D. Krishna, A. di Girolamo, Y.A. Wang, R. Saha, S.
Liang, M.C-J. Cheeran, J.-P.Wang, A.CS. Appl, Mater. Interfaces 13,
44136 (2021)

J. McClements, L. Bar, P. Singla, F. Canfarotta, A. Thomson, J. Czulak, R.E.
Johnson, R.D. Crapnell, C.E. Banks, B. Payne, S. Seyedin, P. Losada-Pérez,
M. Peeters, ACS Sens. 7, 1122 (2022)

A.Yakoh, U. Pimpitak, S. Rengpipat, N. Hirankarn, O. Chailapakul, S.
Chaiyo, Biosens. Bioelectron. 176, 112912 (2021)

W.A. EI-Said, A.S. Al-Bogami, W. Alshitari, Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 264, 120237 (2022)

E. Karakus, E. Erdemir, N. Demirbilek, L. Liv, Anal. Chim. Acta 1182,
338939 (2021)



Kim and Min Nano Convergence

226.
227.
228.
229.

230.

231,
232.

233.
234

235.

236.

237.

238.
239.

240.

241,
242.

243.

244,
245.
246.

(2024) 11:3

K.\V. Serebrennikova, N.A. Byzova, A.V. Zherdev, N.G. Khlebtsov, B.N.
Khlebtsov, S.F. Biketov, B.B. Dzantiev, Biosensors 11, 510 (2021)

Y. Liu, L. Zhan, JW. Shen, B. Baro, A. Alemany, J. Sackrison, O. Mitja, J.C.
Bischof, A.C.S. Appl, Nano Mater. 4, 13826 (2021)

SH.Kim, EL. Kearns, M.A. Rosenfeld, L. Casalino, M.J. Papanikolas, C. Sim-
merling, RE. Amaro, R. Freeman, A.C.S. Cent, Sci. 8, 22 (2022)

N.K.Singh, P. Ray, AF. Carlin, C. Magallanes, S.C. Morgan, L.C. Laurent, ES.
Aronoff-Spencer, D.A. Hall, Biosens. Bioelectron. 180, 113111 (2021)

L. Azzi, G. Carcano, F. Gianfagna, P. Grossi, D.D. Gasperina, A. Genoni, M.
Fasano, F. Sessa, L. Tettamanti, F. Carinci, V. Maurino, A. Rossi, A. Tagli-
abue, A. Baj, J. Infect. 81, e45 (2020)

D.G. Buerk, Biosensors: theory and applications (Technomic Pub. Co,
Lancaster [Penn], 1993)

U.A. Gurkan, S. Moon, H. Geckil, F. Xu, S. Wang, T.J. Lu, U. Demirci, Bio-
technol. J. 6, 138 (2011)

N. Phillips, Nature 590, 382 (2021)

X.Chen, B. Liao, L. Cheng, X. Peng, X. Xy, Y. Li, T. Hy, J. Li, X. Zhou, B. Ren,
Appl. Microbiol. Biotechnol. 104, 7777 (2020)

Y. Kondo, S. Miyazaki, R. Yamashita, T. Ikeda, BMJ Case Rep. 13, 236812
(2020)

L. Bai,Y. Zhao, J. Dong, S. Liang, M. Guo, X. Liu, X. Wang, Z. Huang, X. Sun,
Z.Zhang, L. Dong, Q. Liu, Y. Zheng, D. Niu, M. Xiang, K. Song, J. Ye, W.
Zheng, Z.Tang, M. Tang, Y. Zhou, C. Shen, M. Dai, L. Zhou, Y. Chen, H. Yan,
K. Lan, K. Xu, Cell Res. 31,395 (2021)

Q-X.Long, B-Z. Liu, H-J. Deng, G-C.Wu, K. Deng, Y.-K. Chen, P. Liao, J.-F.
Qiu, Y. Lin, X-F. Cai, D.-Q. Wang, Y. Hu, J-H. Ren, N. Tang, Y.-Y. Xu, L.-H.

Yu, Z. Mo, F. Gong, X-L. Zhang, W--G. Tian, L. Hu, X-X. Zhang, J-L. Xiang,
H.-X. Du, H-W. Liu, C-H. Lang, X-H. Luo, S.-B. Wu, X.-P. Cui, Z. Zhou, M.-M.
Zhu, J. Wang, C-J. Xue, X-F. Li, L. Wang, Z-J. Li, K. Wang, C.-C. Niu, Q-J.
Yang, X-J. Tang, Y. Zhang, X.-M. Liu, J.-J. Li, D-C. Zhang, F. Zhang, P. Liu, J.
Yuan, Q. Li, J-L. Hu, J. Chen, A-L. Huang, Nat. Med. 26, 845 (2020)
K.Tao, PL. Tzou, J. Nouhin, RK. Gupta, T. de Oliveira, S.L. Kosakovsky
Pond, D. Fera, RW. Shafer, Nat. Rev. Genet. 22, 757 (2021)

S.D.W. Frost, B.R. Magalis, S.L. Kosakovsky Pond, Mol. Biol. Evol. 35, 1348
(2018)

W.T. Harvey, AM. Carabelli, B. Jackson, RK. Gupta, E.C. Thomson, EM.
Harrison, C. Ludden, R. Reeve, A. Rambaut, S.J. Peacock, D.L. Robertson,
COVID-19 Genomics UK (COG-UK) Consortium, Nat. Rev. Microbiol. 19,
409 (2021)

C. Bai, J.Wang, G. Chen, H. Zhang, K. An, P. Xu, Y. Dy, RD. Ye, A. Saha, A.
Zhang, A.Warshel, J. Am. Chem. Soc. 143, 17646 (2021)

S.Kim, Y. Liu, Z. Lei, J. Dicker, Y. Cao, X.F. Zhang, W. Im, J. Chem. Theory
Comput. 17,7972 (2021)

N.G. Davies, S. Abbott, R.C. Barnard, C.I. Jarvis, AJ. Kucharski, J.D.
Munday, C.AB. Pearson, TW. Russell, D.C. Tully, A.D. Washburne, T.
Wenseleers, A. Gimma, W. Waites, K.L.M. Wong, K. van Zandvoort, J.D.
Silverman, K. Diaz-Ordaz, R. Keogh, RM. Eggo, S. Funk, M. Jit, K.E. Atkins,
W.J. Edmunds, CMMID COVID-19 Working Group, COVID-19 Genomics
UK (COG-UK) Consortium, Science 372, 3055 (2021)

E. Torbati, K.L. Krause, J.E. Ussher, Viruses 13, 1911 (2021)

Y. Liu, J. Rocklov, J. Travel Med. 28, taab124 (2021)

V.C. Marconi, AV. Ramanan, S. de Bono, C.E. Kartman, V. Krishnan, R.
Liao, M.L.B. Piruzeli, J.D. Goldman, J. Alatorre-Alexander, R. de Cassia, V.
Estrada, M. Som, A. Cardoso, S. Chakladar, B. Crowe, P. Reis, X. Zhang,
D.H. Adams, EW. Ely, M.Y. Ahn, M. Akasbi, J. Alatorre-Alexander, J.D.
Altclas, F. Ariel, HAA. Ariza, C. Atkar, A. Bertetti, M. Bhattacharya, M.L.
Briones, A. Budhraja, A. Burza, A. Camacho Ortiz, R. Caricchio, M. Casas,
V. Cevoli Recio, W.S. Choi, E. Cohen, A. Comulada-Rivera, P. Cook, D.P.
Cornejo Juarez, C. Daniel, LF. Degrecci Relvas, J.G. Dominguez Cherit,
T. Ellerin, D. Enikeev, S. Erico Tanni Minamoto, V. Estrada, E. Fiss, M.
Furuichi, K. Giovanni Luz, J.D. Goldman, O. Gonzalez, I. Gordeev, T.
Gruenewald, V.A. Hamamoto Sato, E.Y. Heo, J.Y. Heo, M. Hermida, Y. Hirai,
D. Hutchinson, C. lastrebner, O. loachimescu, M. Jain, M.P. Juliani Souza
Lima, A. Khan, A.E. Kremer, T. Lawrie, M. Macelwee, F. Madhani-Lovely,
V. Malhotra, M.F. Martinez Resendez, J. Mckinnell, P. Milligan, C. Minellj,
M.A. Moran Rodriquez, M.L. Parody, P. Paulin, R.C. de Pellegrini, P. Pemu,
A.C. Procopio Carvalho, M. Puoti, J. Purow, M. Ramesh, A. Rea Neto, A.
Rea Neto, P. Robinson, C. Rodrigues, G. Rojas Velasco, J.FK. Saraiva, M.
Scheinberg, S. Schreiber, D. Scublinsky, A. Sevciovic Grumach, I. Shawa,
J.Simon Campos, N. Sofat, M. Som, C.D. Spinner, E. Sprinz, R. Stienecker,

247.

248.

249.
250.

251,
252.

253.
254,

Page 57 of 57

J. Suarez, N. Tachikawa, H. Tahir, B. Tiffany, A. Vishnevsky, A. Westheimer
Cavalcante, K. Zirpe, Lancet Respir. Med. 9, 1407 (2021)

J. Hellewell, S. Abbott, A. Gimma, N.I. Bosse, C.I. Jarvis, TW. Russell, J.D.
Munday, AJ. Kucharski, W.J. Edmunds, S. Funk, R.M. Eggo, F. Sun, S.
Flasche, B.J. Quilty, N. Davies, Y. Liu, S. Clifford, P. Klepac, M. Jit, C. Dia-
mond, H. Gibbs, K. van Zandvoort, Lancet Glob. Health 8, €488 (2020)
N. Shrestha, M.Y. Shad, O. Ulvi, M.H. Khan, A. Karamehic-Muratovic,
U-S.D.T. Nguyen, M. Baghbanzadeh, R. Wardrup, N. Aghamohammadi,
D. Cervantes, Kh.M. Nahiduzzaman, R A. Zaki, U. Haque, One Health 11,
100180 (2020)

S.A. Berkowitz, CW. Cené, A. Chatterjee, N. Engl. J. Med. 383, e76 (2020)
AR. Pressman, S.H. Lockhart, Z. Shen, KM.J. Azar, Health Equity 5, 476
(2021)

C. del Rio, L.F. Collins, P. Malani, JAMA 324, 1723 (2020)

D. Yelin, E. Wirtheim, P. Vetter, A.C. Kalil, J. Bruchfeld, M. Runold, G.
Guiaraldi, C. Mussini, C. Gudiol, M. Pujol, A. Bandera, L. Scudeller, M. Paul,
L. Kaiser, L. Leibovici, Lancet Infect. Dis. 20, 1115 (2020)

M.H.-B. Lam, Arch. Intern. Med. 169, 2142 (2009)

J.C. Ngai, EW. Ko, S.S. Ng, K-W. To, M. Tong, D.S. Hui, Respirology 15, 543
(2010)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Advances in nanobiosensors during the COVID-19 pandemic and future perspectives for the post-COVID era
	Abstract 
	1 Introduction
	2 Conspectus of this review
	3 Current diagnostic methods
	3.1 Molecular tests
	3.2 Antibody tests
	3.3 Antigen tests

	4 Nanobiosensors for the detection of SARS-CoV-2 antigen
	4.1 Target antigen
	4.2 Biorecognition elements
	4.3 Nanomaterials and other materials
	4.4 Transduction mechanism
	4.5 Experimental conditions
	4.6 Comparison of sensing performance

	5 Challenges for nanobiosensors
	5.1 ASSURED criteria
	5.1.1 Affordable tests (A)
	5.1.2 Sensitive tests (S)
	5.1.3 Specific tests (S)
	5.1.4 User-friendly tests (U)
	5.1.5 Rapid and robust tests (R)
	5.1.6 Equipment-free tests (E)
	5.1.7 Deliverable tests (D)

	5.2 MORE issues
	5.2.1 Multiplexed detection (M)
	5.2.2 On-circulating variant (O)
	5.2.3 Real-time connectivity (R)
	5.2.4 Equity for global health (E)


	6 Conclusion and future perspectives
	Acknowledgements
	References


