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Abstract

Respiratory viruses are real menace for humanthedilich result in devastating epidemic disease.
Consequently, it is in urgent need of identifyingdaquantifying virus with a rapid, sensitive and
precise approacihe study of electrochemical biosensors for refmivavirus detection has become
one of the most rapidly developing scientific fieltRecent developments in electrochemical biossnsor
concerning respiratory virus detection are compmsively reviewed in this paper. This review is
structured along common detecting objects of rasmiy viruses, electrochemical biosensors,
electrochemical biosensors for respiratory virugedion and future challengesThe electrochemical
biosensors for respiratory virus detection areoshticed, including nucleic acids-based, immunosensor
and other affinity biosensorkastly, for Coronavirus disease 2019 (COVID-19) diagnottis, future
challenges regarding developing electrochemicabdrieor-based Point-of-Care Tests (POCTS) are
summarized. This review is expected to provide kpfhk guide for the researchers entering this
interdisciplinary field and developing more noveéarochemical biosensors for respiratory virus
detection.

Keywords. Electrochemical; Biosensors, Respiratory viruses, Virus detection; COVID-19;

SARS-CoV-2;
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1. Introduction

Respiratory viruses, well-known as influenza virasd coronavirus, usually result in viral
respiratory infections through contact as well abaane transmission [1]. The infected individuals
generally present fever, dry cough, fatigue, sputnaduction and loss of smell, such acute respiyato
virus illnesses symptoms. Though sounds like a miid, acute respiratory disease caused by
respiratory viruses have brought death and pandemier the past years [2-3]. Only Respiratory
Syncytial Viral (RSV) could lead to 14,000 deatimsomg adults older than 65 years every year in the
US [4]. Currently, Severe Acute Respiratory Syndeararonavirus 2 (SARS-CoV-2) is the responsible
culprits of the Coronavirus disease 2019 (COVID-f8hdemic. According to the data collected from
the World Health Organization (WHO), there are ltgptaver 6284,000 cases and 1465,000 death in
220 countries, areas or territories by 2 Decemb20235]. The prevention and control have been taken
depending on the features of the spread of theregspy viruses, such as wearing the P2/N95 masks t
prevent airborne spread, cleaning contaminategsesfto avoid risky contact [6]. However, owing to
the non-specific and comprehensive symptoms amdmg respiratory viruses and the silent
transmission from positive asymptomatic, early aatidiagnosis and isolation of patients remain to
be crucial for controlling the pandemic resultedtby respiratory viruses [7].hus, respiratory virus
detection would be particularly decisive.

Conventional methods for respiratory virus detettwe mostly based on lab-based techniques.
From initial virus cultures, morphological obsefeat and serological tests to subsequent reverse
transcription—polymerase chain reaction (RT-P(8)]) isothermal amplification techniques [9],
immunochromatography (IC) [10], enzyme-linked immsorbent assay (ELISA) or an
immunofluorescence assay (IFA) [11] and classidabmbstic methods have helped physicians to
distinguish the causative agents with accuracy.hdgh, in clinical practice, cumbersome
sample-preparation, high cost, professional opesa@nd time-consuming equally become the
drawbacks of most classical lab-based techniqugls There is still a demand to exploit rapid, simpl
cheap assays with precision on respiratory virdsadien. Biosensors, cooperating the bio-recognitio
elements with the sensor system, are capable ofgnizing the targets with high sensitivity and
selectivity [13]. Biosensors have arisen in numeraveas, including environment monitoring, food
safety, drug control, disease diagnosis and sd4h Among them, many optical based techniques are
proposed for virus detection such as Surface PlasiResonance (SPR) [15], Lateral Flow
Immunoassay (LFIA) [16], Surface Enhanced Ramant&wag (SERS) [17].

Electrochemical biosensors have aroused burgeoaitgntion because of intrinsic strengths:
simplicity, rapid response, flexibilityniniaturized instrumentation, excellent sensitivétiyd low cost
[18], which have been emerging alternative toolstfe quantitative or semi-quantitative analyzing
respiratory viruses. Excellent reviews are accéssib the literature about the state-of-art of
electrochemical biosensors for pathogen detecthorusha et al. [19highlighted various types of
electrochemical biosensing techniques and the abld@orecognition molecules in sensing of dengue
virus; Kaushik et al. [20] discussed the recent developgsn@ndeveloping intelligent sensing strategies
to monitor Zika virus;Rasouli et al. [21]gathered the advancements in electrochemical DNA
biosensors for the detection of human papillomavirinus. However, these reviews are all restritted
include only a kind of virus, which lack of the somary of electrochemical detection methods for a
class of viruses. Furthermoréhere are other excellent reviews that presentcimeent state of
biosensors for respiratory virus detection: Ribedtaal. [22] covered important advancements in the
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biosensor field in terms of most current respinatdruses, presenting the development in the asgemb
of the devices and figures of advantages. Samsah [28] present all the novel types of biosensors
that could be used for the rapid detection of CONIED Ruiz de Eguilaz et al. [24] reported on virus
and antibody detection using electrochemical methfmtusing on recent key innovations which drive
the progress of portable, high performance poirtase technologies. Nevertheless, few articles icove
and focus on both electrochemical biosensor backgt@nd respiratory virus detection, or their key
aspects are a kind of special field. For examplelsdh et al. [25] provided a brief overview of
currently available Point-of-Care Tests (POCTSs) ttee diagnosis of emerging and new respiratory
viruses along with their merits and limitations,dadiscussed recently published methods and
techniques with a potential use in future POCTTreerefore, our review article aims to fills the ititeby
combining essential background information aboettebchemical biosensors with the rapidly moving
advancements of electrochemical biosensors foiregepy virus detection.

Hence, we reviewed the recent advances in eleamidal biosensors for respiratory virus
detection. In this review, common detecting objexdtsespiratory viruses, electrochemical biosensors
electrochemical biosensors for respiratory virudedgon and future challenges are discussed
successively. When exploring the methods for tgséimew virus, it is often worthy of reviewing the
already existing methods for othesngeneric virus in comparison. Therefore, it iscpated that this
review regarding respiratory viruses will providecamplete guide to develop novel COVID-19
diagnosis assays with prominent accuracy and $étsitthereby performing appropriate antiviral
therapies for patients.

2. Common detecting objects of respiratory viruses

For respiratory virus detection, the whole viruseit structural proteins, gene sequences and
antibodies could be the targets. Here we will giveomprehensive discussion regarding common
detecting objects of representative respiratorysés: influenza virus, MERS-CoV and SARS-CoV-2.

2.1 Whole virus and their structural proteins

Influenza virus. Basically, the whole influenza virus and the stmwal proteins, including M1
protein, hemagglutinin (HA) and neuraminidase (N&) can serve as antigens for influenza virus
detection. The type of influenza virus: A, B andaf@ classified according to the encoding proteins:
matrix protein M1 and viral nucleoproteins. M1 ot is the only essential viral component for
virus-like particles formation and suitable for a#frotypes of influenza virus [26]. Besides, theiwir
can combine with the host cells through the coatatHA and NA. There has been 18 HA and 11 NA
variants so far owing to their high variety. Thébtsype of influenza virus is usually decided by the
properties of HA and NA [27].

The Middle East Respiratory Syndrome Corona Virus (MERS-CoV). Belonging to
coronavirus, MERS-CoV owns four structural proteinspike (S) protein, envelope (E) protein,
membrane (M) protein and nucleocapsid (N) prot€he S protein is involved in the binding process
between the virus and the host cell surface recgpite E protein is the smallest protein in thgoma
structural proteins, mediating virus assembly amdiding. The M protein is able to decide the shdpe o
the virus envelope. The N protein is the only proteinding to the RNA genome [28]. Among these,

the S protein is the most-frequently used antigetause of its significant role in the attachmédithe
6
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virus to the host cells. However, there are sl fpublished articles about the detection of theleh
MERS-CoV virus.

SARS-CoV-2. The whole SARS-CoV-2 and their four structuraltpios: S, E, M and Nould be
used as targets f@ARS-CoV-2 detection. M and E protein are esseptiaieins when occurring viral
assembly, while S and N proteins are the most figgmnit biomarkers in terms of COVID-19 early
diagnosis. The S protein can mediate the fusioth@fvirus and the host cell membrane, making the
virus more easily enter the host cells [29]. Besidhe highly immunogenic S protein could promote
producing neutralizing antibodies as well as T-ael$ponses in the SARS-CoV-2 patients [30].
Moreover, the S1 subunit of the S protein exhiliits receptor binding domain (RBD) with strong
binding affinity for the host angiotensin-convedianzyme Il (ACE2) receptor on the human cells [31]
Therefore, the RBD protein of SARS-CoV-2 could digoselected as the targets.

2.2 Gene sequencederived from viruses

Influenza virus. The origins of the derived gene are generallpgified into two groups: (i)
deriving from the biomarkers of the influenza vird$he most frequently-used RNA transcripts and
DNA oligonucleotides when diagnosing influenza sirare the HA gene of them. (ii) sequences of
DNA derived from influenza virus then amplified pglymerase chain reaction (PCR). Although some
electrochemical biosensors are able to detect segeences in the pure samples, there is stillrdista
before their application to real samples owinghe high background responses from matrix effects
[32]. Therefore, researchers begin to detect thplified products from PCR to solve the problems
from real sampledNevertheless, for amplified products, the efficiemdgll decrease when the targets
and probe hybridize because of interference fa¢88% In fact, it is the ideal that the electroatieal
biosensors do not rely on the PCR technique or, iwh&ch may increase workload. Unluckily, the
electrochemical biosensors independent on PCR faedlyc suitable for abundant DNA targets. The
low-abundance DNA analytes even if not dependind®@R, still involve quantitative real-time PCR
[34].

MERS-CoV. The genome of MERS-CoV includes 30,119 nucleotades11 open reading frames
(ORF). The first open reading frames (ORF la andatithe 5Untranslated Regions (UTR) (278
nucleotides) have become essential detecting chijethe MERS-CoV specie identification, which are
predicted to encode nonstructural proteins [35]e Tdenes downstream to ORFlab encode for
structural proteins and accessory protdifig. 1). The RNA upstream of the E gene (upE) has also
been recommended by WHO f&lERS-CoV detection [36]. Besides, with a sensiividf <10
copies/reaction, identifying the MERS-CoV N genaisalternative method complementing upE and
ORF 1a approaches, recommended by the US Food rargdAdministration (FDA) [37].

SARS-CoV-2. Similar to MERS-CoV, the 5'-terminal genome ORHMila&ncode twolarge
polyproteins, the other ORFs on the genome encode fhain structural proteins and accessory
proteins.ORF 1a, ORF 1b, non-structural RNA-dependent RNKuperase, S gene, N gene of Severe
Acute Respiratory Syndrome coronavirus (SARS-CoNé) the preferred targets for nucleic acid tests
[38]. Owing to the 79% similarity of the whole-gene between SARS-CoV and SARS-CoV-2,
unique primers or guide RNAs are required for digtishing SARS-CoV-2 with no cross-reactivity
for SARS-CoV [39]. To avoid the “false negative’sudt, multiple gene sequences are usually detected
simultaneously in the COVID-19 diagnosis.
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MERS-CoV .
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7 0
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Fig. 1. The genome of SARS-CoV, MERS-CoV and SARS-Co%2of which consist of
conserved replicase domain (ORF 1ab) (blue). Thuetsiral genes (green) S, E, M and N encode the
structural proteins: spike (S) protein, envelopgfitein, membrane (M) protein and nucleocapsig (N
protein, respectively. Different coronaviruses hdifferent accessory genes (orange). Reproducdd wit
permission from Ref. [35].

2.3 Antibodies

Influenza virus. It is well known that the immunoglobulin M (IgMjresents in patients’ blood
after 3—6 days, and immunoglobulin G (IgG) preseafter 8 days [40]. Moreover, the specific
antibodies of structural protein are also altexetifor influenza virus detection, such as thebaualies
of HA and NA. The vaccines could induce the incesakvirus-specific antibodies about virus invasion
[41].

MERS-CoV. Generally, antibodies to proteins S, 3a, N, ancc®hld be detected in the serum
samples of convalescent-phase patients [A&{i-S and anti-N are detectable until week 30, anti-N
appears earlier than anti-S, so anti-S may be aiglfe with convalescent sera comparatively [43].
Whereas, for early diagnosis of diseases relatedespiratory viruses, detecting relative specific
antibodies is not appropriate, which may be usifutreating convalescent patients [44].

SARS-CoV-2. For SARS-CoV-2 infection, IgG against N proteindetectable as early as 4 days
after infection. Zhang et al. [45] have confirmédttlgG and IgM could be detected by enzyme-linked
immuno sorbent assay (ELISA) in the serum of thigepts after 5 days of infection. After SARS-CoV
infection, it has been proved that the sensitivity)N-based 1gG ELISA (94.7%) is significantly highe
than that of S-based IgG ELISA (58.9%) [46], budrthis still no report to present the sensitivity o
SARS-CoV-2 IgG/IgM.

3. Electrochemical biosensors

The development of chemical and biosensors is érieeomost active fields in current analysis
and research. Biosensors are small devices ingjudlimrecognition elements and signal transducers,
which can be used for the direct detection of dgjét samples [47]. Electrochemical sensors, using
electrodes as energy exchangers, are the impdotamich of biosensors. Electrochemical sensors
occupy an important position in current biosensossglely applied in the clinical, industrial,
environmental and agricultural analysis [48-49]. efidfore, we discussed the electrochemical

biosensors utilizing the framework upon the workprgciples, merits and defects of electrochemical
8
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biosensors, electrochemical transduction, bio-reitimgn elements and nanomaterials. The components
and principle as to electrochemical biosensors deedhe detection of the respiratory viruses are
displayed in the-ig. 2.

Virus and their Gene

Common detecting structural proteins  sequences e
objects of respiratory

viruses % '\. ; . 5}% \]r/

Q2 L %
Bio-recognition S/\\N % 5 Iiiﬁr
elements > ¥ Electrochemical

ssDNA Aptamer Antibody Peptide FetuinA  Glycans biosensors

Nanomaterials;
Conductive
polymers

Fast
Sensitive
Selective
Low-cost
Amperometric

Portable
Voltammetric
Impedimetric

Fig. 2. Schematic description of components and prindelectrochemical biosensors used in
detection of respiratory viruse&sDNA: Single-stranded DNA.)

3.1 Working principles, merits and defects

The biosensor is an analytical system composechiaet essential parts: the bio-recognition
element, the transducer and signal output [50]. dirgnosis molecules process could be summarized
as: the targets firstly are recognized by the digduio-recognition elements via amounts of inté¢i@at
like the covalent bond or non-covalent bond; them ¢hanges could be felt by the transducer and
further translated into the digital detector; figathe digital signals are output by the digitavite
such as computers and phones [51]. Particulagytrinsducers of the electrochemical biosensora are
variety of electrodes, such as glassy carbon eléety, gold electrodes, screen-printed electrodeEgH
and carbon paste electrodes. The electrodes ial¢iserochemical biosensors provide the platform for
kinds of madification, which aim at improving theoperty of analytical system: sensitivity, seleityiv
stability, reproducibility and so on [52]. Thusgethvell-designed electrochemical biosensors exhibit
abundant advantages: low-cost, quick-response,lsjnfiigh sensitivity with the help of electrode
fabrication and the bio-recognition element de$&#].

On the one hand, compared with other transductimtgsses, that of the electrochemical
biosensors could be completed at the electrochémimstation at least, which reduce the cost sf te
greatly. This is because the electrochemical deted based on the result of direct electronimalg,
like amperometric, voltammetric and impedimetri@aetes. Therefore, the detecting process could be
over in a short time [54]. Moreover, the electraoiml biosensors are capable of realizing labed-fre

9



306 detection without the incorporation with any labmkking POCTSs possible [55]. In addition, the high
307 sensitivity of electrochemical biosensors couldemsured by applying the bio-recognition elements
308  with high specificity and affinity or decoratingehelectrodes with special materials with excellent
309 electronic performance [56]. Over the past few gedine electrochemical biosensors have gained
310 numerous progresses in the analytical field owmghe advantages, especially in the diagnosisef th
311 pathogens, offering a kind of new possibility faalthcare. The electrochemical biosensors have been
312 utilized to monitor the virus particles during \grautbreaks in epidemic areas.

313 On the other hand, even if most of electrochentitadensors are successfully tested in buffered
314 solutions or diluted real samples spiked with teggenatrix effects always influence the analytical
315 performance of the biosensors in practice. Theeeftre stability and accuracy of electrochemical
316 biosensors remain to be the biggest limitationpeeiglly after repeated usages and long storage.
317 Besides, owing to some interaction between thesbimgnition elements and targets is irreversibles th
318 these electrochemical biosensors could only be osed, increasing the cost of testing.

319 3.2 Electrochemical transduction

320 There have been a variety of electrochemical bemenfabricated for respiratory virus detection,
321 the most commonly used electrochemical techniqteesl@onoamperometry, cyclic voltammetry (CV),
322 differential pulse voltammetry (DPV), and squarevevaoltammetry (SWV) and the electrochemical
323 impedance spectroscopy (EIS) whose principles arscribed in reference [57]. Voltammetric
324 biosensors (CV, DPV and SWV etc.) have been widimiylemented for respiratory virus detection
325 owing to their fast response, less sample, simg@paration and excellent reproducibility. Howe\aar,
326 account of the requirement of the extra electrgactpecies, its application is limited in some degr
327 for respiratory virus detection [58]. EIS technigseattractive for biomedical and biological fielufs
328 accordance with the ability of revealing the wealeiaction between different species. Moreover, the
329 EIS is the only research method for studying theractions between biolayers, which have active
330 effect on the designing rapid, stable, sensitivé portable electrochemical biosensors for respiyato
331 virus detection.

332

333 3.3. Bio-recognition elements.

334 Bio-recognition element is the key component of ¢hextrochemical biosensors. Only when the

335 recognition of the targets is guaranteed, the lateps can start. Bio-recognition element in the

336 electrochemical biosensors could be divided intzéialytic and biocomplexing. Biocatalytic elements

337 such as enzymes, cells and tissues, are basedeorathlytic reactions for recognizing targets. For

338 example, enzymes are involved in various chemieasisig applications, which are primarily served as

339  signal labels in the respiratory virus detectionzfimes are usually introduced during the secondary
340 binding process. Biocomplexing elements are thet+inequently used bio-recognition elements in the

341 respiratory virus detection, which rely on the ration of targets with macromolecules or organized

342 molecular assemblies. Antibodies, aptamer and gemie common bio-recognition elements in the

343 respiratory virus detection. Some researcherswaed imprinted polymers as bio-recognition elements
344 in the electrochemical biosensors.

345
10
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3.4. Nanomaterials

The modification of the working electrode is vempiortant in the fabrication process of the

electrochemical biosensors, resulting in the limtween analytes in the bulk solution and sensing

interface. The affinity of the biosensors is uspdlhproved by modifying with bio-recognition

elements, and the sensitivity of the biosensorsfien enhanced by realizing signal amplification

through the addition of nanomaterials. The commanomaterials and their properties utilized in

electrochemical biosensing are briefly introducedaliowed:

(i)

(ii)

(i)

Gold-based nanomaterials. Metallic nanoparticlegning unique optical/electrical
properties, especially gold nanoparticles (Au NiRg)e been served as stable immobilizer
for bio-recognition elements without distorting ithbioactivity, meanwhile facilitating
excellent electron transfer between the targets sewking interface. Both various
functional groups (-SH, —N,I-CN) and amine or thiol linkers could coordinaie NPs
attachment forming multilayered bionanocomposite-fin the interface [59].
Carbon-based nanomaterials. Graphene oxide (G@)ceel graphene oxide (RGO) and
carbon nanotubes (CNTSs) are used under other céteunoe in designing biosensors with
high sensitivity. The main advantage of the carbased nanomaterials is increasing the
electron transfer rates. Additionally, by chemigdiinctionalizing the surface architecture,
both the electrical conductivity and the surfaceaacould be enhanced and result in the
improvement of the sensitivity of the biosensoi®][6

Magnetic nanoparticles (MNPs). Their handling ane large variation of surface allow
them to be employed as coating support for furtiedification, and its high surface
energy and large surface area allow electronsfeansore efficiently at the same time.
Moreover, owing to being controllable by externagnet, when attached with labels and
bio-recognition elementsimultaneously, the MNPs are able to realize tiprocucible
magnetic virus separation and further signal angglifon in the real clinical samples
[61].

4. Electrochemical biosensorsfor respiratory virus detection

According to the type of bio-recognition element divided the electrochemical biosensors for

respiratory virus detection into three groups: sigclacid-based, immunosensors and other affinity

biosensors.Their advantages and limitations when applied fespiratory virus detection are

summarized inTable 1. Next, we would review the recent electrochemlmiakensors for respiratory

virus detection in terms of the classification.

Table 1 Advantages and limitations of common bio-recognitidements applied for respiratory

virus detection.

Type of bio-recognition Advantages limitations
electrochemical elements
biosensors
ss-DNA Detection of ssDNA Limited for gene
Nucleic acids-based PCR products, easy to sequence detection,

produce and more strict hybridization
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stable conditions and

expensive

Aptamer Size-smaller, low-cost, The strict hybridization

more stable, conditions, long-term

easy-to-produce and of SELEX process and

lower immunogenicity sometimes need
complex steps

Immunosensor s Monoclonal antibodies  More specific than  Expensivejnstable and

(mADb) pAb, avoiding the  complexity-to-synthesis

Cross reaction
Polyclonal antibodies Less expensive, more Instable and easily
(pAb) epitopes and appearing cross
mass-productive reaction

Antibody single-chain  Highly customizable, Slow synthesis, lower

Fv fragments (scFv) low variability and affinities compared
smaller size compared with whole antibodies
with whole antibody and can’t be produced

for small molecules

Others affinity Fetuin A Low-cost, selective  Limited to influenza
biosensors and lower limit of virus
detection
Peptides Easily being designedLess specific compared
and prepared with aptamers and
antibodies
Glycans Storing more code Limited to a few
information viruses, the affinities
need to be proved
further

380

381 4.1 Nucleic acids-based

382 Electrochemical biosensors based on nucleic acdsagnition element generally used DNA or
383 RNA. The DNA or RNA sequences are usually immobilizon the sensing interface. Owing to the
384  specific binding between probes and targets, thedtion on the electrode, like double strand DNA
385 (dsDNA), could trigger the properties change of #iectrode surface, which can be detected via
386 electrochemical techniques. The electrochemicatadggare generally from the electron transfer of
387 redox-active probe with the electrode, and the comnedox-active probes are [Fe (GN}* and [Ru
388 (NH3)e]** complexes [62]. Nucleic acid-based electrochemiasensors own various merits: high
389  specificity, stability, possibilities for miniatwation, which are very attractive for the fabrioatiof
390 biosensors [63]. The nucleic acid-based electro@@rbiosensors for respiratory virus detection are
391 summarized imable 2.
392
393 Table2 Nucleic acid-based Electrochemical biosensorsdspiratory virus detection
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394

395 Single-stranded (ss) DNA, hairpin DNA, peptide mirclacid, and locked nucleic acid are the
Type Virus Recognition Linear range LOD Electrochemical Ref
element method
HIN1 aptamer 1PFU mLt- 10° 3.7 PFU mc* DPV [45]
PFU mL*
H5N1 DNA probe 1 pM - 100 nM HEPES buffer: 1 pM Ccv [64]
) chicken serum: 1 pM
Detection i
of AlV anti-AlV NP 2nM -2uM 1.13 nM cv [65]
) aptamer
proteins
or whole H7N9 DNA tetrahedral 1 pM - 100 nM 100 fM amperometry [66]
) probe and ssDNA
virus H5N1 aptamer 100 fM - 10 pM 100 fM DPV [67]
H1N1 aptamer against / 0.3 ng mc* EIS [68]
inactivated intact
H1N1
Detection H5N1 thiolated ssDNA / RNA transcripts: 10 SWV [69]
of PCR probe pM
ssDNA DNA oligonucleotides:
products 1pM
H5N1 ssDNA probe 1-10pM 1.39 pM SWv [70]
Influenza DNA probe 1.0fM-1.0 nM 84 aM DPV [71]
A
H1N1 HA gene specific  0.1- 400 ng in quL 0.004 ng in 6 pL EIS [72]
ssDNA probe
396 probe often used in the electrochemical bioser{§&js The most common probe in kinds of nucleic
397 acid-based electrochemical biosensors is ssDNAci8Ibg aptamer, a kind of ssSDNA with high
398 affinity and selectivity toward targets has beedely utilized in ssDNA-based electrochemical
399 biosensors. The aptamer is selected from Systefatitution of Ligands by Exponential Enrichment
400 (SELEX), which could combine with targets via irgtetion like hydrogen bonds, van der Waals forces
401 [74]. The targets of aptamer can be proteins, mueled or chemical substances. Comparing with
402 antibodies, the aptamer is size-smaller, low-aoste stable, easy-to-produce and of lower
403 immunogenicity, which has considerable potentialdeveloping novel electrochemical biosensors
404  with high specificity [75].
405 i) Detection of proteins or whole virus
406 Bhardwaj et al. [45] selected an ssDNA aptamerregatem region of HA protein of influenza A

407  virus by five rounds of SELEX. Simultaneously, mihi protein and whole H1N1 virus could be
recognized by this aptamer. The dissociation comstdy) of the developed aptamer are higher than
409  the average Kof the influenza virus antibodies, which meansdfiimity of aptamers is superior to
relative antibodies. The specific aptamer was dobon the working areas of the ITO/glass strips
previously functionalized by a polyethyleniminewan, the final aptasensor achieved a H1IN1 virus
limit of detection (LOD) of 3.7 plaque-forming ugi(PFU) per mL. More importantly, six strains of

408

410
411
412
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H1N1 influenza A viruses could be identified by #ygamer-modified electrode, indicating the
possibility of the rapid subtyping of HIN1 and diagtic applications. Apart from single aptamer as
recognition element, the most usual detecting assagtamer-based biosensor is the
aptamer-target-antibody sandwich method. The deagnition pattern greatly improves the accuracy
and selectivity of the detection process, decreasia LOD of biosensors. Diba et al. [67] fabrichte
an amperometric bio-affinity electrochemical serfsoravian influenza virus proteins detection with
aptamer modified Au NPs decorated on carbon chiips.electrochemical signals were from the
reaction between alkaline phosphatase (ALP) anchihe@aphenyl phosphate (APP). The current
generated from the Au NPs-aptamer/H5N1/anti-HSNRAlandwich complex with the enzyme
substrate increased with the concentration of Haifferential pulse voltammetry was used for
detection with a linear dynamic range of 100 fMgld. The 100 fM LOD of the aptamer-antibody
sandwich platform compares favorably with commérardibody ELISA kits. The proposed biosensor
has been used in the detecting H5N1 protein fotell human serum samples.

However, to immobilize the aptamer, the fabricagiaf the electrode often involve labeling and
anchoring operation, which required complex stépsorder to solve the problem, Lee et al. [65]
introduced a multi-functional probe which consistisrecognition part, signal producing part and
combining part. It was immobilized on the porousBs modified electrode for avian influenza virus
detection. The recognition part was based on theriip aptamer of HA protein. The DNA 3
way-junction probe could realize three steps: re@gg, immobilizing and generating without
additional process and loss of functionality. Besidthe multifunctional DNA probe could also insert
redox probe, functional groups and other aptaniére. multi-functional probe-based electrochemical
biosensor showed the LOD of HA protein at 1 pM #i24ydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) solution and 1 pM in diluted-chickegrusn, respectively. Although the proposed
biosensor didn’t own the lowest LOEhe redox probe labeling step and signal amplificastep were
both reduced compared to previous works.

i) Detection of PCR ssDNA products

Alafeef et al. [76] reportedising antisense oligonucleotides directed electoital biosensor
chip for realizing the digital diagnosis. The sensingpolias based on the paper-based electrochemical
sensor chip modified with Au NPs. The highly specéintisense oligonucleotides towards viral N gene
were served as bio-recognition element, yieldimyieleic-acid-testing device with a readout presgnte
by a hand-held reader. The samples collected freno ells infected with SARS-CoV-2 virus and
clinical specimens have been tested for the dewbese incubation time was less than 5 min, with a
sensitivity of 231 (copieaL ™) ~and LOD of 6.9 copiegL™ without further amplification. For most
nucleic acid-based electrochemical biosensorsntiodeic acid-probes are generally immobilized on
the sensing interface through the attachment betwe@ts. The density of the recognition elements
couldn’t be ensured to be homogeneous, resultinthenadditional process to block the unspecific
adsorption [77], the DNA nanotechnology has beeth@solution to solve the problem. The DNA with
different structures is designed to control theogeition, such as DNA tetrahedra. The three vestafe
the DNA tetrahedra are usually modified with thgroups, the DNA tetrahedra will attach to the
electrode surface via Au-S bond thus one signabgmmuld be immobilized on one DNA tetrahedra
with the fourth vertex [61]. Comparing to the contienal point-tethered signal probe, the signal
anchored by DNA tetrahedra present 5000-fold greaffenity [78]. Essentially, because of the high
mechanical rigidity of the DNA tetrahedra, the siprobes will keep an upright orientation on the
electrode surface even without the help of 6-memsdphexanol (MCH). Latest advances have also
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extended the applications of DNA tetrahedra in eigcacid-based electrochemical biosensors. Dong et
al. [66] developed a DNA tetrahedra-based electrntbal biosensor for H7N9 virus ssDNA detection,
the amperometric signals were recorded from theraction between the avidin-horseradish peroxidase
attached to bio-ssDNA (biotin-labeled ssDNA) an@',3,5-tetramethylbenzidine substrate. Before
testing, H7N9 virus cDNA was employed to conductagymmetric PCR for obtain H7N9 virus
ssDNA targets, the dependence degree study ofethedaped biosensors on PCR is also proceeded, the
results showedsDNA products from only one cycle of asymmetricRPEuld be identified by the
proposed sensor platform. The detection limit & kiosensor for asymmetric PCR ssDNA products
was determined to be 97 fM. The asymmetric PCR #spidducts and PCR-free samples both could
be distinguished from zero samples by DNA biosens#iolis also the first time that the DNA
tetrahedra-based electrochemical biosensor wasopedpto be tested in the clinical samples, which
potentially verified the practicability of DNA tethedra probeHig. 3).

Avidin-HRP_ ™ B(Rcd) . a
Target sequences - 10004 (———""’”“"""
\* s\ E 1500
N - +20004
§ \—p ™ L_Nw,,___
§ 2e g 30004 |
i O .3%004|
b TMB(Ox) ‘
N ¥ '-‘_‘ ’H ( , b ]
H7N9 virus 7 _ % Time (sec)
Bio-ssDNA’ AR IESRN H,0,+2H —= 2H,0
C _;(;-/‘” ) 11202 e 2
Sample DNA tetrahedral probe Signal response

Fig. 3. ADNA tetrahedral nanostructure-based electrochahfibmsensor was developed to detect
avian influenza A (H7N9) virus through recognizimdragment of the hemagglutinin gene sequence.
Biotin-labeled (bio)-ssDNA was the bio-recognitielement toward targets, which also could combine
with avidin-horseradish peroxidase (HRP) probesubh biotin-avidin interaction. The DNA
hybridization hence was transformed into the red@ction of TMB (enhanced K-blue substrate) and
H,0,. Reproduced with permission from Ref. [66].

Zhao et al. [79] firstly proposed supersandwichetyplectrochemical biosensor regarding
SARS-CoV-2 from COVID-19 patientdy a smartphone F{g. 4). The supersandwich-type
electrochemical biosensor included: capture prd@k), auxiliary probe (AP), label probe (LP), and
target sequenceThe 3- and 3-terminals of target sequence are complementarfCRoand LP,
respectively. The '5 and 3-regions of AP have complementary sequences withlt® regions. The
detection was based on using CP and LP, AP andoLRybridize frequently for producing long
concatemers, resulting in high sensitivity. Besjdesulfocalix[8]arene functionalized graphene was
utilized to enrich toluidine blue, which was an egaxh of facilitating of LP with signal probes for
selectivity enhancementhe detectable ratios (85.5% and 46.2%) were rdilgdrer than those that
were obtained using RT-PCR (56.5% and 7.7%) acegrtt the testing for 88 RNA extracts from 25
SARS-CoV-2-confirmed patients and eight recoveryepds.
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Fig. 4. Schematic representation of SARS-CoV-2 detectiamguhe electrochemical biosensor.
(A) Prepare of premix A and B; (B) Process of elecitemical detection using a smartphone.
Reproduced with permission from Ref. [79].

Totally, for nucleic acids hybridization assayso#tochemical biosensors based on nucleic acids
probe is the first choice, and aptasensors aratsaifor both nucleic acids and other small molesul
The affinity of the probe depending by the sequenselection of the probe mostly decides the
specificity of the electrochemical biosensors. Toaditions of the hybridization such as the buffer
composition and temperatures are also the inflmgnfzictors. Therefore, the design of electrocheimica
biosensors based on nucleic acids probe are cotiygdyastrict. Besides, when the sensitivity of the
biosensor is insufficient, it is common to use &djdairpin probes or hybridized tapered sequerges a
amplification steps, which may add additional ekpental steps.
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500

4.2 Immunosensors

501 Antibodies are the bio-recognition elements ofdletrochemical immunosensors. Antibodies are
502 a series of serum proteins produced by B-lymphacgied plasma cells, which could recognize and
503 bind the targets (antigens). The antibody contausantibody fragment-antigen binding (Fab) that ar
504 held by the key hinge disulfide bridges. The diggltermed Fab fragments are named Fab’ which
505 allow the binding with the sensing interface via tovalent bond [80]. Antibodies are the workhanse
506 commercial and lab bioanalytical assajyise to their high specificity, extreme affinity ampleat
507 sensitivity, showing interesting applications fagtecting virus, proteins, and cancer cells [81]e Th
508 antibodies could be obtained by amounts of methodtyral or recombinant, as monoclonal or as
509 polyclonal. Nevertheless, comparing to the nucka elements, the defects of the antibodies are
510 high-cost, instability, complexity-to-synthesisetlaffinity of which may be affected by adding the
511 signal tags, and can't be used for small moleculagys and metal ions [82].
512 The most prominent antibodies in respiratory videtection are monoclonal antibodies (mAb),
513 polyclonal antibodies (pAb) and antibody singleichBv fragments (scFv). mAb are more specific
514  than pAb because mAb could only combine with sirggi@ope hence avoiding the cross reaction, and
515 the pAb are produced towards various epitopes aingle antigen [83]. While the pAb are less
516 expensive and mass-productive providing the widsshrapplication in biosensors construction. The
517 scFv fragments include one light chain and one yedfain with a molecular weight of 30 kDa, with
518 smaller size compared with whole antibody and lanxiability, the scFv fragments are brilliant for
519 antigen capture [84]. The merits of the antibodtiggem reaction are high specificity, reversiblediirg
520 between surface chemical groups, suitable ratio @tentration and staged reaction. The special
521 properties of antibody-antigen reaction make alyblbased electrochemical biosensors being one of
522 the most versatile and available detection tools fespiratory virus. The antibody-based
523 electrochemical biosensors for respiratory virugd#on are summarized Fable 3.
524 Table 3 Antibody-based electrochemical biosensors for ragmiy virus detection
Type L abel Virus Recognition Linear range LOD Assay Electrochemical Ref
element time method
/ HIN1, Anti-M1 / 50fgmL* 0.1h EIS [85]
H3N2 antibody
/ MERS-CoV, Anti-recombinant MERS-CoV: 1.0 MERS-CoV: 20 SWv [86]
HCoV spike protein S1 pg mL* 0.001-100 min
antibody HCoV: 0.4 pg ng mL*
mL™ HCoV: 0.01
Label-free - 10,000 ng
mL™
/ H5N1 scFv against HA The short The short / SWv [87]
H5 fragment: 0.6 pg  fragment:
mL™? 4.0 - 20 pg
The long fragment: ~ mL™*
0.9 pg m* The long
fragment:
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1.0-8pg

mL?
/ HIN1 mAb 0.5 PFU mr* 1-1d PFU / Chronoamperometry  [88]
mL™?
/ AlV H7 H7-mAb and 1.6 pg mC* 1.6 pg mc* / LSV [89]
H7-pAb -16 ng mL*
/ HIN1 Goat 113PFUmMC* 10 - 1d 30 DPV [90]
anti-influenza A PFU mL™* min
antibody
/ Influenza Anti-M1 1 fg mL in saliva / 5 min EIS [91]
virus antibody bu - er
/ H5N1, mAb against the  H5N1: 9.4 pM 25-500 pM 1 min Chronoamperometry [92
H1N1 HA proteins H1N1: 8.3 pM
/ H1N1 Anti-HIN1 Phosphate-buffered 10 — 14 / EIS [93]
antibody saline: 26.04 PFU  PFU mL*
mL™*
diluted saliva:
33.11 PFU mZ
MNP HION2 Anti-M2 8-128 HAU 8 HAU 160 s Chronoamperometry [94
antibody
HRP HIN1, Anti-HIN1, 1pgml*-10ng 1 pg mL* / Amperometry [95]
H5N1 and H5N1 and H7N9 mL™?
H7N9 antibodies
MNP H5N1 Anti-H5N1 0.0025-0.16 HAU 0.0022 / Ccv [96]
antibody HAU in 6
pL
HRP H1N1 Anti-influenza A / 5PFUmML 6 min EIS [97]
L abel-based HA antibody for saliva
samples
MNP H7N9 mAb and 0.011 ng mr* 0.02-50ng 1.5h LSV [98]
biotinylated mL*
antibody
Fluorescence  H7N9 mAb and pAb 7.8 fg mtt 0.01-15pg [/ LSV [99]
MNP mL™*
MNP H7N9 mAb and rabbit 6.8 pg mL* 0.01-20ng / LSV [100]
derived pAb mL™?
525
526 According to different antibodies application, upamimicking ELISA, the antibody-based
527 electrochemical biosensors consist the followingtguas: standard (non-competitive), competitive
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direct, competitive indirect and sandwich. Gengrathe specific antibodies are immobilized on the
transducer surface in the respiratory virus datacthence standard (non-competitive) and sandwich
are the most used antibody formats in the respiyatous detection with electrochemical biosensors.
Competitive direct and competitive indirect aresleemmonly used, because respiratory viruses are
usually small-sized, and difficult to be attachedtbe electrode surface. Furthermore, dependini§ on
the labels are used, the antibody-based electrdcheiiosensors could be divided into label-free
immunosensors and label-based immunosensors.

Label-free Immunosensors. Standard is the representative antibody formatlabel-free
immunosensors. The virus particles are capturethéyantibodies modified electrode, generating the
properties change of sensing interface. The sigraifd be detected directly with the electrocheinica
workstation.Label-free electrochemical biosensors are the sasted simplest with high selectivity
and non-cross-reactivity, widely used in the ragidl stable monitoring of respiratory viruses. ES i
the most commonly used electrochemical techniguéise label-free immunosensors, the change from
before and after binding to the targets are diyetthnsferred into the change of the interfacial
impedance or the change in charge transfer resistmelectroactive probe dissolved in electrolyte.
Nidzworski et al. [91] employed the boron-dopedndimd (BDD) electrode functionalized with
polyclonal anti-M1 antibodies for influenza virustelion. The BBD electrode was dealt with
4-aminobenzoic acid for forming self-assembled ntayer (SAM), then anti-M1 antibodies could be
immobilized on the SAM. Hence, the M1 protein waptared onto the BBD electrode, of which
changed the impedance spectra. The electrochehbi@s#nsor has a LOD of 1 fg mLM1 protein in
saliva bu- er within 5 minutes, per sample which esponds to-80 virus particles. Besides, the assay
has been verified by applying into different steiof influenza A virusMeanwhile, as label-free
electrochemical biosensors need more simple sepsotgcol, they have been integrated with portable
devices. Singh et al. [88] reported a novel labetfRGO-modified electrochemical immunosensor,
cooperated with a microfluidic platform for influen2ZaH1N1 virus detectionKig. 5). The three
microelectrodes were fabricated on the glass safiestthen modified with RGO and mAb, and
encapsulated with a polydimethylsiloxane (PDMS) nodbhannel finally. The amino groups on
antibodies could form the direct linkage with amisuof carboxyl groups on RGO surface in absence
of linker or spacer. Moreover, the large surfasaasf RGO presents lots of defects and electraactiv
sites, hence improving the sensitivity. The miarific label-free immunosensor presented excellent
linear range of 1 to FOPFU mL* and improved LOD (0.5 PFU mt), exhibiting the potential of
being handheld multianalyte sensing devices foriadl diagnosis. Label-free methods do not integrat
any amplification step which could limit their séiaty.
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Fig. 5. Schematic illustration of the microfluidics-intetgd electrochemical immunosensing chip coated with
RGO, followed by antibody immobilization using EDC/SHoupling for the detection of influenza virus HLN
Reproduced with permission from Ref. [88].

L abel-based mmunosensors. Sandwich is the common antibody format in the iraspry virus
detection with label-based immunosensors. The tegteantigen is sandwiched between two antibodies,
one of which are attached on the transducer syrizedeed capture antibody. The other one is the
detection antibody, which is usually labeled withzygme, nanomaterials or biotin, it can directly
measure the amount of antigen. The dual-recogn@@rsolidate the specificity of the biosensors and
own better label availabilities. The pAb and mAk #re most frequently used antibody combination in
the sandwich-based immunosensors. Owing to theuepntibody will be attached to the electrode,
the multi-site binding of antibody and antigen éstricted, so if pAb served as capture antibolaky,
advantage of high affinity cannot be exerted wielladdition, some pAb may occupy the epitope of
mADb, resulting in less binding amount of detectamtibody. Therefore, the mAb is often as capture
antibody, and pAb is as detection antibody. Fotainse, Wu et al. [99] according to the ELISA
designed the ultrasensitive electrochemical biassnir H7N9 virus counting. The microelectrode
array was modified with Au NPs and mAb, the MNPsatated with FgD,nanoparticles and quantum
dots were incubated with pAb and ALP, forming biftianal fluorescence magnetic nanospheres
(bi-FMNSs). The fact that pAb could conjugated wittodified MNPs was supported by the color
change of the fluorescence. Firstly, a single vioosld be separated from the complex samples by one
bi-FMNs at most, which is controllable by the prapm of bi-FMNs to virus concentration. Then
abundant complexes were transferred into the elgtt; captured by the mAb modified
microelectrode assay. Because the ALP on the bi-EMBEn catalyze thelephosphorylation of
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p-aminophenyl phosphate monohydrate (p-APP) toyreg-aminophenol (p-AP), hence inducing the
reduction from A§ to Ad® on the sensing interface. The changes from thedépsition could be
recorded by linear sweep voltammetry. Finally, aigrare counted as “0” or “1” depending on digital
analysis, the virus concentrations could be es@thdtrough the probability of “0”. The LOD of the
label-based immunosensor was 7.8 fg mivhich was 1-3 orders of magnitude more sensifien
previous research. Not all sandwich-based immurszssnuse pAb and mAb as receptors, other
bio-recognition elements are also suitable for sacil format. Sayhi et al. [94] employed anti-Matrix
protein 2 (M2) antibody attached to MNPs and fetaoiondified with Au NPs for electrochemical
detection of HON2 virus, the sandwich conformatiwas finally separatedrom real samples by
applying a permanent magnetic fielBig. 6). After the treatment in acid solution, the sardwi
conformation was destroyed, the MNPs were remowedhéignet. Because Au NPs can catalyze the
hydrogen ions reduction in acidic medium under pprapriate potential, the Au NPs were deposited
on the electrode and generated current signals;hmivas also proportional to the virus titer. The
proposed immunosensor displayed the linear relstipn between the virus titer in range 8-128
hemagglutination unit (HAU) and cathodic currenithat OD of less than 16 HAU titer. Although the
LOD is higher than already published immunosendties,approach with short detection time leaves
out pretreatment steps and overcomes the difficaftythe virus separation from the bulk phase.
Generally speaking, the sandwich-based immunosgmserof high sensitivity, high specificity, whose
antigen without prior purification. Undeniably, théabel-based detection procedures are
time-consuming andn antigen must have at least two antibody bindites.
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Fig. 6. (A) Schematic illustration of the strategy usedéwelop the gold nanoparticle-based
chronoamperometric magneto-immunosensor for infaenrus detection. The influenza virus could
be recognized bgnti-Matrix protein 2 (M2) antibody modified magimehanomaterials (MNP) and
fetuin decorated Au NPs. (B) Chronoamperometrizesiiobtained without influenza virus (Allantoic
fluid) and with 8; 16; 32; 64 and 128 hemagglutibinits (HAU) of the virus (upper panel). (C)
Diagrams (lower panel) correspond to the respohgeanagneto immunoassay to various influenza
virus titers ranging from 8 HAU to 128 HAU (bluendito various concentration of non-infected
allantoic fluid in 1 M HCI solution (red). SPCE:®en-printed carbon electrode. Reproduced with
permission from Ref. [94].

4.3 Other affinity biosensors

Except for nucleic acid, antibodies, there havenbether kinds of bio-recognition element
presented in the electrochemical biosensors fqpinasry virus detection: fetuin A, peptides and
glycan.

Fetuin A. Fetuin A is a kind of glycoprotein derived fromdetalf serum, every fetuin A has
terminal 12-14 sialic acid residues. Fetuin A iffudiely cooperated with peanut agglutinin (PNA)
lectin [101]. Owing to the fact that fetuin A coutmbine with different influenza virus via NA
protein, it could serve as bio-recognition elemieninfluenza A detection with lower cost and high
selectivity. For example, Anik et al. [102] devednb an electrochemical biosensor based on
graphene-Au hybrid nanocomposite for recognizirtu@nza A. The biosensor utilized fetuin A as
bio-recognition element: Firstly, the fetuin A waamobilized onto the electrode surface for NA
protein capture, and PNA specific binding sites Malisplay after the interaction, then washed ti#e N
protein on the SPEs, because the sugars from fathave been masked by NA protein, the PNA lectin
hence could bond tthe N-acetylgalactosamine galactose-(@Bi3GalNAc). The resistance changes
on the electrode surface were recorded by elearodal impedance spectroscopy. The biosensor has
a linear range between 1@ mL* and 10' U mL*, which has been applied into HON2 detection in
real samples. Besides, the biosensor’'s LOD &fWnL™ is lower than LOD values of ELISA assays
relying on NA activity or antibody-antigen interaet.

Peptides. Easily being designed and prepared, peptidesha@rdtically favorable for antigens
and drugs measurement. Previous studies showegzbtitiepeptide Ala-Arg-Leu-Pro-Arg is available to
combine with the binding sites of all kinds of HRopein [103]. Surely, the corresponding N-stearoyl
derivatives and carbosilane-based dendrimers dobitit the activity of seasonal HIN1 and H3N2
except for H1 and H3 HAs [104]. Therefore, Matsabet al. [105] modified the BDD electrode with a
sialyloligosaccharide receptor-mimic peptide, threngity of the peptide and dendrimer generation
terminated on the electrode could affect the proialhat the respiratory virus were captured bg t
functionalized electroddElectrochemical impedance spectroscopy was useithdovirus identification
according to the resistance variation. The propadedtrochemical biosensor could isolate the avian
virus particles from H5N3, H7N1 and HIN2, presemtihe satisfactory specificity and practicability.
Faced with the antigenic drift and new subtypethefrespiratory, the designed peptide dendrimer has
great potential as antibodies candidates. Besidesa Bahadur et al. [106] developed an
electrochemical biosensor toward influenza virugigias based on the selection of electrosensitive
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peptide ligand in vitroKig.7). The electrochemically sensitive 3,4-ethylenedioiopghene (EDOT)
moiety was modified with a peptide ligand then veatkas electro-polymerization monomers. In the
scheme, the real samples were mixed with the soluticluding the peptide ligand-EDOT monomers.
The presentation of the virus particles would ieflae the electro-polymerization of the peptide
ligand-EDOT monomers on the electrode surface, emuently affecting the efficiency of the electron
transfer between the redox molecules and the elbetihe LOD of the detection system was found to
be 12.5ug mL*, which is 2.5-fold more sensitive than the dot femune assay or conventional rapid
diagnosis test. The “turn-on system”: the curr@cteéases when there is influenza virus doesn't need
negative control measurement for practical appbcat

No virus 05\
Cy -

Electrode Electrode

EDOT polymerization Peptide layer

formation Suppressed current

| Electrode | | Electrode

Inhibition of

Increased current

Bind to viruses .
(Inhibition of polymerization) layer formation

Fig. 7. Strategy for detection of influenza virus usingedectrosensitive peptide ligand. Reproduced
with permission from Ref. [106].

Glycans. Glycans are a kind of complicated carbohydratexwhsually form the dense sugar
layer on the numerous cell surface. The cell-aatbgnition and host-pathogen interactions are both
realized through the glycan coat [107]. For ins&rin the influenza A virus infection process, HA
protein interact with host glycans terminated ialisiacid firstly. Compared with DNA and proteins,
the glycans could store more code information asetlare over 10 million glycan molecules on thé cel
surface [108]. The function of glycan bio-recogmitihas been applied into the development of the
diagnosis approaches and vaccines design. Husletggi. [109] utilized glycans as natural viral
receptors in the impedimetric biosensor design if@ctivated, but intact influenza virus H3N2
detection. The gold electrode surface functiondliaéth thiols bearing oligoethylene glycol moieties
formed a mixed SAM layer (self-assembled monolayer) glycan immobilization. The biosensor
could detect at least 13 virus particles iplireal samples, revealing a LOD of 5 aM. It wasItheest
LOD for influenza virus detection compared with fisibed glycan-based electrochemical biosensors at
that time. However, the application of glycansiisited to a few respiratory viruses, and the affiés
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of glycans need to be proved further.

5. Futurechallenges

The global health crisis of the COVID-19 pandemifimmes the greatest challenge the world is
faced with at the present time, with the most ingar focus being the sensitivity and specificity
enhancement, to which current innovations shoulg giéention for early detection of COVID-19
disease or future pandemic straiSgnple, low cost, easy to operate and fast-respelestrochemical
biosensors exactly meet the potential to be intedranto POCTs for COVID-19 diagnosis. Although
efforts have been put to design electrochemicasdrisors for COVID-19 diagnosis, few portable
electrochemical biosensors were produced. Thelteegists numerous challenges to move from the
bench to their use in POCTSs.

The sample preparation. A large number of interferers, such as proteingibadies, DNA, cells,
etc in various complex samples can disrupt the otiete process of the targetdhe sample
pretreatment requirement before analysis to exctbhdeinfluence of matrix effects is a main impact
factor for specificity and sensitivity improvemeo how to isolate the viruses from the real sample
is the key step during the sample preparation. viluses usually only occupy a small volume of the
whole volume, so there is always a small possjbfiir virus to be captured by the receptor on the
transducer when the whole volume is very small. i@isly, the viruses couldn’'t be concentrated
without any preparation. At present, the use of metig nanoparticles and selecting most perfect
bio-recognition elements are the two main approsdoe solving the problem. For example, the
specific receptors are coupled with MNPs to capéur@ separate the targets from complex sample; the
association constant of the antibody should be mizeid during the antibody selection.

The immobilization of the bio-recognition elements. The immobilization process of the
bio-recognition elements is vital to reduce mistakad errors during virus detection. Currently, the
key recognition interaction in many electrochemibisensors is often irreversible, hence the initia
properties couldn’t be restored after every dedectihe biosensor part should be disposable, wikich
the rule for medical consumables. Moreover, durthg modification process, the affinity of
bio-recognition elements is related to the immahiion process, and the efficiency of the
immobilization can influence that of detection. Ha@v ensure that the receptor distribution on the
electrode surface is uniform and roughly the samivéen the same batch, without affecting the
efficiency of receptor recognition is the questfon most portable electrochemical biosensors to be
considered.

The miniaturization of the system. Basically, a whole research process of the availab
electrochemical biosensor-based POCTs includesnizattion of the operation condition, integrating a
sensing chip with micro-/nanoelectronics, and faging of the sensing platform with a wireless
device, transforming into on-site analytical desicbig data analytics and result output [79]. The
development of the whole smart sensing systemnisiléidisciplinary project and need public—private
participation. POCTs aim to be carried out closahi® patients, the sample volumes, reagent use,
transducer and power all need to be miniaturizetthomt reducing the current density and transfer
characteristics, and the whole system needs todazalle and wireless. Most of the electrochemical
biosensors own excellent properties and could yeasl miniaturized and then should be associated
with the whole system.

The reproducibility and stability. To guarantee the accuracy of the POCTs, the reptivity
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and stability of electrochemical biosensors shdwgddimproved dramatically. In a whole fabrication
process of the electrochemical biosensor, therenarg/influencing factorsenvironmental conditions,
operating procedures, performance of the instrunfembng these, the most difficult to be automatized
is the manual steps for the preparation of thednisar. Besides, the stability of the POCTSs is also
supposed to be excellent, because the storagetiomsdare often difficult to achieve at the laborgt
level, before its use.

Environment-friendly and the cost. The environment-friendly and cheap POCTs are atten
last hurdle before a biosensor is implemented foCPs. With the development of material science,
numerous nanomaterials have been introduced ietel#ttrochemical biosensors. The potential health
impacts and environmental pollution from the widesgl usage of the nanomaterials could not be
ignored. Besides, the cost of the POCTs should fimdable for primary medical institutions.
Therefore, the materials used in the equipment faatwring process should be as low-cost as possible
meanwhile without affecting the performance. Noaper-based microfluidic devices are relatively
environmentally friendly and low-cost, thereforevimg been the most frequently used substrate
platform. Carbon-based nanomaterials are alsoxtellent green alternative with less pollution.

It is evident that great effort is still required bvertake above challenges in the portable
electrochemical biosensor design for SARS-CoV-2 PO(@rtection, but we still believe that with the
increasing trend in multidisciplinary integratiothe ideal POCTs for COVID-19 diagnosis will be
produced just around the corner.

6. Conclusion

Overall, we have presented the common detectirgetsiof the respiratory viruses, key parts of
electrochemical biosensors design and discussederatif bio-recognition element-based
electrochemical biosensor&uture challenges in electrochemical biosensors réspiratory virus
determination, especially for application in POGIFe discussed. In every section, several examples
were explained, and all the analytical performaoiceecent developments are gathered in tables with
their detection limits. We believe that the advameats from core technologies at multiple-discigdine
areas will offer great potential of a next genematdf highly specific, sensitive, selective, antiatde
electrochemical biosensors for respiratory virustedon. More urgently, the developed
electrochemical biosensors could make for bettaresilance and control of SARS-CoV-2 infection in
populations.
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Highlights
This review provides the recent advancements in electrochemical biosensing for respiratory virus
detection.
The common detecting objects of representative respiratory virus: influenza virus, MERS-CoV and
SARS-CoV-2 are concluded.
The electrochemical biosensors based on various bio-recognition elements are reviewed in the
respiratory virus detection field.
The latest reports and future challenges on the electrochemical biosensors for COVID-19 diagnosis
are presented.
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