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Abstract

Human-pathogenic viruses are still a chief reason for illness and death on the globe, as
epitomized by the COVID-19 pandemic instigated by a coronavirus in 2020. Multiple novel
sensors have been invented because diseases must be detected and diagnosed as early as
possible, and recognition methods have to be carried out with minimal invasivity. Sensors have
been particularly developed focusing on miniaturization by the use of nanomaterials for
fabricating nanosensors. The nano-sized nature of nanomaterials and their exclusive optical,
electronical, magnetical, and mechanica attributes can enhance patient care through the use of
sensors with minimal invasivity and extreme sensitivity. Amongst the nanomaterials utilized for
fabricating nano-sensors, carbon-based nanomaterials are promising as these sensors respond
better to signals in various sensing settings. This review provides an overview of the recent
developments in carbon nanomaterial-based biosensors for vira recognition based on the
biomarkers that arise from the infection, the nucleic acids from the viruses, and the entire virus.
The role of carbon nanomaterials is highlighted by the improvement of sensor and recognition
functionality. The Dengue virus, Ebola virus, Hepatits virus, human immunodeficiency virus
(HIV), influenza virus, Zika virus and Adenovirus are the virus types reviewed to illustrate the
implementation of the techniques. Finally, the drawbacks and advantages of carbon

nanomaterial-based biosensors for viral recognition are identified and discussed.
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Abstract

Human-pathogenic viruses are still a chief reasamiliness and death on the globe, as
epitomized by the COVID-19 pandemic instigated byoeonavirus in 2020. Multiple novel
sensors have been invented because diseases mdsteoted and diagnosed as early as
possible, and recognition methods have to be caoig with minimal invasivity. Sensors
have been patrticularly developed focusing on mimization by the use of nanomaterials for
fabricating nanosensors. The nano-sized natureawdmaterials and their exclusive optical,
electronical, magnetical, and mechanical attribess enhance patient care through the use
of sensors with minimal invasivity and extreme #Bng/. Amongst the nanomaterials
utilized for fabricating nano-sensors, carbon-basadomaterials are promising as these
sensors respond better to signals in various sgnsattings. This review provides an
overview of the recent developments in carbon natenal-based biosensors for viral
recognition based on the biomarkers that arise fiteeminfection, the nucleic acids from the
viruses, and the entire virus. The role of carb@namaterials is highlighted by the
improvement of sensor and recognition functionalityfhe Dengue virus, Ebola virus,
Hepatits virus, human immunodeficiency virus (HIMpfluenza virus, Zika virus and
Adenovirus are the virus types reviewed to illustrdhe implementation of the techniques.
Finally, the drawbacks and advantages of carboromaterial-based biosensors for viral
recognition are identified and discussed.
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1. Introduction

Viral pollution of resources is one of the majousas of diseases leading to several hundred
thousands of demises per annum. Such health-rgiatddems continue to be unsolved as is
evinced by a plethora of individuals that suffeonfr multiple diseases. Currently, the
incidence of infective diseases that can imporyaaffiect human life has risen outstandingly.
A number of communicable diseases influence a flohdividuals and continuously cause
substantial health issues[1]. Viruses are obligaitatracellular parasites that require the host
cell system and resources for replication and ggapan. Mammalian cells have developed
defense machineries elaborately for detecting ahibiting viral reproduction. This, in turn,
has resulted in emerging viral strains being ablen@anipulate and subvert host immune
reactions, leading to a boosted virus-mediated quathesis[2]. These human-pathogenic
viruses are still a chief reason for illness andtkdeon the globe, as epitomized by the
COVID-19 pandemic instigated by a coronavirus in2@0In the absence of primary
diagnostics, it is not possible to adequately aramptly make proper disease treatments.
Sensitive, specific and rapid diagnostic tests ardy provide the basis towards effectual
therapies but also have a major contribution toveme the transmission of infective

diseases[3].

The approach conventionally applied to detect esus the cell/tissue culture process, in
which permissive cells are inoculated with a vious deactivated virus solution. The method
creates cytopathic impacts and, subsequently, deesptitration of a 50% tissue culture
infectious dose of the virus into the tissue c@tuklthough virus titration with the observed
cytopathic impacts has a protracted history agtiéen rule in research of detecting viruses,
still several multiple drawbacks continue to exkt[For virus detection, a manifold of
studies has applied alternative approaches todheentional cytopathic impacts technique.
Electron Microscopy, Serological Methods and Nuckcid based approaches are the major
alternative techniques[5]. The polymerase chairctie@, enzyme-linked immunosorbent
assay and reverse transcription polymerase chaictioa are utilized for the detection of
viruses. Whereas key clinical laboratories prommsesitive and specific tests, these are time-
taking and laborious, expensive and rely on complexices and skilled operators. Figure 1
presents the “ASSURED?” criteria according to therldiealthOrganization (WHO) and
addresses the infectious disease control neededBasthat, research has focused on novel

detection components to promote detection in bsisgf] as there is a need for rapid



diagnosis and improvements in biosensor technddogigh more selectivity, stability, and

cost-effectiveness.
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Fig.1 According to the World Health Organization (WHO), POC tests that address infectious disease

control needs, especially for the developing couris, should follow “ASSURED?” criteria.

Multiple novel sensors have been invented becaiseaskes must be detected and diagnosed
as early as possible and recognition methods tabe tarried out with minimal invasivity.
Sensors have been particularly developed focusmgnmiaturization by the use of novel
materials for fabricating sensors. The interestitizaracteristics of nanomaterials are
illustrated in their combined advantages of a 8ing with an extreme increase in the surface
area, rendering them a tremendous potential faatée applications [7-10]. The nano-sized
nature of nanomaterials and their exclusive optie&ctronic, magnetic, and mechanical
attributes can enhance patient care through theotusensors with minimal invasivity and
extreme sensitivity. Amongst the nanomaterialsagtil for fabricating nano-sensors, carbon-
based nanomaterials are promising as these serespend better to signals in various
sensing applications[11-13]. In addition to theiigh surface area, carbon-based
nanomaterials are biocompatible materials and drardageous in terms of simplicity,
rapidity, and sensitivity rendering them a high ipos to be considered in up-to-date
technologies for viral recognition[14]. To the ext®f authors’ knowledge, no review can be
found concerning the use of carbon nanomateriatttres for viral sensing and detection.
The present paper, therefore, reviews existingarartanomaterial-based biosensors for viral
recognition at the level of the virus type. Dengireis, Ebola virus, Hepatits virus, human
immunodeficiency virus (HIV), influenza virus (H5N&and H1N1), Zika virus and

Adenovirus are the virus types reviewed here aresgmted in Figure 2. The review is



divided according to the analyte type into threemgaioups based on what could be detected
from the virus: the biomarkers that arise fromitifection, the nucleic acids from the viruses
and the entire virus. The role of carbon nanomalteis highlighted in the improvement of

the sensor and recognition functionality.
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Fig.2 Carbon nanomaterial applications for the detetion of different human viruses.

2. Carbon Nanomaterials for diagnostic applications

As an amply occurring element, carbon is widely ligopin scientific and technological

areas. It is possible to synthesize a variety diaa allotropes by changing the combinations
of sp, sp, and sphybridization and an array of carbon structures mambstructures has been
presented up to the present time[1l5]. The spetibica of carbon nanomaterials are
exclusive, including high electrical conductivitywda chemical stability as well as a vast
functional surface area[l16,17]. This section disess the specifications of carbon

nanomaterials for diagnostic applications.
2.1 Carbon Nanomaterials

The three major classes of carbon nanostructuieszero, one and two—dimensional, are
widely used in biosensing. For example, carbon dotsgraphene quantum dots fall into the
class of zero-dimension carbon nanostructures. tdaee comprise one-dimensional carbon
nanostructures. Graphene and its derivatives avedtmensional carbon nanostructures with
fascinating specifications[15]. Carbon and graphguentum dots (CDs and GQDs), denoted
as zero-dimensional (OD) nanomaterials, have gainectasing ground in the past years.



Their exclusive electronic, fluorescent, photoluescent, chemiluminescent and
electrochemiluminescent features are those prayithem with sensing potentiality[18-21].
Other merits of CDs include simple synthetic pattest-effective synthesis, inexpensive
preparatory materials, water-solubility, low toxycilevel, chemical stability and facile
functionalization. CD-based sensors and biosenorstion by different modes of action,
namely: fluorescence quenching, static quenchigigahic quenching, energy transfer, inner
filter effect (IFE), photo-induced electron trans{fET) and fluorescence resonance energy
transfer (FRET)[22]. Carbon nanotubes (CNTs) ardaa molecules with a cylindrical
hollow structure whose walls are made by sheetsfehybridized carbon. Two main types
of CNTs are: single walled CNTs (SWCNTs) and mwiilled CNTs (MWCNTSs), with the
former composed of a sole layer of graphene anthetiers in the range of 0.7-Inth,
whereas their length can vary from a few hundmadup to severgim. MWCNTSs comprise
multiple concentric cylinders of rolled-up graphesteeets forming tubes with diameters up
to 100nm [23-25]. CNTs are interesting options for elestihemical sensing applications.
The electronic specifications need to be taken aotasideration in the manufacture of CNT-
based electrodes as an essential factor in theér@ietransfer rate. The CNT modified
electrodes are primarily advantageous owing tortimeinor diameter and long length
allowing their plugging into an analyte, their dleeactivity being apparently similar to or
better than all other carbon-based electrodes hadhigh surface area of the nanotube
modified electrodes[26]. By definition, grapheneaisingle-atom-thick sheet of hexagonally
arrayed, spbonded carbon atoms that occurs inside a carboteriaaconstruct. The
thickness of a graphene film with 1Q@n of lateral size is regarded as a stack of carbon
planes joined together by van der Waals forces dlsatover a distance of ca. 0.335 nm.
Graphene possesses notable thermal and electanductivity and a striking mechanical
strength. In particular, it has the potential f@nsing because of its exceptionally high
conductivity and vast surface area. The chargestearand electronic features of graphene
result from its exclusive electronic band structuparticularly, graphene is an available
nanomaterial that possesses a vast surface arg@ #6) by which it can directly interact
with a variety of biomolecules[ 27-30]. As excellemembers of the graphene family,
graphene-derived materials, such as graphene q@d® and reduced graphene oxide
(RGO), are widely used as biosensors, the appiestof which are greatly influenced by
their faults, dysfunctions and chemical functiopafion on their surfaces. GO, a result of
chemical exfoliation and oxidation of layered cajsbe graphite (normal or synthetic), is a
single atom carbon layer in which both surfacesehawdergone modification with oxygen
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bearing functional groups. Despite the fact that, G@ilar to grapheme, is a 2-D carbon
material, its features highly differ from thosegrsphene. It is characterized by a plethora of
exclusive chemical, optical, and electronic speatfibns. GO is not capable of absorbing
visible light, possesses a low electric conductaetaive to that of graphene and exhibits a
considerably greater chemical reactivity. There atet of epoxide, carboxyl and hydroxyl
groups on the basal plane and edges of GO, showihggh potential for binding with
biomolecules through covalent, electrostatic, agdrdgen interplays[31-32]. With a wide
utilization, RGO is typically manufactured byoxigig/exfoliating graphite to GO, after
which it is reduced to graphene through variousribal, thermal or electrochemical paths.
The likely different features of fabricated RGOté@mms of defects (vacancies and holes) and
carbon to oxygen ratio (C/O) depend on the appkeldiction procedure, which has a critical
contribution to the electrochemical features of thegterial. In comparison to graphene, there
is even a small number of functional groups on BR@O surface enabling chemical
functionalization for immobilization of the moleeulreceptors onto its surface. Within the
last decade, the development of RGO-based sensoes dimed at detecting a variety of
intended analyte®wing to their brilliant electrochemical featuresidaelectrocatalytic
functions[33-35].

2.2. Diagnostic techniques based on carbon nanomesds

As an analytic instrument, a biosensor consista dfiologically active substance that is
utilized and closely combined with an apparatud ttwaverts a biochemical signal into a
measureable signal. Typically, a biosensor conftionapossesses a three-component
system: a bioreceptor involved in the selectiversddbe apparatus, a transducer translating
the physical or chemical alteration by recognitddrihe analyte, and a signal-processing unit
(signal output) (Figure 3). Since the biomarkerepfimes has an extremely low
concentration and detects diseases selectivelgeitsibility and selectiveness are critically
important. Further needs are its reproducibilitytabgity, cost-effectiveness, and
disposability. Transducing components integratechroonly in the biomarker biosensor
scaffold, hitherto comprise components with eledtsmistry, optic or mass-sensitivity

properties capable of generating quantifiable curideght or frequency signals[36,37].
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Fig.3 Schematic diagram of biosensor for detectioaf human viruses as an analytes.

2.2.1. Electrochemical BiosensorsThe basis of these biosensors consists of elecnoicial
methods in which the analyte is sensed by detengitine electric response due to the
electrochemical reaction of the analyte with thefasie of the functional electrode of the
sensor. Analyte concentrations and sensor respgesesally need to be linearly correlated
in order to be applied practically. Amongst a vigrief biosensors, the electrochemical
biosensors show the promise that they are highigisee, have a high signal-to-noise-ratio,
are relatively simple and have a fast response thaearbon has a wide-ranging potential, is
chemically inert and affordable, it has been fargdime of interest as an electrode substance
of importane in electrochemical biosensoBespite the variable eminent features of CNs, they
share attributes causing their attractivenesshierproduction of electrochemical biosensors
including dectrochemical activity dectric conductancewide surface areaeasiness of
functionalizationand hocompatibility Some CNs and their derived products are able to
display electrochemical responses, as they ardratbemically active, intrinsically or
capably. The high electric conductance of CNs a&sstineir function as a perfect electron
transfer agent in electrochemical biosensors. Aevgigirface area of CNs makes it possible to
assemble extra necessary elements in electrocHemasensors. Modification of CNs is
simple, which will improve and uplift the operat®nf CNs in electrochemical biosensors.
As CNs are biocompatible, the use of CN-basedunstntsare facilitated in biologic areas.
Owing to the above specifications, CNs can sertreeeas nanoprobes, depending upon their
predominant electrochemical features, or as nanecsrdepending upon their additional
manifold of specifications. Utilization of CNs inleetroanalytical analyses allows a

substantial improvement of their analytic functiogjg6é,37].



2.2.2. Optical BiosensorsThe basis of these sensors consists of the dateatialterations in
the emanation of light upon the target-detecti@mant interplay. Carbon nanomaterials, in
particular graphene—derived products, are effedti@mescence quenching agernitsthe last
few years, CNTs have widely been a matter of contmrdeveloping biosensors due to their
exclusive optical features. CDs hold optical speatfons with regard to optical absorption,
fluorescence, chemiluminescence, electrochemiluscigr@ce, phosphorescence, up-
conversion photoluminescence and photo-stimulatedtren transfer activity. CNTs are
highly luminosity intensive and have outstandingtees, which can ideally be used for
optical biosensing. Semiconductive CNTs are ablesdove as quenching agents for the
fluorophores and can exhibit distinct near-infrarédIR, wavelength ~0.8-2 pm)
photoluminescence emitting from the band-gap flsceace GO possesses recombined
electron—hole pairs positioned insigE? carbon clusters imbedded insidepa matrix and
displays light absorption from UV to near-infrar@diR). Thez-electrons of GO with large
dislocations result in a high fluorescence quergluapability, which is helpful in optical-
based biosensors. Besides, graphene is usableS&R§ substratum to improve Raman
signals of absorbed biomolecules. Another type mtical biosensor is Surface plasmon
resonance (SPR) that utilizes surface plasmon ipiar to probe interplays between an
analyte in solution and a biomolecular detectiomponent subjected to immobilization on
the SPR sensor surface. Depending on the bindithgeed refractive index alteration of the
solvent near the surface, SPR biosensors can atisbnapreal-time, label-free recognition
for the target analyte with high sensitivity. Canbnanomaterials are good candidates for
these types of optical biosensors tools [39-42].

2.3, Field-Effect Transistor (FET) Biosensors:The field-effect transistor is a semiconductor
instrument, where the current flows from an elatgr¢source) on one side to the electrode
(drain) on the other side. The semiconductor chlidmete/een source and drain is controlled
by the electric field generated by a voltage athiadtelectrode named gate, which is
capacitively attached via a thin dielectric layEne electric FET biosensor specifications can
be altered by the adhesion of biomolecules ontobibsensor. CNTs can be metallic or
semiconductive contingent on the helicity. Semicatide CNTs are usable for fabricating
FET-based biosensors. The electric CNTFET spetifica can be altered by the adhesion of
biomolecules onto the CNTSs. In recent years, gmapimsed FET biosensors have been of
great interest as they are highly sensitive totetedisturbances and have a high carrier
mobility[39,41]



3. Application of carbon nanomaterials for viral diagnosis

In this section, the recent developments in canbanomaterial-based biosensors for viral
recognition are reviewed based on what could bectied from the virus. Detection of the
antibodies that arise from the infection, detectidrthe nucleic acids from the viruses and

detection of the entire virus are the subdivisiohthis section.
3.1. Detection of thebiomarkers that arise from the virus infection

The dengue virus of thElavivirus genus in the family Flaviviridae, is an arthrogoaine
virus consisting of four different serotypes (DENDEN-2, DEN-3, and DEN-4), all of
which are encased, spherical viral particles wittizaneter of approx. 500A20(?) [43]. The
WHO declares dengue as a main challenging worldpidgic health problem in the tropical
and subtropical populations [12]. This viral infect results in a variety of pathogenic
indications including febrile, fever, and hazarddtesthreatening situations. Hence, it is not
only a major peril to the public but also a maisuis for personnel healthcare. Scarce data are
available regarding the pathognomonic charactesigif Dengue infection from other febrile
ailments. Thus, it is critical to diagnose thisavistrain in the initial phases of the disease[44].
The non-structural (NS) proteins of the denguesrimre NS1, NS2A, NS2B, NS3, NS4A,
NS4B and NS5[45 ]. NS1 is a secretive protein abuotlg present in the acute phase of
diseases linked to hemorrhagic fever. Dias etralented an immunosensor for the NS1 of
the dengue virus on the basis of carbon nanotuteeisqrinted electrodes (CNT-SPE). A
homogenous mixture comprising carboxylated cartemotubes was disseminated in carbon
ink for preparation of a screen printed workingcelede. Anti-NS1 antibodies were
connected by a covalent link to CNT-SPE using anylehediamine film approach.
Evaluation of the matrix effect and the performaat#he tests were achieved through spiked
blood serum samples yielding superb recovery lewetie outcomes. CNTSs integrated into
the carbon ink led to improvements in the duplitgband sensitiveness of the CNT-SPE
immunosensor[46]. Silva et al. designed a sensitiamostructured immunoelectrode
according to a poly(allylamine) (PAH) sandwich fd61 of the dengue virus. ARNS1
antibodies undergo immobilization on the electreddace by a thin layer of PAH amassed
on carboxylated CNTs. PAH is a cationic polymersgy as a bifunctional material for tight
attachment of CNTs to the electrode surface andN@1l antibodies through their Fc(?)
terminal, which prevents them to be immobilizedd@mly. Electrochemical responses of the

immunoassay are created at a controlled leveli@aetion between }D, and the peroxidase



enzyme coupled to the amiS1 antibodies. Assayed serum samples revealedcanate and
specific process as well [47]. The whole of laboratand commercial techniques for
diagnosing the Dengue Virus NS1 needs the drawinglaod for sample assays, which
limits the point-of-care diagnostics and lowers thatient compliance. Instead, NS1
identification in human saliva has the potentialdiagnose the Dengue Virus infection
earlier. The saliva can be collected simply, norasively, painlessly, and inexpensively,
even with a staff of minimal training. Wasik et alffered a label-less chemiresistive
immunosensor for detecting the Dengue Virus NSlemahrough a network of SWCNTs
subjected to the functionalization with anti-dendi&1 monoclonal antibodies. Sensitive and
selective NS1 detection was successful in contaethaynthetic human saliva within
concentration ranges of clinical relevance[48].&ctronic nanobiosensor using a SWCNT
network chemiresistor transducer was functionalizeith antidengue NS1 monoclonal
antibodies to rapidly detect the dengue NS1. Wagilal. discovered NS1 in a spiked
adult Aedes aegypti homogenate in a sensitive and selective way owasadynamic scope.
The biosensor has compatibility with “gold-standarmadult mosquito field-collection
instructions and produces electronic data capailstbrage or wireless transmission. It has,
therefore, the potential for monitoring remotelydaeal-time[49]. Palomar et akpresented
an impedimetric immunosensor for detecting the dengrus antibody (Figure4(a)). The
system takes the advantage of forming CNT depasitelectrodes in a controllable and
reproducible way. Their simple functionalizatiomatigh electrogeneration of a polypyrrole-
NHS (N-hydroxysuccinimido 11-(pyrrol-1-yl) undecate) film makes it possible to
immobilize the Dengue Virus 2 NS1 glycoprotein, theeptor unit, on the porous CNT layer
by covalent amide joining to offer the requiredesévity toward the Dengue NS1 antibody.
The entire fabrication stages of this immunoseasar the functionality of this system were
scrutinized by impedance spectroscopy and cyclitaronetry. The resultant impedimetric
dengue biosensor was examined in bovine blood pldsesides measuring conventionally

under a controlled environment[50].

The human immunodeficiency virus (HIV) belongshe genus Lentivirus within the family
of Retroviridae and the subfamily Orthoretrovirind&ecording to genetically characterized
variations in the virus antigens, HIV is groupetbithe types HIV-1 and HIV-2. The HIV
genome contains two equal single-stranded RNA mitdscenveloped inside the core of the
viral particle [51]. CD4 T cells are mostly targeted by HIV. Following aresding event,

HIV occupies the mucosal tissues, and during daydispersed to the lymphoid organs. At
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around day 10, the virus can be detected in tloalation after which it keeps spreading at an
exponential rate within the subsequent few weeksclhvmostly peaks around day 30, when
it is possible to detect the HIV antibody leveld[SR2eveloping more dependable approaches
for detecting and quantifying HIV is highly inteteg and worthwhile. A simple one-stage
approach for preparing hydrophilic and peptide-fiomalized upconversion nanoparticles
was presented by Wu et al. (Figure 4(b)). The tegln was utilized for designing a
biosensor to sensitively and selectively deterntiié antibodies in human serum according
to FRET from the upconversion nanoparticles togiteghene oxide. The sensor is usable for
anti-HIV-1 gpl120 antibody sensing both in an aq@ebuffer and in a serum matrix with
equivalent performances, demonstrating that thednigsor is able to overcome background
interference from complicated biologic samples. kasor was employed for determining
antibody concentrations in human sera[53]. The Idpueent of a GO-based fluorescence
biosensing platform by Zhang et al. aimed atatietg HIV-1 protease, where fluorescent labeled
HIV-1 protease substrate peptide molecules undém@venvalent linking to GO. Without the use of
HIV-1 protease, fluorescein quenching was effitjeathieved by GO. On the contrary, the use of
HIV-1 protease could split the substrate peptitie short segments, thereby creating fluorescence.
The sensor was able to identify HIV-1 proteaseumnén serum[54]. In the last decade, the HIV-
1-related capsid protein p24 has gained groundaltige necessity for screening approaches
with simplicity, rapidity, sensitivity, specificity and affordability for diagnosing HIV
infection. A competitory electrochemical immunosan$or detecting p24 in unprocessed
human serum was designed as a facile and convaeeide to screen serum for ahead-of-
time discovery of HIV contamination. The immunod®iwas employed on throw-away
gold-free SWCNT-functionalized screen-printed gledes. The competitory sensor depends
upon immobilizing the target protein on the eled&csurface by a chitosan/glutaraldehyde
crosslinking system, capable of ensuring, underratedsettings, a strong immobilization and
a good exhibition of p24 to interact with a mous&-p24 1gG1[55].
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Fig.4 a) Construction steps of the impedimetric irmunosensor for the dengue virus antibody detection
using functional CNT. Reprinted with the permission of Ref [50]. b) Schematic illustration of the
upconversion FRET-based biosensor for the detectioof anti-HIV-1 gp120 antibody. Reprinted with the

permission of Ref [53].

Influenza viruses are among the utmost prevalensatave agents of human respiratory
infections, and one of the most important oneshay induce elevated illness and fatality
rates. Influenza viruses of the fam@ythomyx-oviridae are encased negative-strand RNA
viruses with fragmented genomes consisting of sdwgeeight gene fragments[56]. Of the
four existing genera of this family, viz. types B, C and Thogotovirus, only the genera A
and B are of clinical relevance for humans[57]. Fanfluenza viruses in aquatic birds
function as the natural source for all identifiatbtypes of influenza A viruses and may be
the final source of human pandemic influenza ssf&i8]. Influenza A viruses are further
divided by antigenic classification of the hemadigin (HA) and NA surface glycoproteins
projecting from the virion. There are 16 HA and B khown subtypes[59]. A challenge is to
diagnose Influenza A viruses accurately and ramglgeveral strains circulate in humans and
animal communities and new strains are emergingeldotrochemical immunosensor with a
sandwich-type immunoassay format was fabricatedyt@ntification of the fowl influenza
virus H7 (AIV H7) with the help of silver nanopante-graphene (AgNPs-G) as trace label in
clinical immunoassays. The instrument possesse®ld glectrode covered with gold
nanoparticle-graphene nanocomposites (AuNPs-G)gtih@ nanoparticle surface of which
can additionally be subjected to modification wiHiZ-monoclonal antibodies (MAbs). The
immunoassay was done with H7-polyclonal antibodiédbs) that were coupled to the
AgNPs-G surface (PAb-AgNPs-G). Such a techniqueapplying PAb-AgNPs-G for
detecting antibodies presents a high signal infieasion[60].

3.2. Detection of the Nucleic Acid from the Virus

A single viral particle typically consists of eithen RNA or a DNA genome. The basis of a
DNA biosensor is to immobilize a single strandeidariucleotide on a transducer surface to
identify its complemental DNA sequence becausedat (to?) surface hybridization. Then,

the hybrid created on the electrode surface un@srgdransformation into an analytic signal
through a transducer. This section covers the tleteof a nucleic acid from the virus using

carbon nanomaterials[61]. The genome of each geeady the dengue virus contains ca. 11
kb of positive-sense, single-stranded RNA, encodemg proteins. Jin et al. formulated a

composite of 3-Aminopropyltriethoxysilane (APTESunttionalized graphene oxide
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(APTES-GO) twined on Sifparticles (SIQ@APTES-GO) through self-assemblage. An
impedimetric biosensor was made for detecting denDMWA and dengue RNA through
hybridizing primers by a variety of oligonucleotid®quences. It was observed that the
SIO@APTES-GO electrode material could enhance thewdeRINA recognition sensitivity
with selectivity and an LOD of 1 femto-Molar as ogpd to both APTES-GO and APTES-
SiO,. The three-dimensional structure, higher contaea,aelectrical specifications and the
capability of fast hybridization displayed by the©OZ@APTES-GO resulted in the design of a
dengue biosensor[62]. Ebola, is a seriously fatabate mainly affecting humans and
nonhuman primates. The occurrence of the Ebolaswlisease (EVD) results from a viral
infection belonging to the gen&bolavirusof the family Filoviridae in the order
Mononegavirales, viruses whose genome comprisesglestrand RNA with negative
polarity[63,64]. Facile, facilitated tests are reqd to detect and manage the Ebola endemics
earlier tests which are capable of detecting tinesvin blood at highly little quantities. The
WHO announced rapid, sensitive, safe, and simpBl®\E diagnostic assays in November
2014[65-67]. Wen et al. developed a GO assistdthgotircle amplification platform for
simple and sensitive identification of the Eboleusi No rolling circle amplification products
were produced when the Ebola virus gene was absamd, the adsorption of the
fluorescein amidate labeled recognition probe ore thurface of GO resulted in
guenched fluorescence of the fluorescein amidadieling the Ebola virus gene led to the
occurrence of an amplified rolling circle, and aude-stranded DNA formed between the
rolling circle amplification products and the flescein amidate labeled recognition probe,
by which the fluorescein amidate labeled detection probe desorbed from the GO surface
associated with the fluorescence retrieval. Thelaebous gene can be identified both in
aqueous and 1% serum solutions [68].

By definition, hepatitis is an inflammatory statietloe liver. Oftentimes, it has a viral cause
defined as viral hepatitis[69]. The hepatitis BugifHBV) is a hepatotropic virus capable of
establishing persisting and prolonged contaminatidmumans via immunity anergy. HBV is

an encased viral DNA belonging to the Hepadnawi@anily[70]. Assays of HBV paves the

ground for providing therapy and preventive ingtiats to positively detected people (and
their contacts) and for recommending vaccinationtitose diagnosed negatively but of
persistent risk[71]. Research is mostly focusinglmnleading issues of HBV screening and
diagnosing infective HBV[72]. Given the robust irikay between single-stranded DNA and

graphene material, Xiang et al. have produced @lstic but intelligent electrochemical
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instrument for detection of HBV-DNA with the held a GQD modified glassy carbon
electrode connected to a specific sequence of DNvecnles as probes. The probe DNA is
produced such that it is complemental to the HBVADNhe strong coupling of the probe
DNA to the GQD modified electrode surface makedifficult for an electron to convey
from the electrode to the electrochemically actpecies K[Fe(CN)]. Even so, when the
target HBV-DNA is present in the assay solutiore grobe DNA will attach to the target
HBV-DNA rather than to GQDs. Consequently, the tasi peak currents of £Fe(CN)|
will elevate differently with varying concentratieof the target HBV-DNA[73]. Hepatitis C
is an infective illness induced by the hepatitiviflis (HCV), which is a viral RNA of the
family Flaviviridae. When HCYV infection is screehby simple and rapid techniques with
high sensitivity and specificity, it can assistctantrol the encumbrance on HCV health care
globally[74]. Fan et al. established an experim@nultra-sensitively identify HCV RNA
according to the RGO nanosheets (rGONS) and hyation chain reaction amplification
technique (Figure 5(b)). The recognition systemspeses a pair of single fluorophore-
labeled hairpin probes capable of free existendbearsolution in the lack of target RNA. By
introducing target RNA, a robust hybridization ehegaction is triggered with the two probes
which produces long nanowires having a double-d&drconstruct. The poor adsorption to
rGONS induces the long nanowires for emitting austbfluorescence. Additionally, the
technique is selective for discriminating completaémand incompatible sequences. Lastly,
the innovative technique was utilized as a HCV Rfg#t in biologic samples with a robust
anti-interfering ability in complex settings[75h ban introduced DNA aided magnetic rGO-
copper nanocomposite (mrGO-CuNCs), copper ions egpedite the oxidation of o-
phenylenediamine. The electrochemical signals ofe tloxidized product, 2,3-
diaminobenazine, are applied for characterizingH/ DNAs. In a critical manner, it was
capable of effective discrimination of the 1b ankl $ubtypes of HCV[76]. Based on the
host-and-guest interplay between cucurbit[7]uril[dB and methylene blue, a CB[7]-
graphene nano-composite(CB[7]-N3-GO) is publicizetb detect HCV DNA
electrochemically. The introduced identificationpegach has the ability of discriminating
the 1b and 6k subtypes of HCV and is promisingcieening the blood for HCV in clinical
diagnostics[77].

The HIV genome contains two equal single-stranddbh Rnolecules enveloped inside the
core of the viral particle[51]A sensitive impedimetric DNA biosensor for detenmg the HIV-1

gene was designed by the use of electrochemical FERGO) as a sensing tool. Gong et al.
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manufactured the DNA biosensor by drop-coating @@ glassy carbon electrode and by covalent
immobilization of the fabricated single-stranded AONrobe onto the GO by carbodiimide
chemistry. Then, GO was exposed to electrochemadaiction to produce ERGO and utilized for
genosensing. The incidence of hybridizations betwbe surface-confined single-stranded DNA
probe with the target DNA in solution for forminguble-stranded DNA at the electrode surface led
to changes in the negative charge in the elecatedaiblyte interface, and, in turn, to the elattro
transfer resistance of the electrodes towardsRBECN)6]3—-/4— redox couple. Tthe change was
utilized for impedimetric DNA biosensing. Accorditigreported findings, the application of ERGO
as an immobilization platform resulted in an effiti acceleration of the electron transfer andnin a
enhancement of the EIS response of the DNA biosenisis approach excluded the need for DNA
labelling, which significantly simplified the proegf78]. Wang et al. produced an electrochemical
biosensor on the basis of an one-stage ultrasmnitifactured graphene stabilized gold nanocluster
(GR/AUNC) modified glassy carbon electrode with exonuclease Ill (Exo lll)-assisted target
recycling amplification approach for detecting HMNA. GR/AUNCs have been utilized as
biosensor instruments and as aptamer with a cgtosin base set as capture probe for constructing
the biosensor. By combining the cytosine-rich a@pprobe, the proper conductivity and the high
surfaces of GR/AUNCs, and Exo lll-assisted targetyaling amplification, they achieved the
recognition of target HIV DNA sensitively and sdiegly [79]. A nanocomposite of
polyaniline/graphene (PAN/GN) was formulated by emse-phase polymerization. The
nanocomposite material was dropcasted onto a glaagyon electrode. Next, a single-
stranded DNA probe for detecting the HIV-1 gene waposed to immobilization on the
modified electrode, and the negatively charged phate framework of the HIV-1 was
coupled to the modified electrode surface thromgh stacking interplays. The hybridization
between the single-stranded DNA probe and the t&ity¢-1 formed double-stranded DNA,
and the electron transfer resistance of the eldetrvas determined by impedimetric
examinations with a [Fe(CH}" redox couple[80]. SWCNT-based sensors proved to be
capable of optical recognition of small, free ohgacleotides in biofluids and in vivo,
although proteins reduced the sensitiveness. Harggged a phenomenon in which the CNT
optical response to nucleic acids could be improlkgddenatured proteins. Mechanistic
investigations revealed that hydrophobic patcheshefdenatured protein chain interacted
with the unbound nanotube surface following hylaadion, leading to improved shifting of
the nanotube emission. They utilized this machinergiscover an untouched HIV in serum,

giving rise to particular responses within minukégire 5(c)). The present survey
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foreshadows the application of carbon nanotubesptmally detect viruses at the point-of-
care by measuring viral nucleic acids[81].

Influenza viruses of the famil@rthomyx-oviridae are encased negative-strand RNA viruses
with fragmented genomes consisting of seven totgghe fragments[56]. The development
of a microfluidic incorporated rGO transistor wdsocareported for recognition of the HSN1
influenza virus gene through a flow-through apphodoth the fluorescence determination
and the electrical recognition were executed foalwsting the functionality of rGO
transistors in a flowing environment. This micradlic incorporated rGO transistor with its
expanded capture probe immobilization technique a@ds to offer a tool for sensitive and
stable recognition of nucleic acid and can potdgtize applied for flow-through chips[82].
Jeong et al. produced a fluorometric system toatl@éuenza subtype viral genes by GO. A
fluorescent DNA probe corresponding to the hemaguafu gene of the influenza virus is
broken by the 5'-3' exonuclease functionTafj polymerase throughout PCR. After adding
GO, the emitted fluorophore maintains its fluoremesewhile not being adsorbed onto GO,
while the unchanged fluorescent DNA probe undergmksorption onto GO with quenched
fluorescence. The multi-well plate system can i3 8 pg of the influenza viral RNA[83].
Binary-NP-decorated CNTs (bNP-CNTs) were manufactwia a facile two-stage technique
and utilized as a biosensing tool (Figure 5(b))Id3@&u)/iron-oxide magnetic NP-decorated
CNTs (Au/MNP-CNT) were employed for influenza semschannels. The biosensing was
demonstrated by initial magnetic alignment of theu/MNP-CNTs on a Pt-
interdigitated electrode, after which a thiol-grefupctionalized probe DNA was connected
to the Au NP surface on the bNP-CNT hybrid struetdinrough thiol chemistry. DNA
hybridization between the target influenza and pr&lNA was determined for monitoring
changes in electrical conductivity of the AUMNINGs. The specificity was demonstrated

by differing mismatched DNA sequences, presentpegiicity[84].
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Fig.5 a) Schematic of the proposed rGONS-HCR platfon for HCV detection. Reprinted with the
permission of Ref [75].b) lllustration of the preparation of the magneticdly aligned Au/MNP-CNTs on
the Pt-IDE for DNA sensing channels. Reprinted witithe permission of Ref [84]. ¢) Model depicting HIV
RNA detection via a CNT RNA sensor. Reprinted witlthe permission of Ref [81].

3.3. Detection of the Entire Virus

This part covers the detection of the entire viussng carbon nanomaterial. The three
structural proteins of the dengue virus encodethbygenome are the membrane (M) protein,
envelope (E) protein and capsid (C) protein. It wegsorted that a biofunctionalized tapered
optical fiber based sensor with the incorporatiérG® could be utilized to detect Dengue
virus Il E proteins. The narrowed site was amasa#d GO and underwent functionalization
with anti-DENV Il E protein IgG antibodies for t@sg with various concentrations of DENV
Il E proteins. The sensor was found to be preaciskective, and affinitive towards E proteins
[85]. Omar et al. reported the development of a SBRsor on the basis of a self-assembled
monolayer/rGO-polyamidoamine dendrimer (SAM/MEO/PAMAM) thin film to identify
DENV Il E proteins. They then assessed the SPRosansterms of specific, sensitive,
binding affinity and selective activities. The rasghers found that variations in the sensing
layer because of differing spin speed, time incoibatand concentration could provide an
improved interplay between the analyte and theisgriayer. Selective activity of the SPR
sensor toward the DENV Il E proteins was obtaineith whe use of other competitors[86].
Heparins, an analogue of the heparan sulfate pylyteans, are receptors for the dengue virus
during infection of Vero cells and hepatocytes. WWa&s$ al. proposed an electronic biosensor
based on a SWCNTs network chemiresistive transduwodrich was subjected to
functionalization with heparin for recognition ofiet entire dengue virus (Figure 6(a)).
Recognition of the dengue virus in a viral cultwsepernatant is as sensitive as the
corresponding viral titer in a phosphate buffespite of using growth media and Vero cell
lysate. The biosensor exhibited sensitivity withirange of clinical relevance for humans and
infected Aedes aegypti[87]. A report indicates aelqrocedure for detecting, classifying

and antibody screening of the dengue virus on lbsis of electrochemical impedance
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spectroscopy . Navakul et al. discovered that tharge transfer resistance of a gold
electrode covered with a GO strengthened polymeraffected by virus strains (and amount
subjected to the surface?). Such a finding coutglagn the ability to recognize molecularly
(proven?) while preparing the GO-polymer compositeis technique can demonstrate that
DENV is present at an initial stage of the infeafiocondition. This technique could
distinguish between DENV and the other sub-typesides H5N1[88].

Ebola virus glycoprotein is the only protein cagabf expression on the viral surface. The
Ebola glycoprotein has crucial contributions to #ral entrance into cells and to the escape
of the immune system. Maity et al. offered an eteut resonance frequency modulation to
identify Ebola glycoprotein within a dielectric-gat rGO field-effect transistor. The
sensitiveness of Ebola recognition can be conditierianproved by evaluating the device
electronic-resonance frequency, including its ititen frequency, in which the phase angle
approaches a maximum. Utilizing charge-relaxatipmagnics, a bio-FET sensing platform is
achieved for healthcare and bioelectronic uses rggonance shifting[89]. In a further
researchJin et al. reported a field effect transistor bagachunoassay for detecting the
deactivated Ebola virus. An (equid?) antibody verdie Ebola virus glycoprotein underwent
immobilization on the surface of the field effedrtsistor T modified earlier with RGO. The
antibody versus Ebola virus was subjected to imfimathion on the modified field effect
transistor and the response to Ebola virus wassssdeas a function of the shift of Dirac
voltage. The test is specific satisfactorily andswiilized to quantize the deactivated Ebola

virus in spiked serum[90].

A composite comprising GO and gold nanorods (GO-GNRas invented by Liu et al. for
determining the trace of hepatitis B surface amtigelBsAg) through surface enhanced
Raman spectroscopy (Figure 6(b)). The antibodyhenGO-GNRs couples HBsAg with a
high specific activity, resulting in a brilliant Ieetivity. The immunoassay determines the
sensitivity and selectivity of HBsAg in serum anevdlops the potential of GO-GNR based
surface enhanced Raman spectroscopy tag to bezedtiliin clinically related
examinations[91]. Zhao et al. manufactured a comgosf graphene oxidéerrocene
chitosan (GGFc-CS) and utilized it for developing an electrocheahioomunosensor with a
GO-Fc-CS/Aunanoparticle layer film for HBsAg recognition. Thwodified layer film
demonstrated not only an improved electron condigtibut also a robust reversible redox
signal for current changes, superb biocompatibdig good filrmmaking capability to bind a

plethora of antibodies. The functionality in HBsAgcognition implies that the introduced
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immunosensor can potentially be applied in clind@gnostics[92]. A hybrid biosensor on
the basis of a graphene resistor functionalizeth wélf-assembled Graphene-AuNPs (Gold
Nanoparticles) is established for the instantanemcognition of HBsAg. The hybrid
biosensor contains an ssDNA sequence coupled taphene resistor instrument through

z stacking interplays combined with an ssDNA functiived AuNP. The ssDNA has
complemental sequences that produce the grapheN&Alnybrid biosensor via
hybridization[93]. The HCV genotype dispersal varigy region[94]. The asymmetrical and
heterogeneous virion has a buoyant property antkipraontent to the same level as low-
density lipoparticles. The core protein is amorgh@nd consists of the two envelope
glycoproteins, E1 and E2[95]. Valipour et al. dsered a simple green method to
apply silver nanoparticle (AgNPs) and thiol GQD (3@H) as the nanomaterial to detect
the HCV core antigen. The AgNPs/GQD-SH was appdied substratum to load antibodies
for detecting the HCV core antigen. AgNPs were actigid to immobilization on SH groups
of GQDs through the forming of the Ag-S and anti\H®ond and were laden on
the electrode surface by the interplay between -HNH, group of the antibody and
AgNPs. Riboflavin was utilized as a biologic mollecwith intrinsic features as the redox
probe for developing a HCV core antigen electrodoam immunosensor. This

immunosensor was utilized for the analysis of arsesample[96].
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Fig.6 a) Functionalization schematic representatiorof the fabrication of the chemiresistor used for
detection of Dengue virus. Reprinted with the pernsision of Ref [87]. b) Schematic illustration of Ranan
immunoassay based on GO-GNRs. Reprinted with the pmission of Ref [91].

Yeh et al. described an exclusive CNT size-tunabléched microdevice (CNT-STEM) that
can effectively enrich and concentrate viruses $adnfrom field strains. The channel

sidewall in the microdevice was prepared by mountimders of vertical alignments of
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nitrogen-doped multiwalled CNTs, in which the intdrular distance between CNTs could be
designed in the scope of 17-325 nm for accuratemrag the size of various viruses. The
CNT-STEM led to a significant improvement of LODsdavirus isolation rates by at least
hundred times. They used this device for identiiicaof an emergent fowl influenza virus
and a new virus strain[97{/eerapandian et aldescribed the design of an electrochemical-
based dual-sensor platform consisting of methyldne-electroadsorbed GO nanostructures
modified with monoclonal antibodies towards the lgfoteins of HS5N1 and H1N1. Bio-
functional layers composed of chitosan and profeimolecules were executed at the
interface of the sensor element and the antiboebg;h synergistically promoted the bio-
activity of the immobilized antibodies to form themune complex[98]. Graphene-FET
detects the targets electrically with high sengytidue to the high carrier mobility of
graphene. A report by Ono et al. indicates that sladoglycan-functionalized G-FET can
selectively detect the possible pandemic virudidihy, sialoglycan underwent modification
on the graphene channel by mastacking cross-linker. Subsequently, the sialagyhyc
functionalized G-FET was utilized to discover tharget. Two lectins obtained from
Sambucus sieboldiana (SSA) andMaackia amurensis (MAM) were applied as targets in
place of the human and fowl influenza virus, resipety(Figure 7(a)). Finally, G-FETs were
used to selectively detect the targets, one is fieddby the human type sialoglycan and the
other by the avian-type sialoglycan[99]. Singhleb#fered a microfluidic chip incorporated
with an RGO-based electrochemical immunosensorldbel-free detecting an influenza
virus, HIN1. Three microelectrodes were manufactuom a glass substrate by the
photolithographic method, whereas the working etele was subjected to functionalization
with RGO and monoclonal antibodies specific to Wrais. These chips were incorporated
with polydimethylsiloxane microchannels[100]. Anfeefive electrochemical influenza A
biosensor was designed based on a graphene—goltiyiaid nanocomposite modified Au-screen
printed electrode, which principally works in degence of the measured neuraminidase activity.
The experimental factors, including the impactdhef bovine serum albumin inclusion and the
immobilization times of fetuin A and PNA lectin, rgeoptimized to investigate the analytical
characteristics of the influenza A biosensor. Thwemted biosensor was utilized for detecting the
actual influenza virus A (H9N2)[101]. A magneti@pmonic-assisted fluoro-immunoassay
system is designed to detect the influenza virus nbggnetic-derivatized plasmonic
molybdenum trioxide quantum dots (MP-M@QDs) as the plasmonic/magnetic agent and
fluorescent graphitic carbon nitride quantum da@€NQDs) as the monitoring probe. A

specific antibody towards the influenza A virus wamsipled onto the surface of the MP-
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MoO3; QDs and gCNQDs in respective order. When influeAzgirus is present, a core-
satellite immunocomplex forms between the antibodypled nanomaterials and their
interplay modulates which enhances gradually theréiscence strength of the detecting
probe with an elevation depending on the influenzeus concentrations[102].
photoelectrochemical immunosensor with sensitiatyd specificity was manufactured to
analyze subgroup J avian leukosis viruses (ALVetpeding to a dual signal-on approach.
Gold nanoparticles (AuNPs) decorated graphitic @arbnitride (AuNPs/g-gNg) as
photoelectrochemical species and primary antibogginst ALV-J underwent successive
immobilization on the ITO electrode. An ALP-CdTe-Abio-conjugant was made by the
assembly of a second antibody and alkaline phoapbatALP) to the CdTe quantum dots
surface. The photoelectrochemical immunosensorpn@duced by attaching the target ALV-
J and ALP-CdTe-Ap bio-conjugants on the electrode surface througd itmmune
detection[103]. An electrochemical immunosensorAbl-J was assembled on the basis of
mesoporous graphitic carbon nitride (mpgNG) (Figure 7(b)). Mpg-eN4 was utilized as the
sensor scaffold to bind to the primary antibodidb;J. The complex of thionine and mpg-
CsN4 (Th-mpg-GNg4) was manufactured to function as the electroagirode and the carrier
of secondary antibodies (Ab Mpg-GN4 holds a greater specific surface area, less
electrochemical resistance and plentiful activeitmos relative to bulk g-eN4. Thus, the
introduced electrochemical immunosensor displayegireented detecting signals that could
sensitively detect ALVs-J[104].
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Fig.7 a) Schematics of the immobilization method foSGPs on graphene surface using PBASE linker.
Reprinted with the permission of Ref [99]. b) Schemtic representation of the fabrication of the
iElectrochemical Immunosensor Based on Mesoporous r&phitic Carbon Nitride for Detection of
Subgroup J of Avian Leukosis Viruses. Reprinted wit the permission of Ref [104].

The Zika virus (ZIKV) is defined as an arthropodsi® virus belonging to the Flaviviridae
family comprising the Flavivirus and Hepacivirusngea. It is a positive, single-stranded
ribonucleic acid (RNA) virus with a casing, rendeyiit a close relation to the Spondweni
virus. Fast and severe detection platforms arentiggeeeded for the Zika virus[105-107].
Afsahi et al. fabricaed an economical and movablaplgene-enabled biosensor to
recognize the Zika virus with a specific immobilizenonoclonal antibody (Figure8(a)). Field
Effect Biosensing with monoclonal antibodies angatent linkage to graphene allows the
detection of local Zika viral antigens quantitatiwvand in real-time. Measurement of the Zika
antigen in a simulated human serum revealed a gioghdiagnostic applicability. Validation

of its selectivity was achieved by the Japanesespimalitis NS1, a homologue viral antigen
with potential cross-reactivity[108].

Human adenoviruses (HAdVs) are grouped in the gbtassadenovirus. Adenoviruses are

non-encased double-stranded DNA viruses infecti@gious human tissues[109]. The
adenoviral structure consists of two main compagetite exterior capsid and the interior
core, where the viral dsDNA genome is envelopecettugy with a plethora of histone-like
proteins. Viral proteases have a key contributiorthe maturation by cleaving progenitor
proteins for the capsid and the core. Adenoviraseftentimes linked to pediatric disorders
of the upper respiratory tract, such as the comomba{110]. Jin et al. proposedprocedure

for detecting the HAdV hexon antigen by CNT sensArsanti-HAdV antibody was exposed
to immobilization on the reverse surface of a Chsor. As a control, non-specific mouse
IgG was subjected to immobilization on another CHN@nsor. |-V(gate) curves were
determined after various concentrations of recoaminHAdVs hexon antigen (were?
subject) incubated with anti-HAdVs antibody-immadeld or non-specific mouse IgG-
immobilised sensors. The curves revealed a posgivé that depended upon the hexon

antigen concentrations in the anti-HAdV antibodyviobilised sensor, while no such a shift
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was noticed in the non-specific mouse IgG-immobdissensor[111]. Template-frée
situ gold nanobundles (Au NBs) were produced on artrelde for optoelectronic sensing of
fowl adenoviruses (FAdVs). A Au NB film was manufedd on a carbon electrodes
working area by L(+) ascorbic acid, gold chroloauaicid, and poly-lysine (PLL) via a
modified layer-by-layer (LbL) technique. Both Au BEand GQDs underwent conjugation
with the target FAdVs specific antibodies bringthgm near to one another with the adding
target FAdVs via an antibody—antigen interplay(Feg8(b)). At close proximity, the light—
matter interplay between Au NBs and QDs yieldsall@lectric signal improvement under
ultraviolet—visible light radiation allowing th@cognition of extremely small concentrations

of a target virus even in complicated biologic na¢ti 2].

Some of the carbon nanomaterial-based biosengoosted in the literature to detect Human
Viruses are summarised in Table 1.
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Fig.8 a)Diagram of the movable graphene-enabled densor to recognize Zika virus with a specific
immobilized monoclonal antibody. Reprinted with thepermission of Ref [108]. b) Schematic presentation
of optoelectronic Fowl Based on Local Electric Fiel Enhancement on Graphene Quantum Dots and Gold
Nanobundle Hybrid for Adenovirus Detection. Reprinted with the permission of Ref [112].

Tablel. Carbon nanomaterial-based biosensor for huam virus detections.

Carbon ) ) )
) Detection Detection Detection
Nanoma | Virus Target Assay o Ref
) limit range platform
terial
GQD Hepatits B DNA Electrical 1nM (10- 500) nM Smart [73]
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electrochemical
Hepatits C|  Antigen Electrochemical 3 fg mL-1 (0.05- 60) ng mL: Electrodes [96]
Fowl
) ] ) 8.75 (10 - 10000)
adenoviru | Antigen Optoelectronic Electrode [112]
PFU/mL PFU/mL
ses
NS1 ) Screen printed
Dengue ) Amperometrical| 12 ng mt - [46]
protein electrodes
NS1 ) 0.035 ug N
Dengue ) Electrochemical N (0.1-2.5) pg mt: Electrodes [47]
protein mL’
NS1 o
Dengue ) Chemiresistive - - - [48]
protein
NS1
Dengue ) - - - - [49]
protein
NS1 . ) .
Dengue ) Impedimetric - (10*%-10°% gmL™ Electrodes [50]
antibody
Capsid )
) ) screen-printed
HIV protein Electrochemical 2 pM 10pM-1nM [55]
CNT electrodes
p24
HIV Protein optical - - - [81]
) Chemiresistive
Dengue Virus - - [87]
transducer
electrical
Influenza DNA conductivity 8.4 pM (1- 10) nM Electrodes [84]
change
avian
- - - - - [97]
Influenza
human
adenoviru | Antigen - - - - [111]
S
Influenza _ _ 1.6 x 10°~16 ng/m
o Antibody | electrochemical 1.6 pg/mL . Electrodes [60]
HIV DNA Electrochemical 30 aM - Electrodes [79]
| 1.0x10™ (5.0x 10
HIV Gene Impedimetric 10 Electrodes [80]
M 1.0x109M
) ) Resistance N
Hepatits B|  Antigen 50 pg ml - - [93]
change
Graphene
Human i
] Sialoglyca ]
and Avian Electrical - - - [99]
n
influenza
Influenza | Neuramini ) 4 8 N o screen printed
electrochemical BumL 10°-10"UmL [101]
A HON2 dase electrode
i ) Capacitance
Zika Antigen 450 pM - - [107]
change
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HIV Antibody FRET - - - [53]
HIV Protease Fluorometric 1.18ng/m - - [54]
DNA and ) )
Dengue Impedimetric 1fM - Electrodes [62]
RNA
) Rolling circle
Ebola Gene Fluorometric 1.4 pM - o [68]
amplification
) ] 160.4
Hepatits C DNA Electrochemical (0.2-10) nmol/L Electrodes [77]
pmol/L
influenza Gene Fluorometric - - Multi well plate [83]
Virus Il E Tapered optical
Dengue ) - 1pM - ) [85]
proteins fiber
DENV-2
GO Dengue ] SPR 0.08 pM (0.08 - 0.5) pM - [86]
E-proteins
Electrochemical
Dengue Virus impedance 0.12 pfu/mL| (1 -2 x 19 pfu/mL Electrodes [88]
spectroscopy
Surface
Surface enhanceg
) ) enhanced 0.05 N
Hepatits B|  Antigen (1-1000) pg-mL Raman [91]
Raman pg-mL-1
spectroscopy
spectroscopy
Hepatits B|  Antigen | Electrochemical| 0.01 ng/mL | (0.05- 150) ng/mL Electrodes [92]
Influenza
Virus HA y
] electrochemical - 25-500 pM Electrodes [98]
HIN1, proteins
H5N1
hybridization
Hepatits C RNA chain reaction 10 fM - - [75]
amplification
Hepatits C DNA electrochemical 405.0M 0.5-10nM Electrodes [76]
, (1.0x10%-1.0x
HIV DNA Electrochemical| 3.0 x M Electrodes [78]
109 M
influenza
virus Gene - - - Microfluidic Chip| [82]
H5N1
RGO i
Electronic-
Glycoprot resonance- ) )
Ebola ) - (0.001-3.401) mg/Ll  Bio-FET sensing [89
ein frequency
modulation
Glycoprot |  Shift of Dirac B (2.4x10°% -
Ebola ) 2.4 pg-mLC , 4 FET [90]
ein voltage 1.2x10 " )g-mL
influenza
) ) ) 0.5PFU a ) o )
virus Virus electrochemical L (1-10% PFU mL Microfluidic chip | [100]
m
H1N1

I
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Influenza ) photoluminesce
Virus 0.25 pg/mL | (0.001- 100) ng/mL Probe [102]
(HiNy nce
Influenza photoluminesce (45 -25,000)
RNA 45 PFU/mL Probe [102]
(H3No) nce PFU/mL
g-GN, -
J avian ) photoelectroche 85
) Virus ) - Electrode [103]
leukosis mical TCIDs¢ymL
J avian ) ] 120
] Virus Electrochemical - Electrode [104]
leukosis TCIDs¢/mL

4. Conclusion and Future Perspective
Infective diseases continue to be a ubiquitoustoskniversal and public health, particularly
in numerous countries and rural areas of citiesiBeauses of such severe diseases can be
outlined as the scarcity of suitable analytic teghas and consequent therapeutic approaches
resulting from the inadequate accessibility of abksated and fortified healthcare
equipments for diagnostics. Biosensors greatlyuerfte, in turn, our existing analytic
techniques into diagnostic approaches by rearraegerof their sensing modules for
detecting viruses. Indisputably, the existing segps®quipment needs continual updating for
addressing the rising challenging issues in thatifieation of viruses as viruses undergo
quick changes and disseminate mainly from indiviidoandividual, suggesting the need for
urgent diagnosis in the first place. A number o€trsichallenges can fall into biologic
barricades, technological limits, and economic t&adniting their application to resource-
scarce situations. Biologic barricades include spgg, low number of targets, and biologic
media. Detection limit, linear dynamic range, siaihiand reliability are technological limits.
Although, carbon nanomaterial-based sensor techmesare highly promising, they present
many challenges in order to move from the benchhw&r use in the point of care.
Nanotechnologies are offering new means to easprteess of diagnosis based on different
platforms by performing direct detection of moleauilargets in real time. Different varieties
of carbon nanomaterials provide delicate and ateyiatforms in this field. Considering all
above mentioned benefits, we shall take some mimes o0 make carbon nano-sensors
profitable by the appropriate selection of nanomiat® The Critical issues are the
immobilization methods of the nanomaterials anddgizal elements to mitigate the risk of
accuracy and correctness in virus detection. Amathportant issue is the economic aspect
of the procedure. Carbon nanomaterials are chahparthe current in use nano-biosensors
such as gold. So, it seems pretty handful for itoresto think about this field. And the last
item we may consider is the lifetime of the assdyich may be considerable. Human beings
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have no choice to provide accessible, accuratktine@, portable and reusable instruments to
study viruses in high sensitivity and selectivitgvels. In conclusion, developing the
nanotechnologies is a scorecard in the health se@blet us to think about it more seriously
in order to provide a better life. At editing mytiele, the world faces the COVID-19
pandemic and it is obvious that the in-vitro diagjsovirus kit's market will face an inflection
in 2020-2021.
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