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The effect of the on-going COVID-19 pandemic on global healthcare systems has underlined the
importance of timely and cost-effective point-of-care diagnosis of viruses. The need for ultrasensitive
easy-to-use platforms has culminated in an increased interest for rapid response equipment-free
alternatives to conventional diagnostic methods such as polymerase chain reaction, western-blot assay,
etc. Furthermore, the poor stability and the bleaching behavior of several contemporary fluorescent
reporters is a major obstacle in understanding the mechanism of viral infection thus retarding drug
screening and development. Owing to their extraordinary surface-to-volume ratio as well as their
quantum confinement and charge transfer properties, nanomaterials are desirable additives to sensing
and imaging systems to amplify their signal response as well as temporal resolution. Their large surface
area promotes biomolecular integration as well as efficacious signal transduction. Due to their hole
mobility, photostability, resistance to photobleaching, and intense brightness, nanomaterials have a
considerable edge over organic dyes for single virus tracking. This paper reviews the state-of-the-art of
combining carbon-allotrope, inorganic and organic-based nanomaterials with virus sensing and tracking
methods, starting with the impact of human pathogenic viruses on the society. We address how
different nanomaterials can be used in various virus sensing platforms (e.g. lab-on-a-chip, paper, and

Received 6th February 2022 smartphone-based point-of-care systems) as well as in virus tracking applications. We discuss the
DOI: 10.1039/d1cs01150b enormous potential for the use of nanomaterials as simple, versatile, and affordable tools for detecting

and tracing viruses infectious to humans, animals, plants as well as bacteria. We present latest examples
rsc.li/chem-soc-rev in this direction by emphasizing major advantages and limitations.
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1. Introduction

Viruses are pathogenic entities with sizes in the nanometer
range.' As the number of viruses on the planet exceeds 10>,
they are considered the most cornucopian biological units on
earth.” Their ubiquity in the environment can be inferred from
their concentration of 10"" virus-like particles (VLPs) per milli-
liter of seawater.” Since the initial discovery of the tobacco
mosaic virus in 1898 by Martinus Beijerinck,” more than 6500
different species of viruses have been identified.> On the basis
of their genetic material, they are classified into four realms:
(1) duplodnaviria which comprise of double-stranded deoxy-
ribonucleic acid (DNA) responsible for encoding the HK97-fold,
a protein essential for capsid assembly;® (2) monodnaviria
which possess single-stranded deoxyribonucleic acid (DNA)
that encodes histidine-hydrophobic residue-histidine endo-
nucleases involved in the rolling circle replication of viruses;’
(3) riboviria containing ribonucleic acid (RNA) that translates
reverse transcriptase or RNA-dependent RNA polymerase which
are both involved in replication of viruses such as poliovirus;®
and (4) varidnaviria that have double-stranded DNA responsible
for capsid proteins involved in vertical Swiss roll fold.>° Viruses
consist of just one type of nucleic acid encoding a corresponding
protein to form a nucleic acid-protein complex. In some viruses
like adenoviruses, papillomaviruses and herpesviruses, this
complex is enclosed within a capsid protein. However, in the case
of flavivirus, parvovirus, picornaviruses and togaviruses, a direct
complex between the capsid and the nucleic acid is formed."
In certain species such as the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) or human immunodeficiency virus
(HIV), the capsid may be enveloped by a lipid layer (Fig. 1).
Viruses can infect animals, plants, as well as microorganisms
and, are considered crucial machinery for evolution since they can
act as instruments of lateral gene transfer.’® In contrast to most
microscopic parasites, viruses are intracellular in nature."’ Very
few genes participate in the production of new viruses as repro-
duction is incumbent on several enzymes derived from the host
cell.'”” In this way, they alter cellular processes to optimize the
conditions for their own reproduction. Viruses contain genes and
they reproduce as well as survive following the Darwinian concept
of natural selection just like living organisms."® The defining

Fig. 1 Structure of a typical enveloped virus.
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distinction between viruses and other biological agents includes
three characteristics: (1) viruses do not undergo division; (2) they
are synthesized by the mere assembly of preformed building
blocks; (3) the genetic information essential for the synthesis of
ribosomes is absent.™

Once they infect the host, viruses may either enter a latent
phase or an active replication phase. External stimuli, as well as
cellular processes, can activate the repressed viral genome to
encourage replication. Infected host cells may face at least one
of the four possible consequences subsequently: (1) they are
destroyed by various cell death mechanisms such as apoptosis
(avian leukosis sarcoma virus,'® Sendai virus,"® and reovirus'’),
necroptosis (vaccinia®® and coxsackie'® viruses), or pyroptosis
(Dengue virus®® and HIV*');>> (2) they survive with the viral
genome (cytomegalovirus®?) entering a phase of latency;**** (3)
they survive with a chronic/persistent viral infection®® like in
the case of varicella virus;*” (4) they become immortal and
achieves the capacity to undergo uninhibited cell division®®
which is often observed in the case of oncoviruses such as
human T-cell lymphotropic virus (HTLV) which are responsible
for causing adult T-cell lymphoma.>® Viruses are responsible
for several common diseases such as influenza,®*® cold,**
chickenpox,®* gastroenteritis, and pneumonia.’® Serious ill-
nesses including smallpox,* acquired immunodeficiency syn-
drome (AIDS),*® rabies,*® severe acute respiratory syndrome
(SARS)*” as well as certain types of cancers are also caused by
viral infections.*

Viruses have contributed to several major disease outbreaks
in human history with high mortality (Fig. 2). Although it is
difficult to accurately determine the cause of pre-historic epi-
demics, viral outbreaks had a cataclysmic impact on human
society such as the end of the Bronze age due to the smallpox
plague,®® the fall of Athens in the Peloponnesian war due to
viral hemorrhagic fever®® as well as the rise of monotheism
following the Antonine and Cyprian plagues.*’ Epidemics of
smallpox,** measles,** yellow fever,*® influenza,** and dengue*?
were rife in the middle ages due to the development of trade
routes and overcrowding of cities without proportional
advancement in hygiene practices. Even in modern times, in
spite of the advancement in medicines, sanitation as well as
an improved understanding of virology and immunology, viral
diseases such as the 1918 Spanish flu,*” HIV-acquired immune
deficiency syndrome (HIV)-AIDS*® pandemic as well as the
ongoing coronavirus disease (COVID-19) pandemic have claimed
millions of lives.*’

The treatment of viral diseases and subsequent recovery
hinges on the timely detection of analytes such as virions, viral
proteins, nucleic acids, or antibodies synthesized as part of the
body’s immune response to the infection.®®”® Conventional
analytical tools such as enzyme-linked immunosorbent assay
(ELISA), polymerase chain reaction (PCR), serological antibody
determination, and western blot demand advanced lab instru-
ments which not only require skilled labor but also make
testing expensive. Therefore, such analyses are performed in
centralized testing institutes thereby prolonging the response
time and delaying effective treatment."* Such factors cripple the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Viruses responsible for major outbreaks in human history in descending order of fatalities. Abbreviation: *: average number of cases or fatalities
each year; ChikV: Chikungunya virus; CoV-OC43: human coronavirus type OC43; DenV: dengue virus; ENV: enterovirus; HEPV: hepatitis viruses; HIV:
human immunodeficiency virus; HNV: hantavirus; IAV: influenza A viruses; JEV: japanese encephalitis virus; LASV: lassavirus; MERS-CoV: middle east
respiratory syndrome-related coronavirus; SARS-CoV-1: severe acute respiratory syndrome coronavirus 1; SARS-CoV-2: severe acute respiratory
syndrome coronavirus 2 (Red: fatalities; green: notable outbreaks). Mortality statistics sourced from literature for: ChikV;*® CoV-OC43;%° DenV;>%>!
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response to infections with high virulence such as COVID-19 in
developing countries.”’”* Since biological sensors consist of
receptors that exclusively bind to a chosen target analyte, they
are highly sensitive and selective.”*”> As such sensors are facile
to manufacture and offer rapid responses capable of real-time
detection at a low cost, they are suitable for point-of-care-
testing (POCT).*>’® In addition to early diagnosis, monitoring
virus replication and dissemination is essential for prescribing
accurate treatment.”” Tracking the mechanism of viral entry
and the resultant cellular response to such cargos constitutes
the foundation of antiviral drug development.”®

We reviewed the integration of nanomaterials to sensing
and imaging platforms in our earlier works.”?"®* The typical
size of a nanomaterial is lower than the wavelength of electrons
which is why most of the atoms in such materials are located on
the surface of the substance. These two factors in addition to
their extraordinarily high surface area are responsible for the
novel physicochemical properties of nanomaterials which

This journal is © The Royal Society of Chemistry 2022

are markedly different from the bulk form of the same
material.®#®> Quantum confinement effects in these materials
enhance the sensor signal and in turn increase the sensi-
tivity.”*”> Zero-dimensional nanomaterials such as quantum
dots and plasmonic nanoclusters interact with incident electro-
magnetic radiation resulting in their frequent use for non-
invasive disease monitoring.**®” Integration of nanomaterials
to biomedical applications such as detection and imaging is
therefore auspicious.®®*° Although there are some eminent
reviews on nanomaterial-assisted virus recognition, they usually
focus on just one type of nanomaterial without discussing viral
imaging applications.®°** Additionally, research works about
the latest developments in nanoparticle-mediated virus detection
and non-metallic nanoparticles for virus tracking from the pre-
vious half-decade are rarely discussed.”**® Hence, we aim to
present a compendious and detailed overview of the latest
advancements in the field of virus recognition using various types
of nanomaterials. To the best of our knowledge, this is the first

Chem. Soc. Rev., 2022, 51, 5805-5841 | 5807
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review wherein nanomaterials other than quantum dots and
noble metal nanoparticles are also discussed in the context of
virus imaging and tracking.

2. Carbon allotrope-based
nanomaterials in virus sensing and
tracking

Carbon is abundantly available on earth and has therefore been
frequently employed in technological and scientific areas.
Elemental carbon can exist as a variety of allotropes based
on its hybridization ranging between sp,”” sp>°® and sp>.”
Furthermore, the nanoscale arrangement of these hybridized
atoms allows the generation of several allotropes such as
graphite, graphene, graphene quantum dots, and buckminster-
fullerene all of which are sp®> hybridized (Fig. 3).%* Zero-
dimensional nanomaterials such as carbon dots (CDs),'**'%
graphene quantum dots (GQDs),"** % and buckminsterfuller-
ene (Ceo)'°”"'%® are capable of undergoing dynamic as well as
static quenching, electron transfer, energy transfer, and inner
field effect. One-dimensional (1D) carbon nanotubes (CNTs)
can be further classified into: (1) single-walled (SWCNTs) with
diameters ranging from 7-14 A; (2) multiwalled (MWCNTS)
which is composed of multiple concentric graphene tubes with
diameters spanning up to 1000 A.** Their high surface area
coupled with long length facilitates the capture of various
analytes in electrochemical systems.'®™'"® Two-dimensional
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(2D) carbon allotropes include graphene and its derivatives
such as graphene oxide (GO) and reduced graphene oxide
(rGO). Owing to the unique structure of the electronic bands
of graphene, it shows extraordinary thermal, electrical, and
mechanical properties."**™"” In recent years, other carbon
allotropes such as nanohorns,"*® nanodiamonds,'*>'*° and
nanoparticles">"'*> have also been introduced into sensing
and imaging technologies due to their superior fluorescence,
impedance, and energy transfer capabilities. These qualities
make carbon allotrope-based nanomaterials ideal for incor-
poration into biosensing and bioimaging platforms.®*

2.1 Virus sensing

2.1.1 Carbon nanotubes. CNTs, which are graphene sheets
rolled into long cylinders, constitute the most abundantly
researched carbon allotrope for biosensing purposes. CNT
functionalized electrodes can be easily conjugated with various
receptors such as aptamers,'*>">* molecularly imprinted poly-
mers (MIPs),"**'? proteins'®>"?*1267128 55 well as nucleic acids
(Table 1).""*'** Several different coupling chemistries such as
cysteamine,'?® ethyl(dimethylaminopropyl) carbodiimide (EDC)
with  N-hydroxysuccinimide (NHS),'*>'**'*” (3-aminopropyl)
triethoxysilane (APTES),'*® and glutaraldehyde'* have been
explored to conjugate CNTs with receptors. Choice of a receptor
as well as the chemistry employed for its immobilization play a
critical role in the sensing properties. Therefore, MWCNTs exhi-
bited a ten-fold higher sensitivity towards pandemic H1N1 with
aptamers in comparison to antibodies in a comparative study.'*?
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Fig. 3 Carbon allotropes often used in virus detection and imaging.
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Table 1 Carbon nanotubes for virus detection
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Nanomaterial Platform Receptor type  Target Method LOD Ref.
MWCNT/ZNC FTO SSDNA HBV DNA DPV, CV, EIS 50 copies mL " 130
aCNT HA/GCE Antigen antiHBV core protein SWv 34 pg mL™" 131
MWCNT/Chitosan GCE MIP HIV-p24 capsid protein DPV 83 fg mL ™" 125
MWCNT/Chitosan GCE MIP HCV core antigen DPV 1.67 fg mL™" 124
MWCNT NH,rGO/IL SSDNA HPV DNA DPV 1.3 nM 112
Semiconducting SWCNT Cr/Au IDE ssDNA H5N1 DNA Chemiresistor 20 pM 132
N-doped MWCNT 2 pM

SWCNT/1-pyrene methylamine Au IDE Heparin DENV-1 Chemiresistor 8.4 x 10°> TCID;, mL™" 133
CNT NiCo,0, spinel DNA HIV-1 DNA EIS 16.7 fM 134
CNT Cr, Pt DNA Influenza A DNA FET 1 pM 135
mMWCNT AuNP/MNP DNA H1N1 DNA LSV 8.4 pM 111
MMWCNT Pt/IDE DNA Norovirus DNA LSV 8.8 pM 111
MWCNT AuNP Antibody H3N2 Colorimetry 3.4 PFU mL™* 136
AuNP/MWCNT Silicon chip Antibody DENV-2 NS1 DPV 300 fg mL " 126
AuNP/MWCNT Ag IDE Aptamer HIN1 Volymetric assay 10 fM 123
AuNP/MWCNT Ag IDE Antibody HIN1 Volumetric assay 1 pM 123
AuNP/CNT AgNP/SPCE Antibody HBV surface antigen SI-DPV 860 pg mL ™" 109

Abbreviations: aCNT: aminated carbon nanotubes; AuNPs: gold nanoparticles; CNT: carbon nanotubes; DENV: dengue virus; DPV: differential
pulse voltammetry; EIS: electrochemical impedance spectroscopy; FET: fluorescence energy transfer; FTO: fluorine doped tin oxide glass; GCE:
glassy carbon electrode; HA: hyaluronic acid; HBV: hepatitis B virus; HCV: hepatitis C virus; HIV: human immunodeficiency virus; HPV: human
papilloma virus; IDE: interdigitated electrode; IL: ionic liquid; MIP: molecularly imprinted polymer; mMWCNT: magnetic multi-walled carbon
nanotube; MWCNT: multi-walled carbon nanotube; NS: non-structured protein; PFU: plaque forming units; rGO: reduced graphene oxide; SI-DPV:
sequential injection differential pulse voltammetry; SPCE: screen printed carbon electrode; ssDNA: single strand deoxyribonucleic acid; SWCNT:
single-walled carbon nanotube; SWV: square wave voltammetry; TCID: tissue culture infectious dose; ZNC: zeolite nanocrystal.

This strain of the swine flu virus is responsible for seasonal bouts
of influenza.

CNTs are versatile nanomaterials and chemical functionaliza-
tions can greatly alter their sensing capabilities (Fig. 4). Carboxy-
lated CNT-based virus sensors are very specific against resemblant
circulating viruses'*” such as Zika virus (ZikV) which is respon-
sible for Zika fever. Such devices allow rapid mismatch-tolerant
detection for the RNA of highly variable viruses such as HIV which
can progress to the life-threatening AIDS illness if left undetected
and untreated.'™® These CNTs exhibit excellent electrochemical
stability and encourage greater electron transfer through amide
bonds with -NH, containing moieties. This concept has been

harnessed for electrochemically screening ZikV and dengue virus
(DenV) by evaluating the presence of nonstructural glycoprotein
NS1 in serum and urine samples.'*® Aminated CNTs in immuno-
sensors amplify the charge transfer and provide a stable platform
for antigen immobilization. Such platforms are essential for the
detection of key serological markers for hepatitis infection such as
the antibody to hepatitis B virus (HBV) core antigen."*" Chitosan
functionalized MWCNTs with MIP receptors show ~100% recov-
ery towards viral proteins in serum samples'>**?* and low relative
error (—4.7 to 3.4%) against ELISA.'*

Another strategy for tuning the characteristics of CNT includes
decoration with metallic nanoparticles (Fig. 4). For example, gold

This journal is © The Royal Society of Chemistry 2022

Nanoparticle decoration

Fig. 4 The two most common types of CNT modifications used in virus sensing.
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nanoparticles (AuNPs) have been interspersed on MWCNTS to
introduce peroxidase-like activity."*® These modifications have
been reported to enable nearly 500 times higher sensitivity than
commercial immunochromatography kits towards H3N2 detec-
tion with a 385 times lower LOD in comparison to a typical
ELISA."® AuNP-decorated CNTs exhibit exceptional specificity
towards human pathogenic viruses with proteinaceous as well
as nucleic acid receptors.'”'"" Similarly, zinc nanoparticles inter-
calated on MWCNTs for the detection of Chili leaf curl betasa-
tellite, a plant virus responsible for severe economic loss for
pepper and tomato crops, promote the conjugation of single-
strand DNA (ssDNA) enabling 3-fold higher specificity against
non-complimentary DNA."*® A similar concept has also been
developed integrating a nanocomposite of MWCNTs with zeolite
nanocrystals to PCR-based amplification for genosensing HBV
DNA."®° The retention of cavities in metal-organic frameworks
(MOFs) embedded with CNTs encourages nucleic acid binding
enabling femtomolar detection of HIV DNA."** Incorporation of
Fe;0,@Si0, to CNT-based paper biosensor for pseudorabies virus
introduced immunomagnetic properties that allows rapid detec-
tion within a few minutes without the requirement of skilled labor
or expensive equipment making them suitable for POCT."”” The
coexistence of nanoparticles in CNT nanocomposites offers four
key benefits: (1) a stronger electrochemical response is obtained
due to synergistic electronic interactions, (2) receptor conjugation
via H bonding, n—r interactions and electrostatic forces is encour-
aged, (3) increased surface area enhances analyte adsorption,
(4) the biocompatibility is improved."*""*** In addition to physical
or chemical modifications, integration of computational model-
ing to optimize the roughness and alignment in CNT-thin films
has been reported to show a higher sensitivity than the viral load
observed in clinical samples by two orders of magnitude."*® Since
MWCNTs are cost-effective, they find more abundant application
in viral diagnostics than SWCNTs,""112123:128141 However, inter-
est in SWCNTs is increasing since they have a much larger surface
area and allow ultrasensitive detection due to modulation of the
Schottky barrier which is absent in MWCNTs,'3>!33142.143
SWCNT-based field-effect transistors (FET) therefore demonstrate
picomolar sensitivity towards influenza A virus DNA with a
response time of only 1 min."*

Interest in carbon nanotube-based sensors for virus detection
has risen with 14 164 research works out of 27 916 published in
the last five years alone (Web of Science). Electrochemical
platforms constitute the largest class of CNT-based biosensors
supporting a variety of virus detection mechanisms such as
differential pulse voltammetry (DPV),"*”'*° electrochemical
impedance spectroscopy (EIS),"** linear sweep voltammetry,"*!
cyclic voltammetry'*® and square wave voltammetry"*! (Fig. 5).
CNT-based virus biosensors relying on DPV exhibit very high
recovery in complex media such as serum'®”'* and cells."*?
CNTs have also been introduced to FET,'?%13514%144 chemi-
resistors,'*>** volumetric assays,'* optical sensors'*® as well
as conventional techniques for viral genome recognition such as
PCR''® and loop-mediated isothermal amplification
(LAMP)."" Reverse transcription LAMP-based HIV-1 DNA detec-
tion using carboxylated CNTs is even faster than fluorescent PCR

5810 | Chem. Soc. Rev,, 2022, 51, 5805-5841
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Fig. 5 Anillustration of research works published in the last five years on
the different types of carbon-nanotube-based sensors for virus detection
(Web of Science).

and shows a 96.5% concordance rate with Roche instruments
and a Nernstian response factor of 63.567 mv pH ™ *.'*?

2.1.2 Graphene and its derivates. Graphene consists of a
2-D monoatomic layer of sp> hybridized carbon arranged in a
honeycomb lattice. It is the second most popular carbon
allotrope incorporated in virus sensing platforms. The elec-
trons in graphene maintain a unique band structure giving rise
to interesting charge transfer and electronic characteristics.**’
Its outstanding mechanical and thermal properties along with
a massive surface area (2630 m” g~ ') make graphene ideal for
biosensors intended for POCT purposes.®* For example, the use
of laser-engraved graphene in a telemedicine platform for the
rapid multiplexed detection of SARS-CoV-2 capsid protein,
C-reactive protein as well as immunoglobulin M and G in saliva
and serum can be fabricated for less than 0.05 $.*” Furthermore,
it has recently been demonstrated that graphene-assisted SARS-
CoV-2 immunosensors can show 40000 times higher sensitivity
than ELISA in clinical transport medium while simultaneously
being specific against the structurally similar Middle East
respiratory syndrome-related coronavirus (MERS-CoV) (Fig. 6)."'>
Such a distinction helps in selecting a suitable therapeutic
strategy since structurally similar viruses can require radically
different treatment methods. Epitaxial graphene has also been
employed for SARS-CoV-2 variant B.1.1.7 detection which pro-
vided a response within 0.6 s with extraordinary sensitivity
(60 copies mL™")."*® Graphene possesses chiral plasmonic
metasurfaces which can be harnessed for polarization-based
discrimination of various types of avian influenza viruses."’
Graphene can also be composited with nanoporous silicon
oxide to synthesize HBV sensitive artificial neural network."*®
Such chemical modifications can significantly improve the
sensitivity of graphene-based sensors and promote nucleic acid
immobilization. Therefore, poly-L-lysine functionalized graphene-
based FET sensors show a 113% higher sensitivity than unfunc-
tionalized graphene platforms towards SARS-CoV-2 RNA."*° The
signal-to-noise ratio of graphene FET sensors can be enhanced by
~10% when they are nanocomposited with MXene."" Although
glutaraldehyde coupling chemistry has been reported,'*® most

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 SARS-CoV-2 detection using a graphene-based FET immunosensor.!'® The FET system is gated with an aqueous solution. The presence of SARS-
CoV-2 alters the surface potential of the channel and results in an electrical response when the spike protein attaches to the immobilized antibody.

immunosensors rely on NHS and NHS derivatives for immobiliz-
ing the antibodies on graphene.'***"”

Graphene derivatives such as GO and rGO are considerably
influenced by their crystal defects as well as chemical functio-
nalizations. GO is a product of oxidation of exfoliated graphite
in which both the graphene surfaces have oxygenated function-
alities. The optoelectronic and chemical properties of GO differ
widely from graphene since GO has a much higher reactivity
and a relatively lower electric conductivity. It also does not
interact with the visible portion of the electromagnetic spectrum.
Covalent, ionic, or hydrogen bonds between biomolecules and
the oxygen-bearing functional groups from the edges and basal
plane of GO are auspicious in the development of virus sensing
platforms.®* For example, the negative charge on GO can be used
for anchoring the DenV template during the molecular imprint-
ing process."”> The quantum efficiency of GO can be quenched to
avoid chemical modifications and simplify the sensing process.
This fluorescence quenching property can be harvested by chemi-
sorbing fluorescein amidate onto GO to generate a DNA-based
sensor for Ebola virus (EBV) responsible for a type of viral
hemorrhagic fever which is often fatal.'>® Similar principles for
HTLV"** and foot-and-mouth disease virus'>® detection replaced
fluorescein with AuNPs for quenching.

Amongst all the 2-D allotropes of carbon, rGO has been the
most preferred nanomaterial in virus detection due to its crystal
defects, heteroatomic impurities, and low-cost.'>® It is synthe-
sized by reducing GO via electrochemical, chemical, or thermal
procedures. The reagents used for reduction determine the
carbon to oxygen ratio and the crystal defects which in turn
affect the electrochemical properties.®* Reduction with ascorbic
acid promotes the integration of ssDNA on rGO surface by
direct adsorption through n-m bonding and can thus be used
for impedimetric detection of coxsackie virus which causes
aseptic meningitis.'”” This type of GO can also be used as a
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signal enhancer for femtomolar detection of Japanese encepha-
litis virus (JEV) non-structural 1 protein.'*® JEV is a Culex
mosquito-borne virus responsible for Japanese encephalitis, a
type of brain infection causing vomiting and seizures in severe
cases. GO can also be reduced using porous hydrazine and
subsequently conjugated with molybdenum sulfide to generate
aptamer-facilitated electrochemical transducers for human
papillomavirus (HPV) detection. Undetected HPV can lead to
precancerous lesions and is the most common cause of cervical
cancer. These hydrazine-reduced GO transducers show not only
a high sensitivity (LOD: 1.75 pM) but also excellent recovery in
serum (90-98%) as well as saliva (97-105%)."*° Another pro-
mising approach for reduction targeted the epoxy and carboxyl
groups of GO by refluxing with ethylenediamine to enable
electrostatic coupling with AuNPs for the detection of HBV
antibodies.'® A greater variety of biomolecular functionaliza-
tions are possible for rGO in comparison to graphene due to the
presence of significantly lesser functional groups.®** These
functional groups are easily hydrophilized by amination for
conjugating with dendrimers to enhance the sensitivity and
facilitate femtomolar detection of viral proteins.'®>'®* A 1.25-
fold reduction in the detection limit is observed when aminated
rGO is wrinkled with CdS quantum dots (QDs)."®®> Aminated
rGO in a nanohybrid with MWCNTSs and ionic liquid shows very
high recovery (94-102.5%) in squamous carcinoma cells for
HPV DNA.'*?

2.1.3 Zero-dimensional carbon allotropes. Interest in zero-
dimensional (0D) carbon allotropes for virus recognition has
increased in recent years owing to their exclusive electrical and
optical features such as fluorescence, chemiluminescence,
photoluminescence (PL), and electrochemiluminescence. These
properties arise from their quasispherical/spherical shape in
addition to the quantum hall effects prominent at the nano-
scale.'® Allotropes such as CDs are facile and cost-effective to
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synthesize, composite as well as functionalize.***®* Due to their
strong quantum yield, viral assays relying on CDs show a longer
lifespan and two orders of magnitude higher sensitivity than
those using gold colloid thereby exhibiting an aptitude for POC
diagnosis.'® The polarization value of carbon dots can be
increased by conjugating them with a large molecule such as
streptavidin to enable the fluorescence-assisted detection of
HIV capsid protein. Such sensors, when fabricated on a paper-
based platform are 3.5 times cheaper'®! and 65-fold faster than
ELISA.'® Silicon nanospheres can be employed to prevent
fluorescence quenching of CDs at high concentrations which
facilitates monodispersity and greater quantum yields.'®®
Fluorescent carbon dots immobilized on dendritic porous silica
have been employed as a colloid for the colorimetric detection
of ZikV in a lateral flow format.*®” Such strips perform 100-fold
better than AuNP-based lateral flow systems and exhibit a visual
detection limit of only 10 pg mL™~". The fluorescence of CDs can
be quenched with metallic nanohybrids such as those made of
gold and iron oxide. An HTLV genosensor developed on this
principle has been shown to discriminate against other blood-
borne viruses such as HIV and HBV.'%> However, a 1000-fold
increase in the sensitivity and nearly 19-fold wider detection
range was reported when a GQD-copper nanocluster hybrid is
used instead of the CD nanocomposite.'®® In this case, the
GQDs acted as a reference site for the DNA template and
allowed the in situ generation of copper nanoclusters favored
by exonuclease IlI-assisted target recycling amplification. The
signal-to-noise ratio was further amplified by the exonuclease
I-assisted cleavage of unbound DNA."®® The high surface area of
GQDs fosters the covalent attachment of a large number of
nanoparticles which successively promote the immobilization
of more biomolecules such as antibodies'®*"7° and nucleic

Thiol-GQD

Glassy carbon
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acids.'”*

Such immunosensors show negligible interference
(<5%) even when the concentration of non-specific molecules
is 300 times greater than the target antigen (Fig. 7).'** Doping
the GQDs with different elements can impart interesting prop-
erties such as enabling them to discriminate between viral
serotypes'’” or introducing magnetic relaxation switches which
are useful for designing ultra-low field nuclear magnetic reso-
nance sensors.'”® In GQD-based aptasensors, m-m stacking
within the layers of GQDs facilitates interactions between their
carboxyl groups with the amine groups from aptamers."”
One such aptasensor for hepatitis C virus (HCV) displayed high
reproducibility (standard deviation <2.3%) and recovery in
serum (99-109%)."°® Such n-n interactions between sp> hybri-
dized carbon nanoparticles and nucleotides also result in
fluorescence resonance energy transfer (FRET). Although these
particles have also been used as fluorescence quenchers for
silver nanoclusters in HIV detection, a narrow dynamic range is
observed which can be attributed to the instability of silver
nanoclusters in complex media."”> GQD-silver nanocomposites
can also be harnessed for the naked eye detection of HCV RNA
down to 24.84 pM with the help of a catalyzed hairpin assembly
reaction.'”®

2.1.4 Other carbon allotropes. Nowadays, interest in other
crystalline allotropes of carbon for virus recognition has grown.
Due to their small pore size as well as lower impurities, single-
walled carbon nanohorns readily physisorb palladium-plati-
num nanoparticles. Such nanocomposites show promising
durability with only 5.8% signal loss in 15 days for horseradish
peroxidase-based immunosensing of cytomegalovirus which
is often responsible for diseases such as pneumonia and
mononucleosis.'*® Crystal defects such as vacancies as well as
doping give rise to unique properties at the nanoscale.'””

AGNP ()

\m (j
HCV
Antibody

Fig. 7 Thiolated graphene quantum dots for hepatitis virus detection.’* Abbreviations: AgNP: silver nanoparticles; BSA: bovine serum albumin; GQD:

graphene quantum dots; HCV: hepatitis C virus.
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Therefore, doping nanodiamonds with boron results in semi-
conducting behavior and electrodes developed from such mate-
rials can be conjugated with polyclonal antibodies to allow the
rapid detection of influenza viral proteins'’® as well as whole
virions.""® Similarly, nanodiamonds with nitrogen vacancies
exhibit fluorescence. Since these fluorescent nanodiamonds
are inexpensive, stable, and highly durable, it is possible to
develop virus sensors under 1 $ with attomolar sensitivity and
less than a minute of response time."*° Nanodiamonds are also
used for developing aptasensors with attomolar detection
limits however, ~33% signal response is lost within just
~11 days."”® Certain carbon nanoparticles such as Cg, have
also been useful in non-radioactive cell proliferation assays'®’
as well as for controlling the window size in virus-sensitive
MOFs.'® Electrodes modified with Cg, exhibit a broad poten-
tial window, durability and stable responses for long time scales
allowing the detection of HCV core antigen at the fg mL™"
level.’®® This antigen is a surrogate biomarker indicating hepa-
titis C since their concentration is a direct indicator of viral RNA
levels.'®!

Crystalline allotropes of carbon are more numerous and
resistant to photobleaching. High purity in addition to exqui-
site durability make their use in virus detection more wide-
spread than amorphous allotropes. Nevertheless, biomolecules
readily adhere to amorphous allotropes of carbon which is an
integral requisite for most biosensors.'*” In a recent study,
nitrogen-doped porous carbon nanoparticles were synthesized
from MOF to promote strong hydrogen bonds with ZikV DNA.
This assembly allowed discrimination between 1-2 base mis-
matches as well as complimentary/non-complimentary DNA."*!
As these particles show lesser residual current than glassy
carbon electrodes, they act as ideal substrates for antibody
physisorption."* However, carbon nanoparticles are also sui-
table where chemically induced coupling is required. For
example, amine-rich carbon nanoparticles derived from chito-
san can be conjugated with JeV antibody through EDC-NHS
chemistry."®?

2.2 Virus tracking

2.2.1 Fluorescent nanodiamonds. Although organic fluoro-
phores such as cyanine, coumarin, or rhodamine are still used
for imaging purposes, they undergo photobleaching and exhi-
bit photoblinking. With an increase in the intensity of light
used, a loss in fluorescent intensity is observed which deterio-
rates the resolution, reproducibility, and stability.'®* Robust sp®
hybridized-carbon nanomaterials like fluorescent nanodiamonds
(FNDs) have nitrogen vacancies and emit stable fluorescence in
the near-infrared region (NIR). This NIR fluorescence exhibits
linearity over broad concentration ranges and is largely resis-
tant to interference from non-specific biomolecules. FNDs are
recalcitrant to bleaching and display exquisite material dur-
ability. In comparison to the widely used QDs,""* FNDs are non-
toxic and photostable. Although nanodiamonds synthesized by
detonation exhibit anti-bacterial properties in some cases, such
bioincompatible features can be avoided by substituting
with crushed high-temperature high-pressure FNDs subjected
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to oxidative cleaning.'® FNDs are bioinert and can be easily
subjected to chemical modifications. The mass of biomolecules
deposited on FNDs is inversely proportional to their size and
can therefore be tuned according to the imaging system avail-
able. In an in vivo imaging-assisted lateral flow assay (LFA),
nanodiamonds can be homogeneously distributed with ease
and can bind with recombinant as well as wild-type viral
glycoproteins without perturbing their immunological func-
tion. However, it is essential to optimize the strategy to load
the nanoparticles on the test strip as the attachment of multiple
FNDs to several wild-type glycoproteins can form large aggre-
gates that retard the flow and induce smearing."*® FNDs can
also be encapsulated with viruses to understand their 3D cell
trajectory which is key to understanding cytosis and cellular
transport mechanisms.'®> In order to gain a better understand-
ing of viral dissemination, FNDs can also be used for tracking
viruses inside bacteria and cells. This can be achieved by
forming FND-phage conjugates using an appropriate linking
chemistry. Since streptavidin forms strong non-covalent bonds
with biotin, streptavidin functionalized FNDs can be easily
coupled with biotinylated bacteriophages. These conjugates
exhibit highly specific behavior as illustrated in Fig. 8. The
FND (red) - phage (cyan) assembly in this case is targeted to
bind with the maltoporin receptor on the outer membrane of
the bacteria (black). Therefore, no binding between the con-
jugates and non-target bacteria (yellow) was observed.'®* In this
case, it is essential to optimize the FND:phage ratio as free
streptavidin FNDs as well as unbound biotinylated phages can
result in errors such as false positives or inaccurate visualiza-
tion. Additional washing steps also help alleviate false-positive
results. The streptavidin-biotin chemistry can also be substi-
tuted with cysteine-maleimide so that maleimide FNDs attach
directly to phages with exposed cysteine groups.'®*

2.2.2 sp® hybridized carbon allotropes. In the case of sp>
hybridized carbon allotropes, supplementary fluorophores
such as QDs,""* rhodamines,'*' metallic nanoparticles,'®> and
fluorescein isothiocyanate’® are often required to strengthen
the fluorescence signal. An exception to this rule is the case of
boron-nitrogen co-doped single layer GQDs. Due to their low
cytotoxicity and high quantum yield (36.5%) such nanomaterials
are suitable for imaging viruses in live cells."®® In addition to
experimental imaging, their nucleic acid sensing capabilities
have also been confirmed with computational simulations with
help of density functional theory. Nanocomposites containing
carbon allotropes like graphene alongside metal/magnetic nano-
particles and quantum dots can exhibit multifunctional features
such as plasmonic coupling and plasmon resonance energy
transfer.'™ These features can be attributed to the synergistic
presence of plasmonic and m electrons as well as interactions
between the magnetic spins of various elements. Due to deloca-
lization, high-energy unhybridized electrons from graphene can
freely move and induce plasmonic coupling with metallic atoms
present in such nanocomposites. This coupling, in turn, pro-
duces a commensal effect necessary for energy transfer even
when the size of the virus is significantly small.'™* The presence
of viruses can also be verified by identifying their genetic
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Fig. 8 Host-specific targeting of FND-phage conjugates. (a) Cells without phage receptors do not bind to the FND conjugates; (b) a mixture of target
and non-target species of bacteria; (c) scheme of FND-based imaging in the mixture of specific and non-specific bacteria; (d) epifluorescence imaging of
FND-phage conjugate. Colors represent FNDs (red), phage (cyan), target bacteria (dark grey), non-target bacteria (yellow). Arrows point towards sites of

FND-cell binding.X8*

material. One such strategy involves binding a fluorophore-
labeled complementary single-strand nucleic acid to graphitized
nitrogen-doped porous carbon nanoparticles."””’ Due to the
abundance of N-atoms in the nanoparticles, strong hydrogen
bonds are formed with the OH functionality from DNA. The n
electrons from the nanoparticles interact with those from the
nucleic acid to form a complex capable of FRET. Therefore, the
fluorescence of the label is quenched. Since the zeta-potential of
the carbon nanoparticles corresponds to incipient instability, the
presence of the positively charged target RNA causes electrostatic
attraction. As a result, the probe and target nucleic acids bind,
and the ensuing conformational changes hide the bases in the
double-stranded structure reducing the number of bases that
can bind with the nanoparticles. The spectral overlap between the
nanoparticles and the fluorophore enables fluorescence recovery
in the event of target recognition.'*" This imaging technique
shows high specificity against non-complimentary RNA as well
as 1-2 base mismatches. Although the presence of mesopores and
micropores in the nanoparticles encourages DNA adsorption, the
hierarchical structure retards fluorescence recovery resulting in a
longer response time. Another drawback of this approach that
hinders imaging in real patient samples is the requirement of
single-strand DNA when human DNA is double-stranded.
Carbon allotrope-based virus imaging has recently been
employed as a high throughput strategy for antiviral drug
screening.”® In this case, an RNA-GO conjugate was developed
to target RNA-dependent RNA polymerase, an essential protein
present in the genome of all riboviruses such as DenV which
causes hemorrhagic fever and shock syndrome. The conjugate
was suitable for in vitro as well as in vivo assays. Here, the GO
acted as a quencher for the fluorophore used to label RNA. The
quenching-recovery mechanism followed the same approach as
the previous method with one minor difference: the target
nucleic acid in this case was generated iz situ by the polymerase

5814 | Chem. Soc. Rev., 2022, 51, 5805-5841

enzyme. Therefore, when a drug is successful in eliminating the
virus, the fluorescence is not recovered.”® The main advantages
of this strategy include convenient handling due to chemical
stability of GO observed in usual room conditions. Additionally,
drug screening through virus imaging exhibits high throughput
and has the potential to reduce experimental burden as well as
research expenditure.

3. Inorganic nanomaterials in virus
sensing and tracking

Transition and inner-transition elements have incompletely
filled d and f orbitals, respectively. These orbitals contribute
to the surplus of high-energy surface electrons that are respon-
sible for the remarkable magnetic, optoelectronic and quantum
properties of inorganic materials.”®'®” These features can not
only be easily incorporated into the sensing or imaging system
as is but also be tuned to best suit the sensor requirements with
the help of three strategies: (1) by manipulating the physical
features of the nanomaterials such as its size or shape,"®* "
(2) by introducing suitable functionalities to the nano-
material’®>™'*® and (3) by combining them with other nano-
materials to generate multifunctional nanocomposites
(Fig. 9).177197719 por example, based on the distance between
different nanoparticles, localized surface plasmon resonance
(LSPR) can be observed. In inorganic nanomaterial-reliant
biosensors, this phenomenon can be modulated by the concen-
tration of viruses present in the ambient media.>*>*! Inorganic
nanomaterials include metal and metal oxide nanoparticles,’*?%*
quantum dots®®*® as well as silicon-based nanostructures.’®
These nanomaterials come in a variety of shapes such as
spheres,”®* cubes,”® tetrahedrons,”*® octahedrons,””” bi-

pyramids,>®® cages,**” wires,>*® core-shell assemblies*'® as well
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Fig. 9 (a) A hypothetical example of size-dependent variations in the
color of inorganic nanomaterials; (b) various shapes of inorganic nano-
materials commonly used in virus sensing and imaging; (c—f) the diverging
role of inorganic nanomaterials: (c) as labels in a sandwich assay; (d) as
signal amplification tags in a microfluidic optical sensor; (e) for the
enrichment of captured virus conjugates; (f) as fluorescent reporters
during virus internalization in a host. Abbreviation: MNP: magnetic
nanoparticle.

as rods®'! and all these shapes have been harnessed for virus

recognition. These nanomaterials can act as transducers,>'?
substrates for receptor immobilization,>"® target capture
probes,*** fluorophores,**® signal amplification tags,>'® and
as a part of labels in sandwich assays.*'” Additionally, nano-
particles with magnetic characteristics can also be used to
enrich viral assays and enable ultrasensitive detection.?'® Some
inorganic nanomaterials show exceptional fluorescent proper-
ties and can be used for tracking single virus particles.”®

3.1 Virus sensing

3.1.1 Gold nanoparticles. Noble metal nanoparticles possess
remarkable plasmonic, catalytic, and electronic properties.*?%**?
They are capable of interacting with a variety of biomolecules
such as oligonucleotides, aptamers, and antibodies.”***** Nano-
materials such as AuNPs are biologically inert making them
suitable for protein immobilization without the threat of

This journal is © The Royal Society of Chemistry 2022
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denaturation. Therefore, AuNPs are the most ubiquitous
inorganic nanomaterial used for detecting viruses'’®?2472%?
especially the recent SARS-CoV-2.**°** Owing to their high
energy valence electrons, AuNPs can intensively amplify
electrochemical®**>*¢ and optical'****”*3¢ signals and are fre-
quently used as amplification tags. Mass spectroscopy using
AuNPs (13.3 nm) is free from unknown ions and background
noise which makes it suitable for single as well as multiplex
viral immunoassays.>*® They are especially suited for POCT
applications since they are compatible with paper-based,>*
smartphone-based®*"*** as well as lab-on-a-chip®*® sensors.
For example, AuNP-assisted LFA strips have recently been
developed for the rapid (15 min) detection of SARS-CoV-2 which
requires only 10-20 uL of serum.>** Similar lateral flow strips
have also been developed along with colorimetric detection
of Tamiflu-resistant HIN1 strains down to 10* PFU mL "
(Fig. 10).>*> Tamiflu is an antiviral medication generically
known as oseltamivir and resistance to it is particularly con-
cerning in patients with haematologic malignancies. The sen-
sitivity increases 1000-fold when colorimetric visual detection is
replaced with the more sophisticated surface-enhanced Raman
spectroscopy (SERS).>*> The limit of detection could be reduced
down to 1 PFU mL™' by increasing the size of AuNPs from
12 nm to 60 nm in the SERS assay'®* since the AuNP-catalyzed
signal transduction is a function of particle size. Another
reason to optimize the particle size is to ensure maximum
loading of receptor molecules.>**>*” AuNP-based aptasensors
have also been developed for POCT applications by shrimp
farmers to detect white spot syndrome virus.>** Although the
aptasensors showed lesser sensitivity than the gold-standard
PCR, their colorimetric response simplifies virus recognition in
the field.

AuNPs have also been incorporated into real-time reverse
transcription PCR (nanoPCR) for the detection of foot-and-
mouth disease virus which allowed the reduction of threshold
cycles to 4.09 from 7.03 which was the value in the case of
conventional PCR.?*® Furthermore, the LOD towards the virus
improved nearly 1000-fold due to the addition of GO-AuNP
nanocomposites to a typical PCR system.>*® NanoPCR shows 10
times higher sensitivity in half the annealing time to bovine
respiratory syncytial virus in comparison to conventional
PCR.** This type of PCR can also be combined with dual-
priming oligonucleotides to enable the multiplexed detection
of bovine rotavirus, parvovirus and viral diarrhea virus with a
100-fold higher sensitivity than the typical PCR method.>*°
These 3 viruses constitute the 3 most important pathogens
responsible for diarrhea in new-born calves. NanoPCR is also a
promising tool for differentiation between different porcine
circovirus gentoypes.>* Porcine circoviruses are responsible for
the most destructive infections affecting the pig farming indus-
try causing multisystemic wasting syndrome. Recently, the
contribution of AuNP dimensions and interparticle spacing
for surface plasmon resonance (SPR) sandwich immunoassay
of SARS-CoV-2 was investigated.””' Gold nanorods (AuNRs) with
a diameter of 10 nm and varying aspect ratios (1-4) were used
as labels due to the sensitivity of their longitudinal plasmon
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Fig. 10 Schematic illustrations of the AuNP-assisted detection of Tamiflu-resistant influenza virus using (a) colorimetric and (b) lateral-flow assays.>*
https://doi.org/10.1038/s41598-018-31311-x. Used under Creative Commons CC BY 4.0 https://creativecommons.org/licenses/by/4.0/.

bands to small changes in the refractive index. A 50 nm thick
gold nanosheet acted as the sensing platform and the distance
between AuNRs and the gold nanosheet was varied from
2-14 nm. At an aspect ratio of 4 with a distance of 14 nm,
maximum plasmon enhancement was reported and incremen-
tal sensitivity of 111.11° RIU” " was achieved. Furthermore, the
optimized AuNRs enhanced the evanescent field of the basic
gold nanosheet by more than 376%.>°" Such virus sensors have
been reported to show tremendous improvement over rapid
immunoassays (up to 240000-fold**®) due to nanostructure
mediated LSPR.>**2%¢

In addition to their size, the shape of AuNPs also determines
their sensing performance.”>*”>*® Gold nanocubes (70-140 nm)
have a higher surface area than most other morphologies and
therefore produce a strong electrochemical signal.>*® Hexagonal
AuNPs (30 nm) act as catalysts for tetramethylbenzidine

5816 | Chem. Soc. Rev., 2022, 51, 5805-5841

oxidation by H,0,.>* Gold nanocoils (thickness: 200 nm;
length: 392 nm) can be functionalized with antibody fragments
and coupled with magnetic nanoparticles (MNPs) to facilitate
inductive transduction.”®® The superior electron transfer cap-
abilities of nanowires (diameter: 50-70 nm) made with AuNP
(6-14 nm) decorated polyaniline is responsible for the high
stability of impedimetric sensors for hepatitis E virus (HEV)
and white spot syndrome virus.'®® Similar stability is displayed
by GQD conjugated gold nanobundles (length: 700 nm; dia-
meter 10 nm) in addition to exceptional optical confinement
properties.”®’ Gold nanospheres (80 nm) decorated on an
excessively tilted fiber grafting exhibit intrinsic LSPR.***> They
magnify the effect of refractive index fluctuations on the core to
co-propagating cladding and introduce the bioaffinity neces-
sary for antibody conjugation. Gold nanobipyramids used in
colorimetric sensors as substrates for silver deposition change
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color depending on the silver film thickness due to virus
concentration-induced silver reduction.”’’® Chiral gold nano-
stars (spike length 10 nm; diameter 2 nm) allow the fabrication
of circular dichroism-based sensors which show superior sen-
sitivity in comparison to ELISA and commercial diagnostic
kits.”®® Similarly, gold nanofilms and nanosheets also enhance
sensitivity due to the presence of multiple edges and corners
that act as active sites.>*"**> Nanoporous gold electrodes
amplify the electrochemical response as well as encourage the
covalent binding of probes to reduce baseline current
signals.>®®?*%” This concept can be integrated into PCR-based
amplification to reduce the number of reaction cycles.>®”

The concentration of AuNPs is another critical parameter
that must be optimized as a higher concentration increases not
only the color intensity>*! but also the possibility of nano-
particle agglomeration.>®® Functionalizing the AuNPs with
oligonucleotide can protect the AuNPs from aggregating with
the help of the electrostatic attractions between the negatively
charged nanoparticles and the positively charged nucleo-
bases.”**?”® In such genosensors, the nucleotides form an
electric double layer with the negatively charged backbone
phosphate groups exposed to repel other similar sSDNA-AuNP
assemblies. Although not as sensitive as PCR, such assemblies
facilitate naked eye detection in clinically relevant virus concen-
tration range.>*® AuNPs with peptide functionalities also tend
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to form large agglomerates. Such aggregates can be subjected to
explosive enzymatic catalysis to observe an enhanced hypso-
chromic shift proportional to the concentration of the target
virus (Fig. 11).””* AuNPs (15 #+ 0.4 nm) can themselves be used
as beacons to induce virus aggregation in 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assays.>’> Due
to their biocompatibility, they are suitable for application in
enzymatic biosensors as immobilization substrates.>***”?
Elemental gold can directly bond with sulfur making AuNPs
ideal candidates for immobilization of thiol-activated nucleo-
tides>”*>”® and cysteine-rich proteins.””**”” Therefore, AUNP-
based DNA sensors are capable of femtomolar detection with
simultaneous virus serotyping.'’>?°**”% Since they possess
peroxidase-like properties, they are also used as a durable
and lucrative substitute to enzymes in virus sensing assemblies
that rely on signal amplification via hydrogen peroxide
reduction.>”*>%"

Chemically functionalized AuNPs are emerging as a popular
class of AuNPs due to their tailor-made sensing characteristics.
AuNP@spherical nucleic acid core-shell assemblies enable the
synthesis of reversible self-assembled structures for the pico-
molar quantification of HIV DNA.”®* Sialic acid-functionalized
AuNPs (~20 nm) undergo target specific agglomeration due to
the specific binding of the sialic acid receptor with hemag-
glutinin from the influenza virus.”®**®* The intrinsic properties

°
o

Peptides & /@ /a/ <
B g Ve e e

Dispersed AuNP

Electrostatic
attraction

Enzyme
cleavage

)
v O :

peptide \‘\
Disassembled
AuNP ’ NV

Fig. 11 Scheme for explosive catalysis of gold nanoaggregates for virus detection.?’* Abbreviations: Ab: antibody; AuNP: gold nanoparticles;
mAb: monoclonal antibody; pAb: polyclonal antibody; SA: streptavidin. Reprinted with permission from (ACS Appl. Mater. Interfaces 2020, 12, 11,

12525-12532). Copyright (2020) American Chemical Society.
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of AuNPs can be further supplemented with other nanomaterials
to generate nanohybrids with extraordinary characteristics. For
example, AuNP decorated graphitized carbon nitride enhances
the permeability of charge transfer®®® as well as photocurrent
due to its crystalline structure and superior adsorption.
Furthermore, AuNPs provide additional active sites thus facili-
tating ultrasensitive detection.?®***®” Nanocomposites of AuNP
and covalent organic frameworks (COFs) act as biocompatible
quenchers for fluorescently labeled DNA and are suitable for
in vitro and intracellular sensing.”®® Different types of QDs
are also common components of AuNP nanocomposites.
This is because AuNPs can be employed to modulate their
fluorescence.”®® Fluorescent sensors using such nanocompo-
sites have displayed 100-fold higher sensitivity than ELISA.>>®
Silica coated AUNR@CdSeTe QD core-shell assemblies show
biocompatibility, low toxicity as well as high scattering effi-
ciency and can be functionalized with molecular beacons for
the acute recognition of as low as 1.2 copies mL ™" of norovirus
(NoV) RNA.>® Norovirus infection is the most prevalent cause
of pathogenic gastroenteritis involving abdominal ache,
emesis, and diarrhea. The distance between QDs and AuNPs
makes it possible to regulate the plasmon resonance and
induce high sensitivity to fluctuations in the refractive index
of the surrounding medium.>*>**?%5289 [t ig critical for such
ultrasensitive platforms to have negligible background noise to
enable precise quantification. An increasingly popular techni-
que to eliminate noise is to add MNPs or magnetic microbeads
to enable the selective enrichment of the receptor-target assem-
bly from complex media such as serum, urine, or saliva by
applying a magnetic field.>*%273*752% Dye to the chemilumi-
nescent features of such AuNP nanohybrids, attomolar sensi-
tivity with a broad HTLV detection range of 8 orders of
magnitude could be achieved in diluted serum.>** Such sensors
exhibit superior tolerance than quantitative PCR in human cells
and hold potential for in vivo applications.

3.1.2 Magnetic nanoparticles. Various iron compounds
such as Fe,0; and Fe;0, are superparamagnetic at particle size
below 1000 nm.”®®* These MNPs can act as transducers,
catalysts as well as complexing agents for magnetic enrich-
ment.?**2°% Since interferents and non-specific molecules in
complex biological media are nonmagnetic in nature, virus
detection with magnetic sensors is significantly more sensitive
than optical and electrochemical techniques.”*® Therefore,
several promising techniques such as giant magnetoresistance
(GMR),*°**°" magnetic particle spectroscopy (MPS),***%° mag-
netic inductance,*®® and magnetic tunneling junction®***°° are
being explored for virus recognition. Streptavidin functiona-
lized magnetic beads (50 nm) consisting of clusters of 8 nm-
sized o-Fe,O; and Fe;O, nanoparticles can be coupled with
biotinylated antibodies to develop rapid (response time: 4 min)
affordable (6 $ per chip) GMR chips for HIN1 detection in
swine nasal swabs down to 250 TCIDs, mL '.3°° MPS bio-
sensors are even cheaper than GMR biosensors due to the
self-assembly of MNPs although both are suitable for POCT.
In MPS, the spectrum of the MNPs (25 nm) changes from
higher to lower harmonics in the presence of the target
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molecules enabling nanomolar detection within 10 seconds.**?
When bionized nanoferrite particles (80 nm) are used to replace
these MNPs in MPS-based sensors, 5.9 fmoles of SARS-CoV-2 can
be detected within 10 minutes.>**> Bionized nanoferrite particles
are nanocomposites with magnetite cores enveloped in a dextran
shell. In recent years, similar sensitivities have also been reported
with magnetic tunneling junction sensors which are compatible
with electronic, microfluidic, and multiplexed systems.***

The magnetic nature of MNPs is usually harnessed by using
them to capture target molecules and then isolating such com-
plexes under a mild magnetic field. For example, protamine-
coated MNPs can be used to concentrate HAV from mussels,
strawberries and green onions prior to real-time PCR.*” The
particle size is a function of the method with which the MNPs
were synthesized. The use of MNPs in electrochemical, optical,
and conventional viral assays is therefore subject to fulfilling
the following requirements: their size should never be so large
that the colloidal stability is lost during sensing; they must be
non-toxic and compatible with the testing matrix; the particles
must retain sufficient saturation magnetization to allow their
motion without the need for powerful magnets.”>** For example,
magnetic nanocubes enable the magnetic isolation and concen-
tration of viruses in chronoamperometric immunoassays and
reduce the response time to just 160 s.*°® Very high serum
recovery was observed when 8-FeOOH induced magnetic separa-
tion is supplemented with exonuclease Il amplification.>””
MNPs are compatible with a wide array of detection mechanisms
as well nanomaterials and their sensing performance can be
modulated to suit the required application easily. NoV immuno-
sensors using identically sized MNPs show a higher LOD for
electrical resistance measurements (1.16 pg mL™*)*°® than DPV
(4.1 fg mL™") and colorimetry (340 fg mL ')*® since each
detection mechanism interacts with MNPs differently. Even
when the detection mechanism, sensing medium as well as size
is kept constant, MNP nanocomposites show greater sensitivity
with QDs (69 NoV RNA copies mL~")'*” than AuNPs (84 NoV RNA
copies mL™")*** and liposomes (136 NoV RNA copies mL ™)
(Fig. 12)."¥ The synergic effect of MNPs and fluorescent polymer
nanoparticles in flow cytometry allows the detection of 100 fold
lower concentrations of DenV than polymer nanoparticles
alone.*"°

Core-shell morphologies constitute the most common class
of MNP nanocomposites. MNPs can act as supports for depos-
iting different types of nanomaterials.'?”****'%3"> MNP cores
can be subjected to surface imprinting with whole virus tem-
plates to fabricate resonance light scattering (RLS) biosensors
capable of picomolar quantification.*’**'> MNP morphology
plays a key role in such systems as the response time reduces
by more than 7-fold when diamond-shaped particles®™® are
replaced with nanospheres.*'' MNP supported noble metal shells
are suitable for developing user-friendly lateral flow immuno-
assays®'® and paper-based genosensors.**° MNP supports can
also act as seeds for growing carbosilane dendrimers®'*
as silica nanoshells."®” The layer-by-layer deposition of y-Fe,O;
(320-370 nm) and CdSe/ZnS QDs (7-15 nm) on poly(styrene/
acrylamide) copolymer nanospheres generates fluorescent

as well
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Fig. 12 (a) Schematic illustration of norovirus detection using antibody
functionalized SiO,@magnetic nanoparticles based on liposome rupture
using Triton X to release calcein fluorophore; confocal microscopic
images of virus bound nanoassemblies (b) before and (c) after fluorophore
release.'®” Reprinted with permission from (ACS Appl. Bio Mater. 2020, 3,
6, 3560-3568). Copyright (2020) American Chemical Society.

magnetic catalytic nanoparticles. These catalytic nano-
particles amplify fluorescence as well as electrochemical sig-
nals 4-fold more than commercial gold substrates®'® and
enable multiplex detection of various influenza viruses in
chicken blood.*'® Owing to their excellent catalysis, MNPs
have also been employed to accelerate the recognition reactions
involved in electrochemiluminescence,®” rolling circle
amplification,*'® RLS,*'" and ELISA.*'*

3.1.3 Quantum dots. Inorganic QDs are made of semicon-
ductors or metallic alloys with an optional metal chalcogenide
outer layer and measure only a few nanometers in size. The size
of QDs is of the same order as the exciton Bohr radius due to
which electron bands in a QD exist in the form of discrete
energy levels.>'® When high-energy electrons of QD relax into
holes, they emit electromagnetic radiation in the NIR or UV
region of the electromagnetic spectrum.’*® This energy gradi-
ent is responsible for the attractive properties of QDs such as
Stokes shift in fluorescent sensors®*'*** or photocurrent in
photoelectrochemical (PEC) sensors.?%*%73>% such a Stokes
shift enhances the signal to noise ratio which in turn enables
high luminescence that can allow the detection of the highly
infectious NoV at very low concentrations (4.3 x 10° particles mL~*).**
Fluorescence may also be induced when other plasmonic
nanoparticles are present in the immediate environment of
the QDs by SPR.>®***” Therefore, QD nanocomposites with
aminated GO allow SPR detection of DenV with high sensitivity
(5.49° nM™ ") and affinity (Kg: 486.54 nM ™ ").**” The quantum
tunneling and confinement behaviour in addition to the
coulomb blockade present in quantum dots results in extra-
ordinary charging response to alternating potential which can
be exploited to develop SARS-CoV-2 sensors which can differ-
entiate between normal and patient samples with nearly 90%

accuracy.**®
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QDs form stable links with antibodies via EDC-NHS
chemistry.>** For example, CdTe QD (3.1 nm) immunoconju-
gates show no loss in activity even after 4 months and are
capable of ZikV sensing at 100-fold lower concentrations than
required for an immune response.>*' They are excellent FRET
acceptors®*® and fluorescence enhancers.**>?*° CdTe/ZnS QD
nanoprobes employed in FRET-based COVID-19 detection con-
firm the results of PCR, thus presenting a convenient and
cheaper alternative.>** CdTe QD decorations impart fluores-
cence to MIPs which can simultaneously detect hepatitis A virus
(HAV) and HBV within 20 minutes due to virus-induced
quenching.’*® Zinc-doped CdTe QDs can act as supports for
the immobilization of black-hole quenchers to inhibit over-
valency and allow single-particle detection.®** Although CdTe
QDs encourage the rapid movement of photogenerated charge
carriers to improve PEC probes,?®® the reproducibility improved
2-fold when cadmium-free quaternary ZnAgInS QDs (10 nm)
were used instead due to higher stability of photocurrent.”®”
Another popular variety of cadmium-based binary QDs, CdSe
(4.4 nm), has also been used in PEC-mediated genosensors with
zeptomolar sensitivity towards HTLV detection.>”> CdSe QDs
are ultrasensitive fluorophores that show significantly higher
signals than fluorescence dyes and commercial europium-
chelates."®>*** CdSe QD-assisted sensors show specificity
against mismatched DNA sequences®*” and are capable of virus
serotyping.”’® They are hydrophobic and can also modulate
electrochemical signals. Recently, a sensor for the chikungunya
virus was developed with CdSe QD (5-7 nm) encapsulated in a
liposome and MNPs (26.5 nm) as labels.’®® The MNPs enabled
magnetic separation following which chloroform triggered
CdSe QD release facilitated dual-modal detection. Such sensors
are particularly important in developing nations where chikun-
gunya is often misdiagnosed as Zika fever or dengue due to
similarity in symptoms.

The inclusion of additional elements in a QD can modify
their intrinsic properties. For example, enhanced fluorescence
is observed in sensors that include quaternary QDs such as
CdseTeS.'””?>** In addition to alloying, other techniques
such as doping,**' encapsulation,"®**** dendronization,®® inter-
calation,**®*3% efc. are also used to tune the properties of QDs.
Therefore, cadmium-QDs are often coated with ZnS'****? or
ZnSeS*>>?7® to inhibit their cytotoxicity since the direct contact
of Cd”>" ions with reactive oxygen species can cause cell death.***
ZnSeS coated QDs are also useful for tuning the LSPR perfor-
mance of AuNPs by modulating the interparticle distance with
peptide linkers of appropriate length (Fig. 13).>°® These QDs can
be supported on polystyrene nanobeads and further enveloped
in SiO, to fabricate fluorescent reporters for LFA-assisted SARS-
CoV-2 detection within 18 minutes."®* CdS - dendrimer nano-
composites show higher recovery (100.11-100.33%) in serum
for larger QDs (10.507 nm)®® than in the case of smaller QDs
(94.2-96.45%) measuring 3-4 nm.**?

Traditionally, most QDs were cadmium-based due to their
excellent photostability, bright PL, resistance to bleaching,
wide excitation range in the ultraviolet spectrum, and narrow
emissions.”®***> However, recent concern over the cytotoxicity
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Fig. 13 Schematic representation of the synthesis of peptide-linked quantum dot nanocomposites with gold nanoparticles and their use in norovirus

detection.2>®

of cadmium has been gradually shifting the trend towards
cadmium-free QDs due to cytotoxicity issues.*** Although lead
quantum dots act as ideal substituents for Cd QDs,**® addi-
tional encapsulation with biocompatible proteins is necessary
to avoid toxicity issues.**” Molybdenum QDs form an important
group of cadmium-free QDs. For example, MoS, QDs can be
used in dual mode sensors since they show chirality as well as
PL-induced fluorescence.>*®* MoO; QDs exhibit a monolayer
morphology and semiconductor-based LSPR which is analo-
gous to that of AuNPs or silver nanoparticles (AgNPs) in the NIR
and visible spectrum.**® Zirconium QDs show excellent aqu-
eous dispersibility with blue fluorescence. They readily bind
with antibodies and such immunosensors can detect as low as
79.15 EID 50 pL~' of infectious bronchitis virus in blood.'®®
This is the only type of coronavirus that infects chickens and
the disease is extremely contagious. Kidney inflammation,
respiratory distress as well as loss of internal and external
egg quality include some of the most common symptoms of
infection. Recently, the felicity of Si QDs for immunosensing
has also been investigated for HIN1 detection.**° However, the
focus of this study was only to probe the aptitude of Si QDs as
substrates for immobilization and parameters like the linear
response range, LOD or affinity were not reported.

3.1.4 Silver nanoparticles. Silver nanoparticles (AgNPs),
just like AuNPs, are noble metal nanoparticles that are com-
monly employed for virus sensing.”®¢>?3%:34073%5 Apalogous to
AuNPs, the optical properties, color, and sensing behavior of
AgNPs are dependent on particle dimensions due to LSPR."”°

5820 | Chem. Soc. Rev, 2022, 51, 5805-5841

However, AgNPs are more cost-effective as well as electroactive
and have a higher extinction coefficient.**® In a study on the
fluorescence detection of HBV, more than 1500-fold improve-
ment in sensitivity was observed after the addition of AgNPs to
the sensing platform.>*” DNA molecules can be labeled with
silver nanoclusters for in vitro and intracellular sensing.>®®
Therefore, AgNPs caged in a DNA tetrahedron show a consis-
tent performance in buffer as well as serum for colorimetric
genomic sensing of HIV.>*® Colorimetric sensing has also been
achieved via the in situ deposition of AgNPs using hydro-
quinone in the presence of AuNPs but 30% of the signal
response was lost within 4 weeks.””® The large value of the
fluorescence extinction coefficient can be attributed to discrete
energy bands arising from the quantum confinement of excited
electrons. Since it is essential to understand the behavior of
these electrons in the proximity of proteins, in silico modeling
has been investigated as a tool for understanding and optimiz-
ing the conjugation process.**® Ag,S (2.5 + 1.1 nm) nanocrystals
exhibit plasmonic properties in the NIR which facilitates the
fluorescence enhancement of C;N, QDs.'”” However, such
immunoassays show low sensitivity (100 PFU mL™~ ") owing to
poor size control.

AgNPs show exceptional SERS capacity with plasmon reso-
nance near 500 nm and stable reproducible responses. SERS
sensors made of AgNP-assisted LFA have enormous potential
for POCT purposes since they are 2000 times more sensitive
than standard colloidal gold strip and generate responses
within 30 min (Fig. 14).*"> With the latest advancements in

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Schematic illustration of (A) the synthesis of antibody functionalized AgNP SERS tags and (B) their use in a lateral flow assay for sensing

respiratory viruses>'?

reprinted with permission from (ACS Appl. Mater. Interfaces 2019, 11, 21, 19495-19505). Copyright 2019 American Chemical

Society. Abbreviations: Ag: silver; antiHAdV: antibody for human adenovirus; antiHIN1: antibody for HIN1 virus; Au: gold; HAdV: human adenovirus; IgG:

immunoglobulin G; SERS: surface-enhanced Raman spectroscopy.

nanolithography, SERS sensors can be fabricated with silver
nanoislands. These nanoislands (height: 6 nm; planar size:
20 nm) readily bind with thiol functionalized aptamers to
detect as few as 10 virus particles in an assay time of just
12 minutes.**® Since porous silver nanofilms synthesized using
electron beam physical vapor deposition conduct SERS at their
sharp edges they have been developed for size-dependent virus
capture.®®® A similar non-specific capturing principle has
also been adopted in terahertz spectroscopy.'®® Due to their
extraordinary electroactivity, AgNP mediated electrochemical
sensors display excellent agreement with ELISA.**' Therefore,
AgNPs act as direct signaling tags in voltammetric virus
detection.?*>?>® AgNPs are capable of improving the detection
capacities of other nanomaterials. In a comparison between
native AuNPs (2.7 £ 0.6 nm), Au@Ag core-shell nanoparticles
(4.4 £ 0.6 nm) and alloyed Ag-AuNPs (2.9 + 1.1 nm) for Zikv
RNA detection, the respective sensitivities observed were
2.9 copies mL™ ', 2.4 copies mL™ ' and 1.7 copies mL '.>°¢
Due to their electrochemiluminescence, highly stable AgAuPt
nanocubes show high sensitivity (LOD: 65 aM) and recovery
(up to 98%) in human serum samples.***

3.1.5 Silicon-based nanoparticles. Silicon is the most
common metalloid element used in nanomaterial-assisted
virus detection since it is cost-effective as well as non-toxic.
Nanomaterials such as silicon nanowires (SiNWs) demonstrate
a quasi 1D electronic structure and simultaneously possess
high electrical conductivity and poor thermal conductivity due

This journal is © The Royal Society of Chemistry 2022

to their narrow cross-section. SiNWs are simple and inexpen-
sive to synthesize and exhibit potential for miniaturization
as components of nanoelectronic devices.>>> They are mass-
producible and can be incorporated in ultrasensitive FET
sensors (LOD: 1 fM) due to their high surface-to-volume and
signal-to-noise ratios.>*® Ion-selective FET determination of
viruses was achieved in the previous year by coupling the
functional groups from the SiNW surface (8 nm x 120 nm X
3 pum) with the liquid gate of the sensor to obtain electrical
signals.*®” The Stern layer capacitance was extracted to be
26 UF cm " and the accuracy of the neoteric method was verified
with computational simulations. A major challenge in the use of
SiNW for sensitive virus detection is the exponential decay of the
electric field with increasing distance from the nanowire surface
(Debye screening effect). Target molecules farther than the
Debye length, which can be as low as 0.8 nm, cannot be
registered by the SINW. To overcome this limitation, aptamers
can be used instead of antibodies as receptors because of their
small size.’>® The sensitivity can be further improved up to two
orders of magnitude with the help of microwave energy.>*® The
charge trapping ability of SINWs is responsible for its photo-
luminescent activity. Dense SiNW forests (10" NW cm %) are
capable of detecting 20 HBV DNA copies mL ™" in real samples
which is equivalent to the sensitivity of quantitative PCR.*®°
In p-type SiNWs (width: 20 nm; height: 30 nm) conjugated with
molecular gate control, the negative charge concentrates on the
surface and the resultant accumulation of charge carriers at the
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perimeter enhances the electrical signal.*®' In porous SiNW
arrays, virus rebinding is observed due to non-specific size-
dependent penetration with the help of wavelength shifts in
the Fabry - Perot fringes.>®> However, the false-negative rate
(0.1 TCID5,) in such sensors should not be overlooked.**
Spherical silica nanoparticles (SiO, NPs) constitute the second
most popular shape of silicon-based nanoparticles. Although SiO,
NPs doped with organic dyes cost much less than Au, they show
satisfactory signal amplification.*** They exhibit excellent electro-
chemiluminescence and a 1000-fold enhancement in sensitivity
is observed when SiO, NPs are included in the sensor. SiO, NPs
are also suitable for loading a variety of substances ranging
from small quantum dots to large enzymes.*®® For example,
pomegranate-shaped SiO, NPs (thickness: 5 nm) show high
uptake of quantum dots and they can be functionalized with
antibodies for rabies lyssavirus detection.>*® Timely detection of
the virus is critical since rabies is almost always fatal after the
onset of its symptoms such as hydrophobia, nausea, unconscious-
ness. Glucose oxidase-loaded SiO, NPs (120 nm) have been used
as supports for poly(acrylic) acid brushes that bind viral DNA.*®
Dendritic SiO, nanospheres loaded with red emissive CDs show
up to 48.5% quantum yield in aqueous media which is auspicious
for lateral flow-based ZikV detection.'®® SiO, NP supports can also
be used for surface imprinting of viruses.**® The SiO, NPs-MIP
nanocomposites show more than 95% cell viability after 24 hours
and are therefore ideal for in vitro virus detection.***”° Silicon
nanorods®”* and fouling-based silicon nanomembranes®”> have
also been recently explored for virus detection although the use of
these materials is not yet common due to scarce literature in
the field. Silicon nanomembranes have an advantage over PCR
for SARS-CoV-2 detection since they can selectively recognize
intact virions thus differentiating between diseased and recently
recovered individuals.*”?
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3.1.6 Other inorganic nanoparticles. Most metallic nano-
particles offer simplicity in surface modification in addition
to a high surface area to volume ratio and the presence of
localized surface plasmons. Depending on the element selected,
several interesting features can be added to the biosensor.
For example, since V,05 nanoparticles possess peroxidase-like
properties, they can be used as electrochemical redox mimics
for dual-mode optoelectronic NoV determination (Fig. 15).>%
Hollow nanocages of PtCo;0, possess similar redox features
which can be used for chronoamperometric HEV detection
based on water oxidation reaction.>®” These redox features arise
from the ability of platinum nanoparticles to facilitate electron
transfer resulting in an increased electrochemical response
within a few seconds.*”>*”* Similarly, ZnO nanoparticles also
possess fast electron transfer capability as well as biological
inertness and cost much less than platinum. They readily bind
with concanavalin A to enable resistivity-based arbovirus
discrimination.*””

In tellurium doped ZnO nanowires (diameter: 50 nm), tell-
urium promotes the donor-acceptor emissions and simulta-
neously passivates the essential vacancy parameters due to
isoelectronic doping.?”® When such nanowires are doped with
molybdenum, charge transfer is promoted and vacant sites are
generated for adsorbing DNA.?”” These nanowires show higher
precision in comparison to PCR by demonstrating a higher
sensitivity against false negatives.>”” Similar nanowires of tin
oxide (diameter: 25 nm; length: 3.5 pm) have been grown for
EBV genosensing.*”® The evolution of distance and time during
SnO, growth was described with the help of Cosmol Multi-
physics and the nanowires showed high stability with 95% of
initial response after 8 weeks. Similar stability is also observed
when tin has been used as a dopant in heteroinjected WO3/
In,0; nanowire photoelectrodes.'”*”® The tin heterogeneity
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Fig. 15 Fabrication of V,Os liposomes and their use in virus detection.>°° Abbreviation: Ab: antibody; APTES: aminopropyltriethoxy silane; TMB:

tetramethylbenzidine.
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intensified light absorption by the creation of exciton which
allows a dynamic response. Due to this phenomenon, MoS,
nanosheets increase the electrochemiluminescence of QDs
from 27000 to 76 000 (2.8 times).'*® The introduction of por-
osity further aids in receptor immobilization due to an increase
in the surface area.'**'%°

Nanoflowers of metallic compounds offer a large surface
area for nanoparticle immobilization thereby accelerating reac-
tion kinetics and improving the carrier immobility as well as
the efficacy of surface reaction.’’*?*%*%!' Anodic aluminum
oxide nanohemispheres-based impedimetric sensors show
high linear correlation (R*: 0.983) with real-time PCR detection
and a low LOD of only 111 HBV DNA copieas mL™'.*%
Lanthanide-based upconversion nanoparticles show compar-
able sensitivity to AuNPs due to the excitation of the longer
wavelength of light to shorter wavelengths.*®* Recently, phos-
phorene has been reported as a promising substitute to
SARS-CoV-2 sensing due to the tunability of its band gap.
Computational simulations reveal a higher Gibb’s binding
energy between the receptor binding domain of the virus
with phosphorene (200.37 kcal mol ") than with graphene
(83.65 kcal mol *).*®* Therefore, phosphorene is expected to
emerge as a promising nanomaterial for virus sensing in the
future.?®® Table 2 includes a comprehensive list of various
metallic nanoparticles that have been reported for the devel-
opment of virus biosensors in the last half-decade.
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3.2 Virus tracking

3.2.1 Quantum dots. The emission spectra of QDs are
narrow and can be tuned by adjusting their size, composition,
and shape. Their excitation spectra, on the other hand, are wide
which is essential for multicolor imaging where the viral and
cellular structures can be imaged at the same time.?¢**® Since
they are up to 100 times brighter than organic fluorescent dyes,
they provide high-contrast in bioimaging.’® In nearly all
QD-based virus tracking, ZnS coated CdSe QDs are used in
order to avoid the toxicity of cadmium ions without compro-
mising on the optical properties.”’ QDs are 100 to 1000-fold
more photostable than organic fluorophores making them apt
for tracking individual viruses for prolonged periods with
excellent temporal resolution.’®*** This tracking method,
so-called single virus tracking (SVT), is an adaptation of the
single-particle tracking technology and makes it possible to
trace single viruses, track their transport mechanisms and
understand viral interactions in host cells. SVT helps visualize
the intrinsic mechanisms involved in intracellular processes
while targeting each virus particle individually instead of rely-
ing on ensemble averages. SVT allows the in situ study of
dynamic viral behavior inside living cells in real-time.****"!
Ever since the first use of QD as labels for single lentiviruses
was proposed in 2008, the prevalence of QDs in SVT has been
growing tremendously.’>

Table 2 Inorganic nanomaterials for virus detection

Nanomaterial Size (nm) Receptor Virus Method LOD Ref.
Pt NP 3.9+ 0.5 Ab Zikv EIS 10 virus particles pL ™" 373
V,05 NP 25 + 1.5 Ab NoV CM; DPV 340 fg mL™'; 4.1 fg mL ™! 309
Pt-Co;0, HNC 4-5% 250, 400” Ab HEV CA 61 RNA copies mL ™" 207
Pt-Pd NF; ZnO NP 200° DNA DenV CV/DPV 43 pM 374
PtAgAu NC 100 + 5 DNA HBV ECL 65 aM 354
NiCo0,0, UANW 8¢ Ap HCV EIS 160 ag mL ™" 189
MoS, NS; S-BN QDs 7¢ DNA HCV ECL 170 M 190
UCNP 30/; 45¢ Ab H5N2 NNLFA 10% EIDs, mL™* 383

, H5N6 10*° EID5, mL ™!

ZnO NR 300" ~2000 Ab H5N2 cM 8 x 10° EID5, mL ™" 385
Cu;(PO,),-GO NF 8000 ) Ap HBV DPV 1100 copies mL ™" 380
Sn0, NW 25" 3500° DNA EBV DVM 3.2 pM 378
Te-ZnO NW 50" DNA HBV EIS 100 fM 376
Sn-W0,/In,0; NW 50" DNA HBV EIS 1fM 379
WS, NF 50-180’; 500-800%; 4000-5000 NSP NoV EIS 2.37"/6.21™ copies mL ™" 381
ZnO NR 260 Ab HCV cv 0.25 mg mL~" 386
NiC0,0,@CNT — DNA HIV EIS 16.7 fM 134
Al-Mo NCM 10" Ab BHV LI 90 pg mL ! 387
AAONH 100 DNA HBV EIS 111 copies mL " 382
ITONW 50" DNA HBV FET 1fM 191
Se NP 42 Ab HIV SERS — 258
ZnO NP — ConA ATV EIS 0.038-0.062 PFU mL™* 375

“ PtNP dimensions. ” Nanocage dimensions. © Nanocomposite film thickness. ¢ Pore size. ¢ Diameter of quantum dots.” Core size. £ Total size
including shell. * Diameter. ’ Length./ Petal width. * Petal length. ' LOD in spiked sample. ™ LOD in infected oyster. " Thickness. Abbreviations:
AAONH: anodic aluminum oxide nanohemisphere; Ab: antibody; Al-Mo NCM: aluminum-molybdenum nanocomposite membrane; Ap: aptamer:
ArV: arbovirus; BHV: bovine herpes virus; CA: ahronoamperometry; CM: colorimetry; CNT: carbon nanotube; ConA: conconavalin A; CV: cyclic
voltammetry; DenV: dengue virus; DNA: deoxyribonucleic acid; DPV: differential pulse voltammetry; DVM: differential voltage measurement; EBV:
ebola virus; ECL: electrochemiluminescence; EIS: electrochemical impedance spectroscopy; FET: field-effect transistor; GO: graphene oxide; HBV:
hepatitis B virus; HCV: hepatitis C virus; HEV: hepatitis E virus; HIV: human immunodeficiency virus; HNC: hollow nanocages; ITONW: indium tin
oxide nanowire; LI: laser interferometry; LOD: limit of detection; NC: nanocubes; NF: nanoflowers; NNLFA: near-infrared to near-infrared lateral
flow assay; NP: nanoparticles; NR: nanorod; NS: nanosheet; NSP: norovirus-specific peptide; NW: nanowire; S-BN QD: sulfur-doped boron nitrogen
dots; UCNP: NaYF,:Yb,Tm@NaYF,:Ca up-conversion nanoparticles ZikV: Zika virus.
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The significance of QDs as labels for virus imaging can be
attributed to the preservation of more than 90% viral infectivity
that is observed in the case of single as well as dual-labeling.***
QD-based SVT has facilitated the understanding of virus infec-
tion mechanisms such as virus uncoating, replication, and
transport of virus from the extracellular region to the cyto-
plasm. For example, the uncoating of HIV was recently inves-
tigated by labeling the RNA with a red Zn>" doped CdTe QD and
the capsid with a green organoarsenic dye as shown in
Fig. 16A.>*! In this work, the QDs were initially functionalized
with DNA that adopted a stem-loop hairpin structure. After
entering the TZM-bl cells, the DNA hybridization caused
fluorescence recovery. The poor productive infection of the
HIV stocks was further established when only 27 dissociations
were recorded in 120 minutes from the 30 000 viruses that were
tracked.>®’ The combination of QDs with varying emission
spectra encourages site-specific labeling of the ribonucleopro-
tein complex and helps visualize the uncoating process.*® In a
similar study on the internalization of Dabie bandavirus which
is responsible for causing severe fever with thrombocytopenia
syndrome in humans, it was discovered that the rate of
membrane fusion was pH-dependent.?%®
color imaging of streptavidin functionalized QDs attached to
biotinylated viruses revealed a clathrin-mediated virus trans-
port pathway from the cell periphery to the interior. Since
the lipid-specific labeling with QDs preserves native viral
infectivity, SVT demonstrates a slow peripheral movement
through a dense actin network followed by rapid transport

In this case, multi-

(A) Os

@ Streptavidin-QDs === Plasma membrane

Fig. 16

(A) Fluorescent imaging of the uncoating of the QD-labeled HIV-RNA (green) from its capsid (red)
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of viral load along microtubules.*** QD-based confocal imaging
revealed that viruses hijack this endosomal sorting complex
required for transport machinery and induce a ‘“driver switch-
over” between the retrograde molecular motor proteins myosin
VI and dynein.’®> CdSe@ZnS QDs (8.83 & 0.8 nm) have been
used in conjunction with an inverted microscope with a
confocal scanning system to interrogate respiratory syncytial
virus-induced endocytosis in Hep-2 cells.**® The so called
“orthopneumovirus” is responsible for bronchiolitis and pneu-
monia affecting all age groups.®®” For such enveloped viruses,
the endocytosis commenced with extensive lipid shifts and
culminated with the entry into lysozymes within the perinuc-
lear region. The dependence of such a viral entry on both actins
and micropinocytosis was discovered by SVT with QD-Cas9/
gRNA complex.*®

In addition to the common clathrin-mediated viral traffick-
ing pathway, QDs have also been used in SVT for the real-time
monitoring of virus internalization via clathrin-independent
dynamin-dependent internalization (Fig. 16B and C),*° Rabs
endosomal route as well as autophagy.*®® QDs have also been
employed for observing other critical parameters of a viral
infection such as their replication kinetics®*® as well as for
calculating the intracellular motility.*°" Recently it was reported
that certain reoviruses cross the intracellular membrane in 14.8 s
and travel through the endosome-lysosome system for sorting
and trafficking.*®> This concept was subsequently applied to
antiviral drug screening for non-enveloped viruses. Multicolor
QDs at dilute concentrations do not exhibit cytotoxicity and

Os 100 s 120 s 140 s

Clathrin-dependent entry

Abortive

[ Tty Productive

<
Zt
[ )

P
Paa

331 adapted with permission from

(J. Am. Chem. Soc. 2019, 141, 34, 13454-13458). Copyright 2019 American Chemical Society. (B) Kymographs of phase-wise clathrin-dependent and
independent virus entry and (C) the schematic representation of the proposed internalization mechanism*°® reprinted with permission from (ACS Nano
2017, 11, 5, 4395-4406). Copyright 2017 American Chemical Society. Abbreviations: Clc: clathrin light chains; Dyn2: dynamin 2; QDs: quantum dots;
ty: initiation stage; to: dynamin assembly stage; ts: dynamin disassembly stage; t4: clathrin disassembly stage; ts: predirected stage.
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they readily undergo budding with viral glycoproteins. Such
spontaneous labeling can be used to understand the self-
assembly of intraviral components.*”® QD-based SVT also
shows potential for differentiating between healthy and disease
states in cells. Therefore, the transcription activator-like effec-
tors of the HIV-1 provirus genomic loci can be conjugated with
2 QDs of different emission maxima to induce biorthogonal
ligature reactions.’®® These reactions illuminate the mecha-
nism of individual genomic loci regulation as well as their
functions within the genomic architecture thus elucidating the
virus replication cycle which is a prerequisite for developing
antiviral drugs.

3.2.2 Metallic nanoparticles. Metal nanoparticles and
nanoclusters such as AuNPs, AgNPs, and MNPs have also been
used for the labeling of viruses. Nanomaterials like AuNPs
show high stability since they do not biodegrade or photo-
bleach.?®>™*%® In addition to their extraordinary plasmonic
properties, metallic nanoparticles strongly scatter incident
light.*°® These signals can be recorded by microscopic techni-
ques that exclude unscattered light from the recorded
image.’®**? Based on this type of scattering, a mixture of AuNPs
(5 nm and 50 nm) has been used to study the midgut dis-
semination of flaviviruses such as ZikV and DenV after blood-
meal digestion in mosquito.*” In this case, the scattered signals
were recorded with a scanning electron microscope and scan-
ning transmission electron microscope. AuNPs (100 nm) are
also useful in evaluating the amount of force exerted between
adherent cells and viruses during uptake.*'® Due to the nano-
metal surface energy transfer exhibited by AuNP, their quench-
ing ability can be imaged with the help of time-lapse total
internal reflection fluorescence in HeLa cells. Since AuNPs are
capable of imaging and their size distribution can be rationally
regulated unlike VLPs, membrane-wrapped AuNPs can be used
to synthesize artificial virus nanoparticles (AVN) that facili-
tate the investigation of lipid-mediated viral entry pathway.
AuNP-based AVNs provide a non-blinking cross-section. These
AVNSs help perceive the roles of monosialodihexosylganglioside
and phosphatidyl serine in the localization of HIV in tetherin®
and CD9" cells with the help of wide-field and confocal
microscopy.*'*

The aggregation of AuNPs from 47.4 £ 0.8 nm particles to
300.1 £ 198.3 nm clusters enhances the fluorescence intensity
enabling the detection of HBV.**” Such an enhancement is
also observed when MNP@AgNP core-shell nanocomposites
are bound to fluorescently labeled antibodies.*'> MNPs are also
employed in multiplex detection of different influenza virus
species using fluorescence imaging.*'® Virus stamping is one of
the most interesting applications of MNPs in virus imaging.*'?
It is a strategy to introduce virus infection in single cells which
shows high efficacy and compatibility with in vitro, ex vivo, and
in vivo diagnostics using 2 photon-assisted shadow imaging.
Although metallic nanoparticles show promise for virus ima-
ging, the difficulty in sensing multiple species and the scarce
availability of several labels are the two primary obstacles that
should be overcome to allow widespread applications since
their first recorded use for SVT in 2014.7%""
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4. Organic nanomaterials in virus
sensing and tracking

Organic nanomaterials used for virus recognition and tracking
are customarily polymeric in nature (Fig. 17). Their synthesis is
inexpensive and simple making these materials suitable for
developing POCT devices. They are stable across wide tempera-
ture ranges and they readily co-ordinate with metals to form
structurally detailed and porous frameworks with exceptional
fluorescence which can act as substrates for receptor
immobilization.*'* Organic nanomaterials can themselves be

415 and are the nano-
11,319,414,416,417 They

harnessed as receptors'>* or transducers
material of choice in optical virus sensors.
possess intrinsic bioinertness as well as biocompatibility.
Nanomaterials such as MIP nanoparticles (MIP-NPs) offer
cost-effective alternatives to the delicate antibodies often used
in virus detection.*'® Hyper-branched polymers such as den-
drimers improve the conjugation between the target and the
sensing platform.®® Polymeric nanoparticles are also used in
nanocomposites to tune the properties of MNPs,*'® AuNPs,*"°
CNTs,"** and QDs.*¥**° Such nanocomposites exhibit a sym-
biotic combination of unique morphologies with ultrasensitivity
and facile fabrication processes. Such substrates effectively sup-
press background noise and readily bind with oligonucleotides,
MIPs as well as antibodies.?®*>**"*>* They can also act as virus
mimics in the development of sensors for highly infectious
23 Nanoparticles such as polymer dots have the capacity
to replace cadmium-based quantum dots in virus sensing and
imaging due to their exceptional fluorescent characteristics in
addition to their biocompatibility.”** Apart from polymeric
nanoparticles, molecular machines, so called nanomotors or
nanodevices, are also emerging as promising virus receptors
owing to their sub-nanomolar sensitivities for label-free recogni-
tion of viral genomic material.**®

viruses.

4.1 Virus sensing

4.1.1 Organic frameworks. Organic frameworks can be
broadly classified into two major subtypes: (1) COFs and (2) MOFs.
COFs are porous polymeric nanostructures. They exhibit extra-
ordinary thermal stability and low densities. However, due to the
absence of high-energy electrons, they have only been used once
for virus recognition. In this work, 3.5 nm COF sheets were
integrated with AuNPs and Ag nanocluster-labeled DNA for HAV
and HBV determination.?®® MOFs, in contrast, are the most
quotidian of organic nanomaterials that are in use for virus
detection.”***”” Their surface to volume ratio is high and their
pore size can be easily altered. MOFs are fundamentally coordina-
tion polymers in which the organic component links metal ions to
generate intricate architectures.”®

Biosensors use MOFs ranging from one to three dimensions
or a combination of multiple varieties.**® Although 1D zinc
carboxylate MOFs are water-soluble with aromatic bipyridine
peripheral ligands that facilitate nanomolar sensing, they
exhibit long assay times.*”® In a comparative study on zwitter-
ionic zinc carboxylate MOFs, it was observed that 2D MOF
nanosheets interact with probe DNA more efficiently than 1D
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Fig. 17 Different types of organic nanomaterials used in virus detection and imaging.

Fig. 18

(A) SEM images of copper organic frameworks; (B) copper organic frameworks as 3D nano for sensing hepatitis B virus.*** Reprinted with

permission from (Anal. Chem. 2020, 92, 4, 2972-2978), Copyright 2020 American Chemical Society.

nanochains, 2D networks as well as 3D polymeric matrices."*®
The LOD was reduced by an order of magnitude when 2D
copper MOFs were used.**® 3D copper MOFs (Fig. 18A) can also
be harnessed as nanoreactors for copper-mediated azide-alkyne
cycloaddition “click reactions” in time-resolved fluorescence
immunoassays for HBV surface antigen (Fig. 18B).**

MOFs readily undergo n-n stacking interactions with viral
DNA in addition to hydrogen bonds and electrostatic
interactions.'*®**%327%3 Thege interactions have also been
confirmed using computational simulations and they enable
the picomolar detection of Ebola RNA.*** Such simulations are

5826 | Chem. Soc. Rev., 2022, 51, 5805-5841

also useful for understanding the binding dynamics in the case
of synchronous detection of conserved viral nucleic acid
sequences.*®® In this study, the planar geometry of the 2D
MOF exposed more functional groups on the surface thereby
causing fluorescence quenching in the presence of nucleic acid
and thus providing contrast for near-dark background fluores-
cence. These interactions are a function of the size of pores and
channels in the framework which are responsible for the
impressive loading efficiency of MOFs.**! For example, the
low symmetry from the sp® hybridized carbon of methylene
can be compensated by metals with high coordination numbers

This journal is © The Royal Society of Chemistry 2022
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to form MOF networks with higher dimensions and large
pores.**® Chromium terephthalate MOFs are also used as
support in surface imprinting for rapid (20 min) detection of
viruses.*'***?> A neoteric morphology of zirconium-based metal-
organic gel has recently been explored in a nanocomposite with
iron MOF and AuNP decorated graphitized C;N, for electro-
chemiluminescence-based ZikV sensing.”®> The zirconium
nanogel promoted charge transfer owing to the 3D connectivity
of its chromophores. It also fostered recombination in the
energy rich excited state of carbon nitride.”®

4.1.2 Dendrimers. Dendrimers are polymeric
particles with three hierarchical constituents: (i) a medial core;
(ii) intermediary layers of repeating units termed as ‘‘genera-
tions”; (iii) exterior layer of functional groups bound to the
outermost generation of the intermediary layers. They possess a
globular shape with multiple functionalities on the surface
which are useful for biomolecular immobilization. Therefore,
a density of 3.6 pmol cm ™2 for anti-hemagglutinin peptide can
be achieved with peptide dendrimers as receptors for influenza
viruses.**” These receptors displayed an almost 80-times wider
detection range than antibody-based assays. The abundance of
terminal functionalities in dendrimers makes them superb
carriers for DNA**® and antibodies.*** Since polyamidoamine
(PAMAM) dendrimers promote the immobilization of antibo-
dies in a tail-on position, such immunoassays exhibit high
affinity (102 pM) and resolution (19.53 nm nM ") for the target
antigen in comparison to antibodies integrated with a side-on
orientation.**’

Dendrimer nanocomposites possess interesting features
such as bright fluorescence, sensitivity in complex media, and
high reproducibility. The cornucopian tertiary amine groups in
PAMAM introduce water solubility and chemical stability in
addition to enhancing the capacity for loading QDs, 3333420441
Such nanocomposites shift the resonance angle to a greater
extent due to the high molecular weight of PAMAM which
encourages antigen recognition.*®**° In a recent work on the
detection of HBV surface antigen, it was observed that the
incorporation of PAMAM multiplied the electrochemilumines-
cence intensity of QDs by 3.42 folds.*** AgCl nanosphere doped
bis(hydroxymethyl)propionic acid dendrimers (4th generation)
show low variability for enterovirus detection with intra-assay
and inter-assay standard deviations of 4.15% and 6.15%
respectively.*’® Nanocomposites of rGO and PAMAM (4th gen-
eration) are capable of transporting bioactive agents with high
efficacy. SPR sensors using the nanocomposite display high
affinity (K,: 7.6452 TM "), sensitivity (0.2576° pM ") along with
an ultralow LOD (80 femtomolar).'®>

In recent years, the scope of dendrimers in virus detection
has expanded beyond their role as immobilization platforms
and nanomaterial carriers. For example, Au-PAMAM (5th gen-
eration) nanochains are employed for the visual paper-based
detection of HIV capsid-protein p24.*"° Increased levels of p24
are earlier indicators of HIV infection than the frequently
targeted patient antibodies. These nanochains are 4-fold more
sensitive to the target than AuNPs alone and are promising
candidates in the fabrication of POCT HIV-diagnostic devices.

nano-

This journal is © The Royal Society of Chemistry 2022
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Dendrimers derived from coumarin are excellent fluorescent
materials for high output screening of viruses in human
blood.*** Lately, dendrimer-based bio-bar codes for HTLV
determination have been fabricated owing to the dendritic
self-assembly and signal amplification features of polythymi-
dine (Fig. 19).”°' Carbosilane dendrimers (1st and 2nd genera-
tion) are compatible with ELISA as they provide the retentive
potential to viral antibodies owing to their electrostatic
attraction.>'* Such systems present a cost-effective alternative
to PCR and reduce the operational time to only 2 h in compar-
ison to 4.5 h required for PCR.

4.1.3 Molecularly imprinted polymeric nanoparticles.
Molecularly imprinted polymeric nanoparticles (MIP-NPs) are
nanoparticles fabricated as a result of the polymerization of one
or more functional monomers in the presence of a template
molecule. The template molecules are subsequently removed to
reveal high-affinity target-specific nanocavities that are cost-
effective and durable substitutes to antibodies.’** Due to their
simplicity of synthesis as well as recalcitrance to extreme
environments, MIP-NPs are emerging as promising nanomater-
ials for virus sensing.”***?

The selection of suitable functional monomers is critical for
developing assays with high sensitivity and rapid response
(Table 3). For example, in the case of MIP-NPs for the RLS-
based detection of HAV, (dimethylamino)ethyl methacrylate'*
generated a pH-responsive polymer with a significantly lower
LOD (100 fM) and response time (20 min) than N-isopryl-
acrylamide (LOD: 1.1 pM; response time: 30 min)**® or dopa-
mine (LOD: 6.2 pM; response time: 150 min).*'* With the help
of computational modeling, it is possible to select the func-
tional monomers that show the highest binding affinity with
the target thus reducing experimental cost and research time
significantly.*** In silico designing can also be used for select-
ing the most stabile viral epitope as a template peptide to
escape the pitfalls of template leakage during rebinding. Such
MIP-NPs (65 nm) are resistant to hydrolysis enzymes and are
analogous to monoclonal antibodies.*'® However, unlike most
anti-bodies, MIP-NPs can be easily regenerated and reused
several times.***™ The mechanism of virus detection is also a
key parameter for improving sensor performance. For example,
in the case of JeV imprinting with APTES, nearly 12-fold higher
sensitivity was reported when RLS®'' was replaced with
fluorescence-based measurement.**> The detection range
widened 7-fold and the imprinting factor increased 2.5 times
when APTES was replaced with zinc acrylate as the functional
monomer and polyethylene glycol was added as a passivating
agent.*??

The contribution of MIPs to virus sensors has diversified in
recent years and it is not restricted to simple target-shaped
cavities.*** Thermoresponsive nanostructured hydrogels synthe-
sized from surface imprinted SiO, nanoparticles are eligible for
invitro HAV detection.>*® Such MIP-NPs (8 nm) are highly selective
against viruses for diseases such as rabies, measles, and rubella®”®
and show high recovery in diluted serum.”® Polythiophene
MIP-NPs (200 nm) emit fluorescence (4: 410 nm) and their thick-
ness can be optimized to obtain a response within 2 minutes.*!”
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Table 3 MIP-NPs for virus detection

Functional monomer Size (nm) Template type Target Method LOD Ref.
NIPAam, BIS, TBAm, AAc 205-238 Virus MS2 SPR 5 x 10° PFU mL™* 11
Dimethylaminoethylmethacrylate 13 Virus HAV RLS 100 fM 414
NIPAam, TBAm, BIS, NPhAam, TFMA 65 Epitope HIV gp41 Fluorescence 10 nM 416
APTES, TEOS 421 Virus JEV Fluorescence 110 fM 445
APTES, TEOS 15 Virus HAV Fluorescence 88 pM 76
APTES, TEOS 200° Virus JEV RLS 1.3 pM 311
Dopamine 200" Virus HAV RLS 6.2 pM 313
Dopamine 70° Virus HAV RLS 8.6 pM 370
NIPAam 110° Virus HAV RLS 1.1 pM 369
Thiophene 200 Virus TNV Fluorescence 22ng L 417
Zinc acrylate 50 Virus JEV Fluorescence 13 pM 422
2,2:6’,6" terpyridine, EGDMA <100 pb** HIV-1 pol-gene DPV 300 aM 415

“ Size of Fe;0,@8Si0, support. b

Size of diamond-shaped magnetic nanoparticle. ¢ Size of SiO, support. Abbreviations: AAc: acrylic acid; APTES: (3-

aminopropyl)triethoxysilane; BIS: N,N’-methylenebisacrylamide; DPV: differential pulse voltammetry; EGDMA: ethylene glycol dimethacrylate;
gp41: glycoprotein 41; HAV: hepatitis A virus; HIV: human immunodeficiency virus; JEV: japanese encephalitis virus; MS2: bacteriophage MS2;
NIPAam: N-isopropylacrylamide; NPhAam: N-phenylacrylamide; RLS: resonance light scattering; SPR: surface plasmon resonance; TBAm: N-tert-

butylacrylamide; TEOS: tetraethyl orthosilicate; TFMA: trifluoromethyl acrylic acid; TNV: tobacco necrosis virus.

This year, a Pb*>" ion-imprinted terpyridine-based polymer was
developed as a transducer in the genosensing of the HIV-1 pol-
gene.*’

4.1.4 Other organic nanomaterials. In addition to those
previously described, several new organic nanomaterials have
been explored as additives in virus detection. Although most of
these nanomaterials are polymeric in nature, non-polymeric

nanoparticles, especially nucleotide-based nanomachines have

5828 | Chem. Soc. Rev,, 2022, 51, 5805-5841

also received considerable attention. Fluorescein and adeno-
sine triphosphate copolymer nanoparticles (35 nm) can be
easily loaded with Ce(m) ions to generate self-assembled ratio-
metric probes for fluoroimmunoassays.**® Polylactic acid-poly-
ethylene glycol copolymer nanoparticles (73 £ 11 nm) with E2
surface functionalization possess virus mimetic properties and
are essential for the development of HCV-sensitive 3D
biochips.*** Polyethyleneimine functionalized with polystyrene

This journal is © The Royal Society of Chemistry 2022
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Fig. 20 Scanning electron micrographs of the morphology of (A) poly-
styrene nanospheres**” and (B) polypyrrole nanowires.**° Reprinted with
permission from (ACS Appl. Mater. Interfaces 2018, 10, 34, 28412-28419),
Copyright 2018, American Chemical Society.

nanospheres (120 nm) via coordination polymerization of
ferrocene derivatives exhibit a singular morphology as shown
in Fig. 20A with a tunable, biocompatible structure.**” There-
fore, the nanospheres act as electron mediators and carriers for
other conductive nanomaterials. Similar polymer nanoparticles
(129 nm) have also been used to develop a multiplexed lateral
flow assays for the rapid detection (< 60 min) of SARS-CoV-2.*®
Recently, polystyrene nanobeads have also been employed in
a differential impedance sensor for POC dengue antibody
detection with an LOD of just 88 pg mL~".**® The dye-labeled
polymer nanoparticles generated a distinctive, crimson-colored
band like modern pregnancy-test kits without the requirement
of any expensive instruments.

In flow cytometry, fluorescence latex nanoparticles (200 nm)
function as reporters and are responsible for reducing the DenV
detection limit from 150 ng mL™" to 2.5 ng mL™.*'" The
intrinsically conducting polypyrrole nanowires shown in
Fig. 20B (diameter: 70 nm; length: 1 um) are conducive to
aptamer loading and are capable of distinguishing attomolar
concentrations of viral proteins in artificial saliva within 5 s.%°°
The blue-emitting polydioctylfluorene dots exhibit theranostic
properties due to the synchronous detection and blocking of
influenza viruses in the presence of sialyl glycans.*** Nanocrys-
talline cellulose (width: ~5 nm; length: ~200 nm) shows low
toxicity and special surface chemistry that enables the anti-
body-mediated agglutination and detection of DenV proteins.***>!
Fluorescent probes based on carbazole form thermoreversible
nanoassemblies with extraordinary solid-state fluorescence.**>
These probes do not form nanoaggregates in the presence of
the target virus due to electrostatic association resulting in an
immediate change in color.

Molecular machines are nanoscale devices that are capable
of propulsion in liquids by themselves or via an external fuel.
Molecular machines used for virus detection are oligonucleotide-
based. Therefore, they show ultrasensitivity to target viruses. For
example, a lock-like DNA machine (7.8 nm) with a hairpin DNA
and fluorescent ancient DNA opens in the presence of just 900 aM
of ZikV gene and subsequently undergoes strand displacement
reactions induced by a DNA-based fuel.*>® Although the molecular
machine enhanced the fluorescence signal by 360%, a long time
(150 min) was required for DNA hybridization. DNA walkers,
which combine walking and tracking particles into locked strands

This journal is © The Royal Society of Chemistry 2022
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of DNAzyme, show good continuity and signal accumulation even
though their sensitivity is lower in comparison by 5 orders of
magnitude.*>* 3D DNA walker-based sensors show high recovery
(99.3-102.0%) in human blood samples but the sensor response
takes almost 2 hours.*”® The cascade amplification of SPR signals
by double-layer DNA tetrahedron nanodevice facilitates the label-
and enzyme-free interrogation of HIV by entropy-driven strand
displacement reaction.*>> However, recombinant polymerase-
based amplification with Cas13a nanomachine shortens the
assays time (5 min-1 h) in comparison to quantitative PCR (2 h)
and real-time PCR (7 days).**®

4.2 Virus tracking

Organic nanoparticles have scarcely received attention for virus
tracking and imaging purposes which can be attributed to the
scarcity of excited electrons in these particles in comparison to
quantum dots and plasmonic nanoparticles. Their large size in
comparison to inorganic nanoparticles hinders their internali-
zation into host cells as well as virus capsids. Despite these
obstacles, polymer nanoparticles have recently been exploited
for imaging and even single virus tracking.””” For example,
latex nanobeads of 20, 100, 300, and 1000 nm elucidate the size-
dependent mechanism of virus internalization.**® It has been
observed that 100-300 nm beads followed a clathrin-mediated
pathway whereas 1000 nm particles were internalized via a
caveolae-governed route. Further investigations with stimu-
lated emission depletion super-resolution microscopy (STED)
using the 100 and 300 nm particles revealed that the clathrin
coat possesses an intrinsic size limit for the synthesis of the
endocytic structure and the frequency with which this machin-
ery was recruited was a function of the virus size.**® STED is
also useful for imaging the binding of adenovirus with MIP-NPs
(600 nm).*>* The 100 nm virus particle can be accurately
resolved in the silane MIPs owing to the synthesis of a Schiff
base between the lysine residues of the adenovirus and the
aldehyde functionality on the MIP-NP (Fig. 21). Adenoviruses
are non-enveloped viruses often responsible for mild respira-
tory distress in children as well as fatal organ malfunction in
immunocompromised individuals. These viruses have also
been imaged with polyphenylene dendrimers (1st to 5th
generation) to investigate their host-guest interactions as well
as manipulate their in vivo distribution.*®® In this case, the
theranostic features of the dendrimers can be attributed to two
factors: (i) they enhanced cellular transduction capabilities of
the viral gene-transfer vectors in the absence of coxsackie
adenovirus receptor, and (ii) they controlled the interaction
between the cargo and the Stuart-Power X enzyme which is the
cornerstone of virus interactions in blood.**°

Dye-loaded polymersome nanovesicles facilitate the study of
virus replication and allow high-throughput antiviral drug
screening.*®! Initially, dye molecules from the polymersome
are discharged to induce an endosomal escape. Subsequently,
another dye of a different emission wavelength is targeted
towards the Golgi complex. As a result, the budding and
proliferation events in the virus replication cycle are tracked
with the help of fluorescence imaging.*®" Fluorescent polymer
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Fig. 21

depletion (STED) microscopy of molecularly imprinted polymers (top) and non-imprinted polymers in the presence of adenovirus particles

(A) Schematic illustration of molecularly imprinted polymeric nanoparticles for virus imaging; (B) dual-color imaging stimulated emission

459 redrawn

and reprinted with permission from (Anal. Chem. 2020, 92, 4, 3050-3057). Copyright 2020 American Chemical Society.

dots show excellent hole mobility, brightness as well as out-
standing blue fluorescence. They are capable of suppressing the
fluorescence of dye-stained cells infected with H3N2 without
compromising the cell viability hinting at the scope of supra-
molecular nanomaterials for influenza virus treatment.*** Organic
nanomaterials have also been employed as fluorescence
amplifiers**" and virus substitutes to evaluate the midinfrared
photothermal microscopy as a tool for virus-fingerprinting.**>

5. Conclusions and future prospects

In this work, the latest developments in the role of various
nanomaterials for sensing and imaging viruses were discussed.
The incorporation of nanomaterials offers multifold benefits to
the performance of virus sensors by improving the sensitivity,
specificity, response time as well as recovery in complex media.
A thorough understanding of nanomaterial interactions in these
recognition systems such as nanoparticle size-dependent signal
amplification, plasmonic resonance as well as charge transfer
abilities could help accelerate the development of virus detection
platforms with high veracity. The compatibility of nanomaterials
across detection platforms including optical, electrochemical, or
piezoelectric makes detection versatile and cost-effective. The
spread of the global COVID-19 pandemic has incurred renewed
interest in the development of alternatives to conventional virus
detection systems such as PCR, ELISA, or flow cytometry. The
amalgamation of nanosensors into an affordable paper strip or
smartphone systems widens the scope of nanomaterials for POCT
of viral pathogens in accordance with the WHO prescribed
“ASSURED” (Affordable, Sensitive, Specific, User-friendly, Rapid,
Equipment-free, Deliverable to end-users) criteria. Such POCT
devices have the potential to timely assess the threat of infection
at the patient level thus reducing the risk to healthcare profes-
sionals thereby helping curb the spread of epidemic viruses.
Furthermore, nanomaterials are emerging to play an instrumental
role in upgrading conventional techniques such as the develop-
ment of nanoPCR as a highly sensitive, selective, rapid and cost-
effective alternative to the traditional PCR technique which has

5830 | Chem. Soc. Rev, 2022, 51, 5805-5841

often been dubbed as the gold standard in virus detection. Semi-
synthetic and synthetic receptors such as aptamers and MIP-NPs
are transforming into robust substitutes to the expensive and
fragile natural receptors such as antibodies and DNA that pre-
viously dominated the field of virus detection. Another trend
observed in recent years is the integration of different types of
nanomaterials to generate multifunctional nanocomposites that
not only positively influence the sensitivity but also improve the
signal to noise ratio and make the platform suitable towards
commercialization.

In several nanomaterials, the particle size is smaller than
the wavelength of the constituent electrons which results in
quantum confinement enabling the synthesis of fluorescent
nanoparticles. Since these nanoparticles are photostable and
resistant to photobleaching, they have emerged as materials of
interest for the non-invasive study of virus dissemination.
Nanomaterial-mediated SVT helps understand virus internali-
zation pathways and their replication mechanisms which is a
prerequisite for adopting any therapeutic discourse. Fluores-
cent nanoparticles have emerged as promising alternatives to
delicate and expensive labels such as green fluorescent protein.
They also allow high throughput drug screening thus reducing
development and trial costs. Nanoparticles have also been used
in imaging studies to test the efficacy of emerging microscopic
techniques for virus tracking. Since their size and dielectric
constants are close to those of viruses, virus-mimetic nano-
particles are increasingly replacing virus-like particles in the
study of intracellular host-guest interactions. Based on the
recent trends in virus tracking methodologies, nanoparticles
such as quantum dots, gold nanoparticles and nanodiamonds
can be expected to contribute as fluorescent labels to a majority
of virus imaging and internalization studies.
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