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Abstract

Outbreaks of foodborne diseases related to fresh produce have been increasing in North America and
Europe. Viral foodborne pathogens are poorly understood, suffering from insufficient awareness and
surveillance due to the limits on knowledge, availability, and costs of related technologies and devices.
Current foodborne viruses are emphasized and newly emerging foodborne viruses are beginning to
attract interest. To face current challenges regarding foodborne pathogens, a point-of-care (POC)
concept has been introduced to food testing technology and device. POC device development involves
technologies such as microfluidics, nanomaterials, biosensors and other advanced techniques. These
advanced technologies, together with the challenges in developing foodborne virus detection assays and
devices, are described and analysed in this critical review. Advanced technologies provide a path
forward for foodborne virus detection, but more research and development will be needed to provide

the level of manufacturing capacity required.
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Overview of Foodborne Viruses and
Detection

Food safety and its related issues are attracting
interest worldwide because they are closely related to
human lives and health conditions. Pathogens from
the environment may contaminate food and food
products, thus foodborne pathogens and their
detection are directly related to human life and safety.
Foodborne viruses, among all other pathogens, are
relatively new, gaining more attention due to their
emerging contamination events and the small scale of
outbreaks.

Global public food safety issues have been
increasing in recent years. Foodborne disease
outbreaks related to fresh produce have been
increasing in North America and European Union [1].
In the United States, norovirus is the main pathogen,
responsible for 59%, followed by Salmonella, which is
responsible for 18% of foodborne diseases related to
fresh produce. In European Union, norovirus is
responsible for 53%, followed by Salmonella, which is

responsible for 20% of foodborne diseases related to
fresh produce. In Canada, Salmonella is the main
pathogen, responsible for 50%, and hepatitis A virus
is responsible for 0.1% of foodborne diseases from
fresh produce [2]. Although viruses are not the major
pathogen in Canadian fresh produce, they are
prevalent in farm-level infection such as hepatitis E
virus (34%), porcine enteric calicivirus (20%), and
rotavirus (7%) in finisher pigs [3]. These viruses are
hypothesised to infect humans zoonotically through
swine and pork exposure.

Food Safety and Its Assessment

Food safety issues are of significant importance
in food manufacture and transportation to different
regions domestically and internationally [4]. Food
contamination from pathogens like viruses and
bacteria; and chemicals like metals, pesticides, and
other adulterants may cause severe and
wide-reaching life burdens and economic losses. The
damage of food hazards to human health may range
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from acute to chronic periods of time, and include
organ damage, health issues, and diseases including
cancer.

Food-derived health hazards may cause
outbreaks locally or be spread out in both developing
and developed countries, making them unpredictable
[5]. Hence the understanding of foodborne pathogens
in proper handling and preparation of food is crucial
in ensuring food quality and the preservation of
societal health. Understanding foodborne pathogens
is particularly important for food manufacturing,
packaging, and transportation processes.

Most importantly, proper monitoring and
pathogen detection systems, and their application and
development to match modern technology, will
ensure food quality and safety [28]. Effective food
safety monitoring can be used to monitor and control
food quality at a large scale, at multiple locations, and
across production points from manufacture to food
consumption. Ideally these control points should
include all steps or procedures involved in food
handling from farm to fork, including food
production, storage, transportation, delivery, and
consumption. Unfortunately current food safety and
its monitoring and assessment practices do not meet
expectations, mostly due to the high cost of traditional
laboratory tests and time consuming operations
requiring expensive equipment and specialised
trained professionals.

Foodborne Pathogens

Current disease burdens of foodborne pathogen
remain unknown with an ongoing debate over
predictions of foodborne diseases and deaths
increasing or decreasing [6]. Even though foodborne
infectious diseases are reported rarely from a few
industrialised countries with few pathogens, evidence
shows that food safety remains a dynamic situation.
With the ongoing establishment and development of
food industry and healthcare systems in developing
countries, food safety standards and pathogen
detection tools will reveal more details in the dynamic
situation and its related factors.

Foodborne pathogens are broadly understood to
fit into three categories: bacteria, viruses, and
parasites [7]. Bacterial foodborne pathogens, such as
Listeria monocytogenes, Salmonella, Campylobacter, and
Escherichia coli, are well-studied and well-recognised

Table 1. Pathogenic viruses responsible for foodborne illness.
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by researchers and policy makers, and thus will not be
the target of this review. Parasitic foodborne
pathogens rarely cause extensive food issues and
infection outbreaks due to better food safety
education and manufacturing technology. This
review focuses on viral foodborne pathogens since
they are seemingly increasing in pace and constantly
emerging in food safety issues.

Viral foodborne pathogens are poorly
understood, with insufficient awareness and
surveillance, probably because of the limits of
knowledge, availability, and costs of related
technology and device [72]. Current foodborne virus
efforts are focused on norovirus, rotavirus, and
hepatitis viruses. Foodborne viruses emerging
currently, such as SARS coronavirus, avian influenza
virus, and Nipah virus are causing considerable
illness and mortality in humans [8, 9]. Current
situations in foodborne viruses and their monitoring
and detecting require the instigation of an ongoing
collaboration and dialogue between food safety
experts, public health, and veterinary experts to
enhance multidisciplinary skills and technologies.

Foodborne Virus Types and Categories

The most common foodborne viruses are
norovirus, rotavirus, and hepatitis viruses. These
viruses can either be single or double stranded, and
either RNA or DNA viruses (Table 1). The only
common point shared between them is that they can
contaminate water or food and thus categorised as
foodborne viruses.

Norovirus

Norovirus is an RNA virus in the family
Caliciviridae causing more than 90% of non-bacterial
gastroenteritis outbreaks in the United States [10].
They can be classified as five genotypes from GI to GV
based on the nucleotide sequences of the capsid
protein and polymerase. A total of eight genotypes
out of 29 known genotypes of norovirus cause
infection in humans. According to the U. S. Center for
Disease Control and Prevention (CDC), noroviruses
are responsible for 70% and 50% of waterborne and
foodborne enteritis, respectively [11]. The symptoms
of foodborne norovirus include vomiting, gastralgia,
fever, diarrhea, and death due to dehydration in
children and elderly.

Viruses Associated Foods Infected doses Disease Names References
Norovirus  Vegetables, shellfish, oysters, water & ice 100 copies/ mL Viral gastroenteritis, stomach flu [11,12,13,42]
Rotavirus Meats, water Unknown, presumed to be low Viral gastroenteritis in children  [15,17,19]
Hepatitis A Sandwiches, fruits, vegetables, milk, shellfish, iced drinks 10-100 Hepatitis A [18,19,20]
Hepatitis E Raw/undercooked boar and deer meat, livers, and liver sausages Unknown Hepatitis E [3,21,25]

http://lwww.ntno.org



Nanotheranostics 2017, Vol. 1

Norovirus is very stable in the environment and
highly contagious, requiring only a low infectious
dose, as doses smaller than 10? copies/mL may cause
infection in humans [12]. The virus strongly resists
heat up to 60°C, as well as acid and chlorine in tap
water up to 6.25 mg/L, which make its prevention
and clearance difficult. Norovirus is transmitted
through daily activities, water, and food.
Contaminated food by food handlers is an important
transmission route. The virus causes 19-21 million
illness in the United States annually [13]. It is reported
that 50% of the infection occurs in food related
locations, such as cruise ships, school cafeterias, and
restaurants [11]. Hence the detection of foodborne
norovirus is critically important for human health.

Rotavirus

Rotavirus belongs to the Reoviridae family, it is a
non-enveloped double-stranded RNA virus [14]. It
causes severe gastroenteritis and diarrhea in young
children and infants. It is an important cause of
childhood gastroenteritis, accounting for 1.5 million
child deaths and 130 million cases of diarrhea
worldwide annually Rotavirus is also associated with
infantile diarrhea disease [15,16]. Rotaviruses cause
an estimated 4 million infections, 70,000
hospitalization, and more than 100 deaths in the
United States annually [16].

The viruses belong to the group of zoonotic
emerging viruses transmitted through fecal-oral
route, which can be transmitted between multiple
animal species and humans [17]. They cause serious
economic losses, particularly in domestic animals [16].
Even though the rotavirus strains are distinct between
human and animals, cross-species infection occurred
from time to time because some human strains are
similar to animal strains. Very low doses of the
viruses can be infectious, such as 1 plaque forming
unit (PFU); as such a few virus particles in food or
water can cause infection in humans. Outbreaks of
waterborne and foodborne rotavirus infection have
been noticed in several countries [16]. Therefore, they
demonstrate the need for highly sensitive detection
technology to ensure food and water safety as related
to these viruses.

Hepatitis Viruses

Hepatitis viruses related to foodborne infection
include hepatitis A, B, and E viruses, with the E
viruses causing the most food infections in North
America.

Hepatitis A Virus

Hepatitis A virus is a small, single stranded, and
non-enveloped RNA virus of the Picornaviridae family
[18]. It can be grouped into I, II and III genotypes

274

based on its genomic characterisation. Hepatitis A
virus infections are the leading cause of viral hepatitis,
with 1.4 million of new cases worldwide annually
[19]. The cost of foodborne hepatitis A is estimated to
be more than 36,000 U. S. dollars per individual in the
United States.

Hepatitis A virus can be infectious at low doses
of 10-100 viral particles [20]. It is transmitted through
the fecal-oral route in humans, as well as intake of
contaminated water and foods such as fruits,
uncooked vegetable, and shellfish. Waterborne and
foodborne infection of hepatitis A viruses accounts for
2-7% of the total disease burden, and foodborne
infection is common, often resulting in a larger and
prolonged outbreak.

Hepatitis B Virus

Hepatitis B virus is a partially double stranded,
enveloped, and parenterally transmitted -circular
DNA virus [21]. Hepatitis B virus infection is the tenth
leading cause of death and a major health threat
globally [22]. As the major cause of chronic hepatitis,
cirrhosis and hepatocellular carcinoma, the infection
is spreading to more than 350 million people as its
carriers disburse globally. It has infected about 30% of
the world population, causing more than 780,000
death annually from complications. A total hepatitis B
virus related cost is more than 600 million Euro in
western countries annually.

Hepatitis B virus is transmitted by contact with
infected individuals through blood or other body
fluids [23]. It is at high risk when the wviral
concentration reaches 10° copies/mL, which is
associated with liver diseases including cancer. The
exposure to contaminated blood or body fluids is
considered to be the major transmission routes for the
virus. Antibodies against the surface antigens of the
virus are produced to high levels following hepatitis B
virus infection.

Hepatitis E Virus

Hepatitis E virus is a single stranded RNA virus
with positive sense in the family Hepeviridae [24]. Four
genotypes with several subtypes of the virus are
defined, and genotypes 3 and 4 are zoonotic viruses
infecting humans, pigs, and other animals. Acute
hepatitis E virus outbreaks occurred multiple times in
different locations of the world. It is mostly
self-limiting with low mortality rate in juveniles and
adults; but mortality rates in pregnant women, with
those in the third trimester reach 25% [24].

Hepatitis E virus spreads via the fecal-oral route
from contaminated food and water [25]. It usually
causes acute infection with increasing numbers of
autochthonous events occurring globally, including in
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Europe. Hepatitis E virus can be transmitted by
contaminated food, as increasingly reported in small
outbreaks and sporadic cases. Infection is related to
the consumption of undercooked or raw meat from
deer and boar, and commercial livers and liver
sausages. It has also been detected in commercial
livers, sausages, and pork derived food from grocery
stores. Hepatitis E virus contamination rates in
commercial foods are 2-31% depending on the
locations and food types.

Other Foodborne Viruses

Other foodborne viruses, besides the above
mentioned common ones, are SARS, avian influenza
virus, and Nipah virus. SARS coronavirus can be
spread to humans through the consumption and
preparation of food animals or wild animals, which
may have been derived from a different reservoir, for
example, bats [8]. Avian influenza virus, such as the
highly pathogenic H5N1 virus, has been spread to
humans from the preparation and consumption of
duck and chicken food products [26]. Unlike most
foodborne viruses which are non-enveloped particles
and stable on food, Nipah virus has lipid envelopes
and thus may have reduced stability in the
environment and on food [9].

While the above foodborne viruses belong to
relatively rare cases and hardly cause large-scale
outbreaks, they capture attention and raise questions
regarding whether foodborne pathogens represent a
potential route for introducing new viral diseases to
human populations and their future [27]. Virologists
expressed the probability that new viruses may
emerge from food animals or by evolution of old
viruses. This will inevitably make changes to our
economy, demography, and sociology, such as the
changes made in living animal transportation
globally, in exotic food consuming habits, and in
human population expansion.

Point of Care Testing and Its Scope in
Foodborne Virus Detection

Based on the needs and requirements in current
food safety monitoring, a point-of-care (POC) concept
has been introduced to food testing technology and
devices. The POC refers to biochemical technology
whenever the medical care is needed at or near the
site of patient care, which results in immediate
information regarding an individual’s conditions for
treatment or further testing decisions [28]. Its
advantages are minimal sample volumes, widening
accessibility, rapid analysis time, and reduced costs.
Ideally POC technology and device can be used
on-site and real-time to provide the first result in
minutes using a simple protocol with a few steps to
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analyse samples [29]. The application of POC
technology and devices in food safety and pathogen
detection is emerging at its infancy stage, particularly
in foodborne virus detection.

POC Testing and Technology

In the food safety area, POC testing and
technology are experiencing rapid development.
Development of low-cost and reliable diagnostic
testing with on-site application will have considerable
advantages over laboratory-based testing, because
lab-based testing requires expensive equipment and
technological personnel which are mostly unavailable
on-site [29]. POC testing requires that all of the
analytical processes, from sample collection to result
communication, should be performable in one or a
few simple steps to reduce time and costs between the
test and treatment.

Current POC testing and technologies include
microfluidic, nanomaterials, biosensors, and other
technologies such as antibodies, enzymes, aptamers,
nanozymes, and antigens [72]. One of the
predominant technologies is molecular detection,
including enzyme assay, immunoassay, polymerase
chain reaction, and microarray, which link the POC
testing with proteins in the form of antigen and
antibody, DNA, and RNA detection and
measurement [30]. Molecular detection technologies
cut test time significantly to increase POC testing
speed and accuracy. Some of these technologies have
been developed into POC devices that can be used
on-site for real-time testing.

POC Device

Current development of POC devices contains
several characteristics, such as wireless cell phone
based technologies, lab-on-a-chip, and paper based
devices with long-term reagent storage and novel
assay format strategies (Figure 1) [29, 31]. Various cell
phone based devices are commercially available or
under intensive development to provide cost-effective
mobile POC detection (Figure 2) [32]. Paper based,
and lab-on-a-chip platforms pave the way to
simplified, automated, robust, and low-cost detection
of foodborne viruses.

Nevertheless, key challenges and pending issues
remain to be solved on the way to successful
commercialisation and implementation of these POC
device and platforms. The foremost challenge is how
to demonstrate high levels of analytical precision and
reproductively when large numbers of samples are
handled and analysed without major interference
from nonspecific materials [33]. The POC technologies
need to be validated by accredited standards and
guidelines. Such quality control and batch to batch
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variability need to be set up effectively and efficiently.
Additionally, the integration and miniaturising of
large devices, such as microfluidic devices, remain
challenging; even though recent advances in
acousto-microfluidic technology shows promise to
address some of these challenges [34]. Furthermore,
the emerging nanomaterials enhance sensitivity and
analytical performance, but their application on
cytotoxicity remains controversial and requires
further address.

Current progress on the development of POC
technologies and devices focuses on foodborne
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bacterial detection, which is far more advanced than
foodborne virus detection [35]. Since technologies of
bacterial detection cannot be applied directly to virus
detection, (refer to Section 8.5 Current Challenges and
Future Trends for more detail) this review focuses on
the current limited foodborne virus detection, and the
possibilities of adopting technologies and devices
indirectly from bacterial studies, basic virus studies,
and human clinical virus studies. This needs intensive
exploration of these indirectly related technologies to
make them fit the specific requirements of foodborne
virus detection and measurement.

Figure 1. POC paper device [31]. The paper test strip is immersed in the urine sample for a few seconds and after a few minutes; the colour resulting from the

reaction can be visually compared against the chromatic scale provided.

Welcome

Please insert chip

7 =
Click NEXT to
continue ==

Figure 2. Cell phone based POC technology [32]. (A) Holomic Rapid Diagnostic Reader (HRDR-200) used in lateral flow assay (LFA). (B): (a) Electrochemical sensor
based on cell phone technology; The microfluidic chip is marked by the arrow. (b) SIM Card from a mobile phone compared with a microfluidic chip. (c) Diagram of

a microfluidic chip showing components after dye filling for better visualization.
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Microfluidic Technologies in POC of
Foodborne Viruses

Microfluidics are one of the most promising
technologies in foodborne virus detection. Their main
advantages, compared to other POC technologies, are
portability, low consumption of reagent, and
extremely low requirement of sample amount [36].
These advantages make them easy to use, rapid, and
inexpensive when compared to conventional testing.
The small sample amount and short diffusional
distance make them significantly more rapid than
other macroscale equivalents (Figure 3) [72]. The
potential to complete all necessary steps within one
device and a single reaction makes them an ideal
candidate of POC testing.

Microfluidic Technology and Systems

Microfluidic  technology requires extremely
small amount of fluid as microliters or even nanolitres
and measures ten to hundreds of micrometres of
foods wusing interconnected networks [37, 38].
Microfluidics has been ongoing in its evolution with
microfabrication technology since its invention in the
early 1990s. Fluid for testing is transported either
passively through capillary forces or actively through
pumping to achieve laminar fluid flow. Automated
control of all steps can reduce human errors and
increase accuracy, reproducibility, and reliability of
test results. The opportunities for testing different
samples simultaneously make microfluidics a perfect
candidate in multiplexing. Two types of microfluidic
systems are currently available in foodborne virus
detection: micro total analysis system and the paper
based analytical system.

Micro total analysis system is mostly designed as
devices with lab-on-a-chip features [39, 40]. Its
advantages are using fluid as a working medium and

Sample(

Sample pad

Conjugate pad

Membrane
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integrating different functionalities on a scale, which
allow complicated molecular techniques to be
completed at once, such as immunoassays and
polymerase chain reaction (PCR). Materials of silicon,
glass, and polymers, particularly thermoplastic
polymers are most often used in microfluidic devices.

Paper based microfluidic systems keep the
advantages of conventional microfluidics, such as
size, speed and reduced sample amount, but adds an
inexpensive multiplexed setting [41]. Paper is
considerably easy to source, cheap, and
biodegradable, and, most importantly, easy to modify
chemically. Other advantages of paper devices
include requiring no external power sources, a high
ratio of surface to volume, and minimal technical
expertise requirements. Paper based microfluidics,
compared to microfluidics with lab-on-a-chip formats,
has significant advantages: simpler technology and
reduced costs; as well as disadvantages: issues in
sample retention and evaporation making it less
suitable for very small volumes.

Microfluidic Application for Foodborne Virus
Detection

Microfluidic technology has been successfully
applied to waterborne and foodborne virus detection.
Microfluidic lab-on-a-chip modules have been used to
detect murine norovirus with drop-based technology
[42]. Human and rodent noroviruses may exchange
RNA between the virus genomes in an infected host,
an important driver of genetic diversity, which is
critically important in norovirus infection diagnosis
and future infectious strain prediction. The successful
application of drop-based microfluidics on two
murine noroviruses co-infected mice offers a platform
for amplification, detection, and recovery of
individual recombinants in co-infection.

Flow direction

Absorbent pad

Figure 3. Mechanism of microfluidic POC Technology [31]. Schematic representation of a lateral flow strip is shown. A liquid sample is deposited on to the sample
pad, migrating through a conjugate pad and a porous membrane for detection in a final absorbent pad. In most strip tests, the appearance of the control line indicates
a valid test, while the appearance of a second test line indicates a positive test result.
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Lab-on-a-chip microfluidics was used to detect
murine norovirus contaminated oysters with
micro-bead beating [43]. Food sample preparation has
been challenging in foodborne virus detection. The
study demonstrates that microfluidics can be applied
to foodborne norovirus detection using a shape
switchable sample preparation chamber. Noroviruses
in the sample were absorbed on microbeads by bead
beating lysis and electrostatic physisorption. The
extracted RNA was amplified and detected in a
detection chamber. This microfluidic technology is
ready to be applied to detecting noroviruses in large
volumes of environmental and food samples.

Microfluidic quantitative PCR has been used to
simultaneously quantify eleven major human viruses
in environmental water samples, such as enterovirus,
Aichi virus, adenovirus, astrovirus, sapovirus,
rotavirus, norovirus and hepatitis A and E viruses
[44]. River water contaminated with wastewater was
used as validation samples. Quantitative information
can be obtained as high throughput with detection
limits of 2 copies/ul of DNA or cDNA. The results
were similar to those detected by quantitative PCR.

Nanomaterials in POC of Foodborne
Viruses

Overview of Nanomaterials

Nanomaterial based technology has been
applied to foodborne virus detection to ensure food
safety [45]. A variety of nanomaterials can be used,
such as graphene and carbon nanotubes (CNTs);
quantum dots (QDs); and metal nanoparticles
including gold (Au), silver (Ag), and titanium based
nanomaterials [46, 47]. Nanomaterials play a major
role in biosensor design for foodborne virus assay,
and enable faster, sensitive, specific, and cost-effective
detection outside of laboratory. This review describes
their advantages, principles, and limitations with
regard to their multiplexing capability, sensitivity,
and simplicity (Table 2).

Table 2. Nanomaterials available for foodborne virus detection

Technologies Analytes Detection limits References
Cellulose nanocrystals ~ Norovirus 0.01 ng/mL [52]
Graphene-gold hybrids Norovirus 100 pg/mL [55]
Phage nanoparticles Norovirus 107 copies/mL  [56]
Silver nanorod Rotavirus 0.1 fM [57]
Nanocrystals Rotavirus 6.35 ng/mL [60]
Gold nanoparticles Hepatitis B virus 102 copies/mL  [62]
Gold nanoparticles Hepatitis E virus 10 copies/mL [24]
Silica nanoparticles Hepatitis A virus 8.6 pM [108]
Graphene nanoparticles Hepatitis B virus 50 aM [67]
Immunomagnetic Avian influenza virus 0.128 HA unit [173]
nanobeads

Carbon nanotube Human influenza 3.4 PFU/mL [70]

virus
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In nanomaterials, gold nanoparticles and
quantum dots are the most commonly used materials.
However, new forms of nanomaterials are being
developed to represent more molecular entities and to
be more amenable to nanoscale fabrication [48].
Another  promising  material is  magnetic
nanoparticles, with advantages of easy manipulation
and cost-effectiveness. They can be combined with a
capturing agent, such as a DNA probe, a glycan
molecule, or an antibody, to target DNA or protein
molecules of interest. For foodborne viruses, the
earlier detection is to determine viral nucleic acid; and
viral protein measurement is a later detection. In
particular, novel metal nanomaterials such as Au NPs
and Ag NPs have been highlighted due to their
plasmonic properties [24].

The application of plasmonic nanomaterials can
be categorised into plasmonic and non-plasmonic
systems [49]. In plasmonic systems, metal
nanoparticles (NPs) are considered as a plasmonic
probes which have a suitable inter-particle distance,
smaller than the diameter of particles to generate
plasmonic coupling of particles. A visible color from
red to blue can be produced variously with
colorimetric detectability (Figure 4). An advanced
example of plasmonic nanomaterials is direct
aggregation, without specific ligands between a
single-stranded primer DNA, and its adsorption on
citrate-coated Au gold nanoparticles. On the other
hand, indirect aggregation can be used to detect
viruses through modifying virus targeting molecules
on virus surfaces. The challenging key to this
technology is controlling particle aggregation in a
reproducible manner. This can be improved using a
protein-glycan pairing relying on the multivalence
properties of glycan to improve weak protein
detection of viral surface proteins. Another advanced
improvement is signal amplification using catalytic or
DNA enzymatic assays, such as alkaline phosphatase
catalyst, and DNA enzymes to provide rapid
detection of virus sequences.

In non-plasmonic systems, nanomaterials can
functionalized with fluorescent labels and use as
fluorescent probes rather than plasmonic probes.
Non-plasmonic probes consider smaller metal
nanoclusters, such as Ag nanoclusters with red or
near-infrared fluorescent labels, for use as a probe.
Such smaller metal nanoclusters can be stabilised by
nucleic acid strands binding on a graphene oxide
sheet. Other non-plasmonic nanomaterials are also
used, such as BaGdF5:Yd/Er NPs conjugated
oligonucleotide with target linked Au nanoparticles,
immunomagnitic nanobeads with biometallisation
and electrochemistry features to detect viruses of
0.011 ng/mL [49].

http://lwww.ntno.org



Nanotheranostics 2017, Vol. 1

Complementary Target

(-

l Denaturation

Denaturation

— I
I Annealing l Annealing
#
l + AuNPs l *+ AuNPs

&

Aggregation of AuNPs.
A red-to-blue shift in solution color.

==

Adsorption of primers on AuNPs.
Solution color remains red.

279

Non-complementary Target B auf ayf s -
¥ ¥ e
;\.oi a7 :\‘.uw
- 3l -
*
= Dispersed
K

Receptor binding site

b

>
Ca. 4.5nm

Ca. 90 nm
Ca. 14 nm

HA HA
Influenza virus (side view) (top view)

Eﬁ
P

= Aggregaled

Figure 4. Schematic depictions of solution based plasmonic detection methods [49]. A) Colorimetry of directly aggregated nanoparticles upon successful RNA
amplification; and B) colorimetry of indirectly aggregated nanoparticles after the interaction with influenza virus.

Nanomaterial-based  technology in  virus
detection involves two steps: isolation and capture of
target viral molecules from the sample, and
recognition and enhancement of the signals. Signal
detection of nanomaterials includes optical and
electrochemical approaches [51]. Optical detection
with fluorescent properties is highly sensitive with
low detection limits. Electrochemical detection,
compared to optical detection, is often used with
graphene or carbon nanotubes.

Nanomaterials in Detection of Foodborne
Viruses

Nanomaterials have been used to detect
foodborne viruses including hepatitis viruses,
norovirus, rotavirus, and avian influenza viruses.

Nanomaterials Detecting Norovirus

Nanomaterials can be used to detect norovirus,
or alternatively, norovirus-like particles. Cationic
polymer brush-modified cellulose nanocrystals
(CNCs) were used to bind norovirus-like particles
effectively [52]. The modified CNCs were verified by
dynamic light scattering and electromicroscopy.
Another  nanomaterial method to  detect
norovirus-like = particles is a  SPR-assisted
immunosensor with CdSe-ZnS-based quantum dot
fluorescent labels [53]. The SPR enhancement,
intensity of auto-fluorescence, and excitation
efficiency of quantum dots were evaluated and
maximized to optimize the single-to-noise ratio to
reach the minimum detection sensitivity of 0.01
ng/mL, corresponding to 100 virus-like particles.

A location-specific nanoplasmonic sensing of
lipid bilayer membrane binding with label-free and

real-time features was used to detect noroviruses [54].
It confirms that noroviruses interacted with
glycosphingolipids accumulating in invaginations,
which enables the induction of negative membrane
curvature. This represents a new application of
nanoplasmonic sensors impossible for conventional
SPR or other planar surface techniques, but its limit is
that it requires an ordinary spectrophotometer in
virus detection.

A nanoparticle based assay with size-controlled
preparation of peroxidase-like graphene-Au gold
hybrids is used to detect norovirus-like particles [55].
The graphene-Au hybrid structure enhances Raman
intensity and catalyzes the peroxidase substrate to
produce a detectable blue color, which is confirmed
using antibody conjugated graphene-Au
nanoparticles. This graphene-Au assay can reach a
detection limit of 100 pg/mL, which is 100 times more
sensitive compared to conventional ELISA method.

Traditional lateral-flow assay (LFA) has the
drawback of lower sensitivity due to its colored
particles, such as gold nanoparticles or blue latex. A
novel LFA using phage nanoparticles as reporters is
used to detect norovirus-like particles based on an
optimized antibody sandwich pair identified from
ELISA [56]. The use of the antibody pair is validated
by both gold nanoparticle and bacteriophage and
LFA. The phage nanoparticle LFA is rapid and highly
sensitive with a detection limit of 107 virus
copies/mL, which is 100-fold lower than the gold
nanoparticle LFA alone with the same antibody pair.

Nanomaterials Detecting Rotavirus

silver ~nanorods,
and nanocrystal

Nanomaterials, such as
graphene oxide nanoparticles,
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particles, can be used to detect rotaviruses. An aligned
silver nanorod array based on oblique angle
deposition of SER-active substrates is used to detect
and differentiate a reporter molecule and rotaviruses
[57]. The silver nanorod assay depends on the
polarization of excitation light, the substrate coating,
and the incident angle. The study shows that the
well-established chemometric techniques in SER can
be used to determine subtle spectral differences
allowing analyte classification [58]. Its detection limit
of the reporter molecule is lower than 0.1 fM.

A plasmonic magnetic hybrid three dimensional
(3D) architectures is developed based on an antibody
core, and a graphene oxide nanoparticle shell with
polyethylene glycol as H>N-PEG-NH, chemistry to
detect rotaviruses [15]. The initial 3D plasmonic
magnetic nanoparticles were built with an iron oxide
core and plasmonic gold shell HAuCly [59]. They use
surface-enhanced Raman SER imaging and
antibody-attached 3D network to bind strongly to and
efficiently remove rotaviruses from infected drinking
water. The results are confirmed using SER and
fluorescent imaging with RT-PCR.

A label-free hydrogel based nanocrystal
photonic system is used to detect rotaviruses without
any sample pre-treatment of commercial rotavirus
antigen samples [60]. Its sensitivity can reach 6.35
pug/mL that is analysed quantitatively by measuring
peak wavelength and confirmed by ELISA. To target
the virus accessibility to the inner sensor structure
and enhance virus sensing, the hydrogel based
inverse opal structure enlarges the nanopores by
etching with Oz plasma.

Nanomaterials Detecting Hepatitis Viruses

Nanomaterials can be used to detect hepatitis A,
B, and E foodborne viruses. Nanomaterials of gold
nanorods can be used to visualize virus replication
and detect virus particles [46, 61]. This is used to
detect hepatitis B viruses to increase surface area and
immobilisation of single-stranded DNA with
electrochemical biosensor [47]. Scanning electron and
atomic-force microscopy can evaluate nanorod
morphology, which can detect picomolar level of
DNA and distinguish complementary DNA from
mismatched and  non-complementary = DNA
sequences. Another gold nanoparticle, combined with
an anodic aluminum oxide (AAO) film, is used to
detect hepatitis B viruses targeting single-stranded
DNA without PCR, with a detection level up to 102
copies/mL [62].

A reverse  transcription loop-mediated
isothermal amplification (RT-LAMP) assay is used to
combine with Au gold nanoparticles to detect
hepatitis E viruses [24]. The single tube and one step
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RT-LAMP with colorimetric labeling can be used to
replace conventional detection methods and remove
the need for expensive equipment as required by
POC. It is simple, rapid, and highly sensitive with a
detection limit of 10' RNA copies.

A one-tube colorimetric and surface plasmon
resonance (SPR) active nanoparticle platform is used
to detect hepatitis A and B viruses simultaneously
and quantitatively with picomolar sensitivity, which
is archived by eliminating spectral overlap through
non-negative matrix factorisation [63]. Another
nanomaterial ~ platform  combines  sandwich
immunoassay, fluorescent labeling, and magnetic
separation together to detect hepatitis A and B virus
DNA with high sensitively, easy operation,
quantitative quality, and picomolar detection up to
0.1 pM [51]. An additional Au gold probe is used to
measure hepatitis A and B viruses with
restriction-enzyme-encoded DNA-modified magnetic
in dark filed image with sensitivity up to 0.1 pM [64].
It has a great versatility and multiplexed possibility
due to the availability of more than 2,000 restriction
enzyme choices.

A nanomaterial of amino functionalised carbon
coated magnetic nanoparticles (NH>-CC-MNPs) is
used to detect hepatitis B viruses with electrochemical
detection of DNA hybridization [65]. The morphology
of NH>-CC-MNPs is confirmed by dispersive X-ray
spectroscopy, fourier transform infrared
spectroscopy, and scanning electron microscopy. The
quinine oxidation signal from DNA hybridisation was
detected using PGE combined with pulse
voltammetry techniques reaching high sensitivity of
picomolar level.

Graphene oxide based nanoparticle and
immunosensor can be used for food safety screening
of viruses [66]. As a novel technology, reduced
graphene oxide (RGO) nanogrids are used to detect
hepatitis B virus based on a nanoporous silicon oxide
template [67]. Scanning electron microscopy, surface
profilometry, Raman, and conductance measurement
are used to verify the RGO nanogrid structure. The
combined effects of quantum dot like transport
behaviours, insignificant line edges, and improved
interaction of molecules within the nanopores make
this biosensor ultrasensitive, able to detect up to 50
aM, which is currently the highest detection level of
graphene oxide nanogrid technology.

Nanomaterials Detecting Avian Influenza
Virus

Nanomaterials have been applied to the
detection of avian and human influenza viruses using
immunomagnetic nanobeads, and hybrid gold
nanoparticles. One of the approaches uses

http://lwww.ntno.org



Nanotheranostics 2017, Vol. 1

immunomagnetic nanobeads, monoclonal antibodies,
and fluorescent quantum dots to detect avian
influenza viruses without sample pre-treatment [68].
The sensitivity is optimized by high-luminance
quantum dots and biotin-streptavidin conjugation to
reach a detection limit of 60 virus copies/200 pL. The
approach has a high specificity and reproducibility
with variability of 1.35% and 3.0% between assays.

An assay based on probes of gold nanoparticles
and colorimetric anti-hemagglutinin antibodies is
used to detect human H3N2 influenza viruses [69].
Plasmon coupling is wused to aggregate the
antibody-gold nanoparticle and to release a visible
light emission, which is detected by a UV
spectrophotometer. The assay is a single step and
enzyme-free virus detection method applicable to
other virus pathogens. Another assay based on
colorimetric hybrid gold nanoparticles binding to
carbon nanotube surface is used to detect human
H3N2 influenza viruses [70]. The nanohybrid
architecture is confirmed by transmission electron
microscopy, and UV-visible spectrophotometer has a
catalytic ability to oxidise tetramethyl-benzidine by
H>O, and yield a blue color in aqueous solution
depending on the virus concentration. The assay
sensitivity can reach a detection limit of 3.4 PFU/mL
which is 380 times more sensitive than the
conventional ELISA assay.

A polyethylene glycol (PEG) gold nanoparticle
assay is used to detect human H3N2 influenza virus
with « 2,6-thio-linked sialic acid derivative and
synthesised thiolated trivalent [71]. A ratio of 75:25 of
hemagglutinin to PEG ligand and trivalent
a2,6-thio-linked sialic acid ligand is optimized by
testing various ratios in the detection of non-purified
influenza viruses. Importantly the assay can be used
to differentiate human H3N2 and avian H5NI1
influenza viruses using trivalent thio-linked sialic acid
ligands with the highly binding specificity as
a2,6-binding and a2,3-binding, respectively.

Biosensors in POC of Foodborne Viruses

Biosensors have been widely applied to
detection method research of foodborne viruses. A
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biosensor is a device that converts a biological
response to an input signal detected by a bioreceptor
and converted and amplified by a transducer to a
recognisable and measurable output signal with the
essential waveform features (Figure 5) [71]. The
output signal will be displayed, stored, and analysed
to generate useful diagnostic information [72].

Overview of Biosensors

A biosensor can be categorised by its various
bioreceptors or transducers [72]. When categorising
by bioreceptors, biosensors can be categorised into six
categories:antibody/antigen, enzyme, nucleic acid,
phage, cell, and biomimetic. The most commonly
used bioreceptors are antibody, enzyme, and nucleic
acid, in which the enzymes are mostly used as
biorecognition elements and labels other than its
actual bioreceptor function. When categorising by
transducers, biosensors can be categorised into three
categories: electrochemical-based, optical-based, and
SPR-based categories (Table 3).

Biosensors under Bioreceptor Categories

Antibody-/-antigen bioreceptor based
biosensors are one of the major categories of
biosensors because of the high specificity of
antibody-antigen interaction [73]. Biosensors using
antibody bioreceptors as a sensing element for
foodborne pathogen detection include SPR sensors,
nanowire direct charge biosensors, magnetoelastic
resonance biosensors, and immunosensors. More
detail of the antibody biosensors is given in the
Antibody Section below.

Enzymatic bioreceptor based biosensors are the
second major categories of biosensors. They are
well-developed and widely used in foodborne
pathogen detection [74]. Enzyme-substrate binding is
highly specific with special catalytic activities and
provides sufficient electron transfer to an electrode of
a biosensor. Three enzymes have been most popularly
used: alkaline phosphatase, horseradish peroxidase,
and beta-galactosidase. More detail is given in the
enzyme sections below.
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Processor jecording
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Figure 5. Schematic diagram of a biosensor [72]. Its bioreceptor recognizes target analytes. The transducer converts biological responses into equivalent electrical
signals. Amplifier amplifies the low generated signal into a large output signal that contains essential waveform features.
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Table 3. Biosensors available for foodborne virus detection

Technologies Analytes Detection limits References

Electrochemical with gold ~ Norovirus 35 copies/mL [11]

& ConA

Silicon nanowire field-effect Norovirus 1fM [99]

transistor

Label-free G-quadruplex ~ Norovirus 4nM [100]

nanotweezer

Thioglycolic CdZnSeS Norovirus 8.2 copies/mL [101]

quantum dot

Label-free electrochemical ~Rotavirus 2.3 PFU/mL [121]

nanogold

Electrochemical chip-based Hepatitis A, B, C, 1.0 ng/mL [106]
D, and E viruses

Label-free micro-electro Hepatitis A& C  1.66 pM [107]

cantilevers viruses

Resonance light scattering ~ Hepatitis A virus 8.6 pM [108]

Impedimetric zeolite Hepatitis B virus 50 copies/mL [109]

nanocrystals

SPR methacrylamide Hepatitis B virus 0.3 ng/mL [110]

biointerface

Label-free electrochemical ~ Hepatitis B virus 0.03 ng/mL [22]

nanohybrid

Electrochemical double Hepatitis B virus 3.3 fM [111]

-deck gold

Microarray-based nanogold Hepatitis E virus 100 fM [112]

Electrochemical magnetic ~ Avian influenza 1 ng/mL [113]

beads virus

Dual-color homogenous Human 12 ug/mL [114]
enterovirus

SPR organic light emitting Human 4.8 pg/mL [115]

portable enterovirus

Nucleic acid bioreceptor based biosensors are the
third major category of biosensors based on the
complementary property of nucleic acid base pairs
[75]. Nucleic acid bioreceptors are more specific and
sensitive compared to antibody-antigen bioreceptors,
while the latter is faster and more robust. Nucleic
acids, mostly DNA, exist widely in virus pathogens,
and their highly specific complementary property can
be used for detection due to their unique DNA
sequences. Compared to enzyme and antibody
bioreceptors, nucleic acid bioreceptors can be
regenerated and synthesised with simpler, faster, and
cheaper features. Furthermore, DNA microarray
technology using single-stranded nucleic acid
aptamers can be used to identify and quantify
foodborne pathogens with high speed and accuracy.
Nucleic acid biosensors are based mostly on optical,
electrochemical, electro-chemiluminescence, quartz
crystal, and SPR conducers [76, 173].

Phage bioreceptor based biosensors are based on
bacteriophages employed as biorecognition elements
to identify foodborne pathogen viruses [182]. They are
engineered viruses binding to specific receptors on
targeting pathogen viruses with high specificity. They
can be used in conjunction with different sensing
platforms to achieve the detection goals. Designed
peptides displayed by phages can be used to bind
specific antibodies or viral antigens with strong
recognition capacity for biosensor fabrication [77, 78].
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Biomimetic bioreceptor based biosensors are
designed and fabricated to mimic antibody, enzyme,
cell, or nucleic acid bioreceptors are emerging as
molecular imprinting tools attractive to and highly
accepted for artificial recognition agents [79]. Glycol
codes with a variety of carbohydrate residues provide
highly specific affinity lock-in properties, and can be
used to detect a wide ranges of virus pathogens [80].
Artificial molecularly imprinted receptors can
recognise and bind various targeting molecules with
high affinity and specificity [81]. They have
advantages compared to their biological counterparts,
such as resistance to microbial spoilage, long-term
stability, custom synthesis, and potential reusability.
They do not require animal inoculation for virus
detection and their rebinding properties are useful
and exceptionally successful.

Biosensors under Transducer Categories

Optical transducer based biosensors have a high
potential to deliver POC assays because of their high
sensitivity and capability to detect single molecules
[82]. But optical biosensors require a fluorophore
molecule to be attached to the target to enable
fluorescent detection and increase sensitivity. An
optical fluorescent retrovirus detection is tagged with
a pH-sensor genetically encoded to enable
simultaneous measurement of pH drop and resulting
virus-endosome fusion [83]. An engineered nanoscale
ZnO with enhanced fluorescence can be used to detect
cDNA without the need for DNA amplification,
which is developed by ultrasonic spray pyrolysis with
four fluorophores labeling in one single system [84].
Optical biosensors can also be used as label-free
chemi-resistive sensors by a lithographical nanowire
electrodeposition assay based on a batch-fabricated
polypyrole nanoribbon [85].

Electrochemical transducer based biosensors are
easy-to-use platforms with their unique properties,
such as compatibility with micro-fabricated
technology and easily modifiable surface, making
them particularly suitable for virus detection [86,87].
Two major features of electrochemical bioreceptors
are modifiable probes or antibodies followed by target
isolation, and amplified signal detection (Figure 6)
[128]. The amplified signals can be either quantitative
potentinmetric, amperometric, or impedimetric; and
the signal can be either labeled or label-free, although
labels are often required because electrochemical
signals are usually less sensitive [88]. Other features
such as hybridization, and amplified or changed
signal intensity can be applied to electrochemical
biosensors. Moreover, electrochemical impedance
biosensors have recently been used in virus detection
with hybridization or redox systems. The combination
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with hybridization is easily measured because of high
sensitivity and duration without the requirement of
electrodes compared to its conventional counterpart
[89]. Redox system based on the Faradaic or
non-Faradaic process may reduce protein layers; and
its combination with a genosensor can achieve
label-free virus detection [90].

SPR transducer based biosensors are one of the
most advanced real time and label-free sensors [91].
SPR uses collective oscillation with permittivity of
opposite signs presenting at the interface of a
metal-dielectric. It measures the refractive index on a
metal surface with very thin nanomaterial layers. Its
most common application is detecting affinity
parameters between antigen-antibody, protein-DNA,
and ligand-receptor interactions [92]. Other
interactions can also be detected, such as
enzyme-substrate and complementary DNA-DNA
binding actions. SPR biosensors can be combined with
hybridization, = immunosensors, and aptamer
techniques to enhance their applicability to virus
detection [93-95 ].

Biosensors in Detection of Foodborne Viruses

Various biosensors have been applied to
foodborne virus detection, such as norovirus,
rotavirus, and hepatitis viruses. Electrochemical
biosensors have advantages over analytical
transducing  biosensors due to their high
quantification, fast speed, and high sensitivities. Most
importantly, they fit the POC purpose with their
features of ease of data logging and miniaturisation
[96, 97]. Label-free biosensors are under development
to target simplified and low-cost POC detection of
foodborne viruses.

Biosensors Detecting Norovirus

In the emerging biosensor technologies, silicon
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microring resonate photonics is gaining attention due
to the applicability of its chip-scale integration,
low-cost production, sensitivity, and multiplexed
detection using silicon fabrication [98]. A platform has
been designed using an organophosphonate vinyl
sulfone linker and coating surface with silicon
resonator to detect noroviruses. It bears multiple
regenerations and reproducible binding in high-pH
and high-salt solutions, and after storage in ambient
conditions for one month. Its durability and stability
facilitate its use as POC device in prolonging lifetime,
variable sensing conditions, and minimising storage
and delivery costs.

An  electrochemical  biosensor uses a
concanavalin A (ConA)  conjugated and
nanostructured gold electrode to capture noroviruses
selectively [11]. Cyclic voltammetry confirmed the
sensitivity and a detection limit of 35 copies/mL in
solution extracted from lettuce, and its selectivity as
98% because the signals detected from hepatitis A and
E viruses are only 2-2.8% of the norovirus signals at an
identical concentration. The sensor fits POC
requirements, as it is sensitive, selective, fast, and
most importantly, does not require a pretreated
sample. Additionally, it is relatively cheap, as much as
1/50 times cheaper than using antibodies alone.

A silicon nanowire field-effect transistor
biosensor can detect norovirus DNA single nucleotide
polymorphism (SNP) using HNA
(HF+HNO3+CH3COOH) to define the nanowire and
top-down fabrication [99]. Its sensitivity is increased
by covalently modifying the nanowire with DNA
probes; and its detection limit reaches 1 fM with a few
second response time. The biosensor design facilitates
mass manufacturing with its production potency in
conventional silicon industry.
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Figure 6. Four steps needed for the electrochemical biosensing of viral pathogens [50]. A) Virus elements targeted; B) electrode (sensor) being modified by
biorecognition element; C) itargets are isolated; and D) detection of signal or detection of signal after amplification.

http://lwww.ntno.org



Nanotheranostics 2017, Vol. 1

A label-free split G-quadruplex nano-tweezer
can detect norovirus mRNA to detect peroxidase
activity and directly produce a signal [100]. The
nano-tweezer, with a single signal-transducing
molecule, can self-assemble from three
single-stranded DNA molecules by simple mixing
without any washing steps. It recognises norovirus
mRNA specifically and causes the structure to
produce a change, which restores its peroxidase
activity and produces the detectable signal. Its
sensitivity in detection limits is 4 nM, and its design is
simple without the need of delicate optimization.

Another norovirus RNA detecting biosensor has
been developed using a beacon probe conjugated
alloyed thioglycolic-capped CdZnSeS quantum dot
[101]. A modified silanisation method is applied to
encapsulate the thiol-capped quantum dot, leading to
a high photo-luminescence quantum yield of 98%. Its
sensitivity of detection limit is 8.2 copies/mL.

A label-free  gold-immobilised  synthetic
peptide-based electrochemical biosensor is used to
detect noroviruses [102]. The cysteine incorporated
recognition peptides and amino acid substituted are
isolated from a phage displaying and selecting
process. Its sensitivity of detection limit is 99.8 nM for
recombinant noroviral capsid proteins; and 7.8
copies/mL for human noroviruses. The concept of
affinity peptides as molecular binders can be applied
to miniaturised micro-device as a diagnostic tool for
POC testing.

Biosensors Detecting Rotavirus

A label-free photonic crystal biosensor can detect
waterborne rotaviruses using surface
functionalization with anti-rotavirus antibodies [103].
A partially processed water sample with a 30 minute
assay confirmed its sensitivity as 36 copies/mL,
focusing on forming units without using any external
reagents. The biosensor is suitable for virus
contamination monitoring on site and real time.

A spectroscopic assay based on SERS can be
used to detect human rotaviruses for direct structural
characterisation of the viruses [104]. The SERS spectra
can identify and qualitatively classify virus strain
fingerprints according to their G and P genotypes
with > 96% accuracy. This technique is useful for virus
laboratories and healthcare centres for pathogen
detection and monitoring.

A label-free biosensor with photonic Fabry-Perot
transducers based on relative optical power can detect
human rotaviruses [105]. Its sensitivity can be
optimised by selecting optimum specific wavelength
or spectral band and selecting its relative optical
power variation based on the biomolecule
concentration. This system has tested for its capability
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in the detection of the immobilization of rotavirus
antigen and its antibodies. Its flexibility and
adjustability make this biosensor a remarkable
candidate for lab-on-a-chip devices in POC
development.

Biosensors Detecting Hepatitis Viruses

Electrochemical immunosensors are applied to
hepatitis virus detection, and one of them is a
chip-based device immobilizing anti-virus antibodies
onto an electrochemical biosensor using protein A
and nanogold particles as matrices [106]. The
label-free device can capture five types of antigens
from hepatitis viruses simultaneously, such as
hepatitis A, B, C, D, and E viruses, as a one-step assay
within 5 minutes. It uses a POC 2-electrode system to
capture the virus antigens based on the molecular
change prior to and post the antigen-antibody
reaction with a detection limit of 1.0 ng/mL.

Another label-free device is designed as a
resonant micro-cantilevers array based on anti-virus
antibodies and micro-electro-mechanical system
(MEMS) techniques [107]. The device can detect both
hepatitis A and C virus antigens at different
concentrations without drying the cantilevers and
without electrical connection, allowing disposable
chips to be used. Actuation can be accomplished by
utilizing laser illuminated optical sensing and an
electromagnet sensing facilitating a detection limit of
0.1 ng/mL or 1.66 pM. The results are comparable to
labeled detection using ELISA method.

A novel resonance light scattering sensor is
designed to detect hepatitis A viruses using a mussel
inspired polydopamine-coated virus imprinted
polymer [108]. The polymer is introduced on a surface
of SiO nanoparticles by one-step, and the viruses are
captured selectively by the imprinted polymer films
to increase intensity and sensitivity. A simple
fluorescent spectrophotometer is employed to detect
the viruses with a detection limit of 8.6 pM.

Several novel biosensors have been developed in
the detection of hepatitis B viruses based on
impedimetric genosensor, plasmonic biosensor, and
electrochemical immunosensor techniques. An
impedimetric genosensor is developed using zeolite
nanocrystals and multiwalled carbon nanotubes to
detect PCR amplified single-stranded virus DNA
[109]. The DNA hybridisation is detected as the
nanocrystals are placed on a glass electrode
constructed from fluorine doped tin oxide, while the
nanotubes are  incorporated to enhance
electro-conductivity. The detection results are
compared to RT-PCR detection with 97% accuracy;
and the sensitivity of detection limit is 50 copies/mL.
The electrode can be reused by dipping in 0.1 M
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NaOH for three minutes with a loss of its initial
activity as 50% in four weeks.

A fabricated SPR technique is applied to
hepatitis B  virus  detection for  surface
antigen-antibody reaction in complex media [110]. It
uses a  biointerface  system inspired by
poly[(N-(2-hydroxypropyl) methacrylamide) - co -
(carboxybetaine methacrylamide)] brushes enhanced
with bioreceptors. It allows rapid detection with the
discrimination of anti-virus antibodies in positive and
negative samples in 10 minutes confirmed by ELISA
method. Its sensitivity of detection limit is 0.3 ng/mL.

A label-free electrochemical immunosensor is
designed to detect hepatitis B viruses using a glassy
carbon electrode and a nanohybrid surface assembled
consisting of amino carbon nanotubes [22]. The
anti-hepatitis B core antigen-antibody reaction is
detected by the use of label or chemical mediators and
square wave voltammetry. The carbon nanotubes are
used to enhance the hyaluronic acid to reach a limit of

detection as 0.03 ng/mL.
Another electrochemical immnosensor is
designed to detect hepatitis B virus surface

antigen-antibody reaction using a double-deck gold
film with thionine unites and platinum nanovire
inlaid globular SBA-15 as an electrical probe [111].
The design can reduce the spatial limitations of
loading secondary antibodies, provide pore
accessibility of guest species from outside, and offer
catalytically active sites on a large scale. The presence
of thionine enhances the electrical conductivity
between the gold film and the nanowire to facilitate
linear detection with a detection limit of 3.3 M.

The development in biosensor techniques of
hepatitis E viruses is relatively rare compared to other
hepatitis viruses. A microarray-based biosensor is
designed to detect hepatitis E viruses using nanogold
labeled oligonucleotide probes [112]. The NH:
end-modified oligonucleotide probes are immobilised
on the chip surface to capture the cDNA amplified
from the virus RNA. The SH end-modified
oligonucleotide with nanogold colloid is used as
detection probe. The detection time is shortened to
two minutes with a limit of detection of 100 M.

Biosensor techniques have been developed to
detect other viruses, such as avian influenza viruses
and enteroviruses. A bienzymatic electrochemical
immunosensor based on a magnetic bead is designed
to detect HOIN2 avian influenza viruses using a gold
Au electrode [113]. The bienzymatic detection is
facilitated using the 1%t enzyme tagged on magnetic
beads on the gold electrode accumulated; and the 2nd
enzyme as immobilised layer by layer on the gold
electrode. It has high selectivity to neglect other
viruses such as H5N1 virus, Newcastle disease virus,
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Banna virus and Pseudorabies virus has a limit of
detection as 1 ng/mL.

A dual-color fluorescent and homogenous
immunosensor is designed to detect human
enterovirus 71 antigen-antibody reaction using
quantum dot and antibody-gold conjugation [114]. It
can be modified by replacing the antibodies and used
to detect any viruses or proteins with a limit of
detection of 12 pg/mL. Another biosensor for human
enterovirus 71 is developed as a portable SPR device
to run on low power in a miniaturised platform with a
color tunable organic light emitting diode [115]. Its
signals are optimised by applying optimum signal to
noise ratio enhancement to facilitate an assay in
several minutes with a limit of detection as 67
copies/mL or 4.8 pg/mL.

Other Advanced Technologies in POC of
Foodborne Viruses

Other advanced technologies available for POC
detection of foodborne viruses include detecting
immune reactions between antibodies and antigens,
aptamers to detect nucleotides and peptides, enzymes
used as labels other than actual bioreceptors, and
nanozymes as artificial enzymes based on
nanomaterials aiming to imitate natural enzymes.

Antibodies/antigens

Antibodies, as common bioreceptors of
biosensors, can be polyclonal or monoclonal, and
natural or recombinant [116]. Monoclonal antibodies
have better specificity than polyclonals because they
target their antigens specifically; but polyclonal
antibodies target more than one antigens.
Recombinant antibodies can be designed with
man-made features to increase specificity and
functions.

Antigen-antibody interaction is highly specific
close to a lock-and-key fit with high affinity and low
non-specificity (Figure 7) [72]. It is possible to find an
antibody to fit almost any unique antigens; thus
allowing a huge diversity of a large variety of
molecule shapes. This unique antigen-antibody
specific property makes antibody biosensors one of
the most applicable and powerful tools in the
detection of foodborne viruses [73].

Examples of antibody facilitating biosensors in
foodborne pathogen detections include SPR
biosensors [117], nanowire direct charge biosensors
[118], magnetoelastic resonance biosensors [119], and
immunosensors [120]. In these detections, antibodies
can be either directly or indirectly labeled to generate
detectable signals, with direct label being preferred in
most detections because it saves time and increases
sensitivity compared to indirectly labeled antibodies.

http://lwww.ntno.org



Nanotheranostics 2017, Vol. 1

Indirectly labeled antibodies rely on a non-labeled
primary antibody together with a labeled secondary
antibody binding to the primary antibody (Table 4).
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Figure 7. The basic structure of an antibody, and antigen—antibody lock and
key fit [72]. The antigen binding site of antibody binds specifically with
complementary target antigen.

Novel antibody related virus detection has been
developed for simpler and faster POC assays. For
example, label-free or reagent-less strategies based on
antibodies with engineered or natural binding
proteins can be used to detect pathogens without any
additional labeling [73]. For example, a design with
label-free electrochemical impedance spectroscopy
can detect rotoviruses fabricated by cysteamine on
gold sononanoparticles as self-assembled monolayers
[121]. The glassy surface of carbon electrode is
immobilised by anti-rotavirus antibodies on
cysteamine cross-linked glutaraldehyde. The binding
of the antibodies to rotaviruses leads to a signal in the
interface of impedance spectra. The detection limit by
this immunosensor is 2.3 PFU/mL and the total
analysis time is 55 minutes. It is selective to exclude
hepatitis A virus and enteroviruses.

A magnetic near-field enforced illumination
biosensor is developed to detect noroviruses in
contaminated water using two different antibodies
[122]. One antibody is linked to polystyrene beads
and the other antibody is linked to magnetic beads to
generate a sandwich when binding to viruses. The
activated magnetic beads propel the reaction of

Table 4. Differences in antibody labeling methods
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antigen-antibodies and the emission of optical signals
from the polystyrene beads. This sensor allows the
virus detection limit of 40 copies/100 pL without a
washing step in contaminated water.

A molecular motor FoFi-ATPase biosensor is
designed to detect foodborne noroviruses based on
probe-RNA specific binding [123]. A specific probe is
designed to encompass a conservative region of
noroviruses; and FoFi-ATPase in chromatophore is
constructed as a molecular motor to drive the
biosensor in noroviruses capturing. Its detection limit
is 0.005 ng/mL of norovirus RNA with one hour of
processing time, and without cross-reaction to other
foodborne viruses.

Aptamers

Aptamers are single-stranded oligo nucleotides
such as DNA or RNA, or peptides, which bind
specifically with high affinity to foodborne viruses
[124]. Aptamers can be selected using systematic
ligand evolution of ligands by exponential enrichment
(SELEX) from a pathogen nucleic acid or peptide
library containing at least 105 different targeting
sequences [125]. A typical SELEX process is to create a
random synthesised library of nucleotides, with each
nucleotide containing a random central region
flanked by different PCR primer binding sequences to
facilitate target selection. After selection, the chosen
aptamers can recognise and bind to targeting
sequences through several properties, such as
molecular shape complementarities, hydrogen
bonding, electrostatic interactions, or stacking of
aromatic rings.

Compared with antigen-antibody reaction,
aptamers bear tremendous advantages. For example,
they can be synthesised easily; their bindings are
faster, higher specificity and affinity, and more stable;
and they can be used for wider range of targets like
small molecules, drugs, and metal ions [126].
Different chemical tags can be added to aptamers to
increase flexibility without affecting affinity. Their
lower molecular weight enhances the stability to
sustain repetitious denaturation and renaturation.
Aptasensor, due to its advantages, is increasingly
explored, particularly in intact virus detection using
SPR and other platforms [127].

Methods Advantages Disadvantages
Direct 1. Simple & rapid; 1. Immune reactivity may be reduced due to high specificity;

2. Specific and no cross-reaction. 2. Time consuming & expensive if more than a few antibodies used.
Indirect 1. Higher reactivity due to non-specific binding; 1. Non-specific signal and cross-reactivity;

2. Better antibody and label availabilities.
1. Simplest and fastest;
2. Specific without cross-reaction.

Non- Labelled

2. Longer procedures and times.
1. Reduced immune reactivity;
2. Complex if more antibodies needed.
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Aptasensors are biosensors utilising aptamers as
bioreceptors to combine different conductors for
selective molecular application and recognition [128].
The combination of multi-purpose aptamers and
multi-function conductors, such as electrochemical,
optical and mass conductors, facilitates the use of
aptasensors in both pathogen and chemical detection
(Figure 8). Aptamer techniques have been widely
applied to foodborne virus detection.

bacterial toxins Microbial ( virus 7
\_,/ contamination \__’/

biosensor

optical

electrochemical

\ 4

mycotoxin - i algal toxin
R = Chemical \_\g-/
— contamination o

Figure 8. Application of aptamers in biosensing technologies for the food
analysis [128].

Aptamers fit the requirements of foodborne
virus POC detection to be fast, accurate, easy to use,
and affordable [129]. They provide higher
discriminating capacity of serotypes and faster
adaptation to continuously evolving virus strains. For
example, a DNA aptamer strategy has been
introduced to detect murine and human noroviruses;
and a promising aptamer has been selected post
nine-rounds of SELEX with very high affinity to both
virus types [130]. The binding affinity of the selected
aptamer AG3 is a million-fold higher than a
non-specific DNA control sequence, and has a
million-fold higher selectivity from a similar virus,
feline calicivirus. The aptasensor combining AG3 and
biosensor technique using gold nanoparticles can
detect norovirus particles with a limit of detection as
180 copies/mL in environmental samples.
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In the SELEX process, nitrocellulose membranes,
agarose gels, and adsorptive microplates are used as
supports to immobilise virus targets, but the
subsequent separation under these supports is
time-consuming and tedious. To eliminate the carrier
defect, a study applies carrier magnetic nanoparticles
to immobilise the surface antigen of hepatitis B
viruses [131]. DNA aptamers are selected from a
library after 13 selection rounds and used to build an
aptasensor based on chemiluminescence
immunoassay and magnetic separation. The derived
aptasensor can be used to detect the virus surface
antigen from purified or actual samples with a limit of
detection limit as 0.1 ng/mL, which is lower than the
limit of 0.5 ng/mL from ELISA measurement.

Human noroviruses are ideal candidates for
aptamer detection because their significant antigenic
diversity limits its detection using antibodies. An
aptamer study targeting ssDNA in foodborne human
norovirus GII.4 identifies an aptamer #25 showing
affinity to both GIL2 and GII.4 strains, which is
confirmed by ELISA [132]. Its binding affinity is
equivalent to a commercial anti-norovirus antibody.
A magnetic capture method using aptamer combines
the #25 aptamer and RT-PCR to detect norovirus in
contaminated lettuce. The capture efficiency is
2.5-36% with a limit of detection as 10 copies/3 mL in
a lettuce sample.

Another aptamer study targets the P domain
protein of human GII.4 norovirus strain using E. coli to
express and purify the P protein [133]. After SELEX,
an aptamer M6-2 is selected and confirmed by ELISA
targeting G1.7, GIL.2, two GIL.4, and GIL.7 strains with
low to moderate binding affinity. Aptamer magnetic
capture and RT-PCR are combined with the selected
M6-2 aptamer to capture noroviruses with a detection
limit of 4.88 logio input genomic copies. The M6-2
derived aptasensor was successfully tested for its
capturing capability of purified GII.4 New Orleans
outbreak noroviruses.

A miniaturised and portable MEMS-based
electrochemical aptasensor is developed to detect
human noroviruses by combining aptamer and micro
fabrication technique [134]. The electrode is modified
by drop casting a virus-specific and fluorescent
labeled aptamer to be immobilised on the surface of a
gold electrode. The binding capability between the
aptamers and on-chip sensing electrode is evaluated
by testing the sensor responses to different titers of
murine noroviruses as a model of human noroviruses.
The MEMS aptasensor exhibits rapid and clear
response to different virus titers with a limit of
detection of 50 PFU/mL.
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Enzymes

Enzymes as a bio-recognition element in
biosensor research are widely studied and well
developed. Almost all enzymes are proteins except a
few that are ribonucleoproteins with their catalytic
activities in the RNA part [72]. Enzymes are chosen
based on their specific catalytic activity and binding
capability to substrates. Enzyme selection can provide
sufficient electro transfer to a working electrode with
a suitable substrate. Using enzymes as bioreceptors to
detect foodborne viruses provides a high specificity;
and their catalytic activities can enhance the
sensitivity of detected signals.

In most cases, enzymes are not used as the actual
bioreceptors, but as labels, such as labeling antigens,
antibodies, and nucleotide probes. The improvement
in enzyme labeling techniques facilitates sensitive
detection, particularly in immunoassay detection [74].
The advantages of enzyme labeling are its specificity,
stability, and the possibility of visual recognition. Its
advantages over radioisotope and fluorescent tag
labeling are higher sensitivity and stability without
health hazards. Enzymes are stable in storage for
years; and their visibility reduces the need for
expensive and complicated equipment. Furthermore,
small enzymes can be used to label antigens and
antibodies to pass cell membranes to facilitate the
observation of protein localisation and tissue
structure. The disadvantages of enzyme labeling are
the possibility of endogenous enzyme interference in
samples and multiple assay steps.

The commonly used enzymes in pathogen
detection are alkaline phosphatase,
beta-galactosidase, and horseradish peroxidase
(HRP). A colorimetric assay based on alkaline
phosphatase induced metallisation is applied to the
detection of HIN2 avian influenza virus particles
linked to immnomagnetic separation [135]. The color
change induced when enzymes are combined with
gold nanoparticle-induced silver deposition to
enhance the optical signals as 4-6 folds higher than
similar metal nanoparticle colorimetric methods. It is
coupled with a magnetic bead-based sandwich
immunoassay to detect the viruses in complex
samples, such as chicken serum, without pretreatment
and with a limit of detection as 17.5 pg/mL.

Nanozymes

Nanozymes are artificial enzymes based on
nanomaterials to replicate the essential and generic
properties of natural enzymes, which were named by
Scrimin and colleagues to describe gold clusters
protected by a thiol monolayer with ribonuclease
activity [136]. The advantageous characteristics of
nanoenzymes over natural enzymes are their excellent
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robustness and stability, long-term preservation
capability, and low-cost productivity by facile scale
up [137]. The nanomaterials used as nanozymes can
be categorised as metal oxide-based nanomaterials,
cerium oxide-based nanomaterials, carbon-based
nanomaterials, and metal-based nanomaterials, and
[138]. These nanomaterials are found to bear
unexpectedly enzyme-like activities which are taken
as advantages in nanozyme development with wide
application in foodborne virus detection.

Cerium oxide-based nanomaterials with
enzyme-mimic material of cerium oxide (ceria)
produce highly catalytic activity due to the mixture of
valence states of Ce3* and Ce*" together with the
presence of oxygen vacancies [139]. The dominant
Ce3 and oxygen vacancy on nanoceria surface are
due to its large surface to volume ratio [140]. Oxygen
vacancies lead to the reduction of positive charge by
Ce® to stabilise the Ce3* oxidation state. The two
oxidation states can be switched with each other
between the Ce3 and Ce* recycle processes to
generate catalytic energy and activity. Its application
on enzyme mimics includes catalase, oxidase, and
superoxide oxidase (SOD), mimics.

Metal oxide-based nanomaterials include iron
oxide, cobalt oxide, copper oxide, manganese dioxide,
and vanadium pentoxide exhibiting an intrinsic
peroxidase-like activity [138,141]. Cobalt oxide
nanomaterials are a dual intrinsic enzyme mimics
using cobalt oxide to provide peroxidase and catalase
activities; for example, cubic Co3Os nanoparticles
[142]. Copper oxide nanomaterials such as CuO
nanoparticles show peroxidase mimic activity with
higher affinity to its substrate and H,O, compared to
HRP in colorimetric assay [143]. Manganese dioxide
nanomaterials (MnO, NPs) can be made as
nanosheets, nanosticks, nanospheres, or nanowires
with high and stable peroxidase mimic activity
comparable to HRP [144]. Furthermore, vanadium
pentoxide nanomaterials such as V>Os nanowires
have peroxidase mimic catalytic activity comparable
to natural vanadium-dependent haloperoxidase [145].

Metal-based = nanomaterials  include  gold
nanomaterials, platinum nanomaterials, and bimetal
nanomaterials. Gold nanoparticles with either
negative or positive surface charges show mimic
activity of peroxidase, which can be tuned by
adjusting the affinities between the substrates and
nanozymes [146]. Platinum nanomaterials are
encapsulated with apo-ferritin, exhibiting SOD
mimics with long-term stability [147]. Bimetal
nanomaterials are a combination of multiple metals
such as AuM, which is a combination of Au, Bi, Pd,
and Pt based on gold nanoparticles to display
peroxidase mimics [148].
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Carbon-based nanomaterials include graphene
and derivatives, and fullerene and derivatives.
Fullerene and its derivatives can be considered as a
radical sponge; when they are made soluble they can
be modified with biomolecules in solution with SOD
mimics [149]. Graphene oxide and its derivatives
exhibit higher affinity to organic substrates with
peroxidase mimic activity but lower affinity to H.O»
compared to HRP [150]. Graphene with hemin can be
synthesised and functionalised as hybrid nanosheets
to display higher affinity to H,O, but lower affinity to
substrates compared to HRP.

Nanozyme techniques have been widely applied
to foodborne virus detection including some novel
viruses with  potential food contamination
possibilities. Ebola viruses, for example, caused
threatening outbreaks in West Africa recently, is
considered a potential foodborne pathogen with
possibilities to infect farmed animals such as pigs
[151]. A nanozyme technique is applied to Ebola virus
detection using FesO; magnetic nanoparticle based
immuno-chromatographic strip [152]. It detects the
glycoprotein of the viruses with a limit of detection as
Ing/mL within 30 minutes, which is 100-fold more
sensitive than the ELISA detection.

Enzyme-free and label-free bimetal
nanoparticles of PtAu NPs displaying peroxidase
mimic activity can act as barcode in catalyzing
oxidation of amplex red substrate into stable
fluorescent signal, which can be used to detect
hepatitis C virus DNA [153]. The integration of the
PtAu NPs nanoparticles and biosensors can
distinguish single-base mismatched mutant DNA. Its
detection limit can reach 5 pM with linear increases
when the virus concentration was increased from 10
pM to 500 pM.

Technology Applications & Current
Challenges in Foodborne Virus Diagnosis

Modern trends in foodborne bacterial and viral
diseases call for POC detection devices for the
following purposes: (1) environmental monitoring of
infectious agents; (2) self-applied quality control by
food production companies and farms; (3) regular
safety inspection by governmental agencies; and (4)
pathogen screening and cluster identification in
clinical emergency settings [30].

Early, on-site POC detection devices are critical
in food safety insurance processes such as diagnosis
and monitoring [29, 31, 154]. Previous POC device
development focused on medical diagnosis, but not
food safety. However, the emerging growth of POC
device research facilitates its implementation in
foodborne  pathogen  monitoring. The key
requirements for POC device in foodborne virus
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diagnosis and monitoring include the precise
manipulation of fluids, the capability of handling
micro-amount of samples, the capacity for highly
sensitive detection, and diagnostic outputs with
easy-read and interpretation features [29, 30].

Current expectations of POC devices in
foodborne virus monitoring are platforms with
combination and hybridised functions, such as the
capability for superior algorithmic complexity,
computational power, wireless, and portable [155,
156]. Based on the expectations, the POC devices and
technologies, which fit the requirements, are
microfluidic devices, hydrophilic substrate-based
detection devices, paper-based analytical devices, and
smartphone-based wireless technologies.

Microfluidic Devices

As described in the earlier section, microfluidic
technologies and devices are mostly under intensive
study and product development. Microfluidic
technologies involve extremely small amounts of
fluid, from tens to hundreds of microliters, passive or
active fluid transport through capillary forces or
pumping mechanisms, and microfabrication with
shorter diffusional distances [31, 36]. These features
make microfluidics ideal technologies being able to
complete all necessary steps within one device and in
a single reaction, which allows sample pretreatment,
analysis, and signal capture and interpretation.
Microfluidic devices are one of the most likely types
in the future to meet all requirements of POC devices.

Up to date, a low amount of novel microfluidic
POC devices reach the market for foodborne virus
detection, despite the fact that thousands of POC
diagnostic applications and platforms are published
and usable for food safety diagnosis and monitoring
[157]. Surprisingly few lab-on-a-chip microfluidic
technologies have been translated to commercial
products in North America and Europe, where the
market is expected to grow to $8.78 billion by 2021
[158]. The key promoter for the growth is the need for
early diagnosis and personalised treatment in human
clinics, and this will also definitely promote the
growth of microfluidic device in foodborne virus
detection.

Hydrophilic Substrate-Based Detection
Devices

Hydrophilic  substrate-based  devices are
conceptual devices mostly based on lignocellulose
detection using materials such as paper (as described
next), bamboo, thread and cotton with potency in
foodborne pathogen detection. Bamboo lignocellulose
materials are highly promising in the form of stirrers
as both bamboo alone and bamboo-wood hybrid for
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rapid bioanalysis in food and water safety, such as
soup, and meat safety monitoring [159].

Thread lignocellulose materials possess fibrous
and porous qualities ready to be made into devices for
quantitative detection [160]. Sewing techniques are
applied to thread based devices to weave, twist and
encapsulate knots, tape and gel incorporated to
provide microfluidic capacity. Thread materials can
also be combined with plasma oxidation or other
materials such as cotton to generate adequate fluid
transportation.

Cotton  lignocellulose = materials  attract
researchers due to their absorptive capacity in
potential POC application [161]. Cotton based device
with  fluid paths, hydrophilic interior and
hydrophobic exterior has been developed to deliver
sensitive and semi-quantitative results, and to
mitigate possible contamination. The conceptual
hydrophilic substrate-based devices require future
development with promising potency and valuable

capacity.
Paper-Based Analytical Devices

Paper lignocellulose materials are the most
featured and fabricated material in POC devices for
pathogen detection [162]. Paper based materials are
combined with lateral flow assays, dipstick assays,
and microfluidic assays to generate paper-based
analytical devices. Referred to as lab-on-paper,
microfluidic paper based devices uses micro-flow
path to allow microliter-scale sample analysis [163,
164]. The advantages of paper materials over other
microfluidic materials such as glass, plastic and
silicon are that paper is lightweight, biodegradable,
self-powering, easily manufactured and affordable,
which makes it convenient materials for domestic, in
field and resource-free applications.

Paper based devices can be designed as 2D and
3D patterns with leveraging intrinsic capillary for
hydrophilic channels to provide wicking micro-scale
fluids. A wax-patterned paper material is combined
with 3D-slip design to overcome fluidic limitation and
increase sensitivity in human norovirus detection
[165]. The paper based material enables different
microfluidic paths for sequential fluid delivery
without the need for peripheral equipment. The assay
results are naked eye visible with a test time of 60
minutes and a detection limit of 9.5 x 10* copies/mL.
The resulting paper based device can be used in one
single step and is suitable for unskilled users.

Smartphone-Based Wireless Technology
Smartphone-based wireless technology is a

combination of computational processors, optical

sensors, GPS receivers, touch-screen displays, Wi-Fi
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adaptors, wireless networks, and rechargeable
batteries [166, 167]. All of the components can be
integrated into a multi-functional, pocket-size and
portable device to create an ideal candidate in
pathogen detection. The combination of smartphone
technology and POC devices can meet the
requirements in scientific measurement and
commercial control of foodborne virus outbreak and
food chain inspection and monitoring. They are user
friendly and deployable in healthcare facilities,
commercial sectors, and remote rural areas.

Smartphone wireless technology can be used to
combat current challenges in on-site and remote
detection of foodborne pathogens to avoid the needs
of conventional laboratory based and resource
intensive platforms [168, 169]. It can be designed as
either a colorimetric or a fluorometric reading format
to be used in the detection of various pathogens and
their nucleic acid and proteins. A recent application
trend is developing the use of smartphones as
microscopy devices, which, together with other
modern and creative applications, widens the future
applicable possibilities of smartphone technology.

Current application of smartphone based
devices include a colorimetric assay developing a
device with reproducible color quantification of up to
12 color regions despite different lighting conditions
[170]. The smartphone-based technology in foodborne
pathogen detection is mostly applied to foodborne
bacterial detection but not virus detection. For
example, a smartphone based paper strip modified
with polystyrene microparticles and antibodies is
developed to detect salmonella in food samples [183].
The microparticles and antibodies are agglutinated in
the presence of and related to the concentrations of
the bacteria. Reading information can be further
processed by an application installed on the
smartphone with 1 minute time length and a 10
CFU/mL detection limit. Smartphone wireless
technology is applied to our research laboratory in
foodborne virus detection and the results will be
published in the future.

Current Challenges and Future Trends

The research and commercialisation of POC
devices for foodborne bacterial detection are far more
advanced compared to those for foodborne virus
detection. The opportunity to apply bacterial
detection techniques to virus is low because bacteria
are easier to be cultured and amplified, but virus
culture and amplification are difficult and cannot be
enriched in most cases [35]. Moreover viruses cannot
replicate in host free environments and is almost
always found in low numbers in the complex food
matrices. The size of viruses ranges from 20 to 400 nm,
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while the size of bacteria ranges from 1 micron to 5
microns. Due to the extremely smaller size of viruses,
the sensing platforms developed for bacteria need to
be extensively modified for the detection of virus
particles. In addition, the composition of cell surface
(peptidoglycan) proteins of bacteria is not comparable
with the hemagglutinin and neuraminidase
compositions of viruses, and the biorecognition
elements has to be tailor made to create the binding
with the proteins. Along with smaller sizes, absence of
cell wall and ribosomes in the viruses in comparison
to the bacteria also allows for changes in the localized
microenvironment towards the development of
biosensing platforms. Considering the factors of
bacterial detection techniques that cannot be used for
viral detection, and that viruses often present with
lower copy numbers than bacteria in food samples,
this situation demands superior sensitivity of the
virus detection devices to be at least attomolar or
picomolar level.

For real-time and on-site applications, the U. S.
Food and Drug Administration (FDA) and the
Canadian Food Inspection Agency (CFIA) require the
food pathogen tests to be conducted using 100 mL of
food solution volumes, or at-least 25 gram of solid
food samples [171, 172]. This requires that any virus
detection devices should be developed to meet the
requirements of pathogen handling in either 100 mL
of food liquid or 25 grams of solid food samples,
indicating a definitive requirement of
high-throughput setting in the system design of
real-time and on-site detection of foodborne viruses.

Food is a complex sample matrix and viral
particles are usually found only in low concentrations.
Hence, separation, concentration and purification of
viral pathogens is essential towards sensitive virus
detection. Due to the heterogeneity in genome and
surface structures among viruses, a universal viral
extraction technique would be extremely difficult for
rapid and real-time food-borne viral biosensing
detection. Among the four commonly applied viral
concentrations techniques namely precipitation with
glass wool filtration, polyethylene glycol, monolithic
adsorption filtration and organic flocculation with
skim milk, Hjelmses et al, (2017) found the
precipitation with polyethylene glycol technique, to
be an efficient protocol for highest viral specificity
[174].

Iron electrocoagulation was found to be a
superior technique in comparison to chemical
coagulation pretreatment for virus removal from
water and wastewater samples using microfiltration
membranes [175]. The adsorption of the negatively
charged viruses to the positively charged iron flocs
and subsequent removal of the flocs by microfiltration
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membranes might aid in the enhanced sample
pre-treatment processes. Addition of Concanavalin A
(Con A) to sample solutions containing virus and
reacting the added Con A with virus in the solution to
form a virus-Con A conjugate, followed by separating
the Virus-ConA conjugate from the same solution has
been proposed as an economic method of
concentrating virus and detecting the virus within a
short time [176].

Out of four virus recovery methods namely the
ultrafiltration, immunomagnetic separation,
ultracentrifugation and PEG precipitation techniques,
Summa et al, (2012) [177] found that
ultracentrifugation yielded the highest recovery of
noroviruses from lettuce and ham; while PEG
precipitation recovered the best yield of virus from
raspberries.

There is currently no harmonization in the
consensus towards selection of sample size or the
number of samples to be analyzed from a suspected
batch for viral detection. Hence, there is an absolute
and immediate need for harmonization of detection of
viruses from food matrices [178]. A rapid real-time
sensitive  virus  biosensing  platform  would
significantly benefit from development of a reference
detection method such as proposed in ISO/TS 15216.
[179-181].

Major challenges for POC platform development
in current foodborne virus detection include (1) POC
platform facilitating multiplex testing; (2) enhancing
the signal-to-noise ratio to reduce background noises
and increase detectable signals (3) enhancing
detection specificity and sensitivity; (4) improving
storage duration; (5) allowing user-friendly and
unskilled operation [30]. Other challenges include
contamination issues in smartphone based devices
before they can be used for foodborne pathogen
detection; and data security and handling to meet the
requirements in widespread use and communication
of electronic data [29].

With the changing of the global demographic
and epidemiologic structure, as well as food
processing and harvesting systems, we can expect
new foodborne viruses to emerge in society through
both animal and plant derived foods. A rapid and
sensitive detection system can reduce ongoing
transmission of pathogens as well as play crucial role
in preventing pathogen transmission through early
detection and control of foodborne illness outbreaks.
However, more attention should be given to develop
a simple, cheap, sensitive, selective, and POC detector
combining with modern technology.

In recent years, advancements in
nanotechnology and in biological fields enable us to
combine different nanoscale materials such as Au
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NPs, CNTs, MNPs, and QDs in single superstructure
and open the possibility to make heterostructuring
which would provide us new aspects to (a) modify or
enhance optical properties of single nanomaterials; (b)
enhance electrical properties in comparison to single
nanoparticles; (c) combine different properties in one
entity i.e. fluorescence and magnetic properties; or
plasmonic and magnetic properties; or plasmonic and
fluorescence properties in one nanostructure. In the
near future, such multi-functional nanohybrids could
be applied to detect and separate different foodborne
viruses simultaneously from complex biological
matrices.

Colorimetric detection systems are some of the
most practical, real life applicable and promising
techniques. The introduction of multi nanozymes in
one nanostructure with different shapes may provide
more surface to volume ratio to bind with substrate,
and enhance detection sensitivity due to different
enzymatic activity. We believe hetero structuring by
metallic nanomaterials will garner more attention in
the near future and will provide us with a new
horizon in bioanalytical detection systems.

Concluding Remarks

Foodborne viruses and their detection are
related to human life and safety, and they are
relatively new, receiving more attention due to
emerging contamination events and small scale
outbreaks. The current research and
commercialisation of POC devices for foodborne virus
detection are far behind those for foodborne bacterial
detection. Since the direct transfer of developed
bacterial detection methods to virus detection is
unlikely, the current situation in device and
technology development is challenging. Efforts in
research and development are needed to adopt
technologies from virus detection in healthcare fields
and foodborne bacterial detection to fulfill the goals of
foodborne virus detection in food safety.
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