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A B S T R A C T   

Background: The implementation of fast, sensitive and specific diagnostic tools such as those for point-of-care 
testing (POCT) can assure public health security and food safety against foodborne infectious disease out-
breaks. Norovirus is the most common pathogen causing foodborne outbreaks and the most frequent cause of 
acute gastroenteritis in humans. This frequency in outbreaks highlights the importance of the development and 
application of new portable diagnostic concepts and sensitive, multiplex, accurate, real-time (SMART) tech-
nologies considering the recommendations of Public Health Authorities accentuating personal and food hygiene 
measures to limit the spread of the virus. The development of POCT using handheld devices has significantly 
increased in recent years to detect norovirus due to the undeniable advantages of these methods such as 
rapidness, ultra-sensitivity and simplicity for norovirus diagnosis, in comparison to the ‘gold standard’ quanti-
tative polymerase chain reaction (qPCR). 
Scope and approach: Recent progress in the development of POCT devices and changing detection priorities in the 
food industry highlights the importance of efficient POCT methods selection, therefore, this review sought to 
outline the comparison of emerging POCT methods to be used for the analysis of food, water and clinical samples 
including molecular methods, biosensing technologies, immunodiagnostics, microarrays, and other prospective 
methods whereby implementation could aid the investigation of outbreaks of norovirus. 
Key findings: In this study, advantages and disadvantages of POCT methods are illustrated and the prospective 
identification of POCT methods are compared and discussed. In summary, the concluding remarks illustrate the 
future trends and directions for POCT methods which can be applied to detect norovirus and other viruses.   
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1. Introduction 

Noroviruses are a major causative agent of foodborne gastrointes-
tinal (GI) disease, estimated to be associated with 18% of all diarrhetic 
cases reported globally (Ahmed et al., 2014; Inns et al., 2017). Nor-
oviruses are highly infectious viruses and GI disease may be caused by 
very low doses of norovirus virions (1–10 virion particles) (Teunis et al., 

2008; Atmar, Ramani, & Estes, 2018). Therefore, infections caused by 
norovirus are widespread and frequently reported (Li et al., 2018). 
Global outbreaks occurring in the winter seasons caused by the gen-
ogroup II, genotype 4 (GII.4) variant are estimated to be in the region of 
700 million cases leading to 220,000 deaths annually of which more 
than 70% of these cases are affecting children under five in developing 
countries (Africa and South East Asia) (Lane et al., 2019). The infection 
caused by norovirus is usually transmitted from person to person contact 
(i.e vomiting incidences) or contaminated food, water and surfaces 
(Gaythorpe et al., 2018) with mild characteristic symptoms such as 
vomiting and diarrhoea with a recovery period of 1–2 days (Inns et al., 
2017). However, poorer outcomes are related with the elderly, immu-
nocompromised and neonates’ patients (Inns et al., 2017). In addition to 
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the threat related to mortality caused by norovirus, in the UK alone the 
healthcare costs for the treatment of patients were estimated to reach 
£81 million annually (Tam & O’Brien, 2016). 

Norwalk virus, first described in 1968 (Kapikian et al., 1972) 
following an outbreak of gastroenteritis in the town of Norwalk Ohio 
and named in 1972, is the prototype strain of a group of 
non-cultivatable, non-enveloped, positive sense single-stranded RNA 
viruses belonging to the genus Norovirus of the Caliciviridae family 
(Chhabra et al., 2019, Vinje et al., 2019). Noroviruses can be classified 
into 10 genogroups (GI-GX) based on the sequence diversity of their 
major structural capsid protein (VP1) which can be further divided into 
at least 48 genotypes known to cause infections in humans (Chhabra 
et al., 2019; International Committee on Taxonomy of Viruses, 2019). 
However, the genotypes GII.11, GII.18, GII.19, GIV.2, GIII, GV, GVI and 
GVII viruses are known to cause infections in different animal species 
(Vinje et al., 2019). 

The past pandemic outbreaks of norovirus since 1968 (Karst & Baric, 
2015) have led to a study of the genomic characterization of the virus 
variants causing infection, development of commonly available vaccines 
against the virus and evaluation of immunodiagnostic and molecular 
methods for the detection of outbreaks caused by GI disease causing 
noroviruses (Malik et al., 2019). Among these methods, only RT-qPCR 
has demonstrated proven sensitivity, and is the method recommended 
as the best practice in the detection of norovirus from food matrices such 
as shellfish (CEFAS 2020). These techniques, although sensitive have 
limitations (i.e lengthy procedures and the use of specialized equip-
ment). Thus, there is still a requirement for rapid POCT devices such as 
biosensors or lateral flow immunoassays for norovirus detection. For the 
design and construction of a biosensor the key factors are sensitivity, 
specificity, reliability, cost-efficiency and the possibility of on-line use 
for environmental analysis but also simplicity in use for clinicians for 
clinical analysis and food operators for food analysis. Functional 
bio-recognition elements are the key components, which define the af-
finity (low detection limit), specificity (low interference), dynamic 

range, response time and lifetime of the biosensing system. Although, 
currently most of the developed biosensor-based methods are not able to 
compete with traditional methods in terms of precision or reproduc-
ibility, they offer the opportunity of continuous on-site and real-time 
monitoring of a contamination and may provide timely information 
about potential contamination (Kivirand & Rinken, 2019) (Fig. 1). 
Portable biosensing approaches in tandem with new bio-recognition 
elements are routinely being evaluated for enhanced sensitivity for 
virus detection and their suitability and use in the field. 

Additionally, biosensors may be adopted for the multiplexing capa-
bilities in the detection of several different species of genogroups within 
one species. This is particularly important as the diversity in the nor-
ovirus genomes and the antigenic drift of certain strains (e.g., GII.4) over 
time has posed limitations in single binding event measurements for 
biosensor development for its detection. In contrast, microarrays can 
detect multiple strains and are an attractive tool in development for the 
detection and analysis of noroviruses. 

Therefore, the aim of this review is to compare the available POCT 
methods for noroviruses detection to enable robust and efficient diag-
nosis and when applied to food safety monitoring may be used to 
counterattack future NoV outbreaks. Finally, using the present literature 
on the topic and research experience, we would like to propose the 
future direction of POCT methods that in our view would prove useful, 
fast and efficient detection technologies and could replace current ‘gold 
standard methods’. 

2. POCT methods for detection of noroviruses 

POCT methods have indisputable potential to provide sensitive and 
specific detection to manage patients immediately (i.e investigating 
transmission rate, protection against spread of the virus and fast GI 
disease treatment caused by norovirus) or to monitor for the virus in 
contaminated food and water to prevent the spread of infection. The 
methods compared in this review include molecular methods, biosensor 

Fig. 1. Schematic process of sensitive and specific POCT detection of norovirus using a lateral flow handheld device.  
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based methods, immunoassays (EIA and LFA), microarrays and new 
perspectives on the conception of biosensor usage that could be imple-
mented for the detection of noroviruses (Fig. 2). 

2.1. Molecular methods 

Over the last decade, significant progress has been made in the 
development of nucleic acid diagnostic methods for the routine detec-
tion of human noroviruses, with RT-qPCR assays set as the ‘gold stan-
dard’ for detection of noroviruses (Liu & Moore, 2020). The main 
disadvantages of the ‘gold standard’ RT-qPCR method are the lengthy 
procedure and difficulty in interpretation of positive results from 
asymptomatic individuals (Miura et al., 2018). Furthermore, the effect 
of inhibitory factors such as pH, particulates and ionic strength espe-
cially from food matrices cause more difficulties in interpretation (Bosch 
et al., 2018). The need for an alternative molecular method that can be 
used for on-site settings as a routine rapid test led to the development of 
isothermal amplification or portable real-time sequencing devices 
(Martzy et al., 2019; ONT 2020), each with their advantages and dis-
advantages as herein reviewed. 

2.1.1. Isothermal amplification 
The amplification of the specific nucleic acid sequences represents a 

crucial step for the development of sensitive detection systems. In 
comparison to standardized methods such as RT-qPCR or RT-qPCR/RT- 
dPCR, which are expensive and time-consuming (ISO 2019), isothermal 
amplification methods can provide a rapid, less expensive on-site diag-
nosis, with the results visualised by the naked eye (Gyawali et al., 2019). 
Isothermal methods, that operate at constant temperature, have 
emerged as promising alternatives to PCR and greatly simplify the 
implementation of amplification methods in point-of-care diagnostic 
devices and devices to be used in resource-limited settings. A review of 
the different isothermal amplification methods for nucleic acid detection 
and their integration into microfluidic devices has been previously 
conducted (Giuffrida & Spoto, 2017). These methods include 
loop-mediated isothermal amplification (LAMP), reverse transcription 
(RT) LAMP, recombinase polymerase amplification (RPA), nucleic acid 
sequence-based amplification (NASBA), helicase-dependent amplifica-
tion (HDA), linear isothermal amplification methods such as rolling 
circle (RCA) and strand displacement (SDA). Isothermal methods stand 

out for their specificity, sensitivity and simplicity with the ability to 
detect a small number of copies of virus/reaction within a relatively 
short time (Martzy et al., 2019). Thus far, several sensitive isothermal 
methods have been reported detecting low levels of norovirus present in 
food or clinical samples at approximately 10–1000 copies virus/reaction 
includingNASBA, RPA and (RT-LAMP) (Table 1). NASBA, introduced in 
1991, was designed to amplify single-stranded RNA targets (Compton, 
1991). It operates at 41 ◦C and uses three enzymes (i.e., reverse tran-
scriptase, RNase H and T7 DNA dependent RNA polymerase) and two 
primers (forward P1 and reverse P2) to mimic the in vivo retroviral 
replication mechanisms to produce RNA amplicons from an RNA tem-
plate. RPA, introduced in 2006 (Piepenburg et al., 2006), was the 
construct of a new probe-based amplification approach to PCR exploit-
ing the specific action of recombinase. RPA takes advantage of its 
simplicity, flexibility, low operating temperature (about 37 ◦C) and 
speed (results 5–20 min) (Daher et al., 2016). LAMP, introduced in 
2000, is a single-tube technique for the amplification of DNA and 
RT-LAMP combines LAMP with a reverse transcription step to allow the 
detection of RNA (Notomi et al., 2000; Safavieh et al., 2016). However, a 
vast number of these methods although evaluated for their integration 
into microfluidic devices with the ambition to develop POCT have 
neither been optimized as simple colorimetric POCT methods or their 
efficacy tested using real-time qPCR. Isothermal amplification might be 
a promising efficient diagnostics tool for norovirus disease outbreaks, in 
comparison to the traditional ‘gold standard’ method (Malik et al., 
2019). Table 1 highlights the assays developed as POCT methods for the 
detection of norovirus from faecal, water and animal samples and 
compares their detection limit, matrices tested and assay time. However, 
out of all these isothermal amplification assays (Table 1) (Fukuda et al, 
2006, 2007, 2008; Greene et al., 2003; Houde et al., 2006; Moore et al., 
2004Moore & Jaykus, 2017; Patterson et al., 2006; Yoda et al., 2007), 
LAMP colorimetric-based visualisations are the most promising POCT 
methods that enable the user to perform the test as a single-tube reaction 
(Luo et al., 2014). Luo and co-authors developed a hydroxynaphtol blue 
(HNB)-based LAMP assay targeting RNA-dependent RNA polymerase 
and the capsid protein gene of norovirus GII., showing high specificity to 
the target and sensitivity to detect 103 copies virus/reaction (Luo et al., 
2014). Moreover, this assay when tested on clinical specimens showed 
94.83% coincidence rate for norovirus GII. detection compared to 
RT-PCR (Luo et al., 2014). Of the several isothermal amplification 

Fig. 2. A schematic representation of POCT diagnostic methods for Norovirus. Presented diagnostic assays are classified into five major categorizes: a) molecular 
methods, b) biosensors, c) microarrays, d) immunoassays, e) prospective methods, which have further sub-classifications. 
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methods, LAMP assays involved 6–8 primers with loop formation which 
enhance its sensitivity and specificity to the selected target sequence 
(Becherer et al., 2020). However, the disadvantage of this method re-
mains as the relatively high temperature of amplification (60–65 ◦C) in 
comparison to for exampleRPA (approx. 30–37 ◦C). Nonetheless, the 
future outlook is that the highly sensitive detection of nucleic acids 
based on digital LAMP may also be implemented into portable devices 
using a camera phone as a visual readout for the nucleic acid detection 
(Rodriguez-Manzano et al., 2016). In this case the smartphone camera 
can be exploited for the detection of a colorimetric assay while LAMP 
isothermal amplification is performed in wells of 5 nL in volume. 
However, integrating the isothermal amplification in POC structures 
that replicate the entire workflow for sample treatment to nucleic acid 
sequences detection requires further technological innovations. 

2.1.2. High throughput sequencing (HTS) 
Introduction of HTS sequencing platforms such as Illumnia or 

sequencing by oligonucleotide ligation and detection (SOLiD) have 

revolutionized the detection sector and these have become state-of-the- 
art techniques that enable precise detection and classification of mi-
crobes and viruses present in food and clinical samples, however the 
costs of analysis is still relatively high in comparison to other methods 
such as RT-PCR (Sekse et al., 2017). Within well introduced HTS 
methods such as next-generation sequencing (NGS) that has been 
implemented in multiple sectors, new third-generation sequencing 
(TGS) platforms (i.e Oxford Nanopore or Pacbio Sequel) are growing in 
popularity due to their speed with a relatively short time requirement 
for a library preparation (i. e Oxford Nanopore Technologies (ONT) 
MinION 10–60 min) and shorter length of analysis (3–24 h) (Theuns 
et al., 2018) in comparison to NGS (i.e library preparation for Illumnia 
platform up to 3 days and length of analysis approx. 56 h) (Head et al., 
2014). The MinION sequencer ONT is a real-time sequencing portable 
nanopore microarray device built on membranes in a single flow cell, 
where DNA/RNA molecules are loaded onto the flow cell, following 
migration through nanopores (Grädel et al., 2019). This device has 
recently been reported to be a sufficiently fast on-site method for 

Table 1 
Developed assays as POCT methods for detection of Norovirus (NoV) from faecal, water and animal samples.  

Detection method Virus Detection limit Matrix Assay 
time 

References 

Multiplex RT-NASBA Rota virus 
NoV GII 
Astrovirus 

7, 100, 200 copies/reaction 
respectively 

Fecal samples 10–30 
min 

Mo et al. (2015) 

Microfluidic chip combined with NASBA Murine NoV 10 2 PFU/single oyster Spiked Oyster 4 h Chung et al. (2015) 
Molecular beacon based RT-NASBA NoV GII 0.01 particles detectable 

units 
Fecal samples 94 min Lamhoujeb et al. (2009) 

NASBA-RT-LAMP NoV GI/4, GII/4 N/A Oyster 3 h (Fukuda et al., 2008; Houde 
et al., 2006) 

NASBA combined with dot blot hybridization NoV GII N/A Fecal samples N/A Houde et al. (2006) 
NASBA combined with Agarose gel and dot 

blotting 
NoV GI, GII 5 pg/ml 

100 pg/1.5 g shellfish tissue 
Fecal samples 
Spiked shellfish 

N/A Kou et al. (2006) 

Molecular beacon based RT-NASBA NoV GII 10-100 copies Fecal samples <1h Patterson et al. (2006) 
Multiplex NASBA combined with Agarose gel 

electrophoresis and dot blotting 
Hepatitis A 
NoV GI, GII 

10-100 PFU/9 cm Spiked deli sliced turkey 
and lettuce 

N/A Jean et al. (2004) 

Detection method Virus Detection limit Matrix Assay 
time 

References 

Commercial NASBA (NucliSens Basic Kit) NoV GI, GII 104 PFU Fecal samples 4–6 h Fukuda et al. (2008) 
RT-LAMP NoV 22 copies/μL stream water 40min Khairuddin et al. (2017) 
RT-LAMP NoV GI, GII 10 genome copies/μl Feces/Spiked Oyster NA Jeon et al. (2017) 
RT-LAMP NoV GII 103 copies/reaction Fecal samples 1 h Luo et al. (2014) 
RT-LAMP NoV GI, GII Sensitivity range of 200- 

8x104 copies/sample 
Fecal samples N/A Yoda et al. (2007) 

RT-LAMP NoV GI, GII 102-103 copies/tube Fecal samples 60–90 
min 

Fukuda et al. (2006) 

RT-RPA NoV GII.4 0.20 log10 copies Fecal samples 30min (Moore & Jaykus, 2017) 
Split Gq based DNA-TN NoV GII. Partial mRNA 

capsid 
4 nM Fecal samples N/A Nakatsuka et al. (2015) 

Aptasensor Murine NoV, GII.3 180 virus particle N/A 60min Giamberardino et al. (2013) 
MEMS-based electrochemical aptasensor MNV N/A Environment N/A Kitajima et al. (2016) 
Detection methods Virus Detection limit Matrix Assay 

time 
References 

‘Non-stop’ aptasensor NoV GII. 80 ng/mL of NoV DNA Water/urine samples 30min Kim et al. (2018) 
NanoZyme aptasensor MNV 20 copies virus/reaction Fecal samples 10min (Weerathunge, 2019) 
V-trench antibody-based biosensor NoV GII.4 100 copies/mL N/A 30min Ashiba et al. (2017) 
‘Concanavalin A’ antibody-based biosensor NoV GII.4 35-60 copies/mL N/A N/A Hong et al. (2015) 
LPFGs-immunosensor NoV 1 ng/mL N/A 40min Janczuk-Richter et al. (2020) 
Noro-1‘ peptide-based biosensor NoV GII.4 7.8 copies/mL Fecal 30min Hwang et al. (2017) 
peptide-based plasmonic biosensor NoV 9.9 copies/mL N/A N/A (Heo et al., 2019) 
NoroBP-nonFoul (FlexL) peptide-based 

biosensor 
NoV 1.7 copies/mL Oysters 30min Baek et al. (2019) 

Tilling microarray NoV 250-500 virus particle 
104 viral genome 

Food N/A Yu et al. (2016) 

Multiplex LLMDA assay NoV 
Rotavirus 
Enterobacterias 

N/A N/A N/A Thissen et al. (2014) 

Detection method Virus Detection limit Matrix Assay 
time 

References 

NoroChip V2.0 and V3.0 NoV GI.I/GII.4 N/A N/A N/A Pagotto et al. (2008a, 
2008b) 

Generic microarray NoV GI and GII N/A N/A N/A Jaaskelainen et al. (2006) 

N/A-not applicable. 
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recovering at least 85% of norovirus G.II genomes with relatively lower 
but enough accuracy in comparison to PacBio Sequel (Li et al., 2020). 
Despite the simplicity to perform TGS analysis using a MinION, high 
errors of base-calling and a lower coverage than the PacBio Sequel are 
disadvantages of this miniaturised device (Li et al., 2020). Another 
disadvantage of this device is the amount of input DNA/RNA required to 
perform sequencing (i.e 400 ng or 1–5 ng for barcoding kits) in com-
parison to the Illumnia platform which can obtain the whole genome 
with an input of only 0.2 ng of DNA/RNA. 

2.2. Biosensors 

Recently, the development of norovirus biosensors has risen signif-
icantly indicating their increased applications for norovirus disease 
detection (Ozer et al., 2020) with promising results reported in several 
studies with biosensors classified as simple, sensitive and specific 
analytical tools with the ability to rapidly analyse multiple samples 
compared to the conventional methods (Gyawali et al., 2019). Bio-
sensors are analytical devices consisting of a recognition molecule, 
transducing element and detector. Current transducing elements are 
divided into major groups such as optical, electrochemical, thermo-
metric, piezoelectric and magnetic. Biosensors produce an electronic or 
optical signal proportional to the specific interaction between the ana-
lyte and the recognition molecule such as antibodies, aptamers or 
single-stranded DNA which present on the sensor (Bhalla et al., 2016). A 
review of assays developed on biosensor devices is provided in Table 1. 
However, denaturation, non-specific binding to non-target molecules, 
sample preparation, system integration and sample matrix interference 
are continuously reported as obstacles for biosensor technology (Lich-
tenberg et al., 2019). Advances in nanotechnology and combining 
microfluidics, all provide advantages such as multiplexing, reducing 
sample size and ease of fluid control and process automation for bio-
sensing (Liu & Moore, 2020). Additionally, the selection of bio-
recognition molecules (antibodies, aptamers and peptides) used for 

POCT is challenging for development with suitable specificity and 
selectivity of the sensing assay to detect noroviruses strains (Liu & 
Moore, 2020). In addition to the advantages, all of these have limitations 
which are highlighted in (Fig. 3). 

2.2.1. Antibody-based biosensors 
A selective electrochemical biosensor with concanavalin A has been 

developed for norovirus GII.4 detection (Hong et al., 2015). The 
developed electrochemical biosensor consisted of a nanostructured gold 
electrode conjugated with concanavalin (ConA); a lectin (carbohy-
drate-binding protein) originally extracted from jack beans (Canavalia 
ensiformis). This protein can selectively capture norovirus versus hepa-
titis A and hepatitis E (Hong et al., 2015). The developed biosensor could 
detect norovirus in the range of 102 to 106 copies/mL with a detection 
limit of in 35 and 60 copies/mL in buffer and spiked lettuce samples 
respectively (Hong et al., 2015). Furthermore, the selectivity of the 
biosensor tested against Hepatitis A and E was proven to have an 
approximately 98% selectivity with good reproducibility of RSD =
4.38% and thermal stability of 2.5%–3.1% decrement at 4 ◦C and 25 ◦C, 
respectively (Hong et al., 2015). In a study conducted by Ashiba and 
co-authors a simple V- shape trench biosensor was used for the detection 
of norovirus like particles GII.4 using surface plasmon resonance (SPR) 
(Ashiba et al., 2017). A sandwich immunoassay was applied using a 
monoclonal antibody as a capturing molecule and Qdot fluorescent dyes 
as a label on a surface of an Al film with the sensitivity of the assay 
reported to be 0.01 ng/mL, which was estimated to be equal to 100 
virus-like particles. However, the cross reactivity of the biosensor wasn’t 
tested (Ashiba et al., 2017). As a further perspective, it has been sug-
gested that pre-mixing of samples and reagents and installation of a flow 
system would shorten the assay time and would enhance the perfor-
mance of the proposed sensor as a suitable on-site tool (Ashiba et al., 
2017). Most recently another approach for rapid and sensitive detection 
of norovirus was reported using an immunosensor based on long-period 
fibre gratings (LPFGs) with the detection sensitivity evaluated to be 1 

Fig. 3. Advantages (grey bold) and disadvantages (red bold) of biorecognition molecules used for norovirus biosensors including antibodies aptamers and peptides. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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ng/mL of norovirus, and a total analysis time of 40 min in a label-free 
manner (Janczuk-Richter et al., 2020). Moreover, advanced nanotech-
nology approaches for ultra-sensitive detection of norovirus have been 
pointed out using a dual modality sensor using a liposome-based signal 
amplification technique (Ganganboina et al., 2020). 

2.2.2. Aptamer-based biosensors 
Aptamer-based biosensors (aptasensors), are one of the most sensi-

tive and specific POCT methods for the detection of norovirus, and 
recently detection limits reaching low copies virus/reaction (~20 copies 
virus/reaction) and a high speed of reaction time of ~10 min have been 
reported (Weerathunge, 2019). Therefore, aptasensors are prospective 
methods for the development and detection of norovirus from food and 
clinical samples. In the study performed by Giamberardino and 
co-authors (the first group who reported the development and applica-
tion of an aptasensor platform by proposing a lead DNA aptamer 
candidate) a selected aptamer (AG3) was developed against murine 
norovirus (MNV) using the Systematic Evolution of Ligands by EXpo-
nential enrichment (SELEX) screening method. After nine rounds of 
SELEX, AG3 posed a very high affinity binder, in the picomolar range, 
for MNV as well as for the synthesized capsid of human norovirus GII.3 
(Giamberardino et al., 2013). AG3 posed a near million-fold higher af-
finity for norovirus detection in comparison to a non-specific DNA 
control sequence. Furthermore, the cross-reactivity tests confirmed a 
million-fold higher affinity for the noroviruses than for the feline cal-
icivirus. To develop an aptasensor, AG3 was featured into a simple 
electrochemical sensor using a gold nanoparticle-modified screen--
printed carbon electrode (GNPs-SPCE) that proposed a detection limit of 
approximately 180 virus copies/mL suggesting its possible on-site ap-
plications for the rapid detection of noroviruses in environmental and 
clinical samples. However, the authors suggested that optimization in a 
variety of matrices was required to ensure the effectiveness (Giamber-
ardino et al., 2013). In a further study, another DNA aptamer with the 
affinity to bind to the norovirus GII.4 capsid protein VP1 was developed, 
however, it was not incorporated into a biosensing platform (Beier et al., 
2014). Following this, Nakatsuka and co-authors reported a novel DNA 
structure, a split G-quadruplex (Gq) based DNA-nano tweezers (NT) was 
developed for norovirus detection as a model of signal generation with 
potential application in a portable sensor (Nakatsuka et al., 2015). A 
partial norovirus mRNA from GII-4 capsid was artificially synthesized 
and applied as a target molecule and the corresponding peroxidase ac-
tivity measured by colorimetric response. A Gq molecule is a DNAzyme 
containing hemin as a co-factor required for its peroxidase activity and a 
guanine-rich sequence (Travascio et al., 1999, 2001) which therefore 
acts as a signal generator desirable for specific nucleotide detection 
(Roembke et al., 2013). This DNA-nano tweezers (NT) structure allows 
self-assemble from three single-stranded DNAs through simple mixing, 
and detects its target without requiring any washing steps. The target 
recognition sites of split Gq-based DNA-NT can be modified easily 
without the need to optimize the tweezers structure. This method could 
detect norovirus at the level of 4 nM in a homogenous assay without any 
competition or requirement of washing steps. However, the high back-
ground generated by the accumulation of free hemin was attributed for 
this limited sensitivity. It has been suggested by the authors that 
applying electrochemical detection and immobilization of split 
Gq-based DNA-NT onto an electrode will reduce the interference be-
tween peroxidase activity and hemin and therefore could lead to the 
improved sensitivity (Nakatsuka et al., 2015). Following this, a hand-
held MEMS-based electrochemical aptasensor device to target MNV was 
reported as a POC proof-of-concept solution using a previously selected 
aptamer AG3 (Giamberardino et al., 2013; Kitajima et al., 2016). In this 
study, an immobilized thiolated DNA aptamer on an on-chip gold (Au) 
working electrode was tested and the affinity between thiol and Au, and 
formation of a DNA aptamer monolayer was confirmed. However, the 
reported study did not indicate the limit of detection of this assay, as the 
sensitivity of this assay has not been optimized (Kitajima et al., 2016). 

Kim and co-authors reported a new rapid assay (‘non-stop aptasensor’), 
guanine chemiluminescence-based on the principle of intra chemilu-
minescent resonance transfer (Intra-CRET) targeting norovirus GII. from 
water and artificial urine samples with the sensitivity evaluated to be 80 
ng/mL of norovirus DNA (Kim et al., 2018). The highlighted simplicity 
and sensitivity of this assay relies on the application of a five guanine 
(5G) linker spacer combined with a DNA aptamer to capture norovirus 
GII. capsid. In contrast to other assays, the use of this aptasensor was 
time saving and it enabled a user-friendly approach, as there is no need 
for sample pre-treatment, long and multiple incubations and washings 
(Kim et al., 2018)]. Thus far, a colorimetric NanoZyme aptasensor is the 
most sensitive and rapid aptasensor reported to detect 20 copies of virus 
per reaction of murine norovirus (MNV) in 10 min (Weerathunge, 2019). 
This ultrasensitive, enzyme-mimic based catalytic activity of gold 
nanoparticles, colorimetric (inducing blue colour for positive reaction) 
aptasensor with high target specificity of an MNV aptamer, is compa-
rable to the sensitivity of RT-qPCR targeting the infective virus dose of 
ID50 (18–1050 virus copies/mL). Therefore, such a device could replace 
the time consuming and lengthy ‘gold standard’ method (Weerathunge, 
2019) Though it should be stated when leaving the sample preparation 
out of the equation, RT-qPCR can be completed in 60–90 min and there 
are now portable real time PCR platforms. It is the required sample 
preparation that prevents this approach being utilised in the field. 
Sample preparation, especially for food and clinical analysis, is a major 
consideration to the suitability of any methodology for POCT. New in-
novations in sample preparation methods or extraction methods for the 
virus being determined are in high demand. Additionally, the rigorous 
validation of any new methodology or approach should then be con-
ducted using a blind panel of many different norovirus genotypes to 
determine the suitability of the test for its purpose. 

2.2.3. Peptide-based biosensors 
In comparison to previously reported antibody and aptamer-based 

biosensors, more recently designed peptide-based biosensors stand out 
for their sensitivity in the detection of norovirus. Hwang and others used 
a series of synthetic affinity peptides identified with evolutionary phage 
display applied on an electrochemical platform for GII.4 norovirus 
detection (Hwang et al., 2017). Among them, a specific short peptide 
called Noro-1 peptide showed high affinity for recombinant noroviral 
capsid proteins (rP2). The peptide then immobilized on a gold-surface 
and sensing was measured by three methods including cyclic voltam-
metry (CV), electrochemical impedance spectroscopy (EIS) and quartz 
crystal microbalance (QCM). In CV and EIS, the impedance was obtained 
by varying the applied potential, however in QCM the frequency 
(regarding to mass and thickness) and dissipation (regarding to rigidity) 
were two factors measured simultaneously in real time (Wu et al., 2011). 
The biosensor selectivity was tested against rotavirus and proven to be 
highly specific for norovirus detection (Hwang et al., 2017). Using EIS, 
the limit of detection of Noro-1 biosensor was determined as 99.8 nM 
against rP2 protein and 7.8 copies/mL for norovirus in stool samples 
which was claimed by the authors to be the most sensitive assay reported 
for norovirus detection at that time (Hwang et al., 2017). More recently, 
an affinity peptide-guided based plasmonic biosensor has been proven as 
an efficient tool for the detection of norovirus (Heo et al., 2019). The 
high sensitivity of this assay was reported to be 9.9 copies virus/mL of 
norovirus capsid protein, however higher than that reported previously 
by (Heo et al., 2019). Thus far, the most sensitive biosensor reported is 
an electrochemical NoroBP-nonFoul (FlexL) 2-coated gold electrode 
sensor (Baek et al., 2019). This biosensor consists of the assembly of 
eight peptides separately on the gold electrode, which showed the 
highest binding affinity to norovirus by NoroBP peptide; due to the 
application of NoroBP peptide this is an ultrasensitive tool for detection 
of norovirus from food samples, with a limit of detection of 1.7 copies 
virus/mL (Baek et al., 2019). 
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2.3. Microarrays 

Among the other POCT methods, microarrays (called as gene chips, 
biochips and DNA chips) have the great multiplexing potential to pro-
vide rapid genotype information which is valuable for monitoring not 
only the spread of norovirus but also several other GI viruses causing 
outbreaks as well their variations in circulating strains (Martinez et al., 
2015). DNA microarrays involving thousands of micro reaction zones 
containing immobilized oligonucleotide sequences are implanted onto 
solid supports made from glass, plastic, or silicon which allows the 
simultaneous analysis of thousands of genes in a single experiment. This 
is the main advantage of microarrays over biosensors which only allow 
single measurements (Wang, 2000; Shoemaker & Linsley, 2002; Hahn 
et al., 2005). 

In a study conducted by Jaaskelainen et al. (Jaaskelainen et al., 
2006) a microarray method was applied for the simultaneous identifi-
cation of genogroups and types of noroviruses and Astroviruses in stool 
samples. Pre-amplified monoplex- and multiplex-RT-PCR products were 
transcribed to single-stranded RNA (ssRNA) and hybridized to short 
detection primers. The fluorescent nucleotides were added to the hy-
bridized RNA template by Reverse transcriptase enzyme and the fluo-
rescence signal was measured by a microarray scanner. 13 norovirus GI 
and GII genotypes were assayed in stool samples whereby 45 samples 
tested positive for norovirus by microarray in contrast to 35 by a con-
ventional PCR-method among a panel of 74 samples. Although the 
microarray detected all genogroups except one, the limitation of the 
microarray to detect emerging new types of norovirus and astroviruses 
should be considered in the primer design (Jaaskelainen et al., 2006). In 
another study by Pagotto and others (Pagotto, Corneau, Mattison, & 
Bidawid, 2008a, 2008b), a microarray based method was used for 
detection and analysis of the norovirus genome. A 917-bp RT-PCR 
amplicon spanning regions A-C (i.e. Partial polymerase and partial 
capsid) from GI.1 and GII.4 norovirus was applied. Sequences hybrid-
ized to an oligonucleotide array called NoroChip v2.0 which was 
developed for the simultaneous detection and molecular characteriza-
tion of Norovirus (Pagotto et al., 2008a, 2008b). Brinkman & Fout, 2009 
reported the development of a generic microarray for genotyping nor-
oviruses by probe hybridization in water samples. In this tag array, 
RT-PCR amplicons were applied in a single base extension (SBE) reac-
tion where genotype-specific probes were labelled and then hybridized 
to an Affymetrix GeneChip® GenFlexTM Tag Array for detection. The 
Single-Base Extension (SBE) reaction adds a single biotinylated 
dideoxynucleoside triphosphate (ddNTP) to the 3′end of a DNA duplex 
with a 5′ overhang resembling a PCR reaction (Fan et al., 2000). GenFlex 
tag-probes are bi-functional probes for labelling which can show the 
presence of a specific amplicon or hybridization of labelled probes in the 
microarray. In total, a variety of tag arrays were designed and their 
specificity was validated against 10 strains representing eight different 
GI and GII genogroups. The results of this initial validation were 
promising as each genogroup yielded a unique hybridization pattern. 
However, more comprehensive probe sets (covering all known geno-
types) would be necessary for application in real samples (Brinkman & 
Fout, 2009, Robilotti, Deresinski, & Pinsky, 2015). 

In a further study reported by Mattison and others, a NoroChip v3.0 
was produced with oligonucleotides from 29 reference strains which 
hybridized to amplicons from regions B and C, as well as a 2.4 kb 
amplicon spanning regions A–D. Applying the longer region of AD 
amplicon provided better analysis of norovirus strains. Although, 
despite the successful validation, acquiring long, specific amplicons of 
all circulating norovirus strains poses a limiting factor for further 
application of NoroChip v3.0 as a standard strain typing method (Mat-
tison et al., 2011). Chen et al. (2011) applied a first tiling microarray to 
detect and identify the genotype and strain of common food-borne vi-
ruses including norovirus in a single experiment. The tiling array against 
the commonly used re-sequencing microarray using four different oli-
gonucleotides containing each base at the central position, requires one 

eighth the number of oligonucleotides by using overlapping oligonu-
cleotides at two base intervals which make it a simpler array to identify 
emerging strains. The method developed without using PCR and oligo-
nucleotides (probes) of each strain of viruses with 25 oligonucleotides 
long, were synthesized directly on the FDA-EVIR microarray by photo-
lithography to have a total number of 91542 probes. Among that 18736 
and 11468 probes used for norovirus genogroup II and I, respectively. 
The sensitivity of the array was estimated as 10,000 viral genomes (Chen 
et al., 2011). In another study by Thissen and others (Thissen et al., 
2014) a multiplex version of the Lawrence Livermore Microbial Detec-
tion Array (LLMDA) was evaluated for the sensitive and specific detec-
tion of viruses in human clinical samples. The array identified rotavirus, 
norovirus and several Enterobacteria (Thissen et al., 2014). In a com-
plementary study by Yu and others (Yu et al., 2016) a custom designed 
tiling microarray was tested for low-input food-borne viruses including 
human hepatitis A virus, norovirus and coxsackievirus without nucleic 
acid amplification. Therefore, a protocol developed by applying carrier 
cDNA to facilitate the effect of DNase I treatment used for fragmentation 
indicated the importance of proper usage of this enzyme especially in 
very low quantities of low-input viruses. The total number of probes on 
the array was 105,527 including control probes representing 18S and 
25S ribosomal RNA. The sensitivity of the microarray for norovirus 
determined as 1.6 × 106 copies virus/reaction averaging with overall 
detection limit of 250–500 virus particles and could detect virus at 
subgenotype levels (Yu et al., 2016). 

2.4. Immunoassays 

TaqMan-based real time RT-PCR assays (i.e. RT-qPCR) are currently 
(i.e RT-PCR), are currently the most sensitive diagnostic tests approved 
for official control to detect norovirus from food and clinical samples 
(ISO 2019). However, several immunological assays, such as enzyme 
immunoassays (EIAs) and lateral-flow assays (LFA) have several benefits 
over PCR methods such as simplicity and cost-effectiveness. Further-
more, antibodies are among affinity ligands that can be developed 
specifically towards viruses for POCT methods and it has been proven 
that immunological tests could be more clinically specific than RT-PCR. 
(i.e RT-PCR detects asymptomatic norovirus shedding 28 days 
post-infection, whereas antigen testing with immunological methods 
will only detect norovirus 7 days post-infection) (Atmar et al., 2008). 

2.4.1. EIA 
In the need to develop effective methods, immunological methods 

including EIAs assays have been developed (Vinjé, 2015). Examples of 
those commercially available are presented in Table 2. Although these 
methods are high throughput and provide great specificity, the sensi-
tivity level is low and time of analysis relatively long (Table 2). More-
over, the sensitivity and specificity of norovirus EIAs depends on the 
purpose and design of the test variability between outbreak or sporadic 
cases (Gray et al., 2007), which limited their usefulness for routine 
screening of samples (Vinjé, 2015). The commercially available kits such 
as IDEIA Norovirus EIA (Oxoid, Hampshire, United Kingdom), SRSV 
(II)-AD (Denka Seiken Co. Ltd., Tokyo, Japan), and RIDASCREEN 
(r-Biopharm AG, Darmstadt, Germany) provide the sensitivity of 
65–80% while the specificity is around 90% which depends on the 
number of collected outbreak samples and the collecting time (Table 2). 
Therefore, because of the low sensitivity, interpreting test results from 
sporadic cases should be done with pre-caution (Costantini et al., 2010). 
Moreover, the negative samples from outbreaks need to be further 
confirmed by RT-PCR. It might happen when the viral titer is below the 
detection level as the limit of detection is above 106 viral particles per 
each gram of feces or there is the possibility that recognizing antibodies 
are less active toward specific norovirus strains (Costantini et al., 2010). 

2.4.2. LFA 
LFAs are membrane-based immunochromatographic tests designed 
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to confirm the presence or absence of a target analyte in a sample. LFAs 
are inexpensive, rapid (~15 min), and they do not require specialized 
equipment. They are comprised of a series of overlapping membranes 
and an immobilized conjugate; the conjugate is typically a recognition 
molecule (i.e. antibody) that has been conjugated to a visual marker (i.e. 
colloidal gold). The conjugate is very specific to the analyte of interest. 
Liquid sample is placed at one end of the assay, and capillary action pulls 
the sample across the length of the test. First the sample interacts with 
the conjugate marker to get ‘tagged’, and then it encounters one or more 
test lines. The tagged analyte then interacts with the test line to produce 
a result. A list of examples of commercially available LFAs for norovirus 
detection is presented in Table 2 identifying the supplier, detection 
limits and assay time for the analysis (Théry et al., 2016; Ushijima et al., 
2017). R-Biopharm AG (Darmstadt, Germany) produces the RIDA®-
QUICK Norovirus LFA for determining GI and GII norovirus in stool 
samples. R-Biopharm AG reports a 92% sensitivity and 98% specificity 
of the assay and available as a single test or multiplexed for simulta-
neous norovirus, rotavirus and adenovirus detection. Kirby et al. have 
independently evaluated the assay with 726 specimens and compared 
their results with RT-PCR used as the reference method (Kirby et al., 
2010). In their study, Kirby, et al. (2010) reported a lower sensitivity 
(69%) and the same specificity. Similarly, in independent evaluations, 
Battaglioli, et al. (2012) reported a low sensitivity (61.4%), which they 
attribute to poor results with genotype 1 specimens. Ambert-Balay & 
Pothier, 2013 evaluated the assay with separate GI and GII samples and 
came to the same conclusion: the sensitivity for genogroup 1 noroviruses 
was only 17%, versus 64% for genogroup type 2 samples. Abbot 
(Princeton, New Jersey) produces an alternative, the SD BIOLINE Nor-
ovirus rapid test; this test also detects the presence of genogroup 1 and 
genogroup 2 noroviruses in faecal samples. Abbot reports 84.1% sensi-
tivity and 96.1% specificity and independent evaluations are in agree-
ment (Kim et al., 2012; Park et al., 2012). Furthermore, this assay can 
detect norovirus genotype 3 (81.8%) and genotype 4 (75.7%), although 
it is not advertised for this use (Park et al., 2012). That said, this assay 
also has a low sensitivity (23%) for GI norovirus (Ambert-Balay & 
Pothier, 2013). Denka Seiken (Niigata, Japan) produces an LFA with 
neonatal samples in mind. They first produced the QuickNavi™-Nor-
ovirus test, however, this had a high false-positive rate for samples and a 
low specificity for patients <4 months old (Takahashi et al, 2010, 2015; 
Tanaka et al., 2009; Thongprachum et al., 2012). The second iteration, 
QuickNavi™-Norovirus2 test kit was uniquely designed for use with 
neonatal stool samples and uses a swab that allows collection of samples 
directly from the rectum (Saito et al., 2014). The sensitivity and speci-
ficity of the QuickNavi™-Norovirus 2 test was calculated with from 172 
samples compared to RT-PCR; the sensitivity is reported at 92% and the 
specificity 98.3%. Independent studies are in agreement with these, and 
further show that specificity is maintained irrespective of patient age (i. 
e. 0–12 months) (Takahashi et al., 2015). Hagström et al. improved the 

LFA limit of detection of norovirus by utilising phage nanoparticle re-
porters (Hagström, 2015). This assay improves the limit of detection 
100-fold compared to conventional gold-labelled LFAs because the 
phage increases the binding area for labelled reporter antibodies. That 
said, this assay has only been trialled with non-infectious virus-like 
particles from genogroup 1 and more extensive validation needs to be 
done to verify sensitivity and specificity, especially in clinical samples. 
More recently, Doerflinger et al. developed a nanobody-based LFA that 
can detect virions from genotype 2 noroviruses (Doerflinger et al., 
2016). This test maintains an equivalent sensitivity and specificity 
compared to commercially available tests (80% and 86% respectively), 
whilst reducing the assay time to 5 min. Uniquely, this assay could also 
detect non-infectious virus-like particles from other antigenically 
distinct norovirus clusters, including newly emerging strains. Most 
commercially available LFA tests have a reported limit of detection 
around ~106–108 copies/mL or ~5–6.5 × 108 copies/g stool (Ushijima 
et al., 2017). 

2.5. Prospective methods 

Several prospective POCT methods have been highlighted most 
recently for sensitive and specific detection of noroviruses. A promising 
POCT assay reported thus far, is a paper-based colorimetric cell-free 
system with synthetic antibody (synbody) based on viral enrichment 
for the detection of norovirus GII.4 Sydney from stool samples (Ma et al., 
2018). In this POC assay, a combination of isothermal amplification and 
cell-free RNA sensing enable detection of 270 aM virus in a reaction. The 
advantages of this assay are its simplicity to differentiate positive and 
negative reactions through visual assessment of the sample while 
applying a simple method for concentration of virus particles using 
magnetic beads and norovirus DNA-binding synbodies with an increase 
in sensitivity with detection limits of 270 Zm (Ma et al., 2018). Inno-
vative fluorescent microspheres combined on a test strip for two gen-
ogroups of norovirus (GI and GII.) are another interesting approach 
reported by Zhang and co-authors for robust and sensitive detection of 
the virus (Zhang et al., 2018). Such a fluorescent particles strip assay 
was designed using chromatographic materials and antibodies specific 
to norovirus (GI and GII) as a conventional double antibody sandwich 
assay with the sensitivity reported to be 4–8 times greater than qPCR 
(Zhang et al., 2018). 

Additional state-of-art sensing/diagnostic tools and platforms for 
norovirus detection that have been discussed and have great potential 
for enhancing the ability of POCT include the microfluidics “lab-on-a- 
chip” devices (Chung et al., 2015), electrochemical based sensing plat-
forms (Baek et al., 2019; Kitajima et al., 2016), molecularly-imprinted 
polymers (Sykora et al., 2015) and surface-enhanced Raman spectros-
copy platforms (Achadu et al., 2020). A microfluidic chip module inte-
grating different steps (i.e. cell concentration, cell lysis and RNA 

Table 2 
Examples of commercially available norovirus LFA and EIA detection kits.  

Method Company Country Product Limit of detection/Sensitivity [%] Assay time [min] 

LFA R-Biopharm AG Germany RidaQuick Norovirus 92 15  
Nal van minden Germany Nadal Norovirus I + II 99 10  
Medix Biochemica Finland Actim Noro 99 20  
Meridian Healthcare Italy Immunoquick Norovirus 104 copies 15  
CerTest Biotec Spain CerTest Norovirus 12.5 ng/mL 10  
Operon, S.A. Spain Simple Norovirus 97 15  
Standard Diagnostics, Inc. Republic of Korea SD Bioline Norovirus 96.1 15  
Denka Seiken Japan QuickNavi™-Norovirus2 98.3 15  
Mizuho Medy Co., Ltd. Japan Quick Chaser-Noro 6.25 × 106 copies 5–10  
Eiken Chemical Co., Ltd. Japan Immunocatch Norovirus N/A 15  
Nissui Pharmaceutical Co., Ltd. Japan GE test Noro Nissui, N/A 5–10  
DS Pharma Biomedical Co., Ltd. Japan Rapid SP Noro 6.46 × 106 copies 5–10 

EIA Oxoid UK IDEIA Norovirus 3.1 × 106 copies 120  
Denka Seiken Co. Ltd. Japan SRSV (II)-AD 76.3 120  
r-Biopharm AG Germany RIDASCREEN 65 105  
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extraction, NASBA amplification and detection) has been designed for 
the detection of Norovirus in oysters (Chung et al., 2015). An impedance 
electrochemical biosensor was developed using newly designed peptides 
as a rapid and sensitive platform for the discriminative detection of 
norovirus with a detection limit up to 2.47 copies/mL within only 30 
min from real oyster (Baek et al., 2019). Sykora et al. (2015) used a 
virus-like particle (VLP) of norovirus from the predominant GII.4, and 
demonstrated that a virus recognition nanomaterial could be prepared 
by using VLPs as a safe substitute for the imprinting of a human path-
ogenic norovirus. These polymers integrated within different sensing 
devices can then be used a capture agents for norovirus detection or as 
sample preparation devices to remove different matrices. A novel bio-
sensing system based on graphene-mediated surface-enhanced Raman 
scattering using plasmonic/magnetic molybdenum trioxide nanocubes 
was designed to detect norovirus via a dual SERS nanotag/substrate 
platform with a signal amplification of up to 10-fold with a broad linear 
range from 10 fg/mL to 100 ng/mL and a limit of detection (LOD) of 
similar to 5.2 fg/mL (Achadu et al., 2020). Although not currently 
described as a POCT the FilmArray multiplex enteric panel from Biofire 
is worth noting for the detection of 22 of the most common pathogens 
associated with GI including norovirus GI/GII. The easy-to-use, multi-
plex PCR panel system is a very sensitive test involving nucleic acid 
extraction and molecular detection all in 1 pouch without any risk of 
cross-contamination and the test can be completed in 1 h and for 
portability to point of site can potentially be run on a battery-operated 
device. Miniaturization of such a system for portability in the field 
could be a way forward. 

Smartphones increasing offer advanced high tech miniaturised im-
aging and computing facilities. In study reported by Chung et al. (2019), 
a novel approach using a smartphone-based paper microfluidic partic-
ulometry was reported as an ultrasensitive method for detection of 
norovirus (1 copies virus/mL). Ultra-sensitivity of this method relies on 
a developed smartphone-based fluorescence microscope and an 
image-processing algorithm that identifies the particles aggregated by 
antibody− antigen binding, leading to an extremely low limit of nor-
ovirus detection (Chung et al., 2019). Already developed 
smartphone-based assays showing this approach have been reported as a 
prospective on-site tool that is available for fast and specific detection 
(Ding et al., 2019). 

3. Conclusions 

The development of POCT devices for the detection of norovirus 
contamination and outbreaks has been challenging due to the difficulties 
in culturing the human strain of norovirus in a cell culture dish and due 
to limitations in animal models. This not only hampered the develop-
ment of diagnostic devices but has also inhibited further research on 
mechanisms of action and the development of therapeutics or vaccines. 
Compared to RT-PCR, several POCT methods such as isothermal 
amplification or EIAs can be rapid, less expensive and considered as a 
suitable tool in norovirus outbreak detection. However, commercially 
available EIAs for norovirus detection in stool samples don’t provide 
enough specificity and sensitivity and require further confirmation by 
RT-PCR methods for negative samples. In contrast, isothermal amplifi-
cation assays may have potential for the development of easy to use 
portable devices. A LAMP assay was able to detect norovirus with high 
sensitivity and specificity, but the challenge to use this assay relies on 
the applicability as a one-tube test with amplification performed in 
ambient temperature. Furthermore, none of the LAMP assays have yet 
been developed as commercially available kits for testing for norovirus. 
The novel innovative approach already introduced by ONT that could be 
applied for the detection of norovirus is by using an ONT LamPORE 
assay and MinION sequencing (ONT 2020). The assay was created for 
the fast and accurate detection of coronavirus and is a scalable and rapid 
method that is able to analyse approx. 15,000 tests per day with pro-
cessing of 1–96 samples per hour and 1–768 samples per 3 h. This assay 

is combined with isothermal-amplification of LAMP primers, which is 
one of the most sensitive methods of isothermal amplification (ONT 
2020). LAMP has been used successfully alongside the MinION for the 
analysis of a malaria parasite Plasmodium, leishmaniasis and dengue 
virus, providing a simple and fast way to amplify a specific target (ONT 
2020). Thus far, another promising method of detection reported was 
combining isothermal amplification assays with other enrichment 
methods to detect norovirus. For example, NASBA and RT-RPA assays 
were successfully adapted on paper-based colorimetric cell-free systems 
combined with a synbody for enrichment and the sensitive detection of 
norovirus (Ma et al., 2018). Recently, biosensors (peptide-based and 
aptamers-based) were shown as competent alternative assays adapted 
on the portable devices of immunoassays. Isothermal amplification and 
RT-PCR, generate very rapid results, saving hours of sample analysis 
time and can be developed inexpensively into sensitive, specific tools 
that are easy to operate. Biosensors may be seen as a future gold stan-
dard for virus detection as they potentially can be developed inexpen-
sively into simple, sensitive and specific analytical tools with the ability 
of very rapid analysis of multiple samples compared to the conventional 
methods (Altintas & Tothill, 2013; Cheng et al., 2013). However, more 
often there are obstacles with recognition molecules such as steric hin-
drance, denaturation and non-specific binding to nontarget molecules. 
Therefore, successful embodiment of the recognition molecule is critical 
(Caygill et al., 2010). Besides that, other obstacles such as samples 
preparation, system integration and sample matrix interference are still 
obstacles for biosensor technology (Sin et al., 2014).Therefore, as yet, 
none of these devices have been commercialized and in vivo tests using 
promising devices i.e peptide-based biosensors are limited to lab tests. 
Additionally, the diversity in the norovirus genotype and the antigenic 
drift of certain strains (e.g., GII.4) over time poses limitations in single 
binding event measurements for biosensor development for norovirus 
detection. Therefore, microarrays (high throughput biosensor sub-
stitutes) have greater potential for multiplexing, which can target 
several strains and could be considered as a powerful tool for detection 
and analysis of norovirus outbreaks. The limitations of these as POCT 
methods are currently their high operation costs and lower specific-
ity/sensitivity due to the possibilities of non-specific binding or hy-
bridization that may occur during amplification (Gilbride, 2014). To 
date microarray applications are limited to certain laboratories (Cheng 
et al., 2013) but there is increasing awareness and interest in these ar-
rays or panels for multiplex analysis. 

To conclude, regarding the advantages and disadvantages of the 
reviewed methods of detection, none of the current assays are flawless 
for norovirus detection. The already commercially available RT-qPCR 
methods are still highly comparable when making a choice of which 
method to use. However, a mass produced biosensor design, advances in 
biorecognition molecules in tandem with nanotechnology and 
combining microfluidics with smartphone technology, all provide ad-
vantages such as multiplexing, reducing sample size and ease of fluid 
control and process data automation for futuristic diagnostic devices. 

Among the handheld devices microarrays have the greatest potential 
for the multiplex detection and genotyping of norovirus. Microarrays 
appear to be the preferable platform for development to screen multiple 
samples in the case of outbreaks or for food security. However the cost 
and equipment challenges should be overcome. Though the importance 
of full validation of the POCT to be fit for purpose should never be 
forgotten and should be vigorously tested at POC to accredited 
standards. 

This review sought to examine and evaluate the most suitable POCT 
methods for the efficient detection of noroviruses and highlighted the 
advantages and disadvantages of the reported methods in the peer- 
reviewed literature. However, the need for the development of SMART 
technologies for the robust detection of other important viruses causing 
disease outbreaks in plants, animals and humans, could make the 
technological applications presented here model systems for other vi-
ruses to assure human health and food safety. 
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Updated classification of norovirus genogroups and genotypes. Journal of General 
Virology, 100, 1393–1406. 

Chung, S. H., Baek, C., Cong, V. T., & Min, J. (2015). The microfluidic chip module for 
the detection of murine norovirus in oysters using charge switchable micro-bead 
beating. Biosensors and Bioelectronics, 67, 625–633. 

Chung, S., Breshears, L. E., Perea, S., Morrison, C. M., Betancourt, W. Q., Reynolds, K. A., 
& Yoon, J. Y. (2019). Smartphone-based paper microfluidic particulometry of 
norovirus from environmental water samples at the single copy level. ACS Omega, 4, 
11180–11188. 

Compton, J. (1991). Nucleic acid sequence-based amplification. Nature, 7, 91–92. 
https://doi.org/10.1038/350091a0, 350(6313). 

Costantini, V., Grenz, L., Fritzinger, A., Lewis, D., Biggs, C., Hale, A., & Vinje, J. (2010). 
Diagnostic accuracy and analytical sensitivity of IDEIA Norovirus assay for routine 
screening of human norovirus. Journal of Clinical Microbiology, 48, 2770–2778. 

Daher, R. K., Stewart, G., Boissinot, M., & Bergeron, M. G. (2016). Recombinase 
polymerase amplification for diagnostic applications. Clinical Chemistry, 62(7), 
947–958. https://doi.org/10.1373/clinchem.2015.245829 

Ding, X., Mauk, M. G., Yin, K., Kadimisetty, K., & Liu, C. (2019). Interfacing pathogen 
detection with smartphones for point-of-care applications. Analytical Chemistry, 91, 
655–672. 

Doerflinger, S. Y., Tabatabai, J., Schnitzler, P., Farah, C., Rameil, S., Sander, P., 
Koromyslova, A., & Hansman, G. S. (2016). Development of a nanobody-based 
lateral flow immunoassay for detection of human norovirus. mSphere, 1, 1–6. 

Fan, J.-B., Chen, X., Halushka, M. K., Berno, A., Huang, X., Ryder, T., Lipshutz, R. J., 
Lockhart, D. J., & Chakravart, A. (2000). Parallel genotyping of human SNPs using 
generic high-density oligonucleotide tag arrays. Genome Research, 10, 853–860. 

Fukuda, S., Sasaki, Y., Kuwayama, M., & Miyazaki, K. (2007). Simultaneous detection 
and genogroup-screening test for norovirus genogroups I and II from fecal specimens 
in single tube by reverse transcription-loop-mediated isothermal amplification assay. 
Microbiology and Immunology, 51, 547–550. 

Fukuda, S., Sasaki, Y., & Seno, M. (2008). Rapid and sensitive detection of norovirus 
genomes in oysters by a two-step isothermal amplification assay system combining 
nucleic acid sequence-based amplification and reverse transcription-loop-mediated 
isothermal amplification assays. Applied and Environmental Microbiology, 74, 
3912–3914. 

Fukuda, S., Takao, S., Kuwayama, M., Shimazu, Y., & Miyazaki, K. (2006). Rapid 
detection of norovirus from fecal specimens by real-time reverse transcription-loop- 
mediated isothermal amplification assay. Journal of Clinical Microbiology, 44, 
1376–1381. 

Ganganboina, A. B., Chowdhury, A. D., Khoris, I. M., Nasrin, F., Takemura, K., Hara, T., 
Abe, F., Suzuki, T., & Park, E. Y. (2020). Dual modality sensor using liposome-based 
signal amplification technique for ultrasensitive norovirus detection. Biosensors and 
Bioelectronics, 157, 112–169. 

Gaythorpe, K. A. M., Trotter, C. L., Lopman, B., Steele, M., & Conlan, A. J. K. (2018). 
Norovirus transmission dynamics: A modelling review. Epidemiology and Infection, 
146, 147–158. 

Giamberardino, A., Labib, M., Hassan, E. M., Tetro, J. A., Springthorpe, S., Sattar, S. A., 
Berezovski, M. V., & DeRosa, M. C. (2013). Ultrasensitive norovirus detection using 
DNA aptasensor technology. PloS One, 8, Article e79087. 

Gilbride, K. (2014). Molecular methods for the detection of waterborne pathogens. London, 
UK: Elsevier BV.  

Giuffrida, M. C., & Spoto, G. (2017). Integration of isothermal amplification methods in 
microfluidic devices: Recent advances. Biosensors and Bioelectronics, 15(90), 
174–186. https://doi.org/10.1016/j.bios.2016.11.045 
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Contreras, J. F., López, S., Arias, C. F., & Isa, P. (2015). DNA microarray for detection 
of gastrointestinal viruses. Journal of Clinical Microbiology, 53, 136–145. 

Martzy, R., Kolm, C., Krska, R., Mach, R. L., Farnleitner, A. H., & Reischer, G. H. (2019). 
Challenges and perspectives in the application of isothermal DNA amplification 
methods for food and water analysis. Analytical and Bioanalytical Chemistry, 411, 
1695–1702. 

Ma, D., Shen, L., Wu, K., Diehnelt, C. D., & Green, A. A. (2018). Low-cost detection of 
norovirus using paper-based cell-free systems and synbody-based viral enrichment. 
Synthetic Biology, 3, Article ysy018. 

Mattison, K., Grudeski, E., Auk, B., Brassard, J., Charest, H., Dust, K., Gubbay, J., 
Hatchette, T. F., Houde, A., Jean, J., Jones, T., Lee, B. E., Mamiya, H., McDonald, R., 
Mykytczuk, O., Pang, X., Petrich, A., Plante, D., Ritchie, G., Wong, J., & Booth, T. F. 
(2011). Analytical performance of norovirus real-time RT-PCR detection protocols in 
Canadian laboratories. Journal of Clinical Virology, 50, 109–113. 

Miura, F., Matsuyama, R., & Nishiura, H. (2018). Estimating the asymptomatic ratio of 
norovirus infection during foodborne outbreaks with laboratory testing in Japan. 
Journal of Epidemiology, 28, 382–387. 

Moore, C., Clark, E. M., Gallimore, C. I., Corden, S. A., Gray, J. J., & Westmoreland, D. 
(2004). Evaluation of a broadly reactive nucleic acid sequence-based amplification 
assay for the detection of noroviruses in fecal material. Journal of Clinical Virology, 
29, 290–296. 

Moore, M. D., & Jaykus, L. A. (2017). Development of a recombinase polymerase 
amplification assay for detection of epidemic human noroviruses. Scientific Reports, 
7, 40244. 

Mo, Q. H., Wang, H. B., Dai, H. R., Lin, J. C., Tan, H., Wang, Q., & Yang, Z. (2015). Rapid 
and simultaneous detection of three major diarrhea-causing viruses by multiplex 
real-time nucleic acid sequence-based amplification. Archives of Virology, 160, 
719–725. 

Nakatsuka, K., Shigeto, H., Kuroda, A., & Funabashi, H. (2015). A split G-quadruplex- 
based DNA nano-tweezers structure as a signal-transducing molecule for the 

homogeneous detection of specific nucleic acids. Biosensors and Bioelectronics, 74, 
222–226. 

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino, N., & 
Hase, T. (2000). Loop-mediated isothermal amplification of DNA. Nucleic Acids 
Research, 28(12), e63. https://doi.org/10.1093/nar/28.12.e63 

Oxford Nanopore Technologies. (2020). https://nanoporetech.com/products/minion. 
(Accessed 1 February 2020). 

Ozer, T., Geiss, B. J., & Henry, C. S. (2020). Review-chemical and biological sensors for 
viral detection. Journal of the Electrochemical Society, 167, Article 037523. 

Pagotto, F., Corneau, N., Mattison, K., & Bidawid, S. (2008a). Development of a DNA 
microarray for the simultaneous detection and genotyping of noroviruses. Journal of 
Food Protection, 71, 1434–1441. 

Pagotto, F., Corneau, N., Mattison, K., & Bidawid, S. (2008b). Development of a DNA 
microarray for the simultaneous detection and genotyping of noroviruses. Journal of 
Food Protection, 71, 1434–1441. 

Park, K. S., Baek, K. A., Kim, D. U., Kwon, K. S., Bing, S. H., Park, J. S., Nam, H. S., 
Lee, S. H., & Choi, Y. J. (2012). Evaluation of a new immunochromatographic assay 
kit for the rapid detection of norovirus in fecal specimens. Annals of Laboratory 
Medicine, 32, 79–81. 

Patterson, S. S., Smith, M. W., Casper, E. T., Huffman, D., Stark, L., Fries, D., & Paul, J. H. 
(2006). A nucleic acid sequence-based amplification assay for real-time detection of 
norovirus genogroup II. Journal of Applied Microbiology, 101, 956–963. 

Piepenburg, O., Williams, C. H., Stemple, D. L., & Armes, N. A. (2006). DNA detection 
using recombination proteins. PLoS Biology, 4(7), Article e204. https://doi.org/ 
10.1371/journal.pbio.0040204 

Robilotti, E., Deresinski, S., & Pinsky, B. A. (2015). Norovirus. Clinical Microbiology 
Reviews, 28, 134–164. 

Rodriguez-Manzano, J., Karymov, M. A., Begolo, S., Selck, A., Zhukov, D. V., Erik Jue, E., 
& Ismagilov, R. F. (2016). Reading out single-molecule digital RNA and DNA 
isothermal amplification in nanoliter volumes with unmodified camera phones. ACS 
Nano, 10(3), 3102–3113. https://doi.org/10.1021/acsnano.5b07338 

Roembke, B. T., Nakayama, S., & Sintim, H. O. (2013). Nucleic acid detection using G- 
quadruplex amplification methodologies. Methods, 64 (pp. 185–198). 

Safavieh, M., Kanakasabapathy, M. K., Tarlan, F., Ahmed, M. U., Zourob, M., Asghar, W., 
& Shafiee, H. (2016). Emerging loop-mediated isothermal amplification-based 
microchip and microdevice technologies for nucleic acid detection. ACS Biomaterials 
Science & Engineering, 2(3), 278–294. https://doi.org/10.1021/ 
acsbiomaterials.5b00449 

Saito, Y., Kato, D., & Inano, K. (2014). Development of norovirus rapid detection kit 
“QuickNaviTM-norovirus2”]. Rinsho biseibutsu Jinsoku Shindan Kenkyukai Shi =
JARMAM. Journal of the Association for Rapid Method and Automation in Microbiology, 
24, 45–50. 

Sekse, C., Holst-Jensen, A., Dobrindt, U., Johannessen, G. S., Li, W., Spilsberg, B., & 
Shi, J. (2017). High throughput sequencing for detection of foodborne pathogens. 
Frontiers in Microbiology, 8, 2029. 

Shoemaker, D. D., & Linsley, P. S. (2002). Current Opinion in Microbiology, 5, 334. 
Sin, M. L., Mach, K. E., Wong, P. K., & Liao, J. C. (2014). Advances and challenges in 

biosensor-based diagnosis of infectious diseases. Expert Review of Molecular 
Diagnostics, 14, 225–244. 

Sykora, S., Cumbo, A., Belliot, G., Pothier, P., Arnal, C., Dudal, Y., Corvini, P., & 
Shahgaldian, P. (2015). Virus-like particles as virus substitutes to design artificial 
virus-recognition nanomaterials. Chemical Communications, 51, 2256–2258. 

Takahashi, N., Nojima, I., Araki, T., Takasugi, M., Sakane, S., Kodera, A., Ikeda, M., & 
Tsukahara, H. (2015). Evaluation of rapid immunochromatographic tests for 
norovirus in neonatal and infant faecal specimens. Journal of International Medical 
Research, 43, 648–652. 

Takahashi, N., Wada, T., & Ikeda, M. (2010). Norovirus pseudo-outbreak in neonatal 
intensive care unit: The high false positive rate of rapid immunochromatography 
testing for norovirus from neonatal stool. Journal of Pediatric Infectious Disisease and 
Immunology, 22, 223–226. 

Tam, C. C., & O’Brien, S. J. (2016). Economic cost of Campylobacter, norovirus and 
rotavirus disease in the United Kingdom. PloS One, 11, Article e0138526. 

Tanaka, T., Tajiri, H., Okuda, M., & Al, E. (2009). The evaluation of norovirus antigen 
rapid diagnostic kit. QuickNavi-Norovirus. Japanese Journal of Medicine and 
Pharmacology, 61, 779–785. 

Teunis, P. F., Moe, C. L., Liu, P., Miller, S. E., Lindesmith, L., Baric, R. S., Le Pendu, J., & 
Calderon, R. L. (2008). Norwalk virus: How infectious is it? Journal of Medical 
Virology, 80, 1468–1476. https://doi.org/10.1002/jmv.21237 
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