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Enzyme-linked immunosorbent assay (ELISA) and
polymerase chain reaction (PCR), widely used for the
detection of plant viruses, are not easily performed,
resulting in a demand for an innovative and more ef-
ficient diagnostic method. This paper summarizes the
characteristics and research trends of biosensors focus-
ing on the physicochemical properties of both interface
elements and bioconjugates. In particular, the topologi-
cal and photophysical properties of quantum dots (QDs)
are discussed, along with QD-based biosensors and
their practical applications. The QD-based Fluores-
cence Resonance Energy Transfer (FRET) genosensor,
most widely used in the biomolecule detection fields,
and QD-based nanosensor for Rev-RRE interaction
assay are presented as examples. In recent years, QD-
based biosensors have emerged as a new class of sensor
and are expected to open opportunities in plant virus
detection, but as yet there have been very few practical
applications (Table 3). In this article, the details of those
cases and their significance for the future of plant virus
detection will be discussed.
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The importance of diagnosis in the prevention of plant
virus disease cannot be overemphasized. As the number
of new plant viruses emerging increases due to climate
change and expansion of trade in agricultural products,
prevention of plant viruses by diagnosis is thought to be of
critical importance. Since enzyme-linked immunosorbent
assay (ELISA) or polymerase chain reaction (PCR), which
are widely used for the detection of plant viruses, utilize
specific antibodies or genes derived from the target virus,
only the specific virus can be identified by these tests. This
results in an inability to detect viruses that are beyond this
range or which are newly emerging. In addition, the current
ELISA and PCR diagnosis are expensive, time-consuming
and require complex instruments and reagents. For these
reasons, it is difficult to apply them on-site other than in
specialized diagnostic institutions, so the development of
a new diagnostic method with fewer limitations has been
explored in various ways (Lopez et al., 2009). The recently
developed loop mediated isothermal amplification (LAMP)
is a technique that compensates for the disadvantages of
the existing PCR-based method and is known to be able to
rapidly amplify target genes with high specificity and sen-
sitivity (Dhama et al., 2014; Notomi et al., 2000; Sakurai
and Shibasaki, 2012).

On the other hand, fluorescent proteins, due to the ad-
vantages of easy observation and non-toxicity, are used in
various fields such as membrane trafficking, detection of
plant viruses, and quantitative analysis of gene expression
(Berg and Beachy, 2008; Chalfie et al., 1994; Gerdes and
Kaether, 1996; Misteli and Spector, 1997; Zimmer, 2002).
However, since the fluorescent protein is an organic fluo-
rophore with a narrow excitation wavelength range, there
is a limitation in the light source used and there is a disad-
vantage that many fluorescent probes cannot be used at the
same time because of their wide emission spectra. These
also exhibit the following significant weaknesses; they are
affected by various chemical metabolites in vivo, cause
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interference with their own fluorescent substances in plant
cells and photobleaching reduces signal intensity rapidly
in a short time (Berg and Beachy, 2008; Chudakov et al.,
2010).

Nanotechnology, heralded as one of the core technolo-
gies of the future in the 2000s, exerts omnidirectional in-
fluence across all industries, and the biosensor field is no
exception. The development of various biosensors using
nanoparticles can be said to be typical examples of this ef-
fect. In particular, the semiconductor nanoparticles such as
quantum dots (QDs) have excellent optical properties. QDs
are size-tunable and relatively resistant to photobleaching
seen in conventional organic dyes as well as having the po-
tent intensity of emitted light, bringing about an innovation
in optical imaging fields including biosensors (Algar et al.,
2010; Martin-Palma et al., 2009; Wegner and Hildebrandt,
2015).

Although quantum dot-based biosensors (QD-based
biosensors) have been applied in the life sciences for about
five years for the detection of human pathogenic viruses,
fungi, and harmful foodborne bacteria (Chan et al., 2002;
Shamsipur et al., 2017; Sharma et al., 2015), they have
not been applied to the field of plant virus detection until
recently, with only a few cases in the published literature
(Khater et al., 2017). It is therefore the aim of this paper to
examine the current state of QD-based biosensors for the
detection of plant viruses and to make predictions concern-
ing their use in the future.

What are Biosensors?

The term biosensor refers to a device designed to measure
the presence and amount of a specific biological substance
by combining a mechanism that converts the physico-
chemical changes appearing in response to the analytes
present in the sample with a receptor that can manifest this

Table 1. Characteristics and research trends of biosensors

as a recognizable signal (Scheller et al., 2001). Due to their
ability to selectively and rapidly detect only the substances
to be analyzed, biosensors are actively used in many in-
dustrial fields such as medical diagnosis, development of
new drugs, plant pathology, food safety testing, and envi-
ronmental monitoring (van Dorst et al., 2010; Mello and
Kubota, 2002; Rodriguez-Mozaz et al., 2006). Furthermore
the development of key supporting elements such as vari-
ous interfaces and nanotechnology have extended the ap-
plication range of biosensors to point-of-care tests (POCT)
and the Internet-of-things (IoT) (Ohashia and Osaka, 2017;
Soper et al., 2000).

Biosensors can be classified according to the type of
interface element, the labeling substance and the signal
converter (Monosik et al., 2012). Typical examples include
surface plasmon resonance (SPR) generated on metal
surfaces, quartz crystal microbalance (QCM) due to the
mass change of biomolecules, the refractive index change
due to the bending phenomenon of the cantilever, and the
fluorescence change due to fluorescence resonance energy
transfer (FRET) (Baller et al., 2000; Batchelor-McAuley
et al., 2009; Kairdolf et al., 2013; Yuqing et al., 2003). The
advantages, disadvantages, and research trends of these
representative biosensors are summarized in Table 1.

Fluorescent biosensors have excellent sensitivity and
simplicity and do not require expensive equipment, but
interference due to biomaterials and short fluorescence
persistence have been pointed out as disadvantages (Turner,
2013). However, recently they are facing a new turning
point as they are combined with nanomaterials such as
quantum dots or graphene quantum dots (GQDs) (Algar et
al., 2010; Kairdolf et al., 2013; Shen et al., 2012).

Quantum Dots and QD-Based Biosensors

Quantum dots (QDs) are semiconductor nanocrystals with

Technology Advantages Disadvantages Development trends Remarks
SPR Real-time analysis  Better sensitivity required Currently prevailing Gold nanoparticles and AFM*
Biosensor possible applied research in progress
QCM Real-time analysis Better sensitivity required Replaced by SPR -
Biosensor possible Biosensor
Electrochemical Real-time analysis  Trouble of reproducibility and Just beginning In progress at the research
biosensor possible measurement errors level
Fluorescent biosensor Good sensitivity ~ Fluorescent labeling required Already Ongoing as a method for

and simplicity

and dynamic analysis impossible commercialized

detecting major biomolecules

* Atomic force microscope.
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unique photophysical properties and are comprised of ele-
ments from the periodic groups II-VI, III-V or IV-VL. As
nanostructured materials, QDs are also known as zero-
dimensional materials. Cd-chalcogenide nanocrystals, one
of the most typical QDs, consist of a core composed of a
centrosome of about 2-10 nm and a shell composed of ZnS.
When coated with a polymer on the outer surface of the
shell, they usually have a size of 10-15 nm. CdSe, CdTe,
and CdS are mainly used as the centrosome of quantum
dots (Algar et al., 2010).

QDs have unique photophysical properties that other
materials do not have. Compared to traditional fluorescent
probes such as organic dyes and fluorescent proteins, QDs
have special optical and electronic properties such as nar-
row and symmetric emission spectra, broad absorption
spectra that enable the simultaneous excitation of multiple
fluorescent colors and size-tunable light emissions. QDs
are also remarkably brighter and more resistant to pho-
tobleaching than other materials (Jamieson et al., 2007;
Kairdolf et al., 2013; Kuang et al., 2011; Wegner and Hil-
debrandt, 2015).

A biosensor using QDs as an interface element is called
a quantum dot-based biosensor. QD-based biosensors have
been named according to the type of molecular beacon
conjugated on QDs and transduction signals; QD-based
FRET genosensor, QD-based FRET immunosensor, and
QD-based Bioluminescence Resonance Energy Transfer
(BRET) immunosensor, etc. (Ishikawa-Ankerhold et al.,
2012; Resch-Genger et al., 2008; Vinayaka and Thakur,
2011). The schematic principle of QD-based FRET geno-

Fig. 1. Schematic QD-based FRET genosensor. Hybridization
of a complementary dye-labelled DNA probe with the QD-DNA
conjugate leads to QD sensitized dye FRET signals as a readout
for labelled DNA detection (Reproduced by courtesy of Zhang et
al,, 2013a).
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Fig. 2. QD-based FRET genosensor for Rev-RRE interaction as-
say based on FRET (Reproduced by courtesy of Zhang and John-
son, 2000).

sensor, widely used in biological applications, is shown in
Fig. 1.

Zhang and Johnson (2006) reported a QD-based nano-
sensor for Rev-RRE interaction assay based on FRET be-
tween QD605 and CyS5 (Fig. 2). Rev is an important HIV-
1 regulatory protein that binds the Rev responsive element
(RRE) within the env gene of HIV-1 RNA genome; the
binding of Rev to RRE is essential for HIV replication.
The nucleotide sequence, 5'-GGUCUGGGCGCAGC-
GCAAGCUGACGGUACAGGCC, where the sequence
identified as important for Rev binding shown in italics
and Cy5-labelled peptide (TRQARRNRRRRWRERQR)
were used for biotinylation and the probe, respectively.
The binding of a Cy5-labeled Rev to a biotinylated RRE
IIB RNA formed a Rev-RRE complex, which was caught
on the surface of a QD605 to form a QD605/RRE-Rev/
Cys5 assembly through specific streptavidin-biotin binding.
FRET occurred between the QD605 and Cy5 upon illu-
mination of the QD605/RRE-Rev/Cy5 assemblies with an
excitation wavelength of 488 nm.

Recently, QD-based sensors have been emerging as a
new class of sensor, because they can be both labeled and
label-free. They are being applied in various fields for
monitoring of environmental pollution indicators as well
as detecting of human pathogenic viruses and harmful
foodborne bacteria (Adegoke et al., 2016; Vinayaka and
Thakur, 2010).

Detection of Plant Viruses Using Biosensors

Biosensors for the detection of plant viruses are classified
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Table 2. Detection of plant viruses by SPR-based biosensors

Virus Conjugate LOD* Reference

PVY Monoclonal antibody 0.31 mg/ml’ Gutierrez-Aguirre et al., 2014
MCMV Anti-MCMYV antibody 1 ng/ml Zeng etal., 2013

BSMV Specific oligonucleotide from RNA-a 14.7 ng/ml Florschiitz et al., 2013

ASPV DNA aptamer derived from coat protein 500 mg/ml of total protein Lautner et al., 2010

CPMV Monoclonal antibody 16 mg/ml Dubs et al., 1992

*Limit of detection, "1 order of magnitude less sensitive than ELISA.

into interface elements and bioconjugates. QCM, SPR,
and FRET phenomena are used as physicochemical prop-
erties of the interface element (Khater et al., 2017). The
specific nucleotides, antibody, or monoclonal antibody
derived from viruses, and their aptamer or motif are used
for bioconjugation (Candresse et al., 2007; Lautner et al.,
2010). Since Eun et al. (2002) reported on a QCM-based
genosensor for the detection of cymbidium mosaic potex-
virus (CymMV) and odontoglossum ringspot tobamovirus
(ORSV), a number of biosensors for the detection of plant
viruses combining various bioconjugates with different
interface elements have been developed (Florschiitz et al.,
2013; Sun et al., 2008).

The SPR biosensors have been extensively studied as
biosensors for the detection of plant viruses; the potato
virus Y (PVY) (Gutierrez-Aguirre et al., 2014), apple stem
pitting virus (ASPV) (Lautner et al., 2010), maize chlorotic
mottle virus (MCMYV) (Zeng et al., 2013), barley stripe
mosaic virus (BSMV) (Florschiitz et al., 2013), and cow-
pea mosaic virus (CPMV) (Dubs et al., 1992). The details
of SPR-based biosensors for detection of plant viruses are
summarized in Table 2.

The biosensors’ reaction times for detecting plant viruses
are mostly within a few minutes, which is significantly
faster than either ELISA or PCR. However, detection lim-
its vary significantly depending on the interface particle,
bioconjugate and target virus, ranging from several tens
of pg/ml to several tens of pg/ml. In fact, Eun et al. (2002)
reported the detection limits of QCM-DNA sensor of two
plant viruses of CymMV and ORSV as 1 ng/ml and 10 ng/
ml for RNA and vegetable sap, respectively. Meanwhile
Dickert et al. (2004) reported the detection limit of QCM
biosensor labeled with a TMV antibody as 100 ng/ml to
1 pg/ml. Malecka et al. (2014) reported that the detection
limit of PPV was 12.8 pg/ml, using an ion-channel geno-
sensor labeled with Plum Pox Virus (PPV)-derived 22-
mer and 42-mer complementary ssDNA. Lin et al. (2014)
reported that the detection time of a fiber optic particle
plasmon resonance (FOPPR) immunosensor was within 10
minutes, and the detection limits of CymMV and ORSV

were 48 pg/ml and 42 pg/ml, respectively, which is tens
of times higher than the 1.2 ng/ml of ELISA. In addition,
McClellan et al. (2012) reported that the detection limit
and the detection time of bean pod mottle virus (BPMV)
using silicon photonic microring resonator (SPMR) were
10 ng/ml and 45 min, respectively, which is slightly higher
and slightly shorter than that of ELISA. Florschiitz et al.
(2013) reported that the detection limit of the SPR sensor
labeled with the specific oligonucleotide of BSMV RNA-a
was 14.7 ng/ml in infected plant sap. On the other hand,
Gutiérrez-Aguirre et al. (2014) reported that the detection
limit of the SPR sensor labeled with a monoclonal antibody
derived from PVY coat protein was 0.31 pg/ml, which is
tens of times less sensitive than the 0.019 pg/ml of ELISA.
Based on these results, it can be suggested that the interface
element selection is very important.

The detection limits were also reported to vary depending
on the target virus. In fact, Dubs et al. (1992) reported that
the detection limit of the SPR sensor labeled with a mono-
clonal antibody derived from CPMV coat protein was 16
pg/ml, which is tens of times less sensitive than the PVY
detection limit (0.31 pg/ml) of the SPR sensor reported by
Gutiérrez-Aguirre et al (2014).

Nucleic acids tend to be preferred as the most useful tool
to mediate various physicochemical phenomena of inter-
face particles because of their specificity among bioconju-
gates irrespective of biosensor interface element. As shown
in Table 2, this seems to result from the fact that the detec-
tion limit of the biosensor labeled with nucleic acids as a
probe is up to tens of thousands times more sensitive than
that of the biosensor labeled with proteins such as antibod-
ies or monoclonal antibodies.

Meanwhile, many investigations have revealed that the
detection limit of the biosensors for plant viruses is more
sensitive as the size of bioconjugate is smaller. This can
be seen from the fact that the detection limit of the sensor
labeled with a specific sequence of the gene or its aptamer
is generally more sensitive than that of the sensor labeled
with the antibody derived from the viral coat protein
(Florschiitz et al., 2013; Zeng et al., 2013). However, these
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Table 3. Detection of plant viruses by QD-based biosensors

Virus Interface Conjugate LOD* Reference
CPMV? CdSe-ZnS core Surface-immobilized CPMV - Medintz et al., 2005
CaMV PbS nanoparticle 23-mer derived from CaMV 35S 438 x 10" mol/l  Sunetal., 2008
CTV InP Antibody to CTV coat protein 2 nM for antibody Moreau et al., 2012
CTV CdTe CTV-CP antibody 220 ng/ml Shojaei et al., 2016b
CTV AuNPs/QD AuNPs-CTV-CP/QDs-CTV-CP antibody 130 ng/ml® Shojaei et al., 2016a
CTV CdTe CTV-CP antibody 198 ng/ml Safarnejad et al., 2017
GVA ZnO films Grapevine virus A-type proteins 1 pg/ml-10 ng/ml  Tereshchenko et al., 2017
ToRSV, BPMV Fe;0,/SiO, MNPs .

& ATMV & Si0,UCNPs* Antibody 100 ng/ml Zhang et al., 2013b

*Limit of detection

are comparisons between different viral systems, so more
research using the specific gene and antibody derived from
the same virus would be needed for the precise measure-
ment of the sensitivity between them.

Recently, quantum dot-based biosensors have been ex-
tensively studied in the field of human viruses (Adegoke
et al., 2016; Shamsipur et al., 2017; Shen and Gao, 2015)
because not only do quantum dots not require the expen-
sive equipments that SPR or electrochemical biosensors
do, but they can also reduce the non-specificity due to
their own fluorescent material in the host cell. However,
their application to the field of plant virus detection has
only begun recently and only a very few cases have been
reported (Khater et al., 2017). Medintz et al. (2005) la-
beled the CdSe quantum dots with histidine and lysine, the
main constituent amino acids of CPMV coat protein. Sun
et al. (2008) discussed the sensor labeled with the 23-mer
oligonucleotide derived from the CaMV 35S promoter on
a PbS nanoparticle. Investigations into the sensor labeled
with the antibody derived from CTV coat protein on CdTe
QDs (Safarnejad et al., 2017; Shojaei et al., 2016a) and the
sensor labeled with the GVA antibody derived from GVA
coat protein on the ZnO films (Tereshchenko et al., 2017)
have followed. The details of QD-based biosensors for the
detection of plant viruses are summarized in Table 3.

Citrus tristeza virus (CTV) was the most extensively
researched. The sensor, labeled with a CTV coat protein-
derived antibody on the CdTe quantum dot, is a representa-
tive example (Safarnejad et al., 2017; Shojaei et al., 2016b;
Moreau et al., 2012). In fact, using antibody derived from
CTV coat protein, alternative types of biosensors were re-
ported to enhance the specificity and sensitivity of fluores-
cence resonance energy transfer (FRET)-based biosensor.
Shojaei et al. (2016a) reported the complex sensor using
the mixture of CdTe quantum dots and gold nanoparticles
(AuNPs) labeled with an antibody derived from CTV coat

Excitation Emmision Excitation FRET Emmision
390 nm 522 nm 390 nm 580 nm

Nz w w
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Fig. 3. Schematic presentation of specific CTV nanobiosensor
(Reproduced by courtesy of Safarnejad et al., 2017).

protein. Safarnejad et al. (2017) reported on the donor-
acceptor complex sensor; QDs conjugated with antibody
derived from CTV coat protein and rhodamine 123 conju-
gated with the recombinant coat protein of the CTV were
used as donor and acceptor, respectively (Fig. 3).
Conversely, Zhang et al. (2013b) reported that mixed
infections can be detected at a limit of 100 ng/ml by re-
acting magnetic nanoparticles (MNPs) and upconversion
nanoparticles (UCNPs) in sandwich form (Fig. 4). Fe;O,/
Si0, MNPs (~100 nm) were labeled with different anti-
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Fig. 4. Schematic presentation of immunomagnetic separation
and fluorescence detection of target viruses in sandwich-type sys-
tem (Reproduced by courtesy of Zhang et al., 2013b).
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bodies derived from coat protein of ToORSV, BPMV and
ArMYV and employed to capture and enrich the target virus-
es. Then SiO, UCNPs conjugated with specific antibodies
as signal probes were added to form sandwich complexes.

Concluding Remarks

This paper aims to both outline the characteristics of bio-
sensors according to the physicochemical properties of in-
terface elements and bioconjugates, and review the related
research trends in the field. The topological and unique
photophysical properties of quantum dots (QDs) and QD-
based biosensors using quantum dots (QDs) as an interface
element are also discussed. A QD-based nanosensor for
Rev-RRE interaction assay (Zhang and Johnson, 2006) is
presented as one of the practical applications.

In the field of plant virus detection, the utility of SPR
biosensors for major plant viruses including TMV, PVY,
MCMYV and BSMV have been extensively researched.
Even though there are relatively few studies of plant virus
detection by QD-based biosensors compared to the active
research in the human virus detection field, several cases
have been reported (Table 3). It is believed that the evi-
dence reviewed here strongly suggests that QDs have spe-
cific characteristics which make them particularly suited to
the detection of plant viruses.

QDs, compared to conventional organic dyes and fluo-
rescent proteins, have unique photophysical properties
such as narrow and symmetric emission spectra, broad ab-
sorption spectra that enable the simultaneous excitation of
multiple fluorescent colors, size-tunable light emission and
resistance to photobleaching (Kairdolf et al., 2013; Wegner
and Hildebrandt, 2015). Even though the application of
QD-based biosensors to the detection of plant viruses has
been limited, if consideration is given to the unique photo-
physical properties of the quantum dots as an interface ele-
ment, it can be expected that they will contribute to a future
paradigm shift in the field of plant virus detection.
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