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Abstract

Banana bunchy top virus is considered to be the most economically destructive pathogens of banana that causes severe
economic loss in banana plantations worldwide, including India. In this present study we have developed an improved
electrochemical ELISA for detection of Banana bunchy top virus (BBTV). For enhanced and accurate detection we have
used cadmium selenide (CdSe) quantum dots (QDs) as signal amplifiers. Experiments in this study were performed using
primary antibody raised from recombinant coat protein of BBTV. CdSe QDs could significantly amplify the electrical signals
in this assay and make the method appropriate for lab use. The result of electrical conduction showed the difference of
impedance between the healthy and diseased sample of the order of ~100 Q. The electrochemical ELISA could detect
the virus in plant sap up to dilution of 1:25 as compared to 1:10 of conventional ELISA.
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1 Introduction

Banana is the major staple food crop for approximately
400 million people [1]. In terms of value of production,
banana is fourth most important food crop of devel-
oping world and a source of livelihood for millions
[2]. According to FAOSTAT data of 2016, the volume of
global gross banana exports was 20 million tones. This
figure indicates the enormity of the trading involved in
banana and thus its contribution towards economy of
the countries involved in its cultivation. Viral diseases
are considered to be the most economically destructive
pathogens of banana. Banana bunchy top virus (BBTV),
Cucumber mosaic virus (CMV), Banana bract mosaic virus
(BBrMV), Banana streak virus (BSV), are the four major
viruses known to cause severe economic loss in banana
plantations worldwide, including India [3-6]. Food security
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of 15 Sub Saharan African countries is being threatened
by the arrival and spread of Banana bunchy top disease
along with banana Xanthomonas wilt (http://www.fao.
org/agriculture/crops/news-events-bulletins/detail/en/
item/36259/icode/3/?no_cache=1). In absence of resistant
varieties, eradication, exclusion and use of certified virus
free mother plants are the most essential component for
disease management strategy [4, 7]. Therefore, an efficient
indexing method or device is necessary for early diagnosis
and management. It will also play a vital role in prevent-
ing the spread of disease and eliminating the waste of
resources on futile therapeutic strategies [8, 9].

The various diagnostic methods used for screening
banana germplasm include symptoms, cytology, histol-
ogy, serological assays and nucleic acid based assays [10,
11]. ELISA is the most used indexing method for prelimi-
nary detection because of its low-cost, simplicity, easy

>4 S.Majumder, shahanamajumder@gmail.com | 'Department of Biotechnology, School of Engineering and Technology, Sharda
University, Greater Noida 201306, India. 2Department of Physics, Mahila Maha Vidhyalaya, Banaras Hindu University, Varanasi 221005,
India. 3Department of Physics, School of Basic Sciences and Research, Sharda University, Greater Noida 201310, India.

®

Check for
updates

SN Applied Sciences (2020) 2:638 | https://doi.org/10.1007/s42452-020-2345-8

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-2345-8&domain=pdf
http://orcid.org/0000-0001-5461-3441
http://www.fao.org/agriculture/crops/news-events-bulletins/detail/en/item/36259/icode/3/%3fno_cache%3d1
http://www.fao.org/agriculture/crops/news-events-bulletins/detail/en/item/36259/icode/3/%3fno_cache%3d1
http://www.fao.org/agriculture/crops/news-events-bulletins/detail/en/item/36259/icode/3/%3fno_cache%3d1

Research Article

SN Applied Sciences (2020) 2:638 | https://doi.org/10.1007/s42452-020-2345-8

reading and its ability to handle many samples at one
time [12, 13]. The general principle behind a conven-
tional ELISA is the antibody mediated capture and the
detectionof an antigen through a measurable product
[14]. Detection of the antigen-antibody reaction requires
antibody to be conjugated with an enzyme that can
give a quantifiable reaction, usually an insoluble chro-
mogenic end product. However, various components
of this method can limit its efficiency. Being an optical
method the measurement requires highly efficient light
source detector which may pick false signals from the
complex colored samples [15]. Owing to limitations of
Lambert-Beer law applied by the spectrophotometer, at
least a minimum sample volume is required to achieve a
level of sensitivity. Another component, on which per-
formance of ELISA is dependent, is the substrate [16].
Owing to these limitations, for last two decades, elec-
tronic immunosensors are attracting much interest for
their direct monitoring methods which are more sensi-
tive, rapid and cost effective than conventional immuno-
assay techniques. Immune-sensors with electrochemical
transducers though use antigen-antibody interaction as
in ELISA apply non-enzymatic detection by measuring
changes in the resistance at electrode surface [17]. They
are proving to be better alternatives [18-21].

Limited availability of samples and uncertain cases of
low antigen concentration dictate the need of enhanced
signal during diagnostic procedures. As the concentra-
tion of virus particle varies throughout the infection
period the method developed should be able to detect
the negligible amount of infectious virus particle in host
system. For last two decades simple direct monitoring
methods are gaining importance because they are sensi-
tive, rapid and cost effective than conventional immu-
noassay techniques [20, 22, 23]. Preparing electrode sur-
faces in a manner that it converts biological events into
electronic signals has been the basis of development of
biosensors, immunosensors, and bioelectronic devices
[24-26]. The binding of a specific antigen to antibody
recognition layer could generate electronic signals that
could be detected by various methods [27]. Measure-
ments by impedimetric method are most advantageous
as enzyme labeling is not required.

In this study we have used the faradic impedance
spectroscopy as electrochemical sensing method to
detect a successful antigen-antibody attachment. Nano-
particles like quantum dots (QDs) show electrical con-
ductance properties [28-31]. We have used CdSe QDs
to amplify the signal of this electrochemical reaction
(antigen-antibody interaction) to a level, where it can
be used as a routine indexing assay. Interaction of BBTV
and antibodies raised against it have been used to stand-
ardize this assay.

SN Applied Sciences

A SPRINGER NATURE journal

2 Materials and methods
2.1 Source of plant material

Banana samples showing prominent bunchy top symp-
toms were collected from four states of India viz., Nadia
(West Bengal), Punalur (Kerala), Raipur (Chhattisgarh)
and Nazira (Assam) during a survey conducted in 2016.
BBTV infection in the samples was confirmed by PCR as
described earlier [32]. The positive samples were main-
tained in the departmental glass house. Disease free tis-
sue cultured healthy plants were procured from Devleela
Biotech, Raipur and used as negative/healthy control.

2.2 Antibody

Experiments in this study were performed using antibody
raised from recombinant coat protein of BBTV. Antibody
against recombinant coat protein of BBTV was produced
and evaluated by methods described earlier [33].

2.3 Direct antigen coated ELISA

PCR positive BBTV infected banana leaves (from four dif-
ferent states of India) and healthy leaves were subjected to
DAC ELISA using methods as described earlier [33].

2.4 Synthesis and purification of quantum dots

Cadmium selenide (CdSe) quantum dots (QD) were syn-
thesised by low temperature method described else-
where [34]. Optical measurements were carried out in a
Shimadzu-1501 spectrophotometer by preparing a sus-
pension solution of CdSe QD in double distilled water in
the proportion of 1:20 which was put in the cuvette for
optical absorption measurements in the already calibrated
spectrophotometer.

2.5 Conjugation of quantum dots

Blue colored (1.7-1.9 nm) QD particles were used for con-
jugation to streptavidin at Merck, Bangalore (Fig. 1a, b).

2.6 Electrical measurements with QD

All electrochemical measurements were carried out in
the frequency range 1 MHz to 100 Hz using CHI Elec-
tro-chemical Workstation (model 604D, USA). To meas-
ure conductivity (o), samples were tested using special
design electrodes. The conductivity or bulk resistance
was calculated using the following formula =G - I/A
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Fig. 1 Schematic illustration of the development of streptavidin
functionalized quantum dots and its application in direct antigen
coated-type immunoassay a streptavidin, b functionalized quan-
tum dots, ¢ biotinylated secondary antibody, d functionalized

where G=1/R, where G was conductance and R, was
bulk resistance. The bulk resistance obtained from the
intercept of the real part of complex impedance plot, and
I and A are the thickness and area of sample respectively.
Figure 1, shows the scheme of the assay. BBTV infected
banana leaves from all the four states and healthy leaves
from BBTV free tissue culture plants (0.1 g) were ground
in 2.0 ml sodium carbonate buffer (pH 9.6) containing
2% polyvinylpyrrolidone (PVP, MW 40,000). The extracts
were centrifuged at 10,000 rpm for 2 min and superna-
tant was transferred to a fresh tube. Six wells of a 96-well
plate were coated with 200 pl of extract from healthy leaf
and used as healthy control wells. Six wells were coated
with 200 pl supernatant of extract from infected leaf. Six
wells were coated with 200 pl of buffer and treated as
buffer control. The plate was incubated overnight at 4 °C.
Subsequent to the absorption, the plates were washed
three times with phosphate-buffered saline containing
0.01% Tween 20 (PBST). The plate was then blocked with
blocking solution containing 1% BSA dissolved in PBS-T.
After Incubating for 1 h at 37 °C, the plates were washed
three times with PBS-T. 200 pl primary anti-BBTV anti-
body (raised in-house) diluted in PBS TPO (1:700) was
added to each reaction wells and incubated at 37 °C for
1.5 h. Another set of washing was done to remove any
unattached antibody. A solution was prepared using
Streptavidin conjugated QD and biotinylated anti-rabbit
secondary antibody (Sigma-Aldrich, USA) in PBS-TPO at
1:200 ratio and incubated for 30 min at 25 °C. 200 pl of
this solution containing biotinylated anti-rabbit second-
ary antibody attached to Streptavidin conjugated QD,
were added to each reaction well. Plate was incubated
at 25 °C for 30 min. After another set of washing and
addition of 200 ul PBS TPO to each well, reading was
taken using a two platinum electrode configuration.
Electrodes were fixed on a Perspex slab in order to keep
the distance between them constant at~7 mm, so as to
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Fig.2 Schematic illustration of the instrument used for measure-
ment of impedance a perspex slab, b platinum electrodes

fit in the well effortlessly (Fig. 2). Maximum peak to peak
signal was 5 mV so as to avoid any other potential driven
reaction. Electrode was cleaned vigorously with ethanol
after each reading.

2.7 Comparison between ELISA and electrochemical
ELISA

To compare the efficacy of both electrochemical ELISA
and conventional ELISA, different sap dilutions of a PCR
positive sample were tested. One tissue culture raised
healthy sample was used as negative control. Procedures
were repeated as in previous sections. Most of the rea-
gents used in all the assays were the same to avoid varia-
tion caused by reagent selection. The anti BBTV antibody
(raised in-house) was used at 1:700. Plant sap was used
at 1to 107* dilution. BSA 1% was used for blocking in all
the formats. The cut-off value for scoring positive reaction
in ELISA was twice the average of healthy readings. The
cut-off value for scoring positive reaction in Electrochemi-
cal ELISA was fixed at a difference in impedance of the
order of 80 Q between healthy and diseased sample. The
negative samples were reconfirmed by performing PCR
for BBTV. Five replicates of each dilution was evaluated.
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Table 1 Results of indexing banana samples for BBTV using ELISA

Sample no. Analyte ELISAOD
at450 nm?

1 Buffer 0.080
Healthy 0.272
Diseased samples

3 West Bengal 0.820

4 Kerala 0.671

5 Assam 0.862

6 Raipur 0.775

#Values are average of five readings
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Fig.3 Complex impedance plot (cole-cole plot) of buffer only,
healthy sap and viral antigen and antibody complex with Streptavi-
din conjugated QDs in buffer

3 Results
3.1 Elisa
DAC ELISA with antibody raised in-house, generated

strong signal for diseased samples. The cut-off value for
scoring positive reaction was kept at twice the average

healthy readings (OD 0.272) at 1:700 dilution of antibody
(Table 1). As can be observed the values vary from sample
to sample. But all the positive samples showed OD at least
two times higher than healthy samples.

3.2 Electrochemical ELISA with streptavidin
conjugated QD

A series of complex impedance data samples were evalu-
ated. One typical data (cole—cole plot) is shown in Fig. 3.
It is clear from the figure and table that solution PBST-PO
buffer shows good conduction with impedance value
|Z| = 370 ohm. The impedance is less in wells where
healthy extract is used which signifies the absence of
unwanted molecules. In contrast to the previous reac-
tions, electrical impedance shows a significant increase
when biotinylated secondary antibody and Streptavidin
conjugated with QDs are used in the wells containing
BBTV infected leaf sap (Table 2). The increase in imped-
ance of the antigen +antibody complex is attributed to
the presence of diseased bodies. The difference of imped-
ance between the wells containing healthy leaf sap and
antibody complex and wells containing infected leaf sap
(antigen) and antibody complex is of the order of ~100 Q
(Table 2). This difference is variable for different samples
(Table 2) but clearly impedance decreases in wells when
viral antigen is present in the sap.

3.3 Comparison between ELISA and electrochemical
ELISA

QD based electrochemical ELISA could detect the virus up
to sap dilution of 1:25. Whereas conventional ELISA could
detect up to 1:10 (Table 3). The QD based method was
found to be more sensitive than conventional ELISA. Tis-
sue culture raised healthy sample and buffer control tested
negative which further verifies its accuracy.

Table2 A comparison of

. . Sample no. Composition Electrical resist-
impedance change at various ance (Q) with
stages of electrochemical QDs?
ELISA using functionalized
CdSe Quantum Dots 1 Buffer solution 370

2 Healthy sap +antibody complex 330

3 Diseased sap (West Bengal isolate) + antibody complex 445

4 Diseased sap (Kerala isolate) + antibody complex 436

5 Diseased sap (Assam isolate) +antibody complex 450

6 Diseased sap (Chhattisgarh isolate) + antibody complex 455
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Table 3 A comparison of ELISA

. Sample no.  Analyte ELISA (OD at Electrochemical ELISA with
and electrochemical ELISA 405 nm) streptavidin conjugated
QDs

1 Buffer - -
2 Healthy -

3 Diseased plant extract with no dilution + +
4 Diseased plant extract with 1:5 dilution + +
5 Diseased plant extract with 1:10 dilution + +
6 Diseased plant extract with 1: 25 dilution - +
7 Diseased plant extract with 1:50 dilution - -
8 Diseased plant extract with 1:100 dilution - -

4 Discussion

In this present study we have developed an electrochemi-
cal ELISA where electronic signals were used for detection.
Signal enhancement by bio-functional nanomaterials like
Gold nanoparticles and quantum dots are used frequently
due to their semiconductor and biocompatible properties
[35-37]. Gold nanoparticles (AuNPs) and QDs can provide
a natural environment for bimolecular immobilization
and facilitate the electron-transfer because of their high
surface area and electrochemistry [38-40]. They are also
preferred over the enzymes as nanoparticles are stable
against photobleaching and are not prone to environ-
mental degradation due to their inorganic composition
[41,42].

When Streptavidin conjugated QDs were used, a sharp
increase in impedance was observed in the diseased sam-
ples. In this study we have conjugated QDs to streptavidin
as it has a better affinity for biotin than avidin. QDs are
known to couple to streptavidin directly through an active
ester coupling reaction [43]. This usually results in 5-10
streptavidin covalently attached on the surface of QDs.
Streptavidin which is a tetravalent protein, can bind to four
biotin on it four active sites and affinity between streptavi-
din and biotin is one of the strongest non-covalent inter-
actions in nature [44]. So if one site is used for attaching
to QD three more is free to attach to biotin. In this study
we have separately incubated the streptavidin conjugated
QDs with biotinylated secondary antibody so as to give
these two molecules time to interact properly. Once they
react, it is expected that more than one secondary anti-
body gets attached to the streptavidin at multiple attach-
ment sites (Fig. 2d). Hence each streptavidin attached to
a QD, can be attached to more than one biotinylated anti-
body [45]. Though all of these biotinylated antibody can
bind to multiple analyte but reports indicate that only one
binds and the rest are free (Fig. 2e). Hence this complex in
our experiment will bind to one primary antibody and the
rest attached to other streptavidin molecule on same QD

will act as charge carriers. These unbound charges lead
to neutralization of free moving charge carriers in the
buffer solution resulting in enhanced overall impedance
value (Table 2). Thus there is a change in impedance by
more than ~40% of its initial value. In buffer control, the
electrical conduction is primarily due to dissolved salts in
ionic state. The conductivity did not change on addition
of antibodies to the wells containing healthy samples and
buffer, as the antibodies could not attach to the wells in
absence of appropriate antigen. As these wells lacked the
additional neutralizing charges found on antibodies no
significant change in impedance were observed.

The conventional ELISA performed in this study suc-
cessfully detected presence of BBTV. The OD indicated
towards the titer of viral antigen present in the solution.
A similar variation was also observed in electrochemical
ELISA. This variation could be directly proportional to the
quantity of antigens present, and which in turn will be
directly linked to the number of antibody conjugates used
for signal amplification.

Biosensors usually consist of three components viz,,
one that recognizes the analyte and produces a signal, a
signal transducer and a reader. Immunosensors use anti-
body antigen interaction to generate signals. Among the
various transduction techniques, impedance spectros-
copy is an effective method to detect the signal of this
interaction. The probing principle we have used in our
assay is the change in the electron-transfer features in the
buffer owing to antibody-antigen interaction. Biosensor
techniques often require surface regeneration after each
measurement which makes the process complicated for
frequent use in a diagnostic set up. It also makes it costlier.
Therefore, we have eliminated the surface regeneration
step and used a DAC ELISA format for probing.

In this investigation we could produce robust signals by
using nanomaterials with semiconductor properties and
make the methods appropriate for lab use. In the electro-
chemical method use of enzyme-substrate is eliminated.
Instead antibodies were conjugated with non-enzymatic
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reporter molecules. This methodology saves the expense
of the enzyme conjugates and their substrate. This change
not only reduces the cost but also the time required for
additional steps. Thus, makes the processes cheaper and
rapid.

In this study low sensitivity of traditional ELISA has been
raised to the level of electrochemical methods without
compromising its user friendliness and cost effectiveness.
Both the systems are equally viable to be used in indexing
labs depending on the facility and ease of development.
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