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Sclerotinia stem rot, caused by the fungal pathogen Sclerotinia sclerotiorum, is a destructive disease

of canola and many other broadleaf crops. The primary inoculum responsible for initiating Sclerotinia
epidemics is airborne ascospores released from the apothecia of sclerotia. Timely detection of the
presence of airborne ascospores can serve as an early-warning system for forecasting and management
of the disease. A major challenge is to develop a portable and automated device which can be deployed
onsite to detect and quantify the presence of minute quantities of ascospores in the air and serves

as a unitin a network of systems for forecasting of the epidemic. In this communication, we present
the development of an impedimetric non-Faradaic biosensor based on anti-S. sclerotiorum polyclonal
antibodies as probes to selectively capture the ascospores and sense their binding by an impedance
based interdigitated electrode which was found to directly and unambiguously correlate the number of
ascospores on sensor surface with the impedance response.

Sclerotinia stem rot is one of the most destructive diseases for canola' Stem rot is caused by the fungal pathogen
Sclerotinia sclerotiorum. The loss in the yield of canola seeds, when the conditions for the disease are favorable,
can be higher than 50%?°. Canola is an increasingly important crop in the prairie region of Canada. In Alberta, the
production of canola seeds increased from about 3.6 million tons in 2009 to 5.3 million tons in 2011*.

Sclerotinia sclerotiorum is one of the most non-specific, omnivorous, and successful plant pathogens. Plants
susceptible to this pathogen encompass 64 families, 225 genera, and 361 species of broadleaf plants that are cul-
tivated throughout the world!. Infection of plants by the pathogen occurs mainly due to airborne ascospores. In
canola, these airborne ascospores come into contact and adhere to the petals. The ascospore germinates when the
infected petal falls into the crop canopy and lands on the leaves, stems, and branches®. It grows and then spreads
to the leaf and stem tissues. The fungus grows in the stem to produce sclerotia which can then be dislodged during
harvest and serves as the inoculum for the subsequent years.

Sclerotia are compact masses of hyphae with the ability to survive in the soil for more than five years**.
Under moist conditions, a sclerotium germinates to produce either mycelium, which may infect plants, espe-
cially root tissues in direct contact with the sclerotium, or ascospore-producing apothecia. Each apothecium
can produce and release more than 10 million ascospores into the air®, thereby contributing to the spread of the
infection over a large area. Hence, the presence of apothecia in the canopy and airborne ascospores can serve as
an early-warning system for the stem rot infection of canola.

The primary tool used to control Sclerotinia stem rot of canola is the application of fungicides’. In order to be
effective, foliar fungicides need to be applied during the key stage of infection, that is, early flowering and before
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Figure 1. Schematic illustration of the functionalization of a gold IDE surface to covalently attach insulating
self-assembled monolayer (SAM) and oriented immobilization of the anti-S. sclerotiorum antibodies by
boronate ester conjugation.
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the appearance of symptoms in the crops. Systematic application of fungicides is unprofitable because the out-
break of sclerotinia incidence can vary greatly among fields and years.

Therefore, a number of forecasting systems have been developed to predict the risk of stem rot infection®®.
The methodology adopted for risk assessment includes recording the amount of continuous rainfall for a num-
ber of days, soil moisture and apothecium development, temperature, crop canopy development, crop rotation,
and crop disease levels in the previous years. Additional tools such as testing petals for ascospores infection and
weather-based forecasting maps have been adopted in Canada'®!!. However, these approaches for risk assess-
ments are time consuming, labor intensive as they require constant field testing, and yet may not predict the risk
in a timely manner.

As airborne ascospores are the dominant source of the spread of stem rot infection in susceptible plants,
methods that can directly detect airborne ascospores offer the best and most direct measure of the risk of crop
infection. In the case of carrots'?, where a detailed correlation between the presence of airborne ascospores and
incidence of Sclerotinia rot carrot epidemic are available, the initial occurrence of the disease was observed 8 and
34 days following the detection of 9.5 and 2 ascospores per m® of air, respectively. In recent years, quantitative
real-time polymerase chain reaction (QPCR) has been developed as the method of choice for monitoring airborne
ascospores by amplifying a selected segment of their DNA for detection and quantification'?""’. Although qPCR
has the sensitivity and selectivity to detect the presence of pathogens to a level as low as a single ascospore in the
sample, it has a number of disadvantages in terms of cost and complexity of the method due to the simultaneous
requirements of thermal cycling and fluorescence detection which renders the technique unsuitable for routine
onsite field applications.

In this article, we report on the design and development of a biosensor based on anti-S. sclerotiorum antibodies
as probes immobilized on interdigitated electrodes (IDEs) and sense the binding of the ascospores by label-free
non-Faradaic impedimetric detection for sensitive and selective detection and quantification of ascospores. As
devices based on label-free non-Faradaic impedance detection are amenable to microfabrication and miniatur-
ization, our goal is to develop a low cost, miniaturized, and automated biosensor for onsite monitoring of the
number of ascospores suspended in the air around the canola fields and serves as an early warning system for
farmers to forecast and manage the outbreak of Sclerotinia stem rot epidemic of canola.

Results and Discussion

Antibody immobilization. One of the most important factors contributing to the development of a sen-
sitive antibody-based biosensor is the ability to immobilize a high density of oriented antibodies covalently on
the surface of the interdigitated electrodes (IDEs) so that the paratopes are free in the solution and available
for efficient binding with the target antigens'8-?. Sensitivity and stability, achieved in biosensors with well ori-
ented covalently immobilized antibodies can be two orders of magnitude higher than biosensors with randomly
oriented antibodies?!~**. Figure 1 illustrates the surface functionalization steps and the process used to achieve
oriented immobilization of anti-S. sclerotiorum antibodies on the surface of the IDEs. The first step in the func-
tionalization of the gold surface of the IDE is the formation of a self-assembled monolayer (SAM) of alkanethiols
with distal carboxylic acid end group. Alkanethiols with different chain lengths, viz 1-Mercapto-11-undecanoic
acid (11-MUA) and 1-Mercapto-6-hexanoic acid (6-MHA) in aqueous ethanol solution with a molar ratio of
1:10 were used to form SAM to reduce steric crowding of the surface carboxylic acid end group. Treatment of
the surface with EDC/NHS solution activates the carboxylic acid group by the formation of NHS ester which can
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Figure 2. Impedance spectra, the plot of impedance magnitude and phase versus frequency for IDE gold
electrodes (a): (blue) bare gold electrode before modification, (black) after SAM modification, and (red) after
anti-S. sclerotiorum antibody immobilization. Plot of impedance magnitude (b) determined at 1000 Hz for an
IDE after different stages of surface modification.

efficiently react with the amino group of APBA to form an IDE with the gold electrode surface functionalized
with boronic acid group.

Cyclic boronate esters are formed when boronic acid reacts with the 1,2- or 1,3-diol group of the carbohydrate
moiety present in the fragment crystalizable region (Fc) of the antibody'®2"-**%>, As the Fc region is located far
away from the antibody binding sites and the boronate ester formation is specific to the carbohydrate moiety, the
immobilization reaction afforded by boronic acid functionalized IDE provides well oriented antibodies with their
paratopes facing the solution and readily available for efficient binding with the target antigens in the solution.

Impedance spectra measurements and ascospores quantification. Electrochemical Impedance
Spectroscopy is a powerful technique for investigating electrode/electrolyte interface as it provides rich informa-
tion about the interface, interface structure, and interfacial electrode processes®*~**. An impedance spectrum is
obtained by applying a current or voltage excitation perturbation in an electrochemical cell and measuring the
voltage or the current response as a function of the applied excitation frequency. Impedance is a measure of the
opposition to the flow of current, arising from ion diffusion, electrode kinetics, redox reactions, and molecular
interactions at the electrode surface, when an alternating excitation voltage is applied to the cell.

Depending on the presence or absence of redox active chemicals in the solution used for impedance
measurement, a biosensor can be classified as either Faradaic or non-Faradaic?-**. In the Faradaic based bio-
sensor, the factors contributing to the impedance are electrolyte resistance, double layer capacitance, interfa-
cial electron transfer, and Warburg impedance. Whereas, in the non-Faradaic based biosensor such as the
immuno-impedimetric biosensor described here, the contributions from the electrolyte resistance and the inter-
facial capacitances dominate the impedance of the system. In a non-Faradaic biosensor, the interfacial capaci-
tances are sensitive to the probe-analyte binding occurring on the surface of the electrode and can be used for
detection and quantification of target antigens. The total capacitance (Cy,) of a sensor electrode can be considered
as a combination of capacitances attributed to the SAM (Cg, ), recognition layer (Cygc), and double layer (Cp;)
connected in series?®-34,

1 1 1 1
Cot  Csam  Crec  CpL 1)

and the impedance is related to capacitance as,

1
Zo= —
¢ jwC @)

where, w=2f, is the angular frequency and fis the applied frequency in hertz.

Due to the reciprocal nature of the relation, the total capacitance of the electrode/electrolyte interface is most
sensitive to the changes in the magnitude of the smallest capacitance in the series. As Cp,; in aqueous solution is
normally very large value’*, on the order of uF/cm?, a sensitive non-Faradaic impedance biosensor should be
designed such that the Cq,,; is as large as possible, and Cggc as small as possible?*-*4. Therefore, surface modifi-
cation and immobilization of the antibodies play critical role in the development of a sensitive impedance based
non-Faradaic biosensors.

Figure 2 shows the impedance spectra, the plots of the impedance magnitude and phase versus frequency,
of the applied sinusoidal excitation potential (10mV at 0 V DC) obtained for the IDE before modification (bare
gold), after modification with SAM, and subsequently after immobilization of anti-S. sclerotiorum antibodies. It
is known that the impedance magnitude of a non-faradaic impedance spectrum is dominated by interface capac-
itance, solvent resistance, and dielectric capacitance in the low, intermediate, and high frequency region of the
spectrum, respectively*”?. As presented in Fig. 2, these regions of the spectrum are observed in the impedance
spectra as expected. It is important to note that the capacitance of the system, as expected, is better represented
by a constant phase element as indicated by the magnitude of the phase angle in the low frequency region. As
shown in Fig. 2, modification of the bare gold IDE by SAM led to a huge increase in the impedance, as expected
for capacitances connected in series with the double layer, because the SAM layer is composed of low dielectric
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Figure 3. Optical images of ascospores selectively captured by immobilized anti-S. sclerotiorum antibodies

on SAM modified IDE surface. Each 3mm x 3 mm IDE was incubated, using PDMS mask with square wells,
with a 50 pL solution containing a suspension of a desired concentration of ascospores in nanopure water. The
number of ascospores on the surfaces i.e. ascospores/cm? are (a) (1.1 40.1) x 105, (b) (4.4 £0.4) x 104, and (c)
(2.5£0.3) x 104. Scale bar equals 100 pm.
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alkane chains®. A further increase in impedance, albeit a smaller change was observed in the subsequent modi-
fication of the IDE surface with APBA and anti-S. sclerotiorum antibodies. To illustrate the observed impedance
change following different stages of the IDE surface modification, the magnitudes of the impedance recorded at
1000 Hz (in Fig. 2a) are plotted in Fig. 2b.

The impedance change observed upon conjugation of APBA and anti-S. sclerotiorum antibody to the cova-
lently attached SAM as displayed in Fig. 2 indicates that the fabricated sensor has the sensitivity to detect the
binding of antigens to the surface immobilized antibodies. In the affinity based biosensors, a major source of
interfering noise comes from nonspecific binding of biomolecules present in the solution. Although, the nonspe-
cific binding on the sensor surface can be greatly reduced by the formation of SAM layer on the IDE*, further
treatment of the surface with reagents such as a blocking agent is required to minimize their effects. In our biosen-
sor, the IDE after surface modifications and anti-S. sclerotiorum antibody immobilization was incubated with 2%
BSA solution to minimize nonspecific binding prior to treatment with the target ascospore solution.

Since the selectivity and specificity of an impedimetric biosensor depend solely on the affinity of the probe
antibody to the target antigen, and as the transducer generates an output signal to any particles, pollens, fungi or
bacteria that attached/binds to the antibody, the chances of false positive signal exist unless the antibody has low
or no affinity these adventitious materials. The anti-S. sclerotiorum antibody used in this study was produced and
purified by Cedarlane Labs (Burlington, ON, Canada, https://www.cedarlanelabs.com/). The specificity against
S. sclerotiorum was confirmed by ELISA method. Specificity test perform in our lab showed that the polyclonal
antibody has high affinity for the target antigen, Sclerotinia sclerotiorum, as expected and encouragingly displayed
little or no affinity for the fungus, Leptosphaeria maculans, which is responsible for blackleg, another devastat-
ing fungal disease of canola. This antibody was intended to be used as a probe for determining the biosensor
perimeters for Sclerotinia stem rot disease in laboratory study. The specificity and the possible cross reactivity of
anti-S. sclerotiorum antibody with fungi commonly found in crop fields have been investigated by a number of
groups*~*, Jamaux and Spire*"*? reported that anti-S. sclerotiorum polyclonal antibodies cross react with closely
related species such as S. trifoliorum and S. minor, but do not cross-react with 30 other fungi which could possi-
bly be found in different crop fields such as canola, wheat, sunflower, lettuce, soybean, etc. However, according
to Bom and Boland*, the cross-reactivity among Sclerotinia spp. is not anticipated to be a significant source of
error in the field because S. homoeocarpa, S. trifoliorum and S. minor are not typically found in the phyllosphere
of canola due to their lack of spores, their host range, or both. The cross-reaction to Botrytis cinerea*** may cause
problem in the polyclonal anti-S. scleroriorum antibody application. To overcome the cross-reactivity problem
two approaches could be adopted to improve the antibody specificity for field application viz to perform absorp-
tion of S. sclerotiorum antigen with polyclonal anti-B. cinerea antibody as described by Jamaux and Spire*! or to
develop monoclonal antibodies.

Figure 3 shows the optical microscopy images of the ascospores selectively captured from ascospores in solu-
tion, via antigen-antibody affinity binding, by the immobilized antibodies on the surface of the IDE. It is impor-
tant to note that the ascospores captured by the immobilized antibodies on the surface of the IDE are unaffected
by repeated washing, indicating suitability of the boronic ester bond for antibody immobilization'®22425, As the
ellipsoidal shaped ascospore has size in the range, 4-6 um x 9-14 um*, a digital optical microscope was used
in this work as a technique to verify the efficacy of the protocol used to capture ascospores by the immobilized
antibodies.

The microscope images were also used for determining the number of ascospores captured on the IDE sur-
face and to correlate their contributions to the impedance response. As shown in Fig. 3, the estimated number
of ascospores in the representative images correspond to about 9700, 4000 and 2300 ascospores captured on the
surfaces of 3mm x 3 mm IDEs in the sensor chip. In this work, the numbers or concentrations of suspended
ascospores in the solution were determined by using a hemocytometer. From the concentration of ascospores in
the solution and the observed number ascospores captured on the surface of the IDE, we have determined that the
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Figure 4. Plot of impedance change (AZ) versus ascospore concentration [ascospore] in the incubation
solution. The black line is the linear fit to the experimental data point (filled squares) represent the means of
four replicate experiments and error bars are RSD (n=4). Where, AZ=7Z,, s, — Z,, and Z,,, and Z;, 5, are the
magnitudes of the impedance measured at 1000 Hz before and after the ascospores have been captured by the
immobilized anti-S. sclerotiorum antibodies on the surface of modified IDE.

antibody-target antigen binding proceeds with high efficiency and most of the ascospores present in the solution
captured on the surface of the IDE.

A primary goal of the present work is to establish whether an impedance based non-Faradaic biosensor is
suitable for sensitive detection of ascospores in solution and eventually to develop a viable technology for field
applications suitable for remote onsite sensing and forecasting of Sclerotinia stem rot epidemic of canola. Figure 4
shows the plot of impedance change (AZ) versus ascospores concentration [ascospore] in the incubation solution.

The impedance change (AZ) at any given ascospore concentration was calculated from the impedance spectra
of an IDE recorded before (Z,,) and after (Zyy,.5,) the capture of the ascospores by the immobilized anti-S. sclero-
tiorum antibodies on the surface of the functionalized IDE. Binding of the ascospores on the IDE surface led to a
decrease in impedance magnitude, thereby yielding a negative value for the impedance change, AZ="7,;, 5, — Zy
calculated from the impedance magnitude at the applied sinusoidal AC frequency of 1000 Hz. As demonstrated
by the experimental data plotted in Fig. 4, the impedance magnitude decreases with increase in the number of
bound ascospores on the surface of the IDE.

The change in the magnitude of impedance in a capacitive based sensor due to affinity binding of target
antigens to the surface immobilized antibodies can arise from the dielectric properties of the target antigens,
the displacement of water molecules due the target binding, and the change in the thickness of the recognition
layer?*-3*. These changes contribute to impedance change via the capacitance of the recognition layer (Cggc) in
the biosensor.

A unique advantage of working with ascospores is their size*' (4-6 um x 9-14 pm) which allowed us to con-
firm the selective capture of ascospores on the sensor surface using optical microscope (Fig. 3). Further, the opti-
cal images were used to estimate the number ascospores captured on the IDE surface which in turn is related to
the concentration of ascospores in the incubation solutions and these concentration values were plotted as shown
in Fig. 4. Hence, these results allowed us to obtain a direct and unambiguous correlation between the number of
selectively captured ascospores and their impedance response.

The experimental data in Fig. 4 can be fitted with a linear regression (R2=93%) to yield a slope of 6.5 ohms/
aM ascospores in the solution. The limit of detection (LOD) evaluated from the signal-to-noise ratio determined
from the standard deviations of the negative controls was about 130 aM.

In the traditional convention for the expression of LODs for biosensors, the non-Faradaic biosensor devel-
oped in this work has a LOD of 7.8 x 10* ascospores/mL. The performance of the biosensor compares well with
the LOD of 7.4 x 10* CFU/mL reported by Varshney and Li* in 2007 for the detection of E. coli O157:H7 by
impedimetric biosensor using IDE as the transducer. However, in the past few years a significant progress has
been achieved in lowering the LOD, and the state-of-the-art IDE impedimetric biosensor reported by the same
group in 2015 has LOD of 100 CFU/mL? for the detection of E. coli with assay time as short as 1 hour. In spite of
the general conception that IDE offers a better signal-to-noise ratio and sensitivity compared to the biosensors
with traditional macro-electrode, it is interesting to note that LOD as low as 3 CFU/mL*® for the detection of
Salmonella Typhimurium has been reported for impedimetric biosensors using macro-electrodes as the transduc-
ers with assay time as short as 45 minutes. The impressive LODs achieved by these state-of-the-art IDE impedi-
metric biosensors are comparable to that of the LODs attained by advanced PCR methods for E. coli detection®.
It is however important to point out that caution should be exercised when comparing LODs reported for E.
coli detection because of the bacterium propensity to exponentially multiply to form a colony of huge number
bacteria in the nutrient rich medium. In fact, using nutrient rich media, Settu ef al.>* has reported LOD of 7 cells/
mL for the detection of E. coli. In this respect it will be useful to note that the ascospores, the pathogen of canola,
can germinate and grow to produce mycelium enabling them to infect canola plants but cannot multiply like E.
coli to form colonies of ascospores. These differences can have significant impact on the biosensor sensitivity if a
monoclonal antibody with epitope specific to the ascospores is used in the detection of Sclerotinia sclerotiorum.
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Although the LOD achieved in this work is significantly lower compared to the current methods such as qPCR
used for monitoring airborne ascospores'?~'7, impedimetric biosensors have many advantages in terms of cost,
miniaturization, automation, and onsite remote sensing capability. In addition, to the best of our knowledge this
is the first report on an impedimetric biosensor for ascospores detection and thereby has huge potential for fur-
ther improvements in sensitivity and LOD.

Even with the present level of performance, the impedimetric biosensor presented in this work could be used,
and is being tested, for the forecasting of the outbreak of Sclerotinia stem rot, because airborne ascospores can
be readily captured by high throughput ascospore traps. The threshold number of ascospore in the air which
allows an 8-day advanced forecasting of the outbreak of Sclerotinia stem rot'? is about 9 ascospores/m?. By
pre-concentrating the ascospores with a spore trap, the impedimetric biosensor describe in this work can be used
for detection and forecasting of the Sclerotinia stem rot outbreak and serves as an early warning system for the
management and control Sclerotinia stem rot of canola.

Conclusions

The paper presents the development of a novel label-free capacitive biosensor for the detection and quantification
of ascospores, a pathogen which causes canola stem rot, the most destructive disease for canola crop. The device
was fabricated by a functionalization protocol designed to achieve oriented immobilization of the antibodies to
attach covalently to the SAM modified surfaces of the gold electrodes of the IDE by using boronic acid chemistry.
Oriented immobilization affords a high density of non-denatured probes available for binding with the target
ascospores, and the high affinity of the antibodies for the ascospores provides the selectivity and specificity of the
biosensor. The biosensor has been determined to have sensitivity and LOD for ascospores of 6.5 ohms/aM and
130 aM. The LOD of 130 aM or 7.8 x 10* ascospores/mL obtained for the developed biosensor is much higher
compared to the LOD of 3 CFU/mL reported for state-of-the-art biosensors for the detection of food pathogens.
This indicates that the biosensor for ascospores detection has a huge potential for further improvement and also
highlighted the need for the development of a monoclonal antibody with a high affinity for a specific epitope of
the ascospores and possessing no cross reactivity with all other fungi or pollens present in the field where canola
is grown. Based on the performance of the state-of-the-art biosensors, it is not unreasonable to expect the devel-
opment of a biosensor optimized to a level with the capability to detect ascospores with LOD of 10 ascospores/
mL and hence to provide a biosensor with the ability to forecast the outbreak of the Sclerotinia stem rot epidemic
of canola.

Materials and Methods

Material and reagents. 1-Mercapto-11-undecanoic acid 97% (11-MUA), 1-Mercapto-6-hexanoic acid 90%
(6-MHA), N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
98% (NHS), 3-3-aminophenylboronic acid monohydrate 98% (APBA), Ethanol (100%), disodium hydrogen
phosphate, monosodium hydrogen phosphate, and bovine serum albumin 98% (BSA) were purchased from
Sigma-Aldrich Canada Co. (Oakville, Ontario) and were used without further purification. Ultrapure water (18.2
MQ/cm) obtained from Millipore equipment (Mili-Q water) for sample preparation and washing.

Polyclonal anti-S. sclerotiorum antibody was produced by Cedarlane lab following a standard procedure from
rabbits using S. sclerotiorum as the antigen. Ascospores of S. sclerotiorum were produced using a standard method
(InnoTech Alberta accession #184) by planting sclerotia, generated from sliced carrot roots, into a wet sand and
incubating at 10 °C until the sclerotia germinates to form apothecia. The ascospores released from the apothecia
were harvested by trapping onto a filter paper disc by applying vacuum.

Gold IDE sensor chip and Polydimethylsiloxane (PDMS) mask. A custom designed IDE sensor chip,
with digit parameters optimized for nanoparticle-enhanced impedimetric sensors®, was fabricated on a silicon
wafer with 500 nm thermal oxide following a standard photolithography process flow involving sputter deposition
of chromium (10 nm) and gold (100 nm), photoresist and photomask pattern transfer followed by development,
reactive ion etching and lift-off. Each of the sensor chips has eight 3mm x 3 mm square IDEs with digit length,
width, thickness, and gap of 3mm, 3 um, 110 nm, and 3 um respectively. Images of a typical sensor chips is dis-
played in Fig. 5.

To facilitate functionalization of the IDE surface without affecting other areas of the chip, a PDMS mask, as
shown in Fig. 5b, with eight units of 3 mm x 3 mm square wells, designed to fit the IDEs on the sensor chip was
custom designed and fabricated in the lab. The PDMS mask allows independent and localized modification of
each IDE on a sensor chip with any desired modifying solutions.

Protocols for Surface functionalization. The chips used for surface functionalization were cleaned by
sonicating for about 5 minutes each in acetone, isopropanol, Millipore water (MPW) and then drying with a
stream of nitrogen. The chips were then exposed to Argon plasma (1 Torr Ar atmosphere, 18 W high RF) for
5minutes to ablate any adsorbed organic materials on the surface. The freshly cleaned IDEs of the chip were func-
tionalized in a sequence of successive reaction steps by submerging them in different solutions using the PDMS
mask as presented in Fig. 5. After each functionalization reaction step, the IDEs were washed with the solvents
used to prepare the solutions including ethanol, 10 mM PBS at pH 7.4 and/or MPW to remove any chemicals not
covalently bound to the surface.

The affinity of thiol with gold was utilized to form an insulating self-assemble monolayer (SAM) with distal
carboxylic acid group on the surface of the IDEs. The reaction was carried out by submerging the IDE overnight
at4°Cina50puL of 10mM 6-MHA and 1 mM 11-MUA in 95% aqueous ethanol solution. After washing thor-
oughly with ethanol and MPW, the SAM modified IDEs were submerged in a 50 uL of 0.1 M EDC and 0.1 M NHS
aqueous solution for 20 mins. The IDEs were washed and submerged in a 50 uL of 52 mM APBA solution (10 mM
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Figure 5. Sensor chip, PDMS mask, electrical contact pad, and electrical connector. The sensor chip has eight
units of 3 mm x 3 mm square IDEs (a) and the matching PDMS mask has eight wells (b) to fit the IDEs and
individually functionalize them. Each gold electrode finger or digit in the IDE has length, width, thickness, and
gap of 3mm, 3 um, 110 nm, and 3 um respectively.

PBS at pH 7.4) for 3 hrs. The boronic acid functionalized IDEs were submerged overnight in 50 uL of 5 ug/mL
anti-S. sclerotiorum antibody buffered solutions (10 mM PBS at pH 7.4).

Instruments.  Electrochemical Impedance Spectroscopy (EIS) measurements were performed with a poten-
tiostat/galvanostat SP-200 controlled by EC lab software from BioLogic Scence Instruments Inc (Knoxville,
Tennessee). A custom built electrical contact pad and connector, as shown in Fig. 5b, was used to make electri-
cal connections between SP-200 and the IDEs on the sensor chips. A PDMS mask with eight wells was used to
submerse the IDEs of the sensor chip with 50 uL of 10 uM PBS at pH 7.4 for impedance spectra measurements.
Impedance spectra were measured by applying 10 mV sinusoidal excitation perturbation at 0V DC in the fre-
quency range of 10 Hz to 1 MHz.

A digital optical microscope, VHX-700F from KEYENCE Canada Inc. (Mississauga, Ontario), was used for
imaging and estimating the number of ascospores captured on the surface of the IDEs. A Hemocytometer and
Motic AE 31 An inverted Biological Microscope (Carlsbad, California) was used to determine the number and
concentration of ascospores in the re-suspended solutions.

Data availability. The data files including raw data used to support the findings in this study can be obtained
from the corresponding author upon reasonable request.

References
1. Purdy, L. H. Sclerotinia sclerotiorum: History, Diseases and Symptomatology, Host Range, Geographic Distribution, and Impact.
Phytopathology 69, 875 (1979).
2. Willetts, H. J. & Wong, J. A.-L. The biology of Sclerotinia sclerotiorum, S.trifoliorum, and S.minor with emphasis on specific
nomenclature. The Botanical Review 46, 101-165 (1980).
. del Rio, L. E. et al. Impact of Sclerotinia Stem Rot on Yield of Canola. Plant Disease 91, 191-194 (2007).
. Canola Council of Canada. http://www.canolacouncil.org/markets-stats/statistics/tonnes/2016 (2016).
5. Jamaux, L, Gelie, B. & Lamarque, C. Early stages of infection of rapeseed petals and leaves by Sclerotinia sclerotiorum revealed by
scanning electron microscopy. Plant Pathology 44, 22-30 (1995).
6. Link, V. H. & Johnson, K. B. White mold (Sclerotinia). http://www.apsnet.org/edcenter/intropp/lessons/fungi/ascomycetes/Pages/
WhiteMold.aspx (2007).
7. Kutcher, H. R. & Wolf, T. M. Low-drift fungicide application technology for sclerotinia stem rot control in canola. Crop Protection
25, 640-646 (2006).
8. Clarkson, J. P. et al. Forecasting sclerotinia disease on lettuce: toward developing a prediction model for carpogenic germination of
sclerotia. Phytopathology 94, 268-279 (2004).
9. Koch, S., Dunker, S., Kleinhenz, B., Rohrig, M. & Tiedemann, A. V. A crop loss-related forecasting model for sclerotinia stem rot in
winter oilseed rape. Phytopathology 97, 1186-1194 (2007).
10. McLaren, D. L. et al. Predicting diseases caused by Sclerotinia sclerotiorum on canola and bean - a western Canadian perspective.
Canadian Journal of Plant Pathology 26, 489-497 (2004).
11. Bom, M. & Boland, G. J. Evaluation of disease forecasting variables for sclerotinia stem rot (Sclerotinia sclerotiorum) of canola.
Canadian Journal of Plant Science 80, 889-898 (2000).
12. Parker, M. L., McDonald, M. R. & Boland, G. J. Evaluation of Air Sampling and Detection Methods to Quantify Airborne Ascospores
of Sclerotinia sclerotiorum. Plant Disease 98, 32-42 (2014).
13. Rogers, S. L., Atkins, S. D. & West, J. S. Detection and quantification of airborne inoculum of Sclerotinia sclerotiorum using
quantitative PCR. Plant Pathology 58, 324-331 (2009).
14. Ziesman, B. R, Turkington, T. K., Basu, U. & Strelkov, S. E. A Quantitative PCR System for Measuring Sclerotinia sclerotiorum in
Canola (Brassica napus). Plant Disease 100, 984-990 (2015).
15. Almquist, C. & Wallenhammar, A. C. Monitoring of plant and airborne inoculum of Sclerotinia sclerotiorum in spring oilseed rape
using real-time PCR. Plant Pathology 64, 109-118 (2015).
16. Jones, S., Pilkington, S., Gent, D., Hay, F. & Pethybridge, S. A polymerase chain reaction assay for ascosporic inoculum of Sclerotinia
species. New Zealand Journal of Crop and Horticultural Science 43, 233-240 (2015).

[N

SCIENTIFICREPORTS| (2018) 8:12396 | DOI:10.1038/s41598-018-30167-5 7


http://www.canolacouncil.org/markets-stats/statistics/tonnes/2016
http://www.apsnet.org/edcenter/intropp/lessons/fungi/ascomycetes/Pages/WhiteMold.aspx
http://www.apsnet.org/edcenter/intropp/lessons/fungi/ascomycetes/Pages/WhiteMold.aspx

www.nature.com/scientificreports/

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
. Lisdat, F. & Schifer, D. The use of electrochemical impedance spectroscopy for biosensing. Analytical and Bioanalytical Chemistry

30.
31.

32.
33.

34.
35.

36.
37.
38.
39.
40.
41.

42.

43.
44.
45.
46.
47.

48.

49.
50.

51.

Mirmajlessi, S. M., Loit, E., Midnd, M. & Mansouripour, S. M. Real-time PCR applied to study on plant pathogens: potential
applications in diagnosis &amp;ndash; a review. Plant Protection Science 51, 177-190 (2016).

Duval, F, van Beek, T. A. & Zuilhof, H. Key steps towards the oriented immobilization of antibodies using boronic acids. The Analyst
140, 6467-6472 (2015).

Makaraviciute, A. & Ramanaviciene, A. Site-directed antibody immobilization techniques for immunosensors. Biosensors and
Bioelectronics 50, 460-471 (2013).

Rusmini, F, Zhong, Z. & Feijan, J. Protein Immobilization Strategies for Protein Biochips. Biomacromolecules, 8, No. 6, 2007 8,
1775-1789 (2007).

Ho, J. A. et al. Ultrasensitive electrochemical detection of biotin using electrically addressable site-oriented antibody immobilization
approach via aminophenyl boronic acid. Biosensors and Bioelectronics 26, 1021-1027 (2010).

Trilling, A. K., Harmsen, M. M., Ruigrok, V. J. B., Zuilhof, H. & Beekwilder, J. The effect of uniform capture molecule orientation on
biosensor sensitivity: Dependence on analyte properties. Biosensors and Bioelectronics 40, 219-226 (2013).

Batalla, P, Mateo, C., Grazu, V., Fernandez-Lafuente, R. & Guisan, ]. M. Immobilization of antibodies through the surface regions
having the highest density in lysine groups on finally inert support surfaces. Process Biochemistry 44, 365-368 (2009).

Abad, J. M. et al. Immobilization of peroxidase glycoprotein on gold electrodes modified with mixed epoxy-boronic acid
monolayers. journal of american chemical society 124, 12845-12853 (2002).

Adak, A. K. et al. Fabrication of antibody microarrays by light-induced covalent and oriented immobilization. ACS Applied Materials
and Interfaces 6, 10452-10460 (2014).

Luo, X. & Davis, J. J. Electrical biosensors and the label free detection of protein disease biomarkers. Chemical Society Reviews 42,
5944 (2013).

Tsouti, V., Boutopoulos, C., Zergioti, I. & Chatzandroulis, S. Capacitive microsystems for biological sensing. Biosensors and
Bioelectronics 27, 1-11 (2011).

Guan, J.-G., Miao, Y.-Q. & Zhang, Q.-]. Impedimetric Biosensors. Journal of Bioscience and Bioengineering 97, 219-226 (2004).

391, 1555-1567 (2008).

Prodromidis, M. I. Impedimetric immunosensors-A review. Electrochimica Acta 55, 4227-4233 (2010).

Bonanni, A. & Del Valle, M. Use of nanomaterials for impedimetric DNA sensors: A review. Analytica Chimica Acta 678, 7-17
(2010).

Daniels, J. S. & Pourmand, N. Label-free impedance biosensors: Opportunities and challenges. Electroanalysis 19, 1239-1257 (2007).
Randpviir, E. P. & Banks, C. E. Electrochemical impedance spectroscopy: an overview of bioanalytical applications. Analytical
Methods 5, 1098 (2013).

Berggren, C., Bjarnason, B. & Johansson, G. Capacitive biosensors. Electroanalysis 13, 173-180 (2001).

Liu, J., Chisti, M. M. & Zeng, X. General Signal Amplification Strategy for Nonfaradic Impedimetric Sensing: Trastuzumab
Detection Employing a Peptide Immunosensor. Analytical Chemistry 89, 4013-4020 (2017).

Mirsky, V. M., Riepl, M. & Wolfbeis, O. S. Capacitive monitoring of protein immobilization and antigen-antibody reactions on
monomolecular alkylthiol films on gold electrodes. Biosensors and Bioelectronics 12, 977-989 (1997).

Guimera, A. et al. Effect of surface conductivity on the sensitivity of interdigitated impedimetric sensors and their design
considerations. Sensors and Actuators, B: Chemical 207, 1010-1018 (2015).

Couniot, N. et al. Lytic enzymes as selectivity means for label-free, microfluidic and impedimetric detection of whole-cell bacteria
using ALD-AI203 passivated microelectrodes. Biosensors and Bioelectronics 67, 154-161 (2015).

Rickert, J., Gopel, W., Beck, W, Jung, G. & Heiduschka, P. A mixed self-assembled monolayer for an impedimetric immunosensor.
Biosensors & Bioelectronics 11, 757-768 (1996).

Vaisocherovd, H. & Brynda, E. Functionalizable low-fouling coatings for label-free biosensing in complex biological media:
advances and applications. Analytical and Bioanalytical Chemistry 407, 3927-3953 (2015).

Jamaux, I. & Spire, D. Development of a polyclonal antibody-based immunoassay for the early detection of Sclerotinia sclerotiorum
in rapeseed petals. Plant Pathology 43, 847-862 (1994).

Jamaux-Despréaux, I. & Spire, D. Comparison of responses of ascospores and mycelium by ELISA with anti-mycelium and anti-
ascospore antisera for the development of a method to detect Sclerotinia sclerotiorum on petals of oilseed rape. Annals of Applied
Biology 134, 171-179 (1999).

Kennedy, R., Wakeham, A. ], Byrne, K. G., Meyer, U. M. & Dewey, E. M. A new method to monitor airborne inoculum of the fungal
plant pathogens Mycosphaerella brassicicola and Botrylis cinerea. Applied and Environmental Microbiology 66, 2996-3003 (2000).
Bom, M. & Boland, G. J. Evaluation of polyclonal-antibody-based immunoassays for detection of Sclerotinia sclerotiorum on canola
petals, and prediction of stem rot. Canadian journal of microbiology 46,723-9 (2000).

Wang, A. et al. Isolation and identification of Sclerotinia stem rot causal pathogen in Arabidopsis thaliana. ] Zhejiang Univ Sci B9,
818-822 (2008).

Varshney, M. & Li, Y. Interdigitated array microelectrode based impedance biosensor coupled with magnetic nanoparticle-antibody
conjugates for detection of Escherichia coli O157:H7 in food samples. Biosensors and Bioelectronics 22, 2408-2414 (2007).

Li, Z., Fu, Y., Fang, W. & Li, Y. Electrochemical Impedance Immunosensor Based on Self-Assembled Monolayers for Rapid Detection
of Escherichia coli O157:H7 with Signal Amplification Using Lectin. Sensors 15, 19212-19224 (2015).

Sheikhzadeh, E., Chamsaz, M., Turner, A. P. E, Jager, E. W. H. & Beni, V. Label-free impedimetric biosensor for Salmonella
Typhimurium detection based on poly [pyrrole-co-3-carboxyl-pyrrole] copolymer supported aptamer. Biosensors and Bioelectronics
80, 194-200 (2016).

Jiang, Y., Zou, S. & Cao, X. Rapid and ultra-sensitive detection of foodborne pathogens by using miniaturized microfluidic devices:
areview. Anal. Methods 8, 6668-6681 (2016).

Settu, K., Chen, C. J,, Liu, J. T., Chen, C. L. & Tsai, J. Z. Impedimetric method for measuring ultra-low E. coli concentrations in
human urine. Biosensors and Bioelectronics 66, 244-250 (2015).

Mackay, S., Hermansen, P., Wishart, D. & Chen, J. Simulations of Interdigitated Electrode Interactions with Gold Nanoparticles for
Impedance-Based Biosensing Applications. Sensors 15, 22192-22208 (2015).

Acknowledgements

The authors would like to thank Prof. Jingli Luo, Chemical and Materials Engineering, University of Alberta for
allowing us to use Keyence digital microscope. We would like to acknowledge the funding support of Alberta
Crop Industry Development Fund Ltd, Alberta Canola Producers Commission, and InnoTech Alberta Inc.

Author Contributions

X.S.L. proposed the original idea on using the nano-biosensor for plant disease forecasting, obtained the grant
to support this project and monitored the research progress and wrote project reports, J.C. obtained partial
funding and led the engineer design and development of the biosensor. J.Y. led the plant disease evaluating of the
project. L.C.T.S. and A.A. performed experiments. S.M. designed the sensor chip. G.N.A. fabricated the sensor

SCIENTIFICREPORTS| (2018) 8:12396 | DOI:10.1038/s41598-018-30167-5 8



www.nature.com/scientificreports/

chip. L.C.T.S. analyzed data and wrote the first draft of the manuscript. L.C.T.S., A.A., S.M.,, G.N.A,D.L., Z.Y,,
AHN, M.TM, M.AS, .Y, ]J.C. and X.S.L. contributed in interpreting the data, and in writing and editing the
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12396 | DOI:10.1038/s41598-018-30167-5 9


http://creativecommons.org/licenses/by/4.0/

	Immuno-impedimetric Biosensor for Onsite Monitoring of Ascospores and Forecasting of Sclerotinia Stem Rot of Canola

	Results and Discussion

	Antibody immobilization. 
	Impedance spectra measurements and ascospores quantification. 

	Conclusions

	Materials and Methods

	Material and reagents. 
	Gold IDE sensor chip and Polydimethylsiloxane (PDMS) mask. 
	Protocols for Surface functionalization. 
	Instruments. 
	Data availability. 

	Acknowledgements

	Figure 1 Schematic illustration of the functionalization of a gold IDE surface to covalently attach insulating self-assembled monolayer (SAM) and oriented immobilization of the anti-S.
	Figure 2 Impedance spectra, the plot of impedance magnitude and phase versus frequency for IDE gold electrodes (a): (blue) bare gold electrode before modification, (black) after SAM modification, and (red) after anti-S.
	Figure 3 Optical images of ascospores selectively captured by immobilized anti-S.
	Figure 4 Plot of impedance change (ΔZ) versus ascospore concentration [ascospore] in the incubation solution.
	Figure 5 Sensor chip, PDMS mask, electrical contact pad, and electrical connector.




