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Abstract

Plant viruses are major contributors to crop losses and induce high economic costs worldwide. For reliable, on-site and early
detection of plant viral diseases, portable biosensors are of great interest. In this study, a field-effect SiO,-gate electrolyte-
insulator-semiconductor (EIS) sensor was utilized for the label-free electrostatic detection of tobacco mosaic virus (TMV)
particles as a model plant pathogen. The capacitive EIS sensor has been characterized regarding its TMV sensitivity by means
of constant-capacitance method. The EIS sensor was able to detect biotinylated TMV particles from a solution with a TMV
concentration as low as 0.025 nM. A good correlation between the registered EIS sensor signal and the density of adsorbed TMV
particles assessed from scanning electron microscopy images of the SiO,-gate chip surface was observed. Additionally, the
isoelectric point of the biotinylated TMV particles was determined via zeta potential measurements and the influence of ionic
strength of the measurement solution on the TMV-modified EIS sensor signal has been studied.
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Introduction

Harmful organisms, like animal pests, weeds, and plant path-
ogens, have reduced the productivity of crops since the begin-
ning of agriculture. To avoid such crop losses, farmers have
developed various strategies. Nowadays, thanks to modern
technologies, crop plants can be protected against a lot of
vermin that caused crop loss and famines in the past by using
insecticides, fungicides, or genetic modification of the plants
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[1]. Despite this progress, there are still threats that cannot be
averted, especially those induced by viruses. About 15% of
worldwide economically important crops are impaired by
plant diseases and 30% of plant diseases are induced by plant
viruses, leading to economic losses in agriculture of more than
50 billion € per year worldwide [2, 3]. Examples are given by
the zucchini yellow mosaic virus and papaya ringspot virus
which cause damaging diseases in cucurbit crops [4], the bar-
ley yellow dwarf virus that infects cereal crops, and several
cassava mosaic viruses which have led to a devastating pan-
demic in east and central Africa [5, 6] (for a good overview,
see also [5, 7, 8]). Probably the most famous plant virus is the
tobacco mosaic virus (TMV), the first discovered plant virus
in history and today one of the most studied viruses. It is
widely distributed and infects tobacco, tomato, bell pepper,
and other members of the family Solanaceae as well as plants
in about 30 further families, while it is harmless for mammals
[9]. The worldwide loss caused by TMV is up to 100 million
USD per year [10, 11]. TMV stunts the growth of the infected
crop and induces mosaic-like patterns on the leaves of many
host species. TMV particles have a nanotube-like structure
(length: 300 nm, outer diameter: 18 nm, inner channel:
4 nm). Each TMV nanotube consists of a single-stranded
RNA which is embedded between 2130 helically arranged
identical coat protein subunits. TMV can spread through the
atmosphere and can be transmitted from plant to plant me-
chanically. It is one of the most stable viruses and can retain
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its infectivity outside of plant cells in soil or in smoking to-
bacco for years [9]. During recent years, TMV nanoparticles
have been considered increasingly not only as infectious
agents, but also as highly attractive nanoscale material for
bionanotechnology [12—15] and biochemical sensing applica-
tions [16-20].

To develop control strategies for plant viral diseases, reli-
able and early detection methods are required [3]. Enzyme-
linked immunosorbent assays (ELISA) and polymerase chain
reaction (PCR)-based methods are most commonly used tech-
niques for the detection of plant disease-causing viruses (in-
cluding TMV), and there is still ongoing research in this field
[21-25]. Immunoassay technologies offer a high specificity
and options for on-site detection of plant viruses; however,
they have some limitations with regard to low virus concen-
trations and being one-time sensors. This way, they are usu-
ally applied to confirm plant diseases after visual symptoms
have already appeared [26, 27]. PCR methods, on the other
hand, are very accurate and specific enough to detect very low
pathogen concentrations; however, on-site detection with
PCR-based methods is hardly realizable [26, 27]. Another
approach describes the analysis of plant volatile organic com-
pounds (VOC) as possible biomarkers for plant diseases.
Here, the natural variation in the VOC profile within plant
species is challenging, because they can mask the changes
due to stress and the presence of diseases, and usually lack
specificity [28].

To overcome these limitations, portable fast, easy-to use
biosensor devices for on-site detection are of great interest.
As an example for TMV detection, biosensors based on sur-
face plasmon resonance (SPR) and quartz-crystal microbal-
ance (QCM) have been introduced [29-31]. These sensors
rely on molecularly imprinted polymers as receptor layer
mimicking the geometrical structure of the nanoparticles to
be detected. In contrast, field-effect and bioelectronic devices
enable as charge-sensitive devices a direct, label-free electrical
monitoring of such particles; above all, they have been widely
applied for the development of numerous chemical sensors
and biosensors [32-39]. Small size, fast response time, ability
for real-time measurements, robustness, and compatibility
with micro- and nanofabrication technologies make them at-
tractive to design plant virus-assisted biosensors [19, 20] and
to detect charged intact virus particles (see, e.g., recent review
[40]), including TMV [41].

Recently, we reported on a highly sensitive, long-term sta-
ble penicillin biosensor based on a nanoparticle-modified, ca-
pacitive field-effect Al/p-Si/SiO,/Ta,Os5 electrolyte-insulator-
semiconductor (EIS) structure, where TMV particles loaded
on the Ta,O5 surface serve as nano-scaffolds for an extremely
dense immobilization of enzymes (penicillinase) [20]. In ad-
dition, these structures have been used for “proof-of-concept”
field-effect experiments to detect charged TMV particles
adsorbed onto this sensor surface [41]. Here, Ta,O5 with a
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nearly Nernstian pH sensitivity (56—58 mV/pH [42, 43]) was
selected as gate insulator. On the other hand, it has been re-
ported that due to the interplay between the pH and charge
sensitivity of field-effect biosensors, an electrostatic detection
of charged molecules by their intrinsic charge can be best
achieved on gate insulator surfaces with low pH sensitivity
[44, 45]. Therefore, to achieve higher sensitivity to the TMV
particle charge in this work, we use a capacitive EIS sensor
consisting of an Al/p-Si/SiO, structure having SiO, as gate
insulator with sub-Nernstian pH sensitivity (34-38 mV/pH
[46, 47]). In addition, the Al/p-Si/SiO, structures can be fab-
ricated more easily and cost-effectively (two fabrication steps,
namely, deposition of Ta layer and thermal oxidation to
Ta,0s, were excluded), which represents an important com-
mercial factor for a later large-scale production of on-site, low-
cost biosensors.

The SiO,-gate EIS sensors are applied for the electrical
detection of charged intact TMV particles loaded from solu-
tions with different TMV concentrations ranging from
0.025 nM (0.001 mg/mL) to 5 nM (0.2 mg/mL), whereby a
broader concentration range could be studied than in our pre-
vious work [41]. The sensitivity of EIS sensors to TMV par-
ticles is investigated by means of the constant-capacitance
(ConCap) method, while the density of adsorbed TMV parti-
cles on the SiO, surface is evaluated from scanning electron
microscopy (SEM) images. For a better understanding of the
label-free detection of the TMV particles by their intrinsic
charge, zeta potential (ZP) measurements for the determina-
tion of the isoelectric point (pl) of the biotinylated TMV par-
ticles are conducted for the first time. Finally, an influence of
the ionic strength (Debye screening effect) of the measure-
ment solution on the TMV-modified EIS sensor signal is stud-
ied and discussed for the first time.

Materials and methods
Fabrication of EIS sensor chips

To achieve the Al/p-Si/SiO, layer structure, a p-doped silicon
wafer (~385 um thickness, 1-5 2cm) was thermally oxidized
for 30 min at 1000 °C in O, atmosphere, creating a 30-nm-
thick Si0,-gate insulator layer. During this oxidation process,
an unwanted SiO, layer was also formed on the back side of
the p-Si, which was removed by etching with hydrofluoric
acid. Then, 300 nm Al was deposited on the rear side of the
wafer to provide an electrical contact to the Si. In a final step,
this wafer was tempered for 10 min in N, atmosphere at
400 °C. The fabricated wafer was separated to 1 cm X 1 cm
chips and cleaned for 5 min in an ultrasonic bath consecutive-
ly with acetone, isopropanol, ethanol, and deionized water,
respectively.
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Preparation of TMV solutions

As a model plant virus particle, we use a genetically modified
TMV variant with a cysteine residue exposed on each coat
protein [48], which was already utilized in our previous works
for biosensing purposes as nano-scaffold for high-density im-
mobilization of enzymes on a sensor surface [18-20, 41].
Bifunctional maleimide-polyethylenglycol-biotin linkers
(EZ-Link Maleimide-PEG11-Biotin (Thermo Scientific,
Rockford, IL, USA)) are covalently bound to the thiol groups
of these cysteine sites (for details of TMV isolation and bio-
tinylation, see [19, 20, 49]). The TMV stock solution with a
concentration of 125 nM (5§ mg/mL) in 10 mM sodium-
potassium-phosphate buffer (SPP, 10 mM NaH,PO,
(Merck, Darmstadt, Germany) and 10 mM K,HPO, (Carl
Roth, Karlsruhe, Germany), pH 7) was stored at 4 °C. For
ZP measurements, the TMV stock solution was diluted with
10 mM SPP (15 mM ionic strength) to a concentration of
0.1 mg/mL (2.5 nM) and adjusted to different pH values be-
tween pH 7 and pH 3 by titration with 1 M HCI (Sigma-
Aldrich, Darmstadt, Germany). For the TMV loading experi-
ments, differently concentrated TMV solutions were prepared
by diluting the TMV stock solution with 0.1 M SPP buffer,
pH 7, and an ionic strength of 0.15 M.

Field-effect measurements

The operation principle of EIS sensors is specified in [36], and
the mechanism of signal generation induced by the adsorption
of TMV particles is discussed in [41]. Summarized, EIS sen-
sors are sensitive to any potential changes that occur at the
gate insulator/solution interface. In the case of a p-type semi-
conductor, as it is used in the present study, the adsorption of
negatively charged particles, e.g., TMV particles, reduces the
width of the space charge region in the semiconductor, where-
by the total capacitance of the sensor structure will increase.
By characterization of EIS sensors in the capacitance-voltage
(C-V) mode, this leads to a shift of the measurement curve to
more positive (or less negative) voltages, which can be seen
particularly well in the depletion region of the C-V curve. In
the ConCap measurement mode, which is used in this study,
the capacitance in the depletion region of the C-V curve (usu-
ally ~60% of the maximum capacitance) is set constant by
applying a sign-inverted voltage to the reference electrode
and, thus, compensating potential changes at the gate surface
generated due to the adsorption of TMV particles. This way,
the EIS sensor response (output signal) is recorded dynami-
cally over time. Since the presented field-effect sensor detects
TMYV particles by their intrinsic charge, the ionic strength of
the electrolyte solution represents an important parameter. The
charge of the virus particles may partially be screened by
counter ions. Thus, the ionic strength of the solution has an
impact on the sensor behavior and may also affect the TMV

adsorption. Due to that, for all electrolyte solutions used in this
study, the concentration as well as the ionic strength is
specified.

For the detection of TMV particles with SiO, EIS sensors,
the EIS chips were mounted in a homemade measurement
chamber and sealed with an O-ring, as depicted in Fig. 1.
Thereby, 0.5 cm? of the SiO,-gate surface was accessible for
TMV adsorption and in contact with the electrolyte solution
during the electrochemical measurements. The reference elec-
trode (Ag/AgCl, Metrohm, Filderstadt, Germany) was im-
mersed in the measurement solution and connected to an im-
pedance analyzer (Zahner Zennium, Zahner Elektrik,
Kronach, Germany). By connecting the Al rear side contact
with the impedance analyzer, the electric circuit was closed.

ConCap measurements have been performed in 0.33 mM
phosphate-buffered saline (PBS) solution (pH 7) before and
after loading the sensor surface with different TMV concen-
trations; ionic strength was 5 mM. For studying the influence
of ionic strength, PBS buffer solutions between 6.5 mM PBS
(100 mM ionic strength) and 0.06 mM PBS (1 mM ionic
strength) have been used. By diluting a 10-mM PBS stock
solution (~154 mM ionic strength) with deionized water, the
respective buffer concentrations were achieved. For TMV
loading, the sensor chip was incubated with 50 uL of the
appropriate TMV solution for 1 h at room temperature in a
humid chamber. Afterwards, the sensor was washed three
times with 0.33 mM PBS buffer to get rid of non-adsorbed
TMV particles.

pl determination of biotinylated TMV particles by ZP
measurements

The working principle of the TMV-modified EIS sensor is
based on detecting the intrinsic charge of the virus particle.
Therefore, the pl (defined as the pH value at which the elec-
trical net charge of a particle is zero) is an important parameter
for this detection method. The pl gives information about the
sign of a particle charge depending on the pH value. By that,
the expected direction of the signal change, induced by the
adsorption of charged TMV particles to the gate surface, can
be determined. The pl of native TMV (strain vulgare, Ul) is
described to be about pH 3.5: TMV particles are negatively
charged at pH values above 3.5 and positively charged at pH
values below 3.5 [50, 51]. To our best knowledge, there is no
information in the literature about the plI of biotinylated TMV
particles. Therefore, it was analyzed in the course of this
study. As an established method for pl determination, the
measurement of the ZP was selected [52]. The ZP represents
the electric potential at the slipping plane between the immo-
bile and mobile layers, which is defined by the electrical dou-
ble layer theory [53]. In this work, ZP analysis was carried out
with a Litesizer 500™ Particle Analyzer (Anton Paar GmbH,
Graz, Austria) by dynamic light scattering method (DLS). The
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Fig. 1 Schematic of a TMV-infected leaf with mosaic-like patterns (left) and a sketch of a TMV nanotube with regularly ordered coat proteins (middle).
Schematic measurement setup of a TMV-modified EIS sensor with p-doped silicon, SiO, as gate insulator, and aluminum as rear-side contact (right)

ZP was examined at a laser wavelength of 660 nm for different
pH values between pH 3 and pH 7. For each pH value, three
individual measurements were conducted at 25 °C.

SEM analysis of the TMV-loaded SiO,-gate chip
surface

For morphological characterization of the TMV-loaded SiO,
surface, SEM images were taken from 6 representative areas
of'the chip surface, using a JEOL JSM-7800F Schottky field-
emission microscope (JEOL GmbH, Freising, Germany).
Before imaging, a ca. 3-5 nm Pt/Pd film was sputtered onto
the chip surface. The density of adsorbed TMV particles on
the sensor surface was determined from the SEM images
using the image evaluation software Image] Fiji (Rasband,
W.S., U.S. National Institutes of Health, Bethesda, MD,
USA, https://imagej.nih.gov/ij/). For calculating the TMV
density, the TMV particle was defined as a 300-nm long nano-
tube. Though, TMV particles can adsorb as long end-to-end
structures, or as smaller particle fractions with lengths often in
the range of 50-200 nm. Therefore, the number of the differ-
ently sized particles was multiplied with corresponding
factors.

Results and discussion
ZP measurements

For ZP measurements, the biotinylated TMV particles were
dissolved in 10 mM SPP buffer, with a TMV concentration of
2.5 nM. The ZP was measured at different pH values between
pH 3 and pH 7. Figure 2 represents the mean ZP values of
three individual measurements with varying pH values. For
the lowest value at pH 3, the ZP was 7.7 mV, while it reached
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—30.7 mV for pH 7. Note that the pl is defined by the crossing
point of the measured ZP with the 0-mV axis.

As indicated in Fig. 2, the pI of biotinylated TMV particles
is determined to be pH 3.3, showing that it is in good agree-
ment with the pI reported for native TMV particles [50, 51]. It
should be mentioned that the ZP is influenced by many pa-
rameters, such as ionic strength, ion composition, or temper-
ature, which underlines that an exact comparison with litera-
ture data is only possible when having the same measurement
conditions. Nevertheless, our results confirm that the biotinyl-
ated TMV particles were negatively charged at pH 7.
Consequently, a shift of the measurement signal to more pos-
itive voltage values is expected during the ConCap measure-
ments, when TMV particles are adsorbing to the SiO,-gate
surface.

Zeta potential (mV)

! ______________ I 1

R i R
-

T T T T T T T T T T T T T T T T T
3.0 3.5 40 45 50 55 6.0 65 7.0
pH
Fig. 2 ZP of biotinylated TMV at different pH values between pH 3 and

pH 7. Measurements have been performed with 2.5 nM TMV in 10 mM
SPP buffer at 25 °C
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Label-free detection of TMV particles with SiO,-gate
EIS sensors

Since EIS sensors are charge-sensitive devices and because
biotinylated TMV particles are negatively charged at
pH > 3.3, it can be expected that loading of TMV particles
on the SiO, surface will alter the gate surface charge. To
evaluate the TMV sensitivity of the SiO, EIS sensor,
ConCap measurements have been performed in 0.33 mM
PBS buffer (pH 7) before and after loading of virus particles
on the sensor surface from differently concentrated TMV so-
lutions. For each TMV concentration, three SiO,-gate EIS
chips were characterized. In Fig. 3a, exemplary ConCap
curves can be seen, which were registered before (bare sensor)
and after loading of different TMV concentrations between
0.025 nM (0.001 mg/mL) and 5 nM (0.2 mg/mL). As expect-
ed, the ConCap signal of the EIS sensor modified with nega-
tively charged TMV particles is shifted in the direction of less
negative (or more positive) gate voltages. In the ConCap
mode, the feedback control circuit applies a more positive
voltage on the gate via the reference electrode to compensate

(a)
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-2601—— 0.5 1M after TMV loading
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5nM ‘
-280 — !
%\ 54 mV E
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Fig. 3 (a) Exemplary ConCap curves recorded in 0.33 mM PBS buffer
(pH 7, ionic strength: 5 mM) before and after loading of TMV from
differently concentrated solutions between 0.025 nM and 5 nM TMV.
The ConCap curves are normalized on the measurement curve recorded at
a TMV concentration of 0.025 nM. (b) Mean calibration curve (n = 3)
evaluated from the respective ConCap measurements

gate potential changes caused by the negative charge of the
adsorbed TMV nparticles, to keep the total EIS capacitance
constant. Thus, the direction of the ConCap signal shift serves
as an indicator for the successful loading of TMV particles,
while the amplitude of the signal change could give informa-
tion about the amount of the adsorbed virus particles.

With increasing TMV concentration from 0.025 to 5 nM,
the signal change rises from 22 to 68 mV, evidencing that the
charge at the sensor surface becomes more negative as a con-
sequence of an increased number of adsorbed TMV particles.
It is worth to note that even at the lowest TMV concentration
0f0.025 nM used in this work, the sensor shows a sufficiently
detectable sensor signal.

Figure 3b depicts the mean calibration curve evaluated
from three ConCap measurements per TMV concentration
conducted with three individual sensors. The mean TMV sen-
sitivity of SiO,-gate EIS sensors was 13 + 1.4 mV/dec in the
range of 0.025-5 nM. For a TMV concentration of 5 nM, a
high standard deviation for the sensor signal can be seen. The
reason for this is that the surface density of adsorbed TMV
particles on one of the three sensors was significantly lower,
which has been supported by scanning electron microscopy
examination. Consequently, this particular sensor showed a
clearly lower signal amplitude resulting in a high standard
deviation. This means that the reproducibility of SiO, surface
treatment procedure and/or TMV adsorption process has to be
further improved. At the same time, this underlines that the
sensing principle is working properly, since the sensor signal
correlates with the number of adsorbed TMV particles on the
gate insulator. Concluding, the results displayed in Fig. 3
demonstrate the great potential of capacitive field-effect EIS
sensors for the label-free detection of intact TMV particles,
especially considering the fact how simple the sensor platform
is.

We have found only a few articles related to the detection
of'intact TMV particles with biosensors. Dickert et al. reported
a linear detection range from 100 ng/mL to 1000 pg/mL by
combining molecular imprinting technique and QCM [29]. In
the work of Boltovets et al., no information about the TMV
concentrations is given, making a comparison with the
achieved results difficult [30]. Dubs et al. used an antibody-
based SPR sensor but employed only one TMV concentration
of 100 png/uL [31].

Since field-effect EIS sensors detect charge changes on the
gate surface induced by the adsorbed TMV particles, the
ConCap signal changes in Fig. 3a should correlate with the
number or density of adsorbed TMV particles. Therefore, the
density of the adsorbed TMV particles on the SiO,-gate sur-
face was studied by SEM. SEM images were taken from the
surfaces of the same EIS chips, which were already used for
ConCap measurements.

In Fig. 4, exemplary SEM images of a bare EIS sensor and
EIS sensors loaded with different TMV concentrations

@ Springer
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Fig. 4 Exemplary SEM images
of the SiO,-gate sensor surface
before (bare sensor) and after
loading of virus particles from
differently concentrated TMV
solutions between 0.025 and

5 nM. The SEM images were
taken after ConCap
measurements with the same
sensors

bare sensor

between 0.025 and 5 nM are displayed. For all concentrations,
the TMV particles are relatively homogeneously distributed
with some particles present as longer end-to-end aggregated
structures or as shorter fragments. An increasing number of
adsorbed TMV particles with higher TMV concentration in
solution can be clearly seen. The calculated mean density of
adsorbed TMV particles raised from (0.014 + 0.009) x 10°
TMV/cm? to (4.2 + 2.4) x 10° TMV/cm? with increasing the
TMV concentration in solution from 0.025 to 5 nM,
respectively.

The bar chart in Fig. 5 summarizes the dependencies of the
mean density of TMV particles and mean signal shifts (both
evaluated for three EIS sensors) on the concentration of TMV
particles in solution. As expected, the mean sensor signal
shifts correlate well with the mean TMV densities. The higher
the density of loaded virus particles, the larger are the recorded
ConCap signals induced by the adsorbed charged particles.
These results demonstrate that the developed sensor could
be applied to estimate/quantify the number or density of virus
particles adsorbed on various gate materials, without the uti-
lization of a complex and costly SEM equipment.
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0.025 nM

Influence of ionic strength on the sensor signal

It is known that electrolyte-gated field-effect devices, includ-
ing the capacitive EIS sensors studied in this work, are
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Fig. 5 Bar chart representing mean TMV densities evaluated from three
individual sensors after TMV loading from differently concentrated TMV
solutions between 0.025 and 5 nM (red). Mean signal shifts measured
with the same sensors after TMV loading (blue)
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generally capable to detect potential/charge changes that occur
at the gate surface or within the order of the Debye length from
the surface [37, 54-56]. The Debye length is defined as the
distance over which the electrostatic potential decays by the
factor of 1/e, and is inversely proportional to the ionic strength
of the electrolyte solution. Due to the screening of the virus
charge by counter ions in the surrounding solution, the EIS
sensor signal could be affected significantly by the Debye
length/ionic strength and by the distance between the virus
charge and the gate surface.

In Fig. 6a, a schematic illustration of a TMV nanotube on
the sensor surface and the Debye length in the surrounding
electrolyte with different ionic strengths is shown. Due to the
nanotube-like structure of TMV particles with an outer diam-
eter of 18 nm, the TMV charge is not confined directly to the
sensor surface, but it is distributed through some distance
away from the surface. With increasing ionic strength of the
electrolyte, the fraction of TMV charge, which remains in the
double layer and thus will be mirrored in the EIS sensor signal,
is decreased. For example, in an electrolyte solution with an
ionic strength of 100 mM and a corresponding Debye length

Fig. 6 (a) Schematic illustration
of a TMV nanotube on the sensor

surface and Debye length in

surrounding electrolyte with

different ionic strengths. (b)

ConCap curves of SiO,-gate EIS

sensors after TMV loading from 1 mM

differently concentrated TMV
solutions (0.5 nM TMV (green)

ionic strength

of ~1 nm, most of the TMV particle charge will be at a dis-
tance greater than the Debye length from the surface and,
therefore, cannot be detected with the field-effect EIS sensor.

Therefore, to find out the impact of the charge screening
effect, the ConCap signal of TMV-modified SiO,-gate EIS
sensors was recorded in PBS buffer (pH 7) with different ionic
strengths of 1 mM, 5 mM, 10 mM, and 100 mM (the calcu-
lated values of the Debye length were ca. 10 nm, 4.3 nm,
3 nm, and 1 nm, respectively). Typical ConCap curves of
EIS sensors with TMV particles loaded from the solution with
two different TMV concentrations of 0.5 nM and 2.5 nM are
depicted in Fig. 6b. For both TMV concentrations, it is visible
that with increasing ionic strength of the solution (1 to
100 mM), the sensor signal is shifted in the direction of more
negative voltages, which corresponds to less negatively
charged TMV particles due to the more efficient screening
of the TMV charge by counter ions. As expected, the ampli-
tude of the ConCap signal of TMV-loaded EIS sensors de-
creases with increasing the ionic strength. For instance, in the
case of the EIS sensor with TMV particles loaded from the
solution with a TMV concentration of 2.5 nM, the amplitude
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3
3
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7) with different ionic strengths (b)
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of the ConCap signal decreases from 34 to 18 mV by increas-
ing the ionic strength from 1 to 10 mM, respectively.
Therefore, to generally achieve a high sensor signal for
label-free electrostatic detection of virus particles with field-
effect EIS sensors, low ionic strength solution should be cho-
sen. Note, in the “Label-free detection of TMV particles with
Si0,-gate EIS sensors” section, for example, 5 mM was
adjusted.

Figure 6c lists the mean signal changes by different ionic
strengths of the measurement solution evaluated from the re-
spective ConCap curves for three individual EIS sensors and
for two TMV concentrations. Because the change in the ionic
strength of the PBS buffer implicates also a change in the
NaCl (buffer component) concentration and since SiO, layers
typically have some sensitivity to Na* ions [46, 57], the mea-
sured mean signal changes were corrected. The corrected
values of signal changes were obtained by taking into account
a Na*-ion sensitivity for SiO, of ~2.5 mV/pNa reported in
[46].

The results achieved in this experiment underline the sig-
nificant influence of the ionic strength on the performance of
virus-modified EIS biosensors, which should be considered in
future studies on the application of EIS sensors for plant path-
ogen detection.

Conclusion

Plant viruses are a major cause of crop losses worldwide, lead-
ing to enormous economic damage. The best strategy to prevent
great crop failures is the early detection of virus infections. Due
to numerous advantages, like small size, robustness, fast re-
sponse time, and compatibility with micro- and nanofabrication
technologies, electrolyte-gated field-effect devices are very at-
tractive for on-site, real-time, and label-free detection of plant
viruses by their intrinsic charge. In this study, a capacitive field-
effect SiO,-gate EIS sensor for the detection of TMV particles
as model pathogen is presented. Since the working principle is
based on the electric charge of the TMV particles, first, the pl of
the utilized biotinylated TMV particles was determined by
means of ZP measurements and shown to be in the range of
natural virus strains. The capacitive EIS sensors were charac-
terized by ConCap measurements before and after loading of
negatively charged TMV particles of different concentrations
on the SiO,-gate surface. The mean TMV sensitivity of SiO,-
gate EIS sensors was 13 = 1.4 mV/dec in the concentration
range of 0.025-5 nM TMV.

The morphology of the TMV-loaded SiO, surface was ad-
ditionally studied by means of SEM images, from which the
density of TMV particles was evaluated. The calculated mean
surface density of adsorbed TMV particles rose from (0.014 +
0.009) x 10° TMV/cm? to (4.2 + 2.4) x 10° TMV/cm? with
increasing the TMV concentration in solution from 0.025 to

@ Springer

5 nM, respectively. Moreover, the ConCap signal shifts cor-
relate well with the density of TMV particles adsorbed on the
gate surface: The higher the density of loaded virus particles,
the larger was the amplitude of the ConCap signal. In addition,
to find out the impact of the charge screening effect, the TMV-
modified SiO,-gate EIS sensors were characterized in PBS
buffers with different ionic strengths between 1 and 100
mM. As expected, due to the more efficient screening of the
TMYV charge by counter ions, the amplitude of the ConCap
signal of TMV-loaded EIS sensors decreased with increasing
the ionic strength. The results achieved in this experiment
prove the considerable influence of ionic strength on the per-
formance of virus-modified EIS sensors.

Even though the presented sensor shows a high potential
for label-free detection of viral particles, the measurements
have only been performed in model analytes so far. In real
sample analytes, non-specific adsorption of other charged spe-
cies may generate false-positive signals or mask the usable
signal from the target virus particles of interest. The specificity
of EIS sensors and the ability to discriminate the virus type are
very important aspects and will be studied in further experi-
ments. As for other kinds of field-effect sensors, specificity
can be achieved by means of functionalization of the gate
surface with receptor molecules, like antibodies specific to
the coat protein of the TMV particle, antibody fragments,
aptamers, etc. To reduce/eliminate non-specific adsorption,
various strategies such as the use of selectively active blocking
agents, pre-purifying the biological liquids, on-chip filtering,
separation, desalting, pre-concentration, and other strategies
have been discussed in the literature, which, in principle,
could also be applicable for EIS sensors. As TMV typically
accumulates to high concentrations in infected cells, the pros-
pects for a relatively simple selective enrichment protocol
from plant raw material are good, but will need careful com-
parative evaluation.

In conclusion, although the study demonstrates the poten-
tial of EIS sensors for label-free detection of intact TMV par-
ticles (as a model plant pathogen), this approach could most
likely be extended to other plant viruses, too. Capacitive EIS
sensors represent an attractive platform for future application
as sensors for in-field and real-time, early detection of plant
diseases.
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