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Abstract

Ganoderma species are common wood-rotting fungi that cause root and stem rot in most monocots, dicots, and gymno-
sperms. It influences plantation crops such as oil palm and rubber in Malaysia, but the effects vary greatly within the genus.
Because of the complex chemistry of Ganoderma, extracting and identifying the physiologically active chemicals is often
time-consuming and necessitates extensive bioassays. This study investigated the specific identification of the most infectious
Ganoderma species using a sub-20-nm gold electrode. Three electrodes were created using chemically controlled etching
(2, 10, and 20 nm). An AutoCAD mask containing nanogap pad electrodes was used to create a chrome glass surface, which
was then translated and built. Following the successful construction of the device, the sensor was evaluated using a combina-
tion of conventional photolithography and a size reduction technique to imprint the nanogap design onto the gold surface.
Ganoderma boninense target DNA was synthesised and surface-modified to enable interaction at extremely low molecular
concentrations. The proposed device has a detection limit of 0.001 mol/L, which is seven times lower than the detection
limits of currently available devices. The capacitance, conductivity, and permittivity of complementary, non-complementary,
single mismatched, and targeted biomolecules changed during hybridization. This sensor correctly differentiated between all
samples. The sensor's performance is further validated by comparing experimental data from the sensor to theoretical data
from the sensor's corresponding circuit model. The two data sets are very similar.
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Introduction

The diseases basal stem rot (BSR) and upper stem rot
(USR) caused by plant pathogenic fungus species (Gano-
derma boninense) are the major source of economic losses
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in Malaysia and other Southeast Asian countries' oil palm
industries. The fungus typically infects seedlings 1-2 years
after planting and increases in crops 4-5 years old (Noor
Azmi et al. 2020a, b). The disease that results on infected
palms is significantly reduced the number of fresh fruit
bunches produced determines the yearly harvest. Extensive
research has been carried out over the last few decades to
detect and control G. boninense, particularly during early
growth and its aggressive pathogenicity, which has an impact
(Ahmadi et al. 2017b). Despite this, there is currently no
effective method for halting the disease's spread (Ahmadi
et al. 2017a). Studies on early detection at the molecular
level using electrochemical transduction are also scarce, par-
ticularly in Malaysia. The gravity of the situation necessi-
tates the use of biosensors capable of detecting early disease.
Small nanogap devices with tightly confined electrodes will
have distinct advantages for nanobiosensing (Salazar et al.
2020). Electric field confinement can be greatly improved
by reducing electrode dimensionality, increasing sensitivity
and selectivity (Siddiqui et al. 2021). A smaller gap size
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improves screening and electrostatic tunability, allowing for
faster detection (Noor Azmi et al. 2020a, b). The concept of
electrochemistry is an interesting new feature of the nanogap,
which can be used in many potential applications as the
world faces serious new challenges. The study in this device
will pave the way for more amazing applications by devel-
oping a device with an extremely small size (Salazar et al.
2020). The most fascinating and amazing effect is brought
about by the gap as they get closer to each other. As the two
sizes get closer together, they nearly overlap, resulting in a
large electric field that is uniformly distributed throughout
the entire electrode gap. The field created because of this
phenomenon will significantly improve both the device's sur-
face chemistry and electrical properties by introducing ion
migration inside and outside the device, increasing the over-
all reaction rate and thus increasing device sensitivity and
selectivity by reducing or eliminating screen time and false
responses (Nambhil et al. 2020). The application of such a
device takes advantage of the dielectric and conductor inter-
face mechanisms; when the analyte is brought closer to the
device, it will respond to it (Husin et al. 2020). As the surface
interact with the foreign materials, the surface charge across
the gap induces electron excitation (Cho et al. 2022). The
electron excitation is caused by the double-layer phenom-
enon of gap electrochemistry (Liu et al. 2020). In gold gap
device, unique properties are introduced by taking advantage
of the electrochemistry's strong surface chemistry due the
gold high conductivity. Because of the rapid surface phe-
nomena, the gap exhibits various impedance and dielectric
properties that could have various applications and potential
in biosensing, chemical sensing for ultra-sensitive sensing,
and selective sensing (Kang et al. 2021). The device could
be surface modified and used for an interesting application.
Because of this adaptability, work on this device is being
done with new structures and materials to investigate vari-
ous effects and applications (Luo et al. 2020). Although the
device has enormous potential, it is marred by several flaws,
particularly the fabrication process (Pantazi et al. 2017). The
fabrication of this device is extremely costly due to the use
of expensive equipment (Perez et al. 2020). As a result, it is
critical to implement techniques that could eliminate some
processes and equipment to reduce costs and process time
(Kumawat et al. 2019a; Kumawat and Pathak 2019). One
of the most important solutions is to combine fabrication
with chemically creating gaps with a controlled chemical
process, which allows for the fabrication of nanostructures
with extremely small features (Kumawat and Pathak 2021).
On the other hand, the pathogenic fungus G. boninense con-
tinues to cause basal stem rot and upper stem rot diseases in
the palm oil industry. Despite ongoing research, resolution
is hampered by a lack of specific and sensitive devices to
detect this fungus at an early stage (Oh et al. 2012; Shawky
et al. 2018; Tamari et al. 2013; Lim et al. 2022). In this
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study, we created an extremely small size gap for detecting
Ganoderma species using the specific and sensitive detection
of G. boninense.

Materials and methods

Materials, nanogap fabrication
and characterizations

The materials involved in the study are the silicon substrate,
titanium rod, gold rod, photo resist, hydrochloric acid (HCI),
ammonia hydrogen nitrate (NH,), resist developer, 3-amino-
propyl triethoxysilane (APTES), deionized (Di) water and
synthesis sample group into probe, target, target complemen-
tary, target mismatch. The fabrication of nanogap is done,
and the thickness, dimension and gap size were characterised
morphologically and equally characterised electrically by
measuring the capacitance, permittivity, conductivity, and
resistivity curves using dielectric analyzer (DA). The gold
gap was fabricated and characterise the nanogap structure
before and after detection processes. Initially, 150 nm gold
sheet was deposited on a silicon substrate prior this titanium
of 50 nm was deposited on the silicon surface to increase
adhesion between the gold and silicon substrate. To create
gap, a resist was applied with coaster at 5000 rpm and at step
of 100 rpm. This resist is dried for 30 min, exposed in UV
light with the help of mask aligner for 30 s and developed
for 30 s in a resist developer (Choi et al. 2019). This created
an extremely small part of gap, and the gold layers was wet-
etched using modified with Aqua-Regia (HCI1 3:1 HNO,)
etched solution, the modification to optimise the re-action
through DI water and mechanical agitation, all the processes
of gap fabrication were done in class 1000 particles clean
room at Universiti Malaysia Peris faculty of electronics engi-
neering technology (FTKEN) under controlled humidity of
35-40% at below 20 °C. Upon completion of the fabrication,
surface examinations were conducted to understand surface
integrity, size, and nature of the gap, these were done using
field emission scanning electron microscope (FESEM). Fur-
ther, the materials were tested to confirm the existence of
the intended materials. Upon confirming the materials and
gap size, electrical measurement was conducted to identify
the capacitance, permittivity, and conditions as various in
the parameters are extremely in understanding the behaviour
of the entire device. This was following the further elec-
trical measurement upon the detection process, the device
behaviour was monitored from the surface modification,
probe, target, target complementary, target mismatch. The
variations of the current, capacitance and permittivity were
recorded discussed based on physical observation, academic
observation and critical observation and comparison were
made in the current state of the art and achievement in the
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most literature. Moreover, to prevent nonspecific radicals’
intervention, we coated the nonspecific area with glutathione
because glutathione can block reactive oxygen species and
other free radicals, similar claimed was reported by Zhao
et al. (2021). Highlighting novelty of this work, to fabricate
gold nanogap it is very important to control size and sharp of
the gap produce due gold having large grain sizes where its
depends on the accurate control of etching rate and chemical
concentration. Herein, proposed novel and highly sensitive
nanogap sensor is constructed using single step photolithog-
raphy coupled with chemical etch. Well uniform Aunanogap
was created in very 3 simple steps. This method is simple
and fast, which provides a new path for fabricating large
grain materials devices.

Boninense sample preparation and nanogap surface
modification

The pathogenic fungus isolate G. boninense was collected
from a field sample collection of diseased oil palm trees by
the Malaysian palm oil board (MPOB) and was utilised as
the target sample for DNA extraction analysis. G. boninense
ssDNA was synthesised. The method for isolating genomic
DNA from gram-negative bacteria was used to extract. A
1.5 mL micro centrifuge tube containing 1 mL of overnight
grown bacteria was spun at 16,000 revolutions per min-
ute for 2 min at 5 °C using an Eppendorf centrifuge 5430
(Germany). After discarding the supernatant, 600 L of lyse
buffer was progressively added to the bacterial pellet until
it became suspended as proposed (Hamdy et al. 2018). To
lyse the cell walls, the pellets were incubated for 5 min at
80 °C in a water bath (Stuart water bath, UK) before being
cooled to room temperature. Three litres of RNase solution
was added to the cell lysates and mixed inverted. After incu-
bation at 37 °C for 15-60 min, the samples were cooled
to room temperature. To precipitate the proteins, 200 mL
of protein precipitation solution was added to the RNase-
treated cells. After mixing for 20 s with a maximum speed
vortex (LMS, Japan), the solution was incubated on ice for
5 min before being centrifuged at 16,000 rpm for 3 min. The
DNA supernatant was transferred to a new 1.5 mL micro-
centrifuge tube containing isopropanol and gently inverted
until thread-like strands of DNA formed and condensed into
a visible mass based on the protocol provided by Oh et al.
(2012). The tubes were centrifuged at 16,000 rpm for 2 min,
and the supernatant was discarded carefully. The pellet was
discharged onto cleaned absorbent paper. The DNA pellet
was washed with 600 L of 70% ethanol, gently inverted sev-
eral times, and then centrifuged for 2 min at 16,000 rpm.
Aspirating the ethanol gently, emptying it onto clean absor-
bent paper, and allowing it to air-dry for 10-15 min (Uda
etal. 2021). The cells were treated with 100 mL of the DNA
rehydration solution and incubated at 65 °C for 1 h before

the DNA pellet was rehydrated at room temperature over-
night. After that, the modified nanogap surfaces were incu-
bated for 5 h at 25 °C with 0.5 L of 10 nmol/L probe DNA.
A phosphate buffer saline (PBS) wash and moderate nitro-
gen flow were used to dry the unbound probe three times
(Tamari et al. 2013). Finally, the probe-attached nanogap
surfaces were incubated for 4 h at 25 C with 0.5 L of com-
plementary, non-complementary, and single mismatched
DNA targets at 10 nmol/L. Before being dried with a mod-
erate nitrogen flow, the unbound targets were washed three
times with a 10 nmol/L PBS buffer. This section describes a
straightforward technique for detecting DNA through immo-
bilisation and hybridization. To modify the surfaces of the
gaps, the DNA-amine group was selected. DNA-amine was
used as an adhesive to mark APTES and link probe-DNA
strands. Prior to probing DNA immobilisation, the nanogap
surfaces were cleaned with DI water, modified with DNA-
amine (10 nmol/L DNA-amine was dropped on the electrode
surface for a whole night before washing with DI water and
drying at room temperature), and tagged with gold nano-
particles (AuNPs) and, to prevent nonspecific radical inter-
vention, glutathione. Glutathione is capable of preventing
damage to important cellular components caused by reac-
tive oxygen species and other free radicals. The thiol-probe
DNA, complementary, non-complementary, and single-
mismatched targets are prepared. Prior to immobilising the
probe DNA, the nanogap electrodes were heated to 60 C and
0.5 L of 10 nmol/L APPTES was poured into the gaps and
incubated for 10 min to dry them. The particles that were
just loosely adhered were gently washed with DI water and
dried under a moderate nitrogen flow. The whole procedure
was repeated to increase the concentration of APTES on the
nanogap surfaces. Detections were monitored based on elec-
trical tests for DNA detection utilising nanogap electrodes.
These were performed using a dielectric analyzer, Novocon-
trol technologies, handsangen, Germany) with a base voltage
of 1.0 V. Capacitance, conductivity, and permittivity profiles
were determined for nanogap electrodes that were left unal-
tered, modified, probe immobilised, and target hybridised
(Adam et al. 2021a).

Results and discussion

Bare nanogap sensor surface morphology
and electrical characterizations

This section presents the result surface morphology and
electrical characterisation of the bare device where the gap
produced through the chemical etching gaps were deter-
mined using a field emission scanning electron microscope
(FESEM). This development in the nanogap, and a mini-
mum nanogap size of 5 nm was achieved, as can be seen
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in the FESEM observation. It is worth noting that etching
is crucial in achieving the smallest possible gap size. 2 nm
was reached with three cycles of wet etching on the ini-
tial marked gap structure using aqua regia solution with
time control. When the etching time is increased from 6

to 9 min, the etching rate increases as well. The etching
of gold requires a controlled method since the substance
has a very high density, estimated to be 19.3 g/cm?, which
enables the gold to have extremely strong atomic bonding
and lager grain size as shown in Figs. 1 and 2. It has a cubic
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Fig. 1 Nanogap a substrate, b device material deposited, ¢ photoresist coated, d development and exposure, e etching

Fig. 2 Etching process to achieve smallest nanogap
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face-centred crystal structure with an extremely high atomic
pack density, which qualifies gold as a noble metal. It has the
best oxidation resistance because it occupies the 5d orbital,
which is fully outside the single valence electron and there-
fore highly protected from any reaction partners. As a result,
the wet reaction etching of gold necessitates the use of a
powerful oxidant to cope with the unpaired valence elec-
tron. However, owing to the broad grain boundary of the wet
etching still preparation, production using traditional lithog-
raphy may be more cost effective and advantageous. Aqua
regia is a chemical composition that is frequently used to
etch gold. It is a combination of hydrochloric acid and nitric
acid. Depending on the concentration, the combinations may
etch gold at room temperature in a relatively short period of
time. The combination has a significant oxidative impact
because, after combining hydrochloric and centric acid, a
radical component known as nitrosyl chloride (NOCL) is
produced, as indicated in the reactant side of Eq. (1). The
chemical process during etching is as follows, with the pres-
ence of radicals as well as free Cl radicals in the solution
maintained throughout the reaction where the noble metal
dissolves as Cl-complex compound is produced (tetrachlo-
ride gold-(III)-acid =HAuCl,). The reaction between HNO,/
HCI mixes is unstable and decomposes with the production
of nitrogen oxides and Cl, gas; therefore, the disintegrated
material etches away. The etching rate of the procedure is
adjustable, and the rate of aqua regia for gold is set at about
10 m/min at room temperature. This rate may be decreased
or raised based on the concentration of the mixture, tem-
perature, and in the case of this research, it has exceeded
10 nm/min. where the device etch depth at the resolution of
5 nm/min was found with uniform ratio after 5 successful
fabrication processes repeated (Shukla et al. 2017). The etch
rate was controlled by the temperature. It was found that at
60 °C a constant and uniform etching was obtained. After
1 min 0.1 pm and 5 nm axial depth and radial were obtained
respectively. This was reported 5 times in order confirmed
the repeatability of this process:

HNO; + 3HCl — NOCI + 2CI + 2H,0. (1)

Overall smallest gap of 9 nm was realised generated gaps
between Au/Ti electrodes ranging from 9 to 20 nm depending
on the duration for the wet-etching procedure. The schematic,
however, indicates an increase in the size of the gap with
etching time, as shown in both images. The gap varies from
50 to 10 nm when the etch time is increased from 6 to 15 min
reached 5 nm. It is easy to adjust the gap size from the etch-
ing formulation by altering a single or two etching factors
such as concentration and etch duration. However, the main
important parameter is the temperature. It is also essential
to draw to the reader's attention that. Other factors, such as

temperature, also played a significant part in encouraging
the etch, and it has been claimed that the etch may rise by a
factor of ten with temperature. Before proceeding with the
electrical characterization procedure, physical characteriza-
tion was conducted. The most significant parameter is the
gap where it plays and important role in the entire perfor-
mance of the sensor. Therefore, the nature of the nanogap was
determined through doing analyses where three independent
analyses were conducted to verify this. The FESEM mor-
phology, XRD, and FTIR analysis are depicted in Figs. 2, 3a,
b, respectively. The FESEM imaging was conducted to deter-
mine the morphological properties of the nanogap materials.
These findings demonstrate that the observed morphology
is shallow like shape. This gap distribution was estimated,
and the results were found to be consistent with the XRD
data where the gap size is between 1 and 20 nm based on
the scale. Figure 3b displays the XRD pattern of the gold (b)
crystal planes (101), (100), (111), (101), (131), and (011)
are depicted by peaks at 2=34.0043°, 34.8021°, 37.0442°,
49.0084°, 59.1117°, 64.3313°, and 69.5005°, respectively.
Moreover, the gap was measured for I-V characterisation
using an electrical probe, and the procedure was carried out
in a vacuum chamber. It has been discovered that current
rises with voltage, particularly at voltages greater than 6 mV.
Figure 4 depicts the capacitive, permittivity and conductivity
of the constructed nanogap structure prior surface modifica-
tion. The is the typical characteristics of bare nanogap and in
fact, the gap I-V characteristics of a typical planar gap device
and it shows a transition state from the Fowler—Northeim
diode relation Child—Langmuir law The significance of the
fabrication is emphasised. It verified the existence of space
charge effects with the presence of gap voltage and gap spac-
ing. nanogap electrochemical sensors have demonstrated
their superiority among many methods used in detecting the
presence of biomolecular species in various forms, including
free and chemically conjugated variants, by distinguishing
the changes caused by modifications introduced into the polar
properties of these molecular species and their response to
an electric field applied across the electrodes, in addition to
the changes introduced in the double-layer formation. Par-
ticularly, molecular species with diameters in the range of a
few nanometers have a strong effect on the electrochemical
conditions across a nanogap, resulting in enhanced detec-
tion without the need of labelling as in other methods. The
geometrical design of the gap determines the relative degree
of impact of these two conditions, ionic characteristics and
double-layer development, as stated before. The optimization
of the gold materials and planer geometrical design for the
produced nanogap device, on the other hand, will confuse
these two conditions!. Furthermore, in the case of planar
nanogaps, employing any kind of FESEM imaging is useful
for determining the existence of molecular species as well as
detecting electrochemical changes based on either admittance
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or conductance changes, as the case may be. In this situation,
planar type nanogaps are more flexible in terms of detection
when compared to other geometrical designs. The success of
a planner nanogap sensor in a biosensor application is ulti-
mately determined by the following criteria. Ease of manu-
facturing, flexibility in creating various inter-electrode gaps,
electrode material compatibility with the molecular species
under consideration, reuse of sensing components by simply
removing the electrolyte in the previous measurement greater
sensitivity, and ultimately cost more. The superiority of the
technique based on CMOS processing using standard IC pro-
cedures is shown by the various ways utilised to manufacture
nanogap structures. The use of gold electrodes is beneficial
in many instances, such as improved affinity to DNA strands
through thiol radical attachment, as will be verified in future
research. In the instance of a metal-oxide—semiconductor
structure, the capacitance was permittivity were and conduc-
tivity were measured. To demonstrate the effect of high and
low frequency response principles with various gap sizes of
3-, 9-, and 20-nm gold nanogap structures, the applied volt-
age at the metal electrode, on the other hand, will be affected
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by the band structure of the metal electrodes since the carri-
ers are one kind on which the electric field terminates. Under
these circumstances, the valance band of a MOS capacitor
is closer to the conduction band, and electrons are readily
given or accepted to pass across the conduction region. Fur-
thermore, as shown in Fig. 3, the capacitance variation of this
structure increases with the regimen gapes for the produced
nanogap, similar result is presented in various studies, among
them Khaliq et al. (2021).

Characterization of surface modified
and biomolecular detection of nanogap biosensor
through capacitive and permittivity changes

The primary aim of biosensors is to achieve high perfor-
mance with enhanced sensitivity, selectivity, reliability, and
reproducibility, as well as dependability and reproducibility
(Adam and Hashim 2015). Researchers have been working
on the creation of portable bio-sensing handheld devices that
may provide the appealing characteristics while remaining
as inexpensive as feasible. Diagnostics based on molecular
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Fig.4 Electrical characterization of the bare device a capacitive behaviour of the gap, b permittivity of the gap, ¢ conductivity of the gap

detection are being included into new screening techniques,
and they can identify infection or viral integration into the
host cell. A new generation of nanotechnology for device
validation and clinical impedance screening based on nano-
biosensors has been created to solve current issues and make
it simpler for physicians to detect a specific illness and pro-
pose the most suitable treatment plan in less time. To assist
in the creation of a united effort, we must emphasise nano-
technology as a critical component in attaining success in
today's global scenario (Oh et al. 2012). It bridges the gap
between the laboratory and industry by adapting existing
laboratory settings to the new hand-held device using modi-
fied micro-/nanodevices. According to these possibilities,
present research is being conducted with the primary aim of
collecting essential information on nanomaterials to progress
the development of nanobiosensors that will be helpful to all

levels of stakeholders in the long term. The ability to dis-
tinguish between complementary and non-complementary
targets, as well as single mismatch targets, is a need for the
biosensor. The study goes into great depth on the device's
unique feature. Several researchers have proposed methods
for the electrical detection of biomolecules in their respec-
tive fields (Jiang et al. 2018). However, in their research, a
gap greater than 100 nm was utilized to detect and hybridize
a DNA-based biomolecule biosensor. This research aims to
decrease the gap distance between two electrodes to less than
10 nm (nm) or less. It was decided to manufacture nanogap
electrodes with a smaller gap size (5 nm) to minimize and
perhaps eliminate the impact of parasitic capacitance. Modi-
fication of the surface by the amino group is accomplished
via the use of APTES linked. Surface modifications are uti-
lized to enhance sensitivity by bridging the two electrodes
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Fig.5 Electrical characterization of the surface-modified nanogap
biosensor showing variation of permittivity with the frequency in
respect to different surface chemistry

in the nanogap structure, which leads to the formation of a
connection between the Covid stranded between the nanogap
and the facilitation of the flow of electrons via the electri-
cal detection process. Changes in capacitance, conductivity,
and permittivity were measured before and after probe-DNA
immobilisation and various types of DNA hybridization
(complement, non-complement, and single mismatch) as
a function of frequency were detected. After hybridizing
Figs. 5 and 6, the values of capacitance, and permittivity all

Fig.6 Electrical characteriza- 100
tion of the surface-modified 90
nanogap biosensor showing 80
variation of capacitance with
the frequency in respect to dif-
ferent surface chemistry

Capacitance [nF]
3

indicate an increase in value. The conductivity profiles of the
nanogap improved gradually with the addition of each layer
of surface treatment. The results of combining the APTES,
probe, and following target samples, which are classified as
non-complementary, single mismatch, and complimentary.
As previously mentioned, the increase in conductivities was
most likely due to the gap narrowing effects of the nano-
gap gold, which happened because of these layers filling the
gap upon deposition on the side wall and also onto the gap
spaces. Moreover, the figure shows the change in electrical
profiles for nanogaps, with significant variances in resistance
due to frequency variations, suggesting intrinsic electron
confinement Fig. 7.

Determination of the detection limit

The detection limit was determined with changes in con-
ductivity and conductivity refers to a medium's capacity to
respond to changes in electronic exchange and dipole reori-
entation because of a changing electric field. Due to the large
gap time at low frequencies, there is an exceptionally high
chance of reorienting the dipole. At higher frequencies, the
mean interval length allows for polarity shifts and reorienta-
tion of the dipoles, which results in stronger signals. At high
frequencies, however, the signal polarity changes too rapidly,
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leaving the dipoles with little time to reorient and respond
to the changing field. Therefore, dipoles are too slow to
respond to changing electric fields at high frequencies, mak-
ing the medium insensitive to changes in permittivity. In
the other hand, the initial response of the sensor was deter-
mined through the nanosensor response to the target sam-
ple (complementary sample) concentrations of 0.00, 0.01,
0.1, 1, 10 and 100 mol/L with tenfold serial dilution were
monitored to obtained limit detection of detection. Although,
the sensor shown excellent speciality to prevent nonspecific
radicals’ intervention, we coated the nonspecific area with
glutathione because glutathione can block reactive oxygen
species and other free radicals. For the purpose compara-
tive, all samples were detection under same conditions and
concentration. Currently available literature does not contain
any information on how to modify the sample concentra-
tion of electrodes with nanogaps. On the other hand, some
studies have reported on an optimization study for bacteria
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Fig.8 The response of the nanogap biosensor based on concentration
and time
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concentration on nanogap using antibody immobilisation as
a method of optimization. In their tests, they discovered that
the detection limit was reached at an optimal concentration
of 6.73 CFU/mL. In the current study, it was found that the
optimal concentration was 1 mol/mL of the compound. This
concentration was also 7 times lower than the concentration
discovered in various studies, which was another positive
finding. Each concentration of sample is obtained for 0.001,
0.01, 0.1, 1, 10 and 100 mol/L with tenfold serial dilution
as shown in Fig. 8.

Linearity of the nanogap biosensor

For a series of measurements with varied analyte concen-
trations, linearity is defined as y =mc where m is the bio-
sensor's sensitivity and c is the analyte concentration. The
linearity of a biosensor affects its resolution and the concen-
tration range it can test. A biosensor's resolution is the small-
est change in analyte concentration required to modify the
biosensor's response. Depending on the application, a high
resolution is required, since most biosensors need not only
analyte detection but also concentration monitoring over a
wide range. The linear range is the range of analyte concen-
trations for which the biosensor response fluctuates linearly
with concentration; Fig. 9 shows the typical linear trend; this
confirmed the sensor ability to any changes. A biosensor's
limit of detection (LOD) or sensitivity refers to the smallest
quantity of analyte that it can detect. A biosensor is needed
in a variety of medical and environmental monitoring appli-
cations to detect analyte concentrations as low as ng/mL or
even fg/mL to confirm the existence of traces of analytes
in a sample. Nanogap biosensor based on electrode ga also
known as double-layer bio-transducer, are known for their
specificity towards the biomolecule, which can be explained
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by impedance response induced fit model. The biosensors
are bio-capacitive in nature. They convert the analyte ohmic
to a impedance with the gap capacitive effect, which can be
measured by the change in impedance parameters such as
charge, capacitance and impedance shift. The biomolecule
is placed close to the transducer surface or embedded in con-
ducting nanomaterials for a faster and short diffusion path
for enhanced signal generation and enhance surface chem-
istry. This work is a nanogap-based biosensing platform
represents the organization of two conductive electrodes
separated by no more than 20 nm. Gold nanogap were used
for the detection of Ganoderma biomolecular which created
interactions due surface chemistry introduce nanogap elec-
trodes are important tools for the investigation of material
properties at the manometer scale or at the molecular level.
They might be considered as building blocks for the con-
struction of nano-circuits and nanodevices, the illustration
interactive mode of biosensor is shown in Fig. 10.

Nanogap biosensor theoretical data based
on the sensor equivalent circuit simulated result

In order to establish the fundamental behaviour of the
nanogap biosensor, it equivalent circuit was established
based capacitors and resistors arrangement with the cir-
cuit designed, the biosensor structure was modelled with
the equivalent circuits as shown in the above section. The
sensor consists of two electrodes which are separated by a
distance on the order of 2 nm, the field effect of electrical
is eliminated in this design in the compact design. Thus,
the entire nanogap biosensor was modelled with capacitance
and resistance connected in parallel to imitate the typical
nanogap. The parameters were measured with extracted
value from the circuit simulation where impedance values
using at different frequencies were obtained. It was found the

Fig. 10 Nanogap biosensor

impedance changes with respect to frequency were observed.
Experimental was conducted with various frequencies of
the applied signal were also observed for the five different
biomolecule concentrations. Figure 11 shows the electrode
electric field of the entire biosensor, it mechanism is as fol-
lows, the field exponentially with increasing in strength with
distances reducing in other word when the gap reducing as
illustrated. As shown the filed will field decays in a region
determined by the size of the sensor gap. Thus, the electric
filed of the nanogap is largely depends on Debye length (Oh
et al. 2012). The sensor domain is act as electrolyte since the
biomolecule is in solution and according to well established
classical electrolyte theories interactions less concentrated
ion domain, the field strength decay exponentially with dis-
tance. Thus, with gap distance characteristic length scale
where the entire sensor depends on. The two electrode acts
as a shield against the applied electric field. In some case,
depending on materials, causes a major problem for the bio-
sensor applications since the electric field applied by the
electrodes does not appear on the significant portion of the
target medium. The problem is solved with gold electrode
due to the gold large gain size (Adam et al. 2021b). The
large grain size of the gold increases the Debye length and
decreasing the effect of the electrode separation distance.
Moreover, to gain understanding inside device behaviour
fundamentally, Electrochemical processes associated with
the electrolyte/interface and redox reactions are simulated/
computed as an electric circuit (equivalent circuit) involv-
ing resistors and capacitors where were representing the
targeted element and device gap. This equivalent circuit is
designed and implemented to understand and evaluate the
individual components of the biosensor sensor system. In the
engineering world, "Nyquist plots" are quite prevalent. The
Nyquist plot is a logarithmic representation of the imped-
ance of an electrical circuit. Another approach to visualise

equivalent circuit
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Fig. 11 Nanogap biosensor
mechanism, illustrating the elec-
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the data is via a Bode plot, which plots the magnitude and
impedance independently, furthermore, the figure presents
the Nyquist plots of the impedance spectroscopic responses
of our biosensor to different to the deference concentration
of the Ganoderma molecule. The electron transfer resist-
ances (the diameters of the semicircles at the x-axis) of the
sensor increase with increasing cell concentration and the
curve fit with the behaviour of equivalent simulated based on
EIS software. In 1975, electrochemical impedance spectros-
copy was invented. Impedance is determined by applying a
potential wave and recording the current wave that results.
EIS is classified into two types: Faradaic and non-Faradaic.
The total impedance of a circuit may be calculated using
Ohm's law. The Warburg impedance (W), which is frequency
dependent, may be created by the diffusion of molecules
or redox species. As the frequency rises, the distance that
diffusing reactants must travel decreases, and the resistance
increases as the redox molecules exert more effort to diffuse
Lim et al. (2022).

Comparison of nanogap biosensor experimental
data and theoretical data

To valid the response of the, a comparison was drawn
between the theoretical and experimental data, the theoreti-
cal was obtained based on simulated result from the equiva-
lent circuit. Figure 12 shows the fitting curve based on the
real impedance shift and imaginary impedance for the two
data. The impedance shift has confirmed the conductivity
of the device as the surface is modified. If the gap is too
small (2 nm), anything coming in between this gap render
short circuit and making the sensor behave like a conduc-
tor. The changes in permittivity between the nanogap elec-
trodes before and after the hybridization processes, which
were performed at various frequencies and utilizing differ-
ent states. The target and the probe are hybridized if the
measurements reveal a significant variation in permittivity
value between the target and the probe. Unless otherwise
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Fig. 12 Comparison of the theoretical and experimental data

stated, if no response is recorded in the measurement, it is
deemed a mismatch or non-complementary. In the research
of Khaliq et al. (2021), the results of nanogap electrodes
before and after DNA hybridization using a variety of ionic
strength electrolytes were compared to each other. In con-
trast, the permittivity measurements were increased after
hybridized DNA was used for a short period of time, and
then decreased at 200-Hz (for a short period of time). This
was due to the solution between the larger size of the gap
(> 20-nm) causing the solution to dry faster by providing
enough space for the air to pass through the nanostructure.
With rising frequency and various gap circumstances in
the present experiment, the stability of permittivity profiles
was found to be improved, and it then began to decline
further at 1000 Hz, as the frequency was increased further
(Kumawat and Pathak 2021). Comparing the capacitance
measurements for the nanogap electrodes, it was discovered
that the number of gold nanoparticles with 5-nm polysilicon
was higher than in the literature nanogap devices, resulting
in high capacitance and confirming once more the excel-
lent performance for the nanogap electrodes in this study.
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The nanogap electrodes in this study have low resistivity
and good conductivity. The lower resistivity and higher
conductivity of the devices may be wing to the greater
mobility of the surface electrons, which may explain their
lower resistivity and higher conductivity. An electrochemi-
cal biosensor is a device that may provide quantitative or
semi-quantitative analytical data. The interaction of the
target molecule with the detecting surface causes changes
in current, potential, conductance, or field effect, which are
measured by EC biosensors. Biosensors that monitor an
electrochemical cell's potential at the working electrode.
Potentiometry measures redox activity within EC cells. The
Nernst Equation governs the relationship between potential
and concentration as shown. Impedance changes can show
the detection of various biomolecule such as antigen—anti-
body, biotin—avidin, oligonucleotide-DNA interactions. on
electrode surfaces. Interdigitated microelectrodes are now
being used in biosensors due to microfabrication advances.
The sensor is a two-electrode configuration for electrical
impedance measurements. The equivalent circuit for the
IME device consists of an ohmic resistance of the electro-
lyte between two sets of electrodes and the double-layer
capacitance, an electron transfer resistance around each
set of electrodes. Synthetic 5'-amine-terminated single-
stranded oligo"-nucleo"-tides were immobilized on the
gold gap surface between the metallic digits of sensor elec-
trodes. Non-specifically adsorbed probes onto the metallic
electrode were removed by a 5 steps cleaning. The sensor
provides a useful means to directly detect the hybridization
of DNA strands. With clearly show different trend for the
probe, complementary, non-complementary and the mis-
match. The relative impudence versus. frequency curve for
targeted biomolecule obtained using nanogap measurement
sensor is very close to the theoretical value at low frequency
is high, diminishes in high frequency for the impedance,
this behaver is exactly opposite with impedance shift. Nor-
mal electrochemical cell interactions involve concentration
of electroactive species, charge and mass transport from
bulk solution to electrode surface. Use the Electrochemical
Interactions Simulator to investigate these processes. Here
we investigated the behaviour impedance with frequency
increased. On a Nyquist plot, impedance can be represented
as a vector (arrow) of length IZI. Another way to express
it is called a Bode plot, where magnitude vs. frequency
and impedance are plotted. The Nyquist plot illustrates the
system's resistance, which is equal to the sum of analyte
resistance) and (charge transfer resistance). The relationship
between double-layer capacitance, charge transfer resist-
ance, and frequency can be used to define an electrochemi-
cal reaction's time constant. On a logarithmic scale, the
Bode plot depicts the absolute impedance Z as well as the
impedance shift as a function of frequency (Chiang et al.
2019). The impedance shift versus frequency plot is highly

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

dependent on system characteristics and may be used to
compare actual findings to the corresponding circuit model
in theory. The Nyquist and Bode plots of system element
behaviours for both Faradaic and non-Faradaic impedance
sensors. It can be readily shown that the system is resistive
at high and low frequencies due to the absence of imped-
ance shift, but capacitive at intermediate frequencies due to
the impedance shift.

Conclusion

The presented novel technique for fabricating nanogap
devices with a 2 nm gap has been demonstrated to be
used as a nanosensor in detecting plant disease. The gap
I-V characteristics of a typical planar gap device are pre-
sented here, and the device exhibits a transformation state
derived from the Fowler—Northeim diode relation and the
Child-Langmuir law. The significance of the fabrication
is emphasised in the text. It verified the existence of the
space charge effects in the presence of the gap voltage and
the gap spacing, which was previously suspected. Aside
from that, a simple and repeatable electrical detection
method based on Ganoderma boninense (G. boninense)
detection and nanogap electrodes was proposed. For the
first time, the nanogap structures were modified with the
G. boninense probe-amine group to create an attachment
site for the thiol-tagged probe. In addition to providing
a surface for the attachment of probe DNA, the surface
treatment substantially improved the sensitivity of the
biosensor used. The created biosensor successfully iden-
tified complementary, non-complementary, and single
mismatched DNA targets by measuring the changes in
capacitance, conductivity, and permittivity of the nanogap
electrodes as a result of the hybridization of the target
DNA sequences. The nanogap structure, on the other hand,
exhibits the same patterns in the increase of capacitance,
conductivity, and permittivity with various situations of
detecting step as has been seen in the literature. The detec-
tion limit for the proposed device is 1 mol/L, which is
seven times lower than the current detection limit in the
market. Furthermore, it is worth noting that the device's
behaviour before and after detection is similar and identi-
cal. Thus, this has fully confirmed the ability of the device
to discriminate various ions. However, there is still room
for improvement by looking at the effect of interfering ions
to measure the efficacy of prepared nanogap during the
existence of other molecules, especially species of the tar-
geted molecules. We recommend study toward this, and we
are equally expanding toward this, which will be included
in our next publication.
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