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A novel nanoparticle based biosensor for the fast and simple detection of DNA hybridization events is
presented. The sensor utilizes hybridized DNA's charge transport properties, combining them with
metallic nanoparticle networks that act as nano-gapped electrodes. The DNA hybridization events can be
detected by a significant reduction in the sensor's resistance due to the conductive bridging offered by
hybridized DNA. By modifying the nanoparticle surface coverage, which can be controlled experimentally
being a function of deposition time, and the structural properties of the electrodes, an optimized bio-
sensor for the in situ detection of DNA hybridization events is ultimately fabricated. The fabricated
biosensor exhibits a wide response range, covering four orders of magnitude, a limit of detection of 1 nM
and can detect a single base pair mismatch between probe and complementary DNA.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The main goal of all current bio-sensing systems lies in the
label free detection of bio-recognition events. For the successful
development of such a system it is essential that the sensor can
actually facilitate the formation of the probe-target complex
(Drummond et al., 2003), triggering a measurable electrical signal.
In a typical bio-recognition process a single stranded (ss) DNA
sequence (probe molecule) is immobilized onto the functionalized
surface of the sensor. A second DNA sequence (target molecule) is
then recognized via the base-pair interactions between com-
plementary sequences.

In the field of electrochemical biosensors in particular, there are
many proposed technologies for the detection of probe-target
hybridization events such as direct DNA electrochemical sensors
(Li et al., 2016; Palecek, 1960, 1988; Singhal and Kuhr, 1997), in-
direct DNA electrochemical sensors (Armistead and Thorp, 2002;
Yang and Thorp, 2001; Yang et al., 2002), DNA specific redox in-
dicator detection sensors (Fojta et al., 2003; Malecka et al., 2016;
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Palecek et al., 2002; Umek et al., 2001), DNA mediated charge
transport sensors (Boon and Barton, 2002; Furst et al., 2014; Kelley
et al., 1997, 1999) as well as several strategies for the electro-
chemical amplification of the sensor read-out signal (Fang et al.,
2008a, 2008b; Merkoci, 2010).

Nanoparticle-based technologies have been also used for the
development of bio-sensing systems for quite some time now
(Ling et al., 2016; Merkoci, 2010). In a nanoparticle based system
events such as the recognition of a specific oligonucleotide se-
quence to an already immobilized DNA strand or antigen/antibody
reactions, can induce significant changes in the optical and elec-
trochemical properties of the system (Ahn et al., 2011; Gao et al,,
2011; Lee et al., 2008; Wang et al., 2015). Metallic and semi-
conducting nanoparticles are of special interest and widely used in
bio-sensing applications while the detection of any biological
event can be achieved by monitoring changes in the impedance,
potential and resistance of the device.

In a fairly different and radically new approach, compared to
typical nanoparticle-based DNA electrochemical sensing systems,
gold nanoparticles have been employed as nano-gapped electro-
des for the detection of DNA hybridization events (Tokonami et al.,
2008). Such a bio-sensing system is advantageous as there is no
need for special tags that are activated in redox reactions during
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the hybridization events (Lin et al., 2007). In this case, the sub-
strates/electrodes are chemically modified to attract nanoparticles
that are dispersed in solution while the final inter-nanoparticle
distance is controlled by the chain length of the dithiol molecules.
Following deposition and immobilization of probe ssDNA, the
hybridization of complementary DNA target molecules can be
monitored through the change induced in the conductivity/re-
sistance of the nanoparticle film. This comes as no surprise since
double-stranded (ds) DNA duplexes have been extensively studied
over the last two decades for their charge transport properties
(Dekker and Ratner, 2001; Giese, 2000; Okahata et al., 1998; Por-
ath et al., 2000; Qi et al., 2015). In fact, in most studies the con-
ductivity between consecutive or distanced DNA base pairs
(charge transport has been observed even between distinctive
base pairs having a distance of 40 base pairs to each other) is at-
tributed to quantum mechanical tunneling (Giese, 2000). All of the
above studies conclude that DNA strands can conduct electric
current, when properly oriented, acting as conductive molecular
linkers or as conductive “bridges” between metallic electrodes.

In the present article, the use of platinum nanoparticle net-
works of varying surface coverage has been implemented towards
the development and optimization of an electrochemical bio
sensing device for the highly specific, label free and fast in situ
detection of DNA hybridization. Platinum nanoparticles, produced
via a modified magnetron sputtering technique, detect a DNA
hybridization event via a drop in the resistance of the device while
the performance of the sensor can be optimized by the nano-
particle surface density and inter-finger electrode spacing. The
sputtering method provides high flexibility, since it is fully com-
patible with semiconductor manufacturing technology/batch fab-
rication, the target material (in this case platinum) can be easily
changed and the physically produced nanoparticles can self-as-
semble on top of silicon dioxide substrates without the need for a
functionalization layer. As it has been previously shown by this
group, platinum nanoparticle films can be successfully used as
chemical or strain sensors (Skotadis et al., 2012, 2013; Tanner
et al.,, 2012). By using a similar sensor design a simple, fast and
highly responsive electrochemical biosensor for the detection of
DNA hybridization events has been developed. The sensor is able
to discern even between single base pair mismatches in DNA
molecules and is characterized by a much simpler fabrication
procedure, when compared to similar sensing systems (Tokonami
et al., 2008). The current results expand the application range of
our nanoparticle based multi-sensing platform, in the field of bio
sensing.

2. Material and methods

All fabrication experiments were conducted at room tempera-
ture. All reagents were obtained from Aldrich Chemicals. All so-
lutions were prepared with deionized water (18 MQ/cm re-
sistivity) from a Millipore MilliQ system. Silicon wafers with a
thermal oxide layer of 50 nm, were used as deposition substrates
throughout the experiments. Using conventional optical litho-
graphy, interdigitated electrodes (IDEs) were patterned on top of
the oxidized silicon substrates (Fig. 1). By employing the e-gun
evaporation technique, a Titanium layer of 3-5 nm in thickness
was deposited to act as an adhesion layer between gold and the
SiO, substrate. This was followed by gold deposition which formed
electrodes with a thickness of no more than 50 nm after lift-off.
The interdigitated electrodes inter finger distance (or electrode
gap) varied between 30 um, 10 pm and 5 pm.

Following electrode fabrication, platinum nanoparticles having
a mean diameter of 4-6 nm and a mean surface roughness of
45+0.5nm (as calculated by atomic force microscopy) were
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Fig. 1. Schematic of the gold interdigitated electrodes (IDEs) used throughout all
experiments. Inset figure: Inclined SEM image (at an angle of 72°) of the platinum
nanoparticle layer covering both the SiO, substrate and the gold IDEs.

deposited on top of the silicon substrates using a modified mag-
netron sputtering system (Fig. 1). Sputtering allows control over
particle size (by adjusting the target material to deposition sub-
strate distance), nanoparticle flux (by adjusting the argon flux and
the acceleration voltage value, while monitoring it through a
quartz crystal microbalance) and nanoparticle concentration on
the substrate surface (time dependent). The resistance of the de-
vices during the nanoparticle deposition was monitored in-situ
and the deposition was interrupted as soon as the desired device
resistance was achieved. Following nanoparticle deposition, the
substrates were functionalized with 3-glycidyloxypropyltriethox-
ysilane (GOPTS), a silane bearing epoxy moieties, in order to en-
hance the binding of thiol-modified ssDNA probes (Tsekenis et al.,
2012).

DNA oligonucleotides were purchased from Eurofins MWG
Operon (Ebersberg, Germany) and their sequences are as follows:
[ThiC6] —5’-GTT GAC CTG GTC GTC-3'-FAM (fully complementary
probe molecule), 5'-GAC GAC CAG GTC AAC-3’ (target molecule),
[ThiC6]—5’-TAG CCG ATA TGC GCA-3'-FAM (non complementary
probe molecule) and 5’-HS-(CH2)6-TAG CCG AGA TGC GCA-3'-FAM
(single base pare mismatch probe molecule). The physical length
of these DNA sequences was about 6-7 nm for ssDNA. Hybridized
target oligomers to immobilized probe DNA presents slightly de-
creased length due to the double helical nature of double stranded
(ds) DNA, induced by the coiling of the DNA strands (5-6 nm). The
ssDNA probe molecules, which were fully complementary (FC),
bearing a single base pair mismatch (1IMM) or non-com-
plementary (NC) to the target DNA sequence, were deposited on
top of the functionalized substrate entirely covering the surface of
the IDEs. The ssDNA probes contained a 5’-thiol C6 linker and
were labelled with (6-carboxyfluorescein) 6-FAM at the 3’ end.
The target DNA sequence was tagged with Texas Red at the 5’ end.
DNA deposition and hybridization were performed from a 1.0 M
potassium phosphate buffer, 0.5 M KH,PO,4 and 0.5 M K,HPO,4 (pH
8) (Buffer 1). A wash buffer (10 mM NaCl, 5 mM Tris buffer, pH 7.4)
was used to remove unbound probes or target ssDNA.

For the deposition of the ssDNA probes (both FC, 1IMM and NC)
the Laser Induced Forward Transfer technique (LIFT) was used
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(Boutopoulos et al., 2011). The ssDNA probes were left to bind with
the GOPTS-functionalized surfaces overnight at room temperature
in phosphate buffer. Following immobilization the substrates were
rinsed twice with Wash buffer and were subsequently exposed to
a solution of 6-Mercapto-1-hexanol (MCH, used in a 1.0 mM so-
lution in deionized water) for 1 h to remove any non-specifically
bound molecules. Excess MCH was removed once again by rinsing
the substrates twice with Wash buffer. Hybridization with the
complementary sequence was achieved by incubating the surfaces
at room temperature, with an excess of target DNA in phosphate
buffer (5 pL were used to cover the entire active surface of the
IDEs). The successful selective attachment of ss probe DNA on the
surfaces, as well as their hybridization with target DNA was ver-
ified by fluorescence microscopy.

The devices were characterized by optical microscopy mea-
surements, transmission electron microscopy (TEM) and field
emission scanning electron microscopy (FE-SEM). Electrical char-
acterization measurements were performed using the HP4140B
picoampere meter.The fabricated prototype sensors were tested by
in situ resistance measurements upon FC and NC probe to target
DNA hybridization. Performance evaluation experiments were
conducted at room temperature. The resistance of multiple sen-
sors (up to 8 sensors can be measured simultaneously) was
monitored in situ using a Keithley 2400 Multimeter and a custom-
made multiplexer switch board. The measurement system was
controlled via a PC and a custom-made software application. In
order to ensure that any change in the measured resistance was
solely due to target recognition by the immobilized probe ssDNA,
2 pL of buffer (1) were added on top of the IDEs until the system
reached a steady-state. Before the addition of any target ssDNA, a
further 2 pL of buffer (1) were added on top of the IDEs to ensure
that the equilibrium state was not distorted. If the addition of
buffer (1) shifted the measured resistance, additional buffer was
applied to the system until equilibrium was reached once again
(Fig. 2). Control experiments were also conducted, where any
change in the resistance due to the interaction of a NC probe with
the target molecule was quantified and subtracted from the spe-
cific response.
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Fig. 2. Transient response of a nanoparticle based electrochemical biosensor (na-
noparticle surface coverage: 46%, R,: 700 kQ and electrode gap: 5pum). The re-
sponse of the sensor, in terms of change in resistance, for repeated additions of
buffer solution and finally for a fully complementary (FC) probe to target DNA
hybridization event (target DNA concentration of 10 uM), can be seen.

3. Results and discussion
3.1. Sensing mechanism

Nanoparticle films prepared by the gas phase condensation of
sputtered platinum atoms do not produce surfaces where the
particles are self-organized in a periodic and repeatable manner
(as in the case of a chemically modified surface) since the nano-
particles self-assemble on the substrate. This, however, does not
mean that the nanoparticle surface distribution is random, due to
the fact that the nanoparticles tend to aggregate and to form
clusters. As the deposition time is extended more nanoparticles
aggregate on these clusters, thus increasing the available con-
ductive paths within the nanoparticle film and reducing its re-
sistance. In fact, the conductivity of devices fabricated using the
sputtering technique can fall in one of the three following con-
ductivity states (Abeles et al., 1975): (i) the insulating state, where
the individual nanoparticle nucleation centers are sufficiently
distanced/isolated from each other and do not facilitate any charge
transport; (ii) the quasi macroscopic state, where a high nano-
particle surface coverage forces individual aggregation centers to
merge, thus forming “continuous” charge transport pathways; and
(iii) the intermediate transition state where the conductivity of the
device is in between the previous two states. The limit above
which the conductivity transcends from the intermediate state to
the quasi macroscopic state is the percolation threshold (Scher and
Zallen, 1970).

The conductivity (o) in this network of metallic nanoparticles
can be adequately described in the context of a thermally activated
tunneling mechanism expressed in the following manner (Neu-
gebauer and Webb, 1962; Wang et al., 2007):

o = ogexp(—pd)exp(—E,/kgT) 1

where o is a pre-exponential constant, 3 is the electron coupling
term, d is the inter-particle distance and kg and T are the Boltz-
mann constant and temperature respectively. E, is the activation
energy which is given using the following relation:

Ex = 0.5e[r7! — (r + d)" 1/ (4me,e) )

where r is the nanoparticle radius, &g is the dielectric constant and
€, is the relative permittivity.

In results previously published by our research group (Skotadis
et al.,, 2012, 2013; Tanner et al., 2012), it has been determined that
there is an optimal nanoparticle surface coverage, which in turn
translates in a corresponding device conductivity or resistance,
that best serves the performance of a sensing device. In fact, op-
timal nanoparticle surface coverage was established to be in the
range of 42-46% (or in the range of 600 k€2 to 1-10 M£2 for device
resistance) which is substantially close to the critical density for
percolation processes in a 2-D film according to Scher and Zallen,
1970. Devices whose conductivity lies just below the percolation
threshold present increased sensing performance. By the in-situ
monitoring of the resistance of a device the nanoparticle deposi-
tion can be interrupted just below the percolation threshold (de-
vice resistance in the range of 600 kQ2 to 1-10 MQ).

In the present paper, such nanoparticle-based sensors of
varying conductivity were used as electrochemical biosensors. As
further discussed below, the presence of hybridized DNA chains
induces a change in the resistance/conductivity of the sensor if
these DNA chains are allowed to act as conductive bridges be-
tween discrete nanoparticles or nanoparticles clusters, forming
new high conductivity charge transport/percolation pathways.
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Fig. 3. Sensor response for target (10 uM in concentration) to probe (10 pM in
concentration) DNA hybridization. (a) Relative resistance response ( | AR | IRo) of all
three sensor groups for target to fully complementary (FC) probe DNA hybridiza-
tion (b) Cross section of the sensing device (schematic) after the target to probe
DNA hybridization event.

3.2. Sensing results

3.2.1. Sensor optimization

By modifying the nanoparticle deposition time, 3 different
sensor groups of varying nanoparticle surface coverage (hence
resistance) were prepared. The nanoparticle surface coverage for
each sensor group has been calculated using TEM images and an
image processing software tool (image]). Using image]'s inherent
standard deviation routine, we have determined that a 2-3%
standard deviation exists in all reported nanoparticle surface
coverages. Also a difference of up to 2% exists in the NP surface
coverage between sensors fabricated after different nanoparticle
depositions but with the same resistance.

Furthermore and in order to demonstrate the increased sensi-
tivity offered by reduced electrode inter-finger spacing (Ancona
et al,, 2006; Wang et al., 2006), three different electrode gaps
(30 um, 10 um and 5 pm) were used throughout the experiments.
The mean base resistances, or R, (Rp: initial device resistance prior
to any buffer or DNA addition, as seen in Fig. 2) following the same
nanoparticle deposition for the first sensor group (nanoparticle
surface coverage of 49%), were 50 kQ for a 5 pm electrode gap,
110kQ for a 10 um electrode gap and 450k for a 30 um
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Fig. 4. Sensor response (nanoparticle surface coverage: 46%, IDE gap: 5 um) for
fully complementary (FC) probe to target DNA and single base pair mismatched (1
base MM) probe to target DNA hybridization, in a logarithmic scale.

electrode gap. For the second sensor group (nanoparticle surface
coverage of 46%) resistance values of 700Kk€, 4.5MQ and
10.6 M2 were obtained for 5 um, 10 pm and 30 um electrode gaps
respectively (again for the same nanoparticle deposition). Finally,
the third sensor group (nanoparticle surface coverage of 41%) had
base resistances of 20 M€, 35.4 MQ and 95 MQ; for 5 um, 10 um
and 30 um electrode gaps respectively. Each of the three sensor
groups comprised of 6 distinctive sensors for every electrode gap.
The mean base resistance for every sensor group and its three
respective electrode gaps had a standard deviation between 2%
and 4%. For the detection of 10 uM of target DNA, 18 DNA bio-
sensors have been used in total (6 for every distinctive electrode
gap) for every sensor group. The standard deviation of these
measurements varied from 1% to 3% as can be seen in Fig. 3(a). All
sensors' resistances have been measured in a —1 to 1V range.
Sensors with a 5 pm electrode gap and resistances that fall in the
several M2 regime [insulating conductivity state (Tanner et al.,
2012), nanoparticle surface coverage < 32%] or in the few hundred
€ regime [metallic conductivity state (Tanner et al., 2012], nano-
particle surface coverage > 50%) have been also tried as potential
biosensors, but without any measurable change in sensor re-
sistance upon probe to target DNA hybridization, as shall be ex-
plained below, in paragraph 3.2.3.

In Fig. 3(a), the response of the sensors following DNA hy-
bridization was recorded as relative change in device resistance
(| AR| /R where Ry is the resistance of the sensor just before the
DNA hybridization event, as can be seen in Fig. 2). The sensors
respond with a decrease in resistance upon target (10 pM in
concentration) to probe DNA (10 pM in concentration) hybridiza-
tion, in agreement with what has already been reported (Toko-
nami et al., 2008), while sensors exhibiting conductivity/resistance
just before the percolation threshold (nanoparticle surface cover-
age of 46%) outmatch their counterparts in terms of sensing re-
sponse. Finally, the sensors have a fast response time of 10-15s
(Response time is the time needed for the sensor to reach 70% of
equilibrium state).

The decrease in resistance observed during DNA hybridization
is to be expected since hybridized DNA has been known to act as a
molecular linker between conductive islands bridging any physical
gaps [Fig. 3(b)]; therefore enhancing the overall conductivity of
the device (Dekker and Ratner, 2001; Giese, 2000; Okahata et al.,
1998; Porath et al., 2000). Finally the response of the “control
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Fig. 5. TEM images for sensors of varying nanoparticle (NP) surface coverage (S.C.), as discussed in all of the above sensing experiments. Straight lines of 5 nm in length,
mark areas within the nanoparticle film with an inter-nanoparticle distance equal or smaller than 5 nm.

sensors” (sensors modified with NC probe DNA) to target DNA
hybridization is clearly distinguishable from that for sensors
modified with FC probe DNA. A small response in | AR | /Ro of 4-8%
has been observed throughout the experiments for all control
sensors, for a NC DNA concentration of 10 pM (a small percentage
of NC probe DNA is expected to non-specifically interact with
target DNA). The mean sensor response to NC probe to target DNA
hybridization (for a 10 pM concentration) was found to be around
5% throughout all of the sensing experiments.

3.2.2. Oligomer concentration saturation on the sensor surface, limit
of detection (LOD) and detection of single base pair mismatched DNA

As a final step, the effect of probe DNA concentration on sensor
response, the ability of the sensor to detect single base pair mis-
matches in probe to target DNA hybridization as well as the limit
of detection of the device, were investigated. In all of the following
experiments optimized nanoparticle biosensors have been solely
used (surface coverage of 46% and an IDE gap of 5 um).

The hybridization of the immobilized probe DNA with two
different concentrations of target DNA (10 pM and 1 pM) pro-
duced two clearly distinguishable resistance shifts. Reduction of
the amount of the immobilized probe ssDNA from 10 pM to just
1 pM revealed that the sensor's surface quickly becomes saturated
with probe DNA. The response of the sensor for the reduced probe

ssDNA concentration, resulted in an almost identical response
with the one obtained when the surfaces were functionalized with
10 pM of probe ssDNA. Saturation of the sensor's surface with
probe DNA is crucial for ensuring the detection of low con-
centrations of target DNA and can affect DNA hybridization effi-
ciency, hence sensing response (Peterson et al., 2001).

In Fig. 4 the sensor's response can be seen for varying con-
centrations of target DNA. The sensor is able to detect the hy-
bridization of FC probe to target DNA for target DNA as low as
1 nM in concentration while there is clear differentiation between
FC DNA detection and single base pair mismatched DNA (The
sensor systematically shows reduced response, in the range of 20—
35%, when in the presence of single base pair mismatched DNA). It
is worth noting that control experiments using NC probe DNA, for
concentrations lower than 100 nM, resulted in undetectable
changes in the resistance of the sensor. For each distinctive con-
centration of target DNA, 10 different optimized DNA biosensors
have been used in order to ensure the reproducibility of the
measurements. The standard deviation of these measurements
varied from 1% to 3% as can be seen in Fig. 4.

3.2.3. Conductivity response to DNA hybridization
The increased performance offered by bio sensing devices
having a resistance/conductivity that is close to the percolation
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threshold can be connected to the structure of the nanoparticle
film or, equivalently, to the number of charge transfer percolation
paths available within the platinum nanoparticle layer. In this
conductivity scenario the sensor is close to an “inflection point”, as
far as its conductivity is concerned, and DNA-mediated charge
transport can assist the sensor to transcend from one conductivity
state to the other. The sensor's intermediate conductivity state
renders the charge transport within the nanoparticle film, ex-
tremely sensitive to any change in the nanoparticle surrounding
medium (Egs. (1) and (2)). The presence of hybridized DNA chains
can induce a substantial shift in the resistance/conductivity of the
nanoparticle-based device when these DNA chains act as con-
ductive bridges between discrete nanoparticles or nanoparticles
clusters, forming new high conductivity DNA-mediated charge
transport/percolation pathways. In the case of sensors having a
nanoparticle surface coverage that is higher than the optimal
coverage of 46%, reduced sensitivity is to be expected. Sensors in
the quasi macroscopic or metallic conductivity state in particular
(nanoparticle surface coverage > 49%) present an already over-
whelming amount of available nanoparticle charge transport
pathways and the additional “conductive bridging” offered by the
hybridized dsDNA chains has little or no effect to the overall
conductivity of the sensor (Fig. 5). On the other hand if the na-
noparticle surface coverage is suboptimal (smaller than 42%), re-
duced sensitivity is to be expected since the hybridized dsDNA
chains cannot physically create as many DNA mediated charge
pathways as in the optimized sensor. Sensors with conductivity
that falls in the insulating regime (nanoparticle surface coverage
< 32%) present nanoparticle aggregates that are widely separated
from each other, with scarce or no charge transport pathways, that
are unable to be “bridged” by the hybridized DNA chains (Fig. 5).
Careful analysis of TEM images reveals that for sensors having an
optimal nanoparticle surface coverage of 46%, “open” or yet un-
connected inter-nanoparticle charge pathways are introduced
(inter nanoparticle spacing of 5 nm, which is comparable to that of
the hybridized DNA chains, as can be seen in Fig. 5).

The increased sensitivity offered in the case of sensors having
conductivity close to the percolation threshold is ultimately a
product of their critical surface density which leads to an inter-
mediate transition conductivity state (the main cause of reduced
sensing performance for increased nanoparticle surface coverage
sensors) as well as to a fitting inter-nanoparticle distance (the
main cause of reduced sensing performance for reduced nano-
particle surface coverage sensors).

4. Conclusions

The current study focused on the development and optimiza-
tion of nanoparticle-based biosensors. The sputtering technique
(employed for the production and self-assembly of the nano-
particle layer) allows facile and precise control over the nano-
particle surface coverage, in a room temperature environment,
without the usual chemical modification required for nano-
particles. In addition, no chemical modification of the nanoparticle
layer or of the substrate is required in order to tune the inter-
nanoparticle distance.

By optimizing the design parameters of the biosensor (IDEs
inter finger distance and nanoparticle surface coverage), fine-
tuned biosensors have been produced. The optimal nanoparticle
surface coverage has been confirmed to be again around 46%, just
below the percolation threshold, where the structural and elec-
trical properties of the nanoparticle layer offer increased sensing
response.

The optimized biosensor prototype was proven to have a limit
of detection (LOD) of 1 nM while the sensor has been able to

successfully differentiate between FC and 1TMM DNA, paving the
way for the detection of inherent or acquired mutations of clinical
significance. Furthermore, the fact that the inter-nanoparticle
distance can be tuned in order to match the length of any hy-
bridized DNA strands, (inter-nanoparticle distance can be modified
via deposition time and DNA's length is proportional to the
amount of base pairs) renders the proposed biosensor an ex-
tremely flexible device that can be tailored made to fit in a variety
of bio-sensing scenarios. Its use can be expanded in the field of
environmental monitoring, specific disease detection etc., while it
can be easily integrated alongside chemical or strain sensing de-
vices, forming a multi-purpose sensing platform.
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