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New highly sensitive direct methods for the early detection of peptides involved in Alzheimer’s disease (AD) are
required in order to prolong effective and healthy memory and thinking capabilities and also to stop the factors
resulting in AD. In this contribution, we report the successful demonstration of a label-free approach for the
detection of amyloid-beta (AB) peptides by highly selective aptamers immobilized onto the SiO, surface of the
fabricated sensors. A modified single-stranded deoxyribonucleic acid (ssDNA) aptamer was specially designed
and synthesized to detect the target amyloid beta-40 sequence (Ap-40). Electrolyte-insulator-semiconductor
(EIS) structures as well as silicon (Si) nanowire (NW) field-effect transistors (FETs) covered with a thin SiOy
dielectric layer have been successfully functionalized with Ap-40-specific aptamers and used to detect ultra-low
concentrations of the target peptide. The binding of amyloid-beta peptides of different concentrations to the
surface of the sensors varied in the range from 0.1 pg/ml to 10 pg/ml resulting in a change of the surface po-
tential was registered by the fabricated devices. Moreover, we show that the single-trap phenomena observed in
the novel Si two-layer (TL) NW FET structures with advanced characteristic parameters can be effectively used to
increase the sensitivity of nanoscale sensors. The obtained experimental data demonstrate a highly sensitive and
reliable detection of ultra-low concentrations of the Ap-40 peptides. This opens up prospects for the development
of real-time electrical biosensors for studying and understanding different stages of AD by utilizing Si TL NW FET
structures fabricated on the basis of cost-efficient CMOS-compatible technology.

1. Introduction et al., 2010; Citron, 2010; Hampel et al., 2010; Huynh and Mohan, 2017;

Zetterberg and Schott, 2019). It has become clear that the presence and

Alzheimer’s disease (AD) is the most common neurodegenerative
disorder in humans resulting in memory loss and other cognitive prob-
lems (Citron, 2010; Nation et al., 2019). The molecular processes which
take place in the brain of patients suffering from AD are irreversible and
progressive leading to lethal outcomes in most of the cases. In this re-
gard, AD is considered a very serious health problem for mankind
especially in view of the increasing age of the population (Huynh and
Mohan, 2017). Many efforts have been made in order to identify risk
factors as well as to establish which processes lead to the onset and
progression of AD. Although research is still ongoing in this direction,
many studies, which are also supported by clinical trials, have demon-
strated that extracellular accumulations of amyloid-beta (Af) plaques
and intracellular neurofibrillary tangles are hallmarks of AD (Blennow
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aggregation of these molecular subjects are robust evidence of patho-
logical changes occurring in the brain during AD development. It has
been revealed that among several neurotoxic Ap isoforms, a 42-amino
acid long Ap peptide (known as Ap-42) is a major suspect that could
initiate neurodegenerative processes leading to AD (Blennow et al.,
2010; Huynh and Mohan, 2017; Youn et al., 2019). While the detection
of AB-42 is necessary to detect AD, the ratio of Ap-42 to Ap-40 concen-
trations allows the current stage of disease progression to be identified
(Ghasemi et al., 2018; Hansson et al., 2007; Huynh and Mohan, 2017;
Zetterberg and Schott, 2019; Zhang et al., 2019). Therefore, it is of the
great importance of developing a biosensor capable of the fast, selective
and highly sensitive detection of Af oligomers.

Up to now, different types of biosensors have been developed and
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employed for the ultimate detection of various target bio-species with a
limit of detection down to the single-molecule level (Kenaan et al., 2016;
Macchia et al., 2019, 2018; Nguyen et al., 2014). However, there are still
open questions concerning the best transducer and approach for the
rapid and reliable detection of biomolecules using biosensors. At pre-
sent, an enzyme-linked immunosorbent assay (ELISA) is the most
commonly used technique for non-invasive detection and continuous
monitoring of different bio-objects including Ap peptides and is already
available on the market (An et al., 2017; Crosnier de Lassichere et al.,
2019; Jensen et al., 2000; Zhang et al., 2019; Zhou et al., 2018). How-
ever, in spite of the fact that ELISA is a highly specific and sensitive
diagnostic tool, it also has several drawbacks such as biomarker labeling
and utilization of bulky equipment. Such demands make the technique
labor-dependent and expensive, which significantly impacts the effec-
tiveness of such a tool for clinical practice and medical applications.

Over the past few decades, due to the fast development of nano-
technologies, bioelectronics has been transformed into being more ori-
ented towards low-dimensional nanostructures envisioned for use as
point-of-care devices. In this respect, owing to their remarkable elec-
trical and mechanical properties, silicon nanowire-based field-effect
transistors are widely considered promising candidates for transducing
electrochemical signals caused by a variety of charged bio-objects
including cells, proteins, DNA and viruses (Chen et al., 2011; Molaie,
2016; Patolsky et al., 2006; Zadorozhnyi et al., 2019; Zhang and Ning,
2012). However, one of the important points that have to be addressed
in this regard is the electrical noise of the transducers. It has traditionally
been considered that electrical noise is the limiting factor affecting
biosensor performance and sensitivity (Bedner et al., 2014; Chen et al.,
2015; Clément et al., 2011, 2010; Rajan et al., 2014). At the same time,
the ultimate scaling down of the sizes of nanowires brings about new
effects such as single-trap phenomena that can be used in order to
enhance the sensitivity and efficiency of nanoscale biosensors (Gas-
paryan et al., 2015; Kutovyi et al., 2018b; Li et al., 2014; Pud et al.,
2014). Moreover, Si nanowire-based biosensors are
mass-fabrication-compatible devices, which makes them relatively
cheap to produce and therefore potentially available in markets world-
wide. Although they are cost-efficient and promising chemical and
biological label-free transducers, Si nanowires along with other
low-dimensional nanostructures still suffer from some problems
including a low signal-to-noise ratio (SNR) and stability issues. To this
end, the performance of such biosensors is also limited by the presence
of an electrical double layer which is formed as a result of ion distri-
bution in the ionic liquid when it comes into contact with the surface of
the biosensors. Due to the ion screening effect, only biomolecules within
the electrical double layer can be effectively detected by such devices
(Kutovyi et al., 2018c; Lu et al., 2015). In this respect, receptor mole-
cules responsible for the specific and selective recognition and binding
of target biomolecules should not exceed the Debye screening length in
order to provide effective and sensitive biosensing. One of the solutions
to overcome this challenge is the utilization of shorter receptor mole-
cules such as aptamers. In this case, the distance between the analyte
and sensor surface can be about two times shorter compared to the
length of commonly used antibodies. It should be noted, that label-free
detection of amyloid-beta peptides using aptamers binding on a SiO,
dielectric layer and single trap phenomena has not been reported in the
literature.

In this report, we present a novel approach for Af} peptides detection
based on single-trap phenomena in newly fabricated silicon two-layer
(TL) nanowire (NW) field-effect transistor (FET) structures functional-
ized with specially designed single-stranded deoxyribonucleic acid
(ssDNA) aptamers. For the selective binding of Ap-40 peptides, a
chemical functionalization protocol enabling successful aptamer
immobilization on the SiO5 surface was developed and demonstrated. To
validate the developed aptamers as highly specific receptors for AB-40
species involved in AD, the field-effect capacitive technique using
electrolyte-insulator-semiconductor (EIS) structures was involved prior
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to sensing via nanowire-based devices. As a result, highly specific and
label-free detection of AB-40 biomolecules with sub-femtomolar (fM)
sensitivity was achieved. The developed single-trap-based approach for
sensing of extremely low concentrations of target biomolecules allows
achieving about 300% improved sensitivity compared to the standard
approach utilizing measurements of current-voltage characteristics.

2. Experimental details and methods

2.1. Electrolyte—insulator—semiconductor (EIS)-based biosensor
fabrication

Capacitive EIS structures were fabricated using n-doped silicon wa-
fers with <100> orientation. The resistivity of the wafers was 5-10 Q
cm. Firstly, standard RCA cleaning of the silicon substrates was per-
formed in order to wash away all organic and inorganic residues. After a
cleaning step, the wafers were dipped into the 1%-HF solution for 2 min
to remove the thin native oxide layer. Directly after HF chemical
etching, the wafers were cleaned by rinsing with deionized (DI) water
and a uniform 10 nm thin SiO, layer was grown by means of dry thermal
oxidation at 950 °C. The thickness of the thermally formed oxide layer
was measured for each substrate using an ellipsometer. Then, the front
side of the oxidized wafers was covered with AZ 5214E photoresist layer
for protection. The oxide from the rear side of the substrates was
removed using a buffered oxide etch (BOE 7:1). A 200 nm thin
aluminum film was then evaporated on the rear side of the wafers, and
the annealing procedure was performed at 450 °C for 20 min in a
forming gas atmosphere to achieve ohmic contacts between the
aluminum and silicon. The substrates were then cleaned with acetone,
isopropanol, and DI water. Finally, the wafers were cut into 10 x 10
mm? chips and used for capacitive-voltage measurements. All fabrica-
tion processes were performed at the Helmholtz Nano Facility (HNF) of
Forschungszentrum Jiilich.

2.2. Si TL NW FET-based biosensor fabrication

We designed and fabricated silicon two-layer nanowire structures on
the basis of silicon-on-insulator (SOI) wafers with <100> Si orientation
and 145 nm thick buried oxide (BOX) layer. The fabricated nanowires
consist of two silicon layers with different concentrations of dopants: the
first layer is the top active silicon layer of SOI wafers with an impurity
concentration of 1 x 10'> cm™3, while the second layer is highly doped
silicon with an impurity concentration of 1 x 107 ¢cm™3. The steps
involved in the fabrication process of TL NWs are described in detail
elsewhere (Kutovyi et al., 2018b, 2019). Briefly, patterns for NW
structures were defined using e-beam lithography in the 20 nm thin SiO5
layer and NWs were formed by wet chemical etching in tetramethy-
lammonium hydroxide (TMAH) solution. Source/drain contact leads
were implanted with boron atoms (energy 6 keV, dose 1 x 105 em 2,
which resulted in p-type transistor structures (p-p-p™). The metalliza-
tion process was then performed by evaporation of a 200 nm thick
aluminum layer followed by a lift-off patterning and annealing process.
To protect the metal feedlines from the electrolyte liquid environment,
the passivation procedure was performed using biocompatible poly-
imide (PI 2545) resist. Openings in the 2 pm thick polyimide-based
passivation film to provide the liquid with access to the NWs were
defined by photolithography. Finally, after the fabrication processes,
wafers were cut into 11 x 11 mm? chips, which were further
wire-bonded, encapsulated with polydimethylsiloxane (PDMS) and used
for the biosensing experiments.

2.3. Current-voltage and noise measurements
The current-voltage (I-V) and noise characterization of the fabri-

cated TL nanowire structures was performed using the setups described
previously (Kutovyi et al., 2018b; Petrychuk et al., 2019; Pud et al.,
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2013). The I-V characteristics of the NW FETs were measured using
Keithley 2430 and Keithley 2400 (Keithley Instruments Inc.)
source-meter units (SMUs) allowing highly accurate electrical charac-
terization of transistor structures with a resolution of 10 pA. Noise
measurements were performed using a modernized and fully automated
ultralow-noise measurement setup (PyFANS) developed in-house. The
system consists of several parts including an automated voltage supply
system, which allows precise electrical biasing of the device under test
with an accuracy approaching 1 mV, the low-noise amplification
cascade system and data acquisition system based on an Agilent U2542A
SDA device as the main controlling unit. The PyFANS setup allows the
time-dependent source-drain voltage fluctuations of the transistor under
study to be measured with high accuracy and in real-time. To calculate
the noise power spectral density (PSD) from the measured time traces, a
fast Fourier transform (FFT) of the data was performed. All electrical
measurements were conducted at room temperature inside an electri-
cally shielded Faraday cage to avoid impacts from any external elec-
tromagnetic fields. All voltages were applied against the grounded
source electrode. A liquid-gate voltage was applied using an external
standard Ag/AgCl reference electrode.

2.4. Capacitive-voltage measurements

The capacitive-voltage (C-V) characteristics of the EIS sensors were
measured using a HIOKI 3532-50 LCR impedance analyzer (HIOKI E. E.
Corporation, Japan). The samples were placed into the transparent
home-made measuring cell and sealed with an O-shaped resin ring
defining the sensing area as about 0.37 mm?. DC voltage was applied to
the liquid gate using an Ag/AgCl reference electrode and a small
superimposed AC voltage with an amplitude of 25 mV and a frequency
of 1 kHz was applied to the system to measure the capacitance of the
sensors. C-V characteristics were measured in a dark Faraday cage at
room temperature.

2.5. Chemicals and reagents

Phosphate-buffered saline (PBS) (10 mM phosphate buffer, 2.7 mM
potassium chloride, 137 mM sodium chloride, pH = 7.4), 3-glycidylox-
ypropyltrimethoxysilane (97-% GPTES), acetone, isopropyl alcohol,
antigen Ap-40 peptide and label-free Ap-40-specific aptamer were used.
All the above-mentioned chemicals except the aptamers were commer-
cially purchased from Sigma-Aldrich (St. Louis, MO, USA). The 80 nt
long ssDNA aptamer to Ap-40 peptide was specifically modified by an
amino group (-NH2) functionalization at the 3’ end (Chakravarthy et al.,
2018) and synthesized at the Fraunhofer Institute for Cell Therapy and
Immunology, Potsdam, Germany.

2.6. Aptamer immobilization protocol

Structures covered with the thin SiO layer were thoroughly washed
with acetone, further cleaned with isopropanol and dried using N5 gas.
The devices were then treated with oxygen plasma (0.8 mbar, 50 W) for
3 min in order to activate the SiO, surface. Immediately after plasma
treatment, the structures were salinized for 1 h in argon atmosphere
(5.2 mbar) with 3- glycidyloxypropyltrimethoxysilane (GPTES) mole-
cules in a desiccator. The devices were thoroughly rinsed with the 100%-
ethanol solution to wash away unbound GPTES molecules and annealed
at 100 °C to increase the strength of the molecular bonds. Finally, a PBS
solution containing a 50 nM concentration of AB-40-specific amino-
functionalized ssDNA aptamers was introduced and incubated for 2 h
at room temperature. The devices were measured immediately after
aptamer immobilization or stored at 4 °C until use.
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3. Results and discussion
3.1. Detection of Ap-40 biomolecules via EIS-based sensors

Firstly, the electrical detection of AB-40 peptides in buffer solution
was performed using the above-mentioned field-effect capacitive tech-
nique, which is known as one of the most common approaches in
biochemical sensing (Hlukhova et al., 2018; Poghossian et al., 2015).
Since they are simple and cost-efficient in fabrication, capacitive EIS
structures represent promising devices capable of the label-free sensitive
detection of various charged species dissolved in a liquid. Therefore,
such a technique can be effectively used for the detection and moni-
toring of charged biomolecules such as Ap-40 peptides. To ensure the
selectivity to target AB-40 peptide isoforms, EIS sensors were modified
with Ap-40-specific aptamers according to the designed protocol
described above. The ssDNA aptamers were developed by a SELEX
process using the biotinylated AB-40 peptides as targets. Two control
experiments involving Western blot analysis as well as an enzyme-linked
oligonucleotide assay (Chakravarthy et al., 2018) have been performed
to confirm the high affinity and specificity of specially designed ssDNA
aptamers to AB-40 peptide aggregates. An EIS sensor functionalized with
Ap-40-specific aptamer-based receptors is schematically shown in
Fig. 1a and Fig. 1b before and after the detection of target biomolecules,
respectively. The response of the sensor can be measured by monitoring
the concentration-dependent shift of the C-V characteristics caused by
the attachment of target peptides to the sensor surface (see Fig. 1c).

Capacitive EIS sensors consisting of Al-n-Si-SiO5 structures with 10
nm SiOy functionalized with Ap-40-specific ssDNA aptamers were
employed for the detection of AB-40 antigens dissolved in physiological
PBS solution with pH = 7.4. Firstly, reference C-V measurements were
performed in the pure 10 mM PBS solution and then in solutions with
different concentrations of Ap-40 peptides. The results of the measure-
ments are shown in Fig. 2a. With increasing Ap-40 antigen concentra-
tion, the capacitance-voltage curves demonstrated a pronounced shift
towards a higher gate voltage. The shift can be seen more clearly in
Fig. 2b. Such behavior of the C-V characteristics is caused by the
attachment of negatively charged Ap-40 antigens. Since they have an
isoelectric point value of 5.3 (Ghasemi et al., 2018), AB-40 peptides
possess a net negative electrical charge in a basic solution with pH =7.4.
Therefore, the binding of Ap-40 antigens to the surface of the
Al-n-Si-SiOy structure induces the depletion of electrons in the
space-charge region close to the semiconductor/insulator interface,
which results in a decrease of space-charge capacitance in the Si for
n-type EIS biosensors.

Fig. 3 shows the sensitivity of the EIS sensor to different concentra-
tions of AB-40 peptides calculated as:

Sers) = —— (@)

where Vpgo and Vpp denote flat band voltages of the functionalized
sensor before and after the binding of target biomolecules. The flat band
voltages were extracted using the slope (d/dVig)-(1/C?) of the linear
part of (1/C2) curves recalculated from the corresponding C-V charac-
teristics shown in Fig. 2a. The EIS sensor demonstrated a logarithmic
response upon the injection of small concentrations of target bio-
molecules until the saturation of the signal occurred due to the charge
screening effect (Nguyen et al., 2014). However, it should be noted that
the EIS sensor showed the response in a wide concentration range due to
the considerable sensing area of the device in comparison to small
state-of-the-art nanobiosensors.

3.2. Single-trap phenomena in nanowire-based biosensors

In order to detect and prevent disease at an early stage, biological
events such as the release of specific biomarkers induced by the disease
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Fig. 1. Schematic illustration of the EIS sensor functionalized with an aptamer-based recognition layer before (a) and after (b) detection of AB-40 peptides. (c) Shift
of C-V characteristics caused by the binding of target biomolecules onto the sensor surface.
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sensor response in a small concentration range (0.1-100 pg/ml).

ideally have to be detected with single-molecule sensitivity. For this
purpose, the size of the sensors has to be comparable with the bio-
molecules of interest. Therefore, the biosensors based on nanowires
have attracted a great deal of attention in this regard due to the ultimate
scaling abilities. However, with decreasing size, the limitations
regarding transport and noise properties have to be established and
investigated. In particular, it is traditionally considered that scaling
down the sizes of biosensor devices enhances noise fluctuations affecting
the performance of nanoscale biosensors. However, in the present work,
we considered two-level random telegraph signal (RTS) noise fluctua-
tions caused by a single trap in the nanowire transistor as a phenomenon
highly sensitive to the biochemical processes occurring on the nanowire
surface. Unlike the usual NW-based biosensors, where the threshold
voltage shift is used as a signal and voltage fluctuations are considered as
noise, here we demonstrate the possibility of using a single trap in a
nanowire FET as a sensor in order to enhance the sensitivity of the de-
vice. For this purpose, we designed and fabricated unique silicon TL

nanowire structures consisting of two silicon thin layers with different
concentrations of dopants. The devices were fabricated using the pro-
tocol described above. We introduced a highly doped top epitaxial layer
of silicon with advanced properties from the perspective of the single-
trap phenomena (Kutovyi et al., 2018b, 2018a). A schematic illustra-
tion of the fabricated nanowire transistor with a single trap in a thin
dielectric layer is shown in Fig. 4a.

Fig. 4b shows transfer curves measured for the liquid-gated Si TL NW
FET with a length of 100 nm and a width of 100 nm before and after
biofunctionalization with Ap-40-specific aptamers. In these measure-
ments, the drain current was recorded by sweeping liquid-gate voltage,
while the drain-source voltage was kept constant at —20 mV to provide
the linear working regime of the transistor structure. The device
demonstrated transfer characteristics behavior typical of p™-p-p™ FETs
(Bedner et al., 2014; Chen et al., 2015; Pud et al., 2014). It should be
noted that the registered leakage current Iz < 0.1 nA was at least three
orders of magnitude lower than the drain current within the entire range
of the liquid-gate voltages applied. This confirms the high quality of the
fabricated TL nanowire structures. As seen from Fig. 4b, a threshold
voltage of the NW structure increased after functionalization with
aptamers specific to Ap-40 peptides. Such behavior confirms a successful
immobilization of the aptamer-based biorecognition layer onto the
nanowire surface.

As stated above, the device under study demonstrated pronounced
RTS noise before as well as after the functionalization procedure. Two-
level RTS fluctuations were observed in the subthreshold working
regime of the transistor structure. Fig. 5a shows an RTS time trace with
two stable states that correspond to the charge carrier being captured by
or emitted from a single trap located in the gate dielectric layer close to
the conductive channel. The time trace was recorded for the fabricated
device at Vpg = —20 mV and Vg = —2.1 V after the functionalization
procedure. Noise PSD spectra measured at different liquid-gate voltages
are plotted in Fig. 5b. As can be seen, the spectra display a Lorentzian
shape reflecting characteristic RTS noise behavior caused by a single
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trap. The observed two-level noise fluctuations are also evident from the
amplitude histograms with two Gaussian peaks corresponding to the
stable states of the single trap. The histograms are shown in Fig. 5c.

The dependences of capture and emission times characterizing the
measured RTS process are plotted versus the liquid-gate voltage and
drain current in Fig. 6a and b, respectively. It should be noted that
capture time, 7., and emission time, T, are the average times which the
system spends before carrier capture and before its emission, respec-
tively. Characteristic capture and emission times for the single trap were
extracted using a statistical method described elsewhere (Kutovyi et al.,
2018b; Li et al., 2014; Yuzhelevski et al., 2000). For this purpose, the
noise spectra and histograms of the time traces shown above were used.
As seen from Fig. 6a, the emission time constant is almost independent
of the liquid-gate voltage applied, while the capture time constant
demonstrates superlinear dependence of the liquid-gate-voltage on a
semi-logarithmic scale. At the same time, the two-level RTS fluctuations
demonstrate enhanced capture time dependence on the drain current
with a slope of (—3.2) on the logarithmic scale (see Fig. 6b). It should be
noted that such behavior of RTS time constants is enhanced in
liquid-gated nanowire-based FET devices (Gasparyan et al., 2015;
Kutovyi et al., 2018b; Li et al., 2014; Pud et al., 2013, 2014; Vitusevich
and Zadorozhnyi, 2017) compared to standard Shockley—Read—Hall
(SRH) behavior with a slope equal to (—1). This reflects the fact that the
single-trap phenomenon is extremely sensitive to the surface potential
changes. In this respect, the trapping/detrapping dynamic of a single
trap appears to be very promising for enhanced biosensing when
considering characteristic capture time as a signal as will be shown
below.

3.3. Detection of Af-40 biomolecules using single-trap phenomena
approach

After RTS noise characterization, the liquid-gated TL nanowire
structure functionalized with Ap-40-specific ssDNA aptamers was
further used as a sensor platform for the detection of AB-40 peptides
dissolved in a buffer solution with pH = 7.4. In order to deliver solutions
with different concentrations of Ap-40 molecules, the drop-cast method
was used. The target peptides were detected by monitoring the modu-
lation of the transistor’s drain current (standard approach) and capture
time constant (single-trap approach) as the sensor was exposed to the
PBS solutions with different concentrations of the analyte. For this
purpose, 40-s time traces were recorded at constant Vpg = —20 mV and
Vig = —2.05 V. For each concentration of Ap-40 peptides, the mea-
surements were performed about 5 min after introducing analyte mol-
ecules into the buffer solution in order to achieve an equilibrium state,
and thus to obtain reliable sensor output. The increase of the drain
current was registered as well as the decrease of capture time upon
increasing the target peptide concentration. The experimental results
obtained are presented in Table 1.

The registered behavior can be explained by the electrostatic prop-
erties of Ap-40 peptides. Since they are negatively charged in solution
with pH = 7.4, Ap-40 antigens attached to the aptamer-functionalized
surface of the nanowire induce the accumulation of holes for the p-
type device, which increases the probability of the trap being occupied.
Thus, binding of negatively charged AB-40 biomolecules results in
increasing drain current and decreasing characteristic capture time with

Table 1
Sensing parameters of the liquid-gated Si TL NW FET structure upon increasing
the AB-40 antigens concentration.

# AB-40 concentration (pg/ml) Drain current, Ip (nA) Capture time, 7. (ms)

1 0 4.80 133.86
2 0.1 4.86 128.73
3 1 5.23 101.76
4 10 5.35 94.81
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increasing Ap-40 concentration.

The sensor response in terms of the sensitivity calculated for both
standard and single-trap approaches is plotted in Fig. 7. For the standard
approach, when a shift of the drain current was used as a signal, the
sensitivity was calculated as:

b @

S(’v ) Ino

where Ipy and Ip denote the drain current of the functionalized transistor
before and after the binding of the target peptides. In this case, the
calibration curve of the sensor can be described as a linear function with
a slope of 0.051. It should be noted that the sensitivity slope is slightly
higher for AB-40 detection in this case compared to the slope of 0.049
obtained for capacitive EIS sensors described above.

At the same time, for the single trap-approach, in which the RTS
capture time constant was used as a sensing parameter, the sensitivity
was defined as:

Te0

Sey =" ©)]

where 7, and 7. stand for the average capture time constant charac-
terizing RTS noise in the functionalized sensor before and after binding
of AB-40 biomolecules, respectively. As can be seen from Fig. 7, the
response of the sensor can be approximated as a linear function with a
slope of 0.186 when considering capture time change as the signal. Such
an enhanced slope value reflects the very high sensitivity of the single-
trap parameters such as capture time to the surface potential changes
caused by the binding of target biomolecules to the sensor surface.
Therefore, in this particular case, the sensitivity of the new biosensing
method was at least 3 times (or about 300%) higher for Ap-40 detection
in comparison with the conventional technique based on the monitoring
of drain current changes. It should be noted that for AD diagnosis at
early stages the target concentrations of A biomarkers are in the range
from dozens to several hundred picograms per milliliter (Yoo et al.,
2017). For our developed technique, the limit of detection defined as the
minimum concentration of the analyte that led to a response of the
sensor is estimated to be ~20 fM. Thus, the developed technique for
detection of AP peptides with high sensitivity at concentrations as low as
20 fM opens prospects for AD diagnosis at the early stages to monitor the
dynamics of Ap peptides and not only to predict the disease but also to
apply more effective measures than medicaments to restore the balance
healthy state.

4. Conclusions and outlook

Detection of AP peptide isoforms including Af-40 is extremely
important for the prospects of fast and reliable medical diagnosis of
Alzheimer’s disease. We have successfully demonstrated the label-free
and highly sensitive detection of Ap-40 peptides using aptamer-
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Fig. 7. Response of the sensor in terms of sensitivity calculated for the standard
approach and a new RTS-based approach. The dashed lines represent linear fits
with slopes indicated for both approaches.
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functionalized capacitive EIS sensors as well as Si TL NW-based sensors
exploiting single-trap phenomena. In order to provide high selectivity
and specificity to AB-40 peptides over other AB isoforms, the devices
were functionalized with specially synthesized ssDNA aptamers highly
specific to AB-40 peptides. As a result, the fast and label-free detection of
Ap-40 molecules with high sensitivity was demonstrated. Therefore, we
presented a new strategy for detection of the Af peptides using the
single-trap phenomena allowing us to achieve about 300% enhanced
sensitivity compared to EIS and standard approaches for real-time bio-
sensing. This work can be further extended to include the detection of
other Ap peptide isoforms in real serum samples from patients suffering
from Alzheimer’s disease. As future work, we also plan to integrate the
fabricated nanowire-based sensors exploiting single traps with a
microfluidic system in order to develop a cost-efficient and robust bio-
sensing platform.
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AD Alzheimer’s disease

Ap amyloid-p

ELISA  enzyme-linked immunosorbent assay

SNR signal-to-noise ratio

EIS electrolyte-insulator-semiconductor structure
PI polyimide

DI deionized water

PBS phosphate-buffered saline

GPTES  glycidyloxypropyltrimethoxysilane
PDMS  polydimethylsiloxane

SMU source-meter unit

FFT fast Fourier transform

ssDNA  single-stranded deoxyribonucleic acid
TL two-layer

Si NW  silicon nanowire

FET field-effect transistor

RTS random telegraph signal

CMOS  complementary metal-oxide-semiconductor
SOI silicon-on-insulator

TMAH tetramethylammonium hydroxide
BOX buried oxide

SEM scanning electron microscope

SRH Shockley—Read—Hall

v current-voltage

Cc-v capacitive-voltage
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