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A B S T R A C T

Miniature electronic sensors manufactured using modern silicon technology have been intensively studied as 
candidates for replacing chemical and biological test systems used in medicine for precision detection of proteins 
and molecules in liquids and gases. Selective recognition of low concentrations of biomarkers will make it 
possible to diagnose dangerous diseases at early stages, thereby ensuring their successful treatment. In this study, 
a method for electrical detection of a heart-type fatty acid-binding protein (hFABP) in air is proposed. To 
enhance the selectivity, silicon nanowire field-effect transistors (Si-NW FETs) with channel widths of 0.4, 1, and 
3 μm have been fabricated and pre-functionalized with an anti-hFABP DNA aptamer (FABPAp1c-t38). It has been 
found that the FABPAp1c-t38 and hFABP protein induce opposite shifts of threshold voltage Vth of the Si-NW 
FET. For a detected target, the voltage Vth shifts from +0.2 to +2.8 V. It has been established that the voltage 
Vth is a better signal as compared with other electrical characteristics of the transistor. This has allowed the 
hFABP detection at concentrations of 1 pM in a model buffer system. It is expected that the proposed cardio 
target sensors and method for detection under dry conditions will contribute to the development and production 
of various electronic devices for application in medicine and other fields.

1. Introduction

Silicon is a key element of the modern micro- and nanoelectronic 
industry and silicon technology serves as a reliable platform for the 
development of new devices for application in various fields. The 
MOSFETs (metal–oxide–semiconductor field-effect transistor) has 
proven itself since the 70s of the last century, when pioneer works on the 
use of silicon FETs for sensing in liquid media were published [1]. In 
addition to their use in converters, low-power memory, and logic chips 
[2], MOSFETs find widespread usage in biosensing applications [3]. The 
nanoscale forms of silicon, including nanoribbons (NRs) and nanowires 
(NWs), have found wide application in electronic sensing platforms 
(ESPs) for selective detection of chemical and biological species [4]. The 
functional devices from bottom-up Si-NWs less than 10 nm in diameter 
have exhibited the remarkable sensitivity, but poor reproducibility. To 
date, there has been a lack of a reliable and commercially viable tech-
nological platform with devices fabricated using the bottom-up 
approach [5,6]. The top-down NWs or NRs FETs are highly 

compatible with the state-of-the-art technology and can be produced in 
large volumes on one wafer by lithography, deposition, and etching. The 
obvious advantages of nanosensors, including their increased packaging 
density and ease of integration with lab-on-a-chip (LoC) techniques, are 
highly important for the development of next-generation sensor devices.

In this work, a device with a simple design is used, which requires 
neither alloying nor subsequent high-temperature annealing. In our 
work, we used a simple design of a MOSFET with Si-NWs, which requires 
fewer manufacturing processes and is therefore more economical. From 
the perspective of versatility, an open design for the current channel is 
convenient and a large number of receptors can be placed on its surface. 
This can be useful for various target sizes, from proteins to potentially 
organelles and cells, and avoids the steric effect [7]. According to the 
analytical results [8], the tunnel field-effect transistor (TFET) has been 
shown to be more energy-efficient and provide higher sensitivity due to 
its steeper subthreshold slope. However, it will be challenging to 
implement an aptasensor based on the TFET design that includes cav-
ities. Nevertheless, simulations [9,10] have shown that for certain types 

* Corresponding author.
E-mail address: lav@iph.krasn.ru (A. Lukyanenko). 

Contents lists available at ScienceDirect

Microchemical Journal

journal homepage: www.elsevier.com/locate/microc

https://doi.org/10.1016/j.microc.2025.114358
Received 31 August 2024; Received in revised form 11 June 2025; Accepted 19 June 2025  

Microchemical Journal 215 (2025) 114358 

Available online 20 June 2025 
0026-265X/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:lav@iph.krasn.ru
www.sciencedirect.com/science/journal/0026265X
https://www.elsevier.com/locate/microc
https://doi.org/10.1016/j.microc.2025.114358
https://doi.org/10.1016/j.microc.2025.114358


of molecules, the TFET can be utilized in biosensor applications. The low 
levels of Si doping are valuable for sensing applications, since the 
sensitivity of a device increases with decreasing dopant concentration 
[4,11]. Si-NW FETs are ambipolar NW devices with Schottky barriers 
that serve as source (S) and drain (D) contacts. Schwalke et al. proposed 
a design of universal tunable NW transistors for the development of 
integrated circuits [12]. The proposed topology of a device allows tun-
ing its conductivity type using a bias on the back gate and thereby 
optimizing the operation of a biosensor for recognizing different targets. 
The signals of analyte biomolecules of different types can differ 
depending on the size, charge, molecules location, distance, and the 
ionic strength and pH of the surrounding electrolyte solution 
[11,13,14]. An analytical model is presented that demonstrates the 
possibilities of using reconfigurable FET devices to recognize not only 
charged molecules, but also neutral ones [15].

Silicon attracts researchers, among other things, by the ease of its 
surface functionalization with chemical linkers [16,17], which makes it 
possible to use Si FETs for registering chemical events that occur on the 
NW surface. Owing to the high surface area-to-volume ratio, Si-NW FETs 
can efficiently convert signals and exhibit a high sensitivity. The re-
ceptor layer covering the surface of a transducer ensures specific binding 
of biomolecules from the test solution [4–7, 11, 16]. The receptor- 
functionalized Si-NW surface allows the reaction with an analyte in 
the test solution and the change in the surface charge resulting from the 
receptor–analyte interaction on the Si-NW surface can act as a moni-
tored signal. The potentiometric sensing techniques for the sensitive 
detection of various molecules included in nucleic acids, proteins, 
macromolecules, bacteria, viruses, and living cells were reported 
[11,18]. The demonstrated label-free detection of low concentrations of 
biomarkers with Si-NW sensors attracts close attention due to the po-
tential use in disease diagnosis and monitoring.

The efficiency of a biosensor as an analyte detector depends on the 
ability of the receptor–analyte pairs to change the surface charge density 
on the transducer layer. The biorecognition layer should be as thin as 
possible in order to localize the receptor–analyte binding events in the 
immediate vicinity of the gate oxide surface or, at best, within the Debye 
length λD [19]. Smaller receptor molecules (aptamers) are perfect for 
sensing the surface charge changes [13].

Aptamers are short (no more than 80 bases) single-chain ribo- or 
deoxyribo-oligonucleotides have a unique 3D structure formed by local 
complementary hairpins and the ionic, hydrophobic, and stacking in-
teractions, which that provide binding affinity for molecular targets. 
Among the unquestionable advantages of aptamers are the simplicity of 
their modification in the course of chemical synthesis, a variety of tar-
gets (from ions to cellular compartments and whole cells), small size, 
high stability and, in some cases, specificity. All these properties make 
aptamer molecules highly preferable over antibodies in detection and 
binding to targets [20]. Aptamers, due to their small size, can hold 
targets close to Si-NWs and overcome the Debye length limitations for 
sensing small molecules and the high stability of aptamers in the envi-
ronment makes them excellent candidates for use as receptor layers of 
solid-state biosensors. Moreover, due to the nucleotide structure of 
aptamers and molecule folding upon binding to targets, they enable the 
development of various aptasensors with improved analytical charac-
teristics. By varying the type of an aptamer used, biosensors can be 
adjusted for targets of different types [21].

Universal platforms based on Si-NW FETs can be utilized to develop 
biosensors with high sensitivity [7]. Nevertheless, detection techniques 
employing Si-NW biosensors differ for nucleic acids, proteins, and mi-
croorganisms. A study by [22] used a thrombin-specific aptamer to 
specifically target thrombin and demonstrates the electrical detection of 
thrombin, a model biomarker, using arrays of Si-NWs. Aptasensors 
manufactured using the traditional top-down CMOS process can be used 
in various biomedical and biosensor applications. Development is un-
derway to optimize sensor design to increase sensitivity and specificity. 
Simulation results [23] show that gate all around (GAA) Si-NW FETs are 

superior to back-gated Si-NW FETs in terms of sensitivity for detecting 
DNA nucleotides. In another theoretical study [24] a complex design of 
GAA FET gates is considered, which requires laying gate oxides in two or 
more layers. The gate dielectric material plays a role in the design of the 
sensor during the formation of the receptor layer, and it affects the 
biosensoric characteristics of FETs, as shown by calculations [25]. 
Theoretically, transistor designs have been analyzed that utilize high-k 
dielectric materials as the gate oxide and alternative materials such as 
GaAs, InGaAs and Ge for the channel, replacing silicon [26,27]. These 
designs incorporate the use of a nanogap cavity and present a challenge 
in filling this space with selective targeting for the desired biomolecules 
[3,10]. However, the proposed designs and calculations of their per-
formance under various conditions provide hope for improving bio-
sensors based on FET technology in the future.

The hFABP protein can serve as a biomarker for the early diagnosis of 
acute myocardial infarction [28]. The earliest detection of low con-
centrations of the acute myocardial infarction markers is extremely 
important, regardless of the patient gender and age, for the timely 
provision of necessary care. Several different immunosensors for the 
detection of hFABP have been described in the literature, which are 
based on antigen-antibody specific binding in combination with elec-
trochemical or optical detection [29 – 31]. For the best our knowledge 
there are no reports about aptamer-based hFABP biosensors in the 
literature. In this work, a new DNA aptamer FABPAp1c-t38, with high 
affinity to human hFABP [32], was used to functionalize Si-NWs.

In this study, we present for the first time the DNA aptamer- 
functionalized Si-NW CMOS transistors for detecting the heart-type 
fatty acid-binding protein (hFABP). The device was manufactured 
using the CMOS-compatible top-down technology, which involves the 
formation of NWs by lithography and reactive ion etching. The devel-
opment of accessible diagnostic tools will ensure the progress in the 
creation of portable devices for early disease diagnosis.

2. Materials and methods

2.1. Materials

Sigma-Aldrich (3-Aminopropyl)triethoxysilane (APTES), dimethyl 
suberimidate dihydrochloride (DMS), and Bicine (C6H13NO4) were used 
(https://www.sigmaaldrich.com). The 50 % APTES aqueous solution, 5 
mg/mL DMS in 0.1 M Bicine (pH 8.5), and binding buffer (0.15 M NaCl, 
5 × 10− 2 M K-Na phosphate buffer pH 7.0 (PBS), 1 × 10− 3 M MgCl2) 
were prepared. The amino derivative of the FABPAp1c-t38 DNA 
aptamer (NH2–5’-GACAAGACATCGGGAGGGAGGGAGGGCAGTCTAG 
TCT-3′) was synthesized at the Laboratory of Synthetic Biology of the 
Institute of Chemical Biology and Fundamental Medicine, Siberian 
Branch of the Russian Academy of Sciences (Novosibirsk, Russia). Before 
use, the aptamer was refolded by heating to 90 ◦C for 5 min in the 
binding buffer with the subsequent cooling down to room temperature 
for 15 min. The recombinant hFABP was expressed and purified as 
described in [33].

2.2. Fabrication of the device

A multi-stage process of creating a Schottky barrier NW transistor 
using the top-down approach was described in detail in [34]. FET de-
vices were fabricated using commercial boron-doped p-type silicon on 
insulator (SIMOX SOI) wafers with a resistivity of 18 Ohm*cm and a low 
doping level (1015 cm− 3). The original 6-in. silicon-on-insulator (SOI) 
wafer was cut into 1-in. pieces. All subsequent technological operations 
were then carried out on these substrates. The silicon device layer 
thickness was 100 nm (the (100) orientation) and the buried oxide 
(BOX) layer thickness was 200 nm. The top silicon device layer was 
cleaned from native oxide and a 15 nm-thick Fe layer was deposited onto 
it (Fig. 1(a)) by thermal evaporation under ultrahigh vacuum conditions 
(10− 8 Pa). The geometry of the devices was formed at the electron 
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lithography stage (Fig. 1(b)); the parts of the Fe and Si layers not coated 
with the photoresist were removed by chemical etching (Fig. 1(c)). The 
widths of Si channels in the devices were W = 0.4, 1, and 3 μm and the 
length of all the fabricated devices was L = 48 μm. The device param-
eters are shown in Table 1. Previously, the devices were tested and 
examined as protein biosensors in [35]. The same sensors were suc-
cessfully reused. Before reusing the Si-NW FET chips, contaminants were 
removed from the surface by RCA chemical cleaning [36] in the H2O: 
H2O2:NH4OH solution (1,1,5, volume fractions) at a temperature of 70◦

for 10 min. When exposed to RCA, the organic compounds decomposed 
into volatile substances and water.

2.3. Si-NW surface functionalization

The covalent attachment of the recognition molecules (aptamers) 
was implemented through aminosilanization of native oxide on the Si- 
NWs surface [17] followed by using a homobifunctional dimethyl sub-
erimidate (DMS) cross-linker. The complete chemical process of the 
surface functionalization in the Si-NW devices is outlined in Table 2. At 
first stage, a wafer with the devices was locally treated with the 50 % 
aqueous (4.27 M) APTES solution in the Si-NW region. To perform the 
local silanization of the surface, a CSG 01 AFM tip (https://tipsnano.ru/) 
was immersed in the APTES solution for 5 s and then blown with dry 
nitrogen to remove the excess solution. The silanization of Si NWs was 
performed using the dip-pen nanolithography techniques [37], which 
allows deposition of molecular layers onto appropriate substrates by 
transferring molecules from an AFM tip to a substrate via diffusion of 
molecules through the water meniscus connecting a tip and a substrate. 
The entire surface of the Si-NW was coated with APTES. For Si-NWs with 
W = 0.4, 1, and 3 μm, the coating area was 0.4 × 48 μm2, 1 × 48 μm2, 
and 3 × 48 μm2. After the APTES deposition, the chips were incubated 
for 20 min and then the substrate with the chips was thoroughly washed 
with a 0.1 M Bicine solution (pH 8.5). The subsequent stages of the Si- 
NW surface modification were performed with a micropipette. DMS 

cross-linker, FABPAp1c-t38 aptamer receptor and the hFABP target 
analyte were attached in turn. At the second stage, 2 μL of DMS was 
applied to the substrate using a mechanical micropipette and incubated 
for 20 min under controlled conditions of 57 ± 5 % humidity and 23 ±
1 ◦C. After that, the substrate was washed with binding buffer. At the 
third stage, receptor binding was performed, a 2 μL drop of the 
FABPAp1c-t38 aptamer was applied using a micropipette, after that 
incubation was carried out for 20 min under the same conditions. Then, 
the substrate was washed again with a binding buffer. At the fourth stage, 
a 2 μL droplet containing hFABP at various concentrations (X = 0, 1, 10, 
100, and 1000 pM) was applied to the substrate. The X = 0 (binding 
buffer) was used as a control. Each time after application, a droplet 
containing target proteins was incubated for 20 min and then the sub-
strate with the devices was thoroughly washed with a binding buffer. 
The sequence of the modification stages is given in Table 2. Additional 
AFM images are shown in Fig. S1 in the Supporting Information.

2.4. Electrical measurements

The electrical characteristics of the Si-NW devices were measured at 
a Lakeshore EMPX-HF 2 probe station under normal conditions (T = 297 
± 3 K, H = 38 ± 3 %) using a Keithley 2634b SourceMeter two-channel 
instrument. The transfer characteristics were measured on three devices 
from four different arrays located on the same SOI wafer and fabricated 
in a single technological cycle. Using the data obtained, averaged values 
were calculated and the error (confidence intervals) at different tran-
sistor current channel widths (0.4, 1, and 3 μm) was determined.

The transistor was controlled by applying a voltage to the gate 
located on the backside of the substrate (back gate) and connected to it 
with an indium ohmic contact. The transistor is formed from the top 
silicon layer of the device and works as a converter, i.e., transmits the 
current through a channel between the Schottky source and drain Fe 
contacts. In this design of the device, the Si channel is left open, which 
allows using the transistor as a sensor. The Si channel is coated with a 
thin native SiO2 oxide layer, which comes into contact with molecules 

Fig. 1. Fabrication of the Si-NW transistor. (a) Deposition of the Fe film onto a SOI substrate, (b) formation of a mask by electron beam lithography, and (c) chemical 
etching of the Fe and Si layers followed by removal of the mask. (d) 3D AFM image and (e) TEM cross section of Si-NW with the indicated layers of materials. (f) 
Photograph of the device array. (g) Electrical property measurement scheme.

Table 1 
Design parameters of the device and their values.

Parameters Value

Channel material single crystal p-Si (100)
Doping concentration 1015 cm− 3

Channel length (L) 48 μm
Channel widths (W) 0.4, 1, 3 μm
Body (Chanel) thickness 100 nm
Gate oxide material SiO2

Recognition element FABPAp1c-t38 aptamer
Analyte hFABP

Table 2 
Stages of the Si-NW surface modification.

Stage Molecule Coating Incubation Buffer

1 APTES AFM tip
20 min. 

T = 23 ± 1 ◦C 
H = 57 ± 5 %

0.1 M Bicine pH 8,5
2 DMS

pipette (2 μL) binding buffer3 FABPAp1c-t38
4 hFABP X pM

X = 0, 1, 10, 100, 1000.
0 - binding buffer.
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(receptors and analytes) and acts as an electrical transducer when 
recording the physicochemical processes of binding target molecules. A 
typical device structure and a microscopic image are presented in Fig. 1
(f) and (g), respectively.

3. Results

3.1. Si-NW surface treatment

3.1.1. Local APTES deposition
Immobilization of receptors over the entire chip can result in binding 

of an analyte in large amounts to the surrounding Si-NW surface, rather 
than to the sensing element, which can reduce the sensitivity of a device 
[13]. Silicon oxidizes in air and, chemically, the nanowire surface is no 
different from the oxide on which Si-NWs were formed. At the con-
ventional surface modification, APTES molecules (and, subsequently, 
the receptor) are immobilized over the entire surface. The presence of 
receptor molecules on the surface surrounding Si-NWs can lead to an 
indirect decrease in the nanowire biosensor sensitivity due to the fact 
that analyte molecules will bind to receptors outside the sensitive 
element. Since the amount of analyte hitting the sensitive element 
(Si–NW) will decrease, the concentration of the target molecule sample 
will have to be increased. Thus, the method for modifying the Si-NW FET 
surface seriously affects the sensitivity of detection of target molecules. 
APTES molecules bind to the hydroxyl-terminated SiO2 NW surfaces 
with the formation of an amine-functionalized surface. To avoid 
immobilization of receptors over the entire chip surface, the Si-NW FET 
surface was locally modified with APTES molecules [38] using a tip of a 

DPN 5000 NanoInk atomic force microscope in the contact scanning 
mode at a speed of ~2 μm/s. A method for the local surface modification 
using an AFM tip and an experiment with a biotin-streptavidin model 
system were reported previously in [35]. This approach can be used to 
implement biosensor devices consisting of an array of individually 
addressable Si-NWs with the functionalization of different types for 
simultaneous recognition of various targets.

To ensure continuous coverage of the Si-NW surface with APTES 
molecules, different speeds of the tip were tested and, then, the resulting 
areas were scanned in the lateral force microscopy (LFM) mode. The 
formation of a molecular layer can be visualized on a fluorescent mi-
croscope, but this would require additional fluorescent labeling of 
APTES with an amino modified fluorescent DNA [39]. In our case, the 
APTES deposition was monitored on the same device in the LFM mode, 
but at a higher tip speed, which is more convenient due to the precise 
positioning and ability to observe a molecular layer on a small surface 
area.

Fig. 2(a) schematically shows the APTES deposition areas in the 
contact mode (green frame) and scanning in the LFM mode (red frame). 
The topology image shows a part of the current channel of the transistor 
and the area covered with APTES. The tip speeds in different parts were 
Vtip1 = 4 μm/s, Vtip2 = 2 μm/s, and Vtip3 = 3 μm/s. The temperature (T) 
and humidity (H) were kept at 23 ± 1 ◦C and 57 ± 5 %, respectively. 
AFM images of the topology of the Si-NW surface area and the corre-
sponding LFM images obtained when moving the tip in the forward 
(Fig. 2(b)) and reverse (Fig. 2(c)) scanning passes show the presence of a 
molecular layer. According to the AFM data (Table s1 from SI), when 
processing substrate in 1 mL of the 50 % APTES aqueous solution at T =

Fig. 2. (a) 3D AFM image of the topology with the schematically shown area of the APTES deposition at tip speeds of Vtip1 = 4 μm/s, Vtip2 = 2 μm/s, and Vtip3 = 3 
μm/s (green frame). The green frame in the diagram indicates the scanning area after deposition of molecules. LFM images obtained with the tip moving in (b) the 
forward and (c) reverse scanning directions. (d) 2D AFM topology image and (e) cross-sectional profile of the area covered by APTES. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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22.6 ◦C for 40 min, APTES covers approximately 86.77 % of the Si 
surface. It should be noted that the functionalization process used to 
determine this value is somewhat different. In this case, a mechanical 
pipette was used to apply the APTES droplet, instead of the AFM tip. 
However, based on AFM and LFM images (Fig. 2), we assume that at 
least ~85 % of the entire Si-NWs surface is coated with APTES.

Importantly, while target capture probability from solution is pro-
portional to surface area, only a small functionalized segment of the Si- 
NWs is required to induce the field effect. We propose that even a 1 × 1 
μm2 APTES-coated area would be sufficient to activate the virtual 
(floating) gate effect in Si-NW CMOS devices, which in our system is 
mediated by the recognition molecule-target complex. Thus, the re-
ported “~85 %” value specifically refers to the coating efficiency within 
this critical region. Due to steric effects, the relative surface coverage 
decreases for the aptamer (60.51 %) and hFABP (48.73 %). Neverthe-
less, we maintain that APTES plays the dominant role in device func-
tionality, as the surface charge generating the virtual gate’s electric field 
is primarily established within this layer.

At the beginning and end of the deposition area (dotted lines), the tip 
speed was higher and, in the LFM images, one can see the areas that are 
free of molecules. When the tip moved at a higher speed, the rate of 
diffusion of molecules was insufficient to form a continuous layer. Fig. 2
(e) shows a profile, the height of which is in good agreement with the 
APTES molecule length (0.65 ± 0.07 nm). This suggests that the 
monomolecular APTES layer can be obtained, which is of crucial 
importance for the successful covalent binding of subsequent molecules. 
The formation of the monomolecular APTES layer is necessary for 
controlling immobilization of receptors and avoiding binding of a large 
amount of the analyte on the surrounding Si-NW surface, rather than on 
the transistor channel, which can reduce the sensitivity of the device.

To manipulate small amounts of the reagents, microfluidic devices 

are widely used, which usually consist of channels with a width ranging 
from tens to hundreds of micrometers [40]. The small size of Si NWs 
allows the integration of multiple sensors into a microfluidic channel. 
On the other hand, when FETs are reduced to the nanosize, combining a 
chip with a microfluidic system becomes a technological challenge and 
enhances the production cost. Without complex microfluidic systems, 
sensors could be easier and more cost-effective to produce in large 
quantities, and they could also be more durable and reusable. In this 
work, 2-μL droplets of the solutions containing the required molecules 
were used. The drop in drop assay simplifies the manufacture and makes 
it possible to use ultra-small sample volumes. This approach can be used 
to develop the techniques of detection using FETs sensors under dry 
conditions, which is promising owing to the simple scheme for applying 
receptor labels and the need for a small amount of analyte. From a 
practical standpoint, this can help in the creation of wearable electronics 
and compact LoC systems.

3.2. Electrical detection

3.2.1. Response of the devices upon binding a chain of molecules
The electrical measurements were carried during functionalization 

and after addition of targets using a scheme presented in Fig. 1(g). At 
each modification stage, the I–V characteristics were measured, which 
had a shape typical of devices of this kind, demonstrating the ambipolar 
transistor open state with increasing gate voltage, regardless of the 
voltage sign (Fig. 3(a)). The similar behavior of all the transfer charac-
teristics allowed us to state the successful binding of molecules and to 
monitor the efficiency of each functionalization stage. Fig. 3(a) shows 
the transfer characteristics of the devices with a current channel width 
of 0.4 μm. The source–drain current ISD was measured as a function of 
the gate voltage VG in the range from − 14 V to 14 V at a fixed 

Fig. 3. (a) Transfer characteristics of Si NWs at each stage of the surface functionalization of the transistor current channel. The gate current level is marked in gray. 
(b) Diagram of the effect of the molecular charge on the offset of the transfer characteristic of the transistor. (c) Schematic of the chemical functionalization of the Si- 
NW surface. Numbers correspond to the modification stages in Table 2: (1) APTES, (2) DMS, (3) aptamer, and (4) hFABP. (d) Band diagrams of inversion (top) and 
accumulation (bottom) modes of FETs.
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source–drain bias of VSD = 5 V. The solid and dotted lines show the 
source current ISD as a function of the applied gate voltage VG on the 
logarithmic scale (along the x axis) for the clean (bare) device and for 
each stage of addition of molecules. First, after the cleaning stage, the 
signal of the bare devices without APTES functionalization was detected. 
Second, after the APTES deposition, incubation, and removal of excess 
molecules, the second signal was measured. In the case of the clean 
device, a slight voltage shift corresponding to the minimum ISD current, 
i.e., the transistor off-state (at the threshold voltage Vth), towards 
negative values is observed during the surface silanization. At the third 
stage, the cross-linker was added and the DMS signal was measured. The 
addition of DMS leads to a shift of the transfer characteristic towards 
positive values relative to the previous stage. The fourth stage is a signal 
after attachment of recognition receptor (aptamer) molecules. The 
presence of the FABPAp1c-t38 aptamer leads to a significant shift of the 
signal towards negative values and, in addition, the shape of the curve 
slightly changes. At the fifth stage, 2 μL of the hFABP sample in the 
binding buffer (1000 pM) was added to the devices and its effect on the 
behavior of the transfer characteristics of the devices was monitored.

The behavior of the I–V characteristic is the same for all the inves-
tigated devices and is qualitatively independent of the FET channel 
width. Due to the specificity of the experimental design, the Vth shift in 
the Si-NW transfer characteristics was monitored as a detection signal. 
The measurements of the transfer characteristics of the adjacent struc-
tures showed that, without the APTES modification, binding does not 
occur and the characteristics correspond to the bare signal of the un-
modified devices. For this purpose, reference devices were used (Fig. 1
(f), circular contact pads) located nearby and formed under the same 
conditions, but not treated with APTES using the AFM tip (Fig. S2 in 
Supporting Information).

Binding of the functionalizing or detectable molecules on the surface 
of the Si-NW device changes the effective surface charge at the sili-
con–air interface, which, in turn, affects the threshold and on-current of 
a FET. If a detected molecule is positively charged, it creates a space 
charge cloud around itself, which acts like a floating gate [41] and leads 
to a change in the threshold voltage of the transistor and a shift of its 
transfer characteristic to the positive region, and vice versa (Fig. 3(b)). 
Without a microfluidic system, the current in the channel of the device 
can be affected by different factors, including the humidity, ambient 
temperature, and contamination. However, we should detect the cor-
responding molecules in the space surrounding the current channel by 
changing Vth. Specific changes in Vth are related to the changes in the 
total polarization of the molecular chain shown in Fig. 3(c) or, in other 
words, with the value and sign of the surface potential at the APTES/ 
native oxide interface. The case of negatively charged molecules was 
described for these devices in more detail in [35]. When target mole-
cules are charged positively, the nanowire surface acquires a positive 
charge. This additional charge modulates bending of the energy bands, 
slightly shifting them downward. This leads to an increase in the current 
in the transistor inversion mode, since the conduction bands at the 
interface move closer to the Fermi level, which leads to an increase in 
the concentration of the two-dimensional electron gas (upper diagram in 
Fig. 3(d)). In contrast, in the accumulation mode, the hole current 
weakens, since the valence band edge approaches the Fermi level of 
holes, which leads to a decrease in the two-dimensional hole gas con-
centration (lower diagram in Fig. 3(d)). The combined effect of these 
two mechanisms is manifested in a characteristic shift of the transfer 
characteristics (Fig. 3(d), transfer characteristic with a shift from “+” 
and “–” molecules).

3.2.2. hFABP detection
The number of charged molecules and the fact of their binding to the 

oxide surface of the transistor channel can be directly detected as a 
change in the subthreshold slope or a shift in the threshold voltage Vth or 
the Isd change. In different works, authors used different approaches; for 
example, the Isd value can be affected by many factors, e.g., humidity 

[42], solution pH, and others [13,43,44], especially when measured 
under dry conditions. Therefore, in all the detection experiments, we 
ignored the resistance/current value and focused only on the change in 
Vth, which will be largely affected by the change in the effective po-
tential on the surface of the transistor current channel. This approach 
allowed us to obtain the concentration dependences of the Vg shift. 
When measuring this shift relative to the previous concentration, we 
obtain a detector sensitive to the presence of target molecules. Fig. 4(a) 
shows the transfer characteristics of the devices after incubation with 
the hFABP target protein in different concentrations (1–1000 pM) at a 
transistor current channel width of 0.4 μm. Depending on the protein 
concentration, a fixed shift of the Isd minimum position is observed.

For the devices with wider current channels, the pronounced mini-
mum is not always observed and the bottom of the transfer characteristic 
is an extended flat region, as can be seen for the APTES and DMS signal 
in Fig. 3(a). In this case, to determine the Vth position, a difference be-
tween the VG values in the left- and right-hand curves at the fixed Isd 
value was taken, which exceeded the minimum current by 15 %. When 
monitoring the change in the Vth value at different concentrations, we 
observe a shift with the addition of the next probe at a certain concen-
tration (Fig. 4(a)). By plotting the Vth shift versus Vth at different hFABP 
concentrations, one can easily obtain the concentration dependence of 
the sensor sensitivity (Fig. 4(b)). It should be noted that the Vth shift was 
plotted after a series of experiments, including those with a different 
device array and taking into account the errors. Aptamer we used has 
high specificity to hFABP: as shown in [32] it does not bind to major 
serum proteins such as human serum albumin and immunoglobulins, as 
well as to whole human serum, so it can be applied as recognition 
molecule for hFABP detection and binding.

The buffer with the zero-target concentration was measured first; it 
can be seen that ions in the PBS solution weakly affect the change in the 
Vth value, which is indicative of the correct choice of the monitored 
parameter. When a solution with a target concentration of 1 pM is 
added, a change in the Vth value is observed. At 0.4 and 1 μm, the shift is 
obvious and easy to measure, but, for a wider channel (3 μm), the change 
is negligible and the measured value lies within a wide confidence in-
terval. As the target concentration grows to 10 pM and above, all the 
devices exhibit a good response and an increase in the Vth shift with 
concentration. The next experiment showed that, at a concentration of 
3125 pM, the sensor stops responding, which can be interpreted as 
saturation. This experiment clearly shows that the proposed chain of 
APTES–DMS aptamer molecules can bind the hFABP and hold them 
close to the Si-NW surface, providing an electric field sufficient to 
change the measured electrical parameters of the Si-NW device.

In the label-free detection of analytes based on charge detecting, the 
sensitivity of a sensor measured in liquid media depends on the ionic 
strength of a buffer. In dilute buffers, when the charge screening effect is 
minimized and the λD value exceeds 10 nm, the Vth shift increases 
significantly. Choi et al. studied the effect of the environment on the 
detection of charged molecules using Si-NW FETs [42]. At the mea-
surements in the dry environment, the sensitivity is higher, but there can 
be some instability during the measurements. In this work, this effect 
was avoided by incubating molecules in a liquid droplet for the time 
sufficient for the uniform distribution.

The average sensitivity of the sensors can be determined from the 
slope of the linear regions in Fig. 4(d) as a change in the signal ΔVg 
divided by the target concentration increment [45]. It can be seen that 
the devices with a 0.4 μm-wide current channel are the most sensitive; a 
lower target concentration results in a stronger Vth change. The average 
sensitivity of the sensor calculated from the slope of the plot was found 
to be ~0.33 V/pM. The Vth shift is more sensitive at low concentrations 
and therefore the devices with a 0.4 μm-wide current channel are more 
efficient in detecting low concentrations of targets. At the same time, the 
devices with a 0.4 μm-wide current channel are noticeably susceptible to 
environmental factors, responding to the humidity and pressure speci-
fied in the experiment (Fig. 4(a), 1 pM concentrations). Devices with 1- 
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and 3-μm channels can be easily fabricated using traditional optical 
lithography and can still provide sufficient sensitivity for measurements 
under dry conditions. Devices with a 1-μm current channel exhibit a 
sufficient sensitivity (~0.18 V/pM), especially in the concentration 
range of 1–100 pM, and can be easily manufactured using conventional 
lithographic techniques. The devices with a current channel width of 3 
μm exhibit, as expected, the lowest sensitivity (~0.07 V/pM), but can be 
used in long-term measurements, when it is necessary to detect a great 
number of targets, for example, in a continuous flow. The limit of 
detection (LOD) for the devices of each type is marked in Fig. 4(d) with a 
colored rectangle. The LOD is generally estimated using the 3-sigma 
method [46,47] where the LOD is defined as the hFABP concentration 
that corresponds to the sensor response equal to three standard de-
viations of the blank sample (i.e., the binding buffer only).

Since the durability of the devices depends on the current channel 
width, when manufacturing commercial reusable devices, it is important 
to strike a balance between the energy efficiency, sensitivity, and reus-
ability. Kudo et al. examined the durability characteristics of devices and 
showed that the number of operating cycles before destruction of the 
oxide increases with decreasing channel width [48]. However, speaking 
about the use of transistors as biosensors and operation in a biological 
environment, the use of thin NWs can lead to their thinning and even 

destruction. As shown in [49], the improved long-term stability can be 
obtained by coating NWs with Al2O3. However, the protective coating 
reduces the sensitivity of Si NWs and, among other things, Al2O3 de-
grades in liquid media. The use of wide transistor channels facilitates the 
durability of the devices. For the biosensing applications, NRs are 
preferred for quantifying analyte concentrations, because the probabil-
ity of the analyte binding increases linearly with the available surface 
area. The devices, functionalization, and detection scheme presented by 
us have several advantages over the previously proposed methods for 
using Si NWs.

4. Conclusions

A set of FETs with Si-NW widths of 0.4, 1, and 3 μm and a length of 
48 μm were fabricated. The local functionalization of Si-NWs by the 
receptors consisting of a system of three molecules (APTES, DMS, and 
aptamer) was performed. In this study, we demonstrated a potential 
approach for biomolecule immobilization on the current channel of a Si- 
NW FET using an AFM tip. The local APTES modification was carried out 
using an AFM tip in the contact scanning mode at a speed of ~2 μm/s. 
The FABPAp1c-t38 aptamer, being specific for the target hFABP 
biomarker, ensures the binding, leading to a change in the electrical 

Fig. 4. Transfer characteristics of the Si-NW FET in the amplification mode at different concentrations (from 1 pM to 1000 pM) of target molecules for (a) 0.4 μm; (b) 
1 μm and (c) 3 μm, respectively. (d) Plot of the Vg shift for different concentrations of target molecules. The LOD is marked in the plot in different colors: 0.04, 0.54, 
and 21.38 pM for the devices with a channel width of 0.4, 1, and 3 μm, respectively. The inset shows the sensitivity (V/pM) plot for different devices in different 
concentration ranges.
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potential on the Si-NW surface observed as a shift in the transfer char-
acteristic of the transistor. After the hFABP incubation in a model buffer 
solution, the opening voltage Vth of the transistor shifts from 0.1 to 2.8 V, 
which makes it possible to use this signal to detect the hFABP in con-
centrations of 1 pM (14.5 pg/mL). The fabricated Si-NW FET sensors did 
not show noticeable electrical or chemical aging during the operation, 
measurements, functionalization, and cleaning (Fig. S3, in Supporting 
Information). The highest sensitivity was established for the devices 
with a transistor channel width of 0.4 μm. However, the Si-NW FETs 
with a channel width of 1 μm and 3-μm can be easily fabricated by 
conventional optical lithography and still able to detect the cardiac 
biomarker in a concentration of 1 pM. Thus, the fundamental feasibility 
detection of the hFABP target by the developed Si-NW FET aptasensor in 
the dry environment after incubation in the model buffer solution was 
demonstrated. Although the current in the channel of the device can be 
affected by various factors, including the humidity and ambient tem-
perature, the presence of the corresponding molecules in the space 
surrounding the current channel was successfully detected by a change 
in the Vth value. The next step of our research will be to test the appli-
cability of the developed sensor for detecting hFABP in complex bio-
logical samples, including clinical samples. To our knowledge it is the 
first aptamer-based electrosensor for hFABP detection. The selective 
electrical detection scheme based on the Si-NW FET and the aptamer can 
be extended to other targets, such as various cells, proteins, and low- 
molecular compounds, using aptamers with the appropriate speci-
ficity. This approach has the potential for application not only in med-
icine, but also in other fields: food industry, agriculture, ecology, etc. 
The results of the study of the behavior of the Si-NW FET sensors in the 
air environment can also be used to design various sensors integrated 
into wearable devices.
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