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A B S T R A C T

A new bioelectronic nose based on a field effect transistor coupled with an aptamer as the sensing element was
developed. The gas-to-liquid extraction interface required for appropriate aptamer function was integrated into
standard CMOS technology. It was developed with the use of a sacrificial aluminium etching technique combined
with surface modifications by silanes for wettability control. As a proof of concept, aptamer Van74 for vanillin
was immobilized on the sensitive surface of the ISFET. The developed microsystem can selectively detect vanillin
vapor in a concentration range from 2.7 ppt to 0.3 ppm, with a detection limit of 2.7 ppt. The sensor was able to
detect vanillin in a gas sample obtained from roasted coffee beans. This outcome provides a foundation for
developing a new generation of bioelectronic noses for the detection and discrimination of volatile compounds.

1. Introduction

Ambient air is rich in different types of odourous and other notable
compounds. Detection and identification of odourants offer a variety of
potential applications in different fields of the economy such as the food
and cosmetics industry, health diagnostics and environmental mon-
itoring. Conventional methods of identification of selected odourants
occurring in air include chromatographic techniques coupled with
suitable detectors. These techniques are labourious, bulky and require
complicated stages of sample collection with appropriate preparation
for analysis, rendering them unavailable for day-to-day use.

On the other hand, one can observe a tendency to implement
the”electronic noses” as supplementation to classic analytical techni-
ques in medical diagnostics (Fitzgerald and Fenniri, 2017) and the food
industry (Sanaeifar et al., 2017).”Electronic noses” use several sensors
with different signal transduction principles and an appropriate pattern
recognition system. However, such sensor arrays are still insufficient in
their performance compared to established methods of odour analysis
in most applications. Their usage is restricted by susceptibility to am-
bient humidity and temperature, lack of sensitivity and ability to detect
only a select few classes of molecules (Göpel, 2000).

In recent years, increasing attention has addressed the development
of biosensors for detection and discrimination of specific odourants.
The so-called bioelectronic nose (or biomimetic electronic nose), as a

type of electronic nose, overcomes the selectivity limitations due to
application of biological receptors on the surface of the employed
transducers. Different types of biological materials may be used to
mimic natural olfactory systems: olfactory epithelium (Liu et al., 2010),
olfactory receptor cells (Liu et al., 2006), olfactory receptor proteins
(Goldsmith et al., 2011; Wu, 1999), odourant binding proteins (Hou
et al., 2005) and short peptides (Lim et al., 2013). The bioelectronic
noses based on olfactory epithelium and olfactory receptor cells employ
the detection of change in electric potential produced by the cell. In this
case, binding between odourant and olfactory receptors leads to acti-
vation of ionic transport and depolarization of the cell membrane
(Schild and Restrepo, 1998). Because isolation and in vitro culture of
the olfactory receptor neuron cells is challenging, cells exhibiting ex-
pression of the olfactory receptor proteins are used (Misawa et al.,
2010; Vidic et al., 2006). Separate olfactory receptor proteins in-
corporated within double-layered lipids or odourant binding proteins
may be applied as an alternative to cells (Di Pietrantonio et al., 2013;
Sung et al., 2006). Anchoring this type of biomaterial on a chip is
complicated, and so the possibility of reuse and repeatability is not
always provided (Wasilewski et al., 2017).

Another promising approach is to utilize short peptides responsible
for binding instead of entire proteins (Lim et al., 2013). However, the
identification of specific sites on the olfactory receptor proteins for
peptide develop can be labour-consuming, costly and impractical for
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many types of olfactory receptors (Wasilewski et al., 2018).
In recent years, aptamers have been attracting attention as a pro-

spective new analogue of antibodies. Aptamers are short single-
stranded DNA or RNA that may selectively bind to desired targets
(Ellington and Szostak, 1990; Tuerk and Gold, 1990). In comparison to
the abovementioned cell receptors and peptides, DNA aptamers as re-
ceptors require less maintenance and may be easily synthesized when
the DNA sequence is established. On the other hand, field effect tran-
sistors (FET) are becoming popular in the development of odour sensors
(Cave et al., 2019). Biomaterial immobilized on the gate surface allows
detection of electrical signals generated due to odourant exposure.

To this point, only a few sensors based on FET and aptamers are
known. For example, the binding of a low molecular weight adenosine
to its aptamer was monitored with an ion-selective field effect transistor
(ISFET). The sensitivity limit of the device is 5×10−5 M (Zayats et al.,
2006). Aptamer–thrombin affinity binding was also monitored on a
single‐walled carbon nanotube FET device (So et al., 2005). The de-
tection of platelet-derived growth factor via a solution-gate field-effect
transistor has been demonstrated using aptamers immobilized on a
diamond surface (Ruslinda et al., 2010). A bifunctional aptamer that
includes two aptamer units for cocaine and adenosine 5′‐monopho-
sphate was used in combination with a field‐effect transistor (Elbaz
et al., 2008). ISFET is applied to sense aptamer‐cocaine complexes with
a detection limit of 1×10−6 M (Sharon et al., 2009).

To overcome the drawbacks of existing gas sensors, we report the
usage of ISFET coupled with aptamer for bioelectronic nose applica-
tions. In our previous work, we have demonstrated that DNA-aptamers
to odourous substances may be obtained by implementation of the
Capture-SELEX protocol. Moreover, we have shown that the ISFET-
based aptasensor may be effectively used to detect vanillin in liquid
samples (Kuznetsov et al., 2018). Bioelectronic noses can function ap-
propriately only when the applied bioreceptors are immersed in liquid
medium to maintain their activity. For this reason, we insert ISFET in
hydrophilic microchannels and fabricate hydrophobic membranes for
gas-liquid exchange directly over ISFET using self-assembled mono-
layers (SAM) modifications and processes compatible with standard
CMOS technology. The resulting microsystem with aptasensor under
membrane allows direct detection of vanillin from gas samples without
additional extraction techniques.

2. Materials and methods

2.1. Reagents and materials

All reagents were purchased from Sigma-Aldrich (Germany) unless
otherwise indicated. Carboxyethylsilanetriol sodium salt solution
(CEST) was purchased from ABCR GmbH (Germany). The aptamer to
vanillin, Van74, was obtained via the Capture-SELEX protocol de-
scribed in detail in our previous work (Kuznetsov et al., 2018). Van74
was synthetized by Evrogen (Russia). Complementary probe was syn-
thetized by Microsynth AG (Switzerland). Azidobutyric acid N-hydro-
xysuccinimide and Cu(II)-TBTA complex were supplied by Lumiprobe
(Russia).

2.2. Device fabrication

The chip with n-type ISFET was fabricated using standard 1.2 µm FD
SOI CMOS technology on 4’-SOI SIMOX wafers (p-type) with a 0.18 µm
thick active layer, 0.38 µm thick insulating layer, and 12–22Ω cm re-
sistivity in SMC "Technological Centre", Russia. The active layer was
further thinned to 100 nm by oxidation. After the formation of n- and p-
MOS transistors, 50 nm of tantalum was deposited by PVD onto 10 nm
SiO2 gate dielectric, then a standard metallization step was carried out.
During the metallization step, TiN layer was formed before Al deposi-
tion on tantalum. After that, deposition of SiO2/Si3N4/SiO2 layers oc-
curred. These layers served the functions of both membrane bulk and

chip passivation. Membrane pores were formed by plasma etching of
SiO2/Si3N4/SiO2 layers using a photoresist mask. After that (Fig. 1S),
the wafer surface was modified by immersion in toluene with octyl-
triethoxysilane (OTS) (OTS:toluene=1:2000) for 15min. Wafers were
rinsed in toluene and baked at 150 °C for 30min. Unlike organofluorine
silanes that may result in higher values of contact angle but result in
poor photoresist adhesion, the OTS-based layer acts similar to a pro-
moter for photoresist deposition, which is necessary for subsequent
etching.

To form capillary microchannels, a sacrificial aluminium etching
(SALE) technique was used (Westberg et al., 1996). To this end, a
pattern corresponding to capillaries was included in the photomask at
the standard CMOS metallization stage. Standard electrical pads were
protected by photoresist, and sacrificial Al was etched by 28% hydro-
chloric acid. Wafers were then rinsed in DI water and dried by N2.

After Al etching, wafers were immersed in 1% CEST in DI water for
120min, rinsed, and baked at 110 °C for 60min. Ammonium peroxide
solution (37% NH4OH: 32% H2O2 = 1:1) was used to remove TiN from
the Ta gate of the ISFET in capillary channels. Due to the ammonium
peroxide solution, a Ta2O5 layer was also grown atop the Ta during this
operation, forming a floating gate of ISFET. At the end of TiN etching,
the protective photoresist was removed by standard operations.
Aptamer immobilization was applied to the Ta2O5 sensor sensitive
surface after wafer cutting.

2.3. Aptamer immobilization

Chips with ISFETs were immersed in 3% 3-aminopropyltriethox-
ysilane in methanol for 45min and washed with ethanol after surface
modification. Then, the surface was activated for Cu-catalysed click
chemistry by reaction with 4mM azidobutyric-N-hydroxysuccinimide
solution in 20mM Tris-HCl, pH 8.4 for 2 h. The alkyne-modified ap-
tamer was”clicked” onto the transistor sensitive surface by the azide-
alkyne cycloaddition reaction during overnight incubation with 1 µM
aptamer, 50 µM Cu(II)-TBTA and 2mM ascorbic acid solution in 20mM
Tris-HCl, pH 8.4. After aptamer immobilization, the aptamer was hy-
bridized with a short complementary probe (5’-Bio-GTC-Spacer18-
CATCGAGACTCC-3’) during incubation with 20 pM probe solution in
selection buffer [100mM NaCl, 20mM Tris-HCl, pH 7.6, 2 mM MgCl2,
5 mM KCl, 1 mM CaCl2] for 2 h.

2.4. Electrochemical measurements

ISFET I-V curves (showing dependence of the drain current ID on the
reference electrode voltage VG) were recorded using an Agilent B1500A
semiconductor device parameter analyzer (USA) and Cascade PM5
probe station (USA) with Agilent VEE Pro, as described previously
(Andrianova et al., 2016). As a biosensor, the ISFET was used in sub-
threshold mode. The operating mode was determined from the ID-VG

curves (derived at the drain voltage VD = 0.1 V). Time-dependent
changes in the current ID (VG = constant) were recorded. For data
processing, surface potential calculations (ΔID→Δφ) were made. For
each experiment, 2–3 baseline measurements in buffer solution for
ISFET stabilization were performed before sample injection. Signal
from sample was calculated as the absolute value of the difference
between baseline and sample after ~300 s of sample addition.

All measurements were repeated three times with different chips,
and standard deviations were calculated.

2.5. Target sample preparation

100 µL of target compound solution with specified concentration
were placed in 15mL tubes. The tubes were sealed with Parafilm and
heated for 1 h at 80 °C in a thermostat (Eppendorf, Germany). A probe
of 1mL of the air from each tube was sampled by a syringe.
Concentration of vapor vanillin was calculated using the Antoine
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equation at 82 °C (Carl, 2015). Green beans of robusta coffee purchased
in the local market were employed for matrix effect study. 5 g of green
beans were drenched with 100 µL of 65 µM vanillin solution and
roasted at 100 °C for 10min.

2.6. Study of surface modifications

The p-type silicon boron-doped wafer was cut to prepare test slides
(4× 4mm). These slides were used to ensure the stability of silanes
monolayers during microsystem fabrication.

Slides with formed monolayers (OTS and CEST) passed through the
same steps as used for microsystem fabrication. The films were char-
acterized by contact angle studies after each process step. Water wet-
ting contact angle measurements were conducted at room temperature
(20 °C) using an OCA 15EC DataPhysics Instrument (Germany).
Deionized water (electrical resistance = 18.2MΩ cm) was dropped
onto each surface, and the contact angles were assessed using SCA 20
software. Terminal values of the contact angles were taken as an
average of three measurements on different parts of each sample.

To control DNA immobilization on the modified surfaces glucose
oxidase-horse radish peroxidase (GOX-HRP) assay was performed. For
this purpose, after DNA immobilization slides were hybridized with
complementary biotin containing probe and incubated with strepta-
vidin-GOX conjugate solution (20 μg/mL) in SB for 1.5 h.

GOX enzyme activity was measured spectrоphotometrically in
buffer solution (100mM citrate-phosphate buffer, pH 5.08), containing
TMB solution (300 μM), HRP solution (6×10−8 M) and glucose solu-
tion (1.2 mМ) using Tecan Infinite M200 microplate reader (Austria).
Enzyme activity and initial reaction rate were detected based on ac-
cumulation of colored reaction product at λ=650 nm (Khosravi et al.,
2012).

3. Results and discussion

3.1. Device design

A new concept of gas-to-liquid extraction interface as an essential
part of bioelectronic nose was developed. This concept implies the
ISFET which is placed under the hydrophobic membrane in the hy-
drophilic chamber with capillaries on the silicon chip (Fig. 1).

Surface modifications by silanes enable employment of the capillary
effect to fill the picovolume cavity under the membrane during the
following experiments. The hydrophobic layer created on the walls of
membrane pores prevents the buffer solution from escaping the cavity
under the membrane while at the same time allowing chemical com-
pounds from the gaseous phase to pass through.

Microfluidics can be built on top of IC substrates using SALE mi-
cromachining technique which is fully IC-compatible (Westberg et al.,
1996). Fabrication of gas-to-liquid interface on the chip consisted of
four main stages: deposition of a hydrophobic layer onto the SiO2

membrane and pore walls, removal of aluminium sacrificial layer by
SALE technique, creation of a hydrophilic layer on the walls of the
resulting cavity and etching of TiN mask under the formed membrane
for access to the ISFET sensitive surface. The resulting structures formed
on a chip are presented in Fig. 1A. Separated ISFETs were encapsulated
under the membrane with pore size of 2× 2 µm in a 10 pL volume
chamber with dimensions of 94× 114×1 µm (Fig. 1B).

Surface hydrophobization and hydrophilization were achieved by
its modification with appropriate silanes: OTS and CEST, respectively.
After deposition from liquid phase, OTS forms a hydrophobic layer on
the oxide surface with contact angle of 75–85° (Supp. Fig. 1S). This
angle decreased to ~70 degrees after photoresist removal and stayed
the same after TiN etching in NH4OH:H2O2 and conducting of click-
chemistry reactions used for aptamer immobilization. It indicates that
OTS film remains stable during bioelectronic nose fabrication. Mod-
ification of the inner walls formed after aluminium etching with CEST

resulted in a stable hydrophilic surface (5–10 degree contact angle)
(Supp. Fig. 1S). The wetting contact angle of CEST films after aptamer
immobilization also remained the same providing stable surface for
capillary effect.

On the final step of the bioelectronic nose fabrication ammonium
peroxide solution was used to selectively remove TiN from the Ta gate
of the ISFET which protects sensitive surface from OTS and CEST film
formation. This enables covalent immobilization of DNA via aminosi-
lane on the prepared Ta2O5 sensitive surface (Supp. Fig. 2S).

Additional studies of test slides using glucose oxidase-horse radish
peroxidase assay revealed that DNA immobilization via click-chemistry
does not pass if the surface of silicon oxide is modified with CEST and
OTS (Supp. Fig. 3S). However, surface functionalization flow implies
incubation of CEST and OTS surfaces with APTES solution. Measure-
ment of activity showed that in this case partial immobilization of DNA
on these surfaces occurred. This can be associated with the formation of
mixed films: due to incomplete uniformity of the SAM, as well as the
formation of a bond between the aminosilane and the partly hydrolyzed
anchoring silane groups of CEST and OTS. Comparison of activities of
the test slides showed that the aptamer was mostly immobilized on the
sensitive surface than on the microfluidic walls and pores (Supp.
Fig. 4S). Incorporation of three types of silanes with different functional
groups in fabrication process allows us to immobilize DNA-aptamers
mostly on Ta2O5 surface and to minimize DNA adsorption on non-
sensitive microsystem surface.

3.1.1. ISFET characterization
Measurements were carried out on ISFET with 560 µm channel

width (W), 12 µm channel length (L), and sensitive surface area
556× 54 µm2, located directly in the microfluidic channel beneath a
94× 114 µm2 membrane (Fig. 2). Because of higher W/L ratio, this
configuration allows for higher drain currents and wider subthreshold
mode, which is the region where the measurements are made. It also
utilizes most of the area under the membrane as sensitive surface of the
transistor, which is then used for aptamer immobilization. During ex-
periments, the contact to ISFET gate was made through buffer via ca-
pillary microchannels, while reference voltage was provided by Pt
electrode. This system maintained the constant immersion of the ISFET
sensitive surface in the buffer while maintaining contact with the ex-
ternal environment through the hydrophobic membrane.

Current-voltage characteristics of developed ISFETs were studied.
ID-VG curves of the fabricated ISFET were reproducible and no sig-
nificant hysteresis (0.76+/−0.05mV) was observed. The average
value of the subthreshold swing was 71.5+ /− 4.8 mV/dec (Fig. 3).

3.2. Detection of vanillin vapor

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is one of the most
popular flavouring agents used in beverages, baked goods, chocolates,
and other sweet foods. In our previous work, we obtained and char-
acterized the Van74 DNA aptamer with affinity to this odourant mo-
lecule. In this work, we used Van74 and vanillin as a model system to
study the developed microsystem with ISFET under hydrophobic
membrane.

The hydrophobic surface of the chip permits us to use a droplet to
fill the microfluidic system under the membrane. The droplet volume
was kept constant by syringe pump. For ISFET operation, the reference
electrode was immersed in the droplet (Fig. 1A). After gas injection,
target molecules diffused through the pores to the chamber under the
membrane and were captured by aptamer molecules on the ISFET
sensitive surface.

Fig. 4 shows real time response of the modified ISFETs. An increase
in vanillin concentration leads to an increase in response. In the em-
ployed detection scheme, vanillin replaced the hybridized probe on the
sensitive surface resulting in decrease of negative charge near the
sensitive surface. Negative charge decrease leads to surface potential
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increase during DNA probe dehybridization. The utilized scheme allows
for overcoming the limitation of ISFET:low sensitivity to direct detec-
tion of the interaction between small molecule and immobilized DNA.

The biosensor was tested regarding DNA dehybridization reaction
by injection of 1mL of gas samples collected from sealed test tubes. Test
tubes contained 100 µL of vanillin with concentrations ranging from
6.5×10−7 M to 6.5× 10−2 M and heated at 80 °C for vanillin eva-
poration.

The surface potential of the ISFET with Van74 started to increase
approximately 30–40 s after vanillin addition. Conversely, the surface
potential of ISFET with control DNA (nonfunctional DNA hybridized
with the same probe) did not change significantly after vanillin

Fig. 1. General scheme of the developed bioelectronic element.

Fig. 2. A) Photo of the developed bioelectronic element: 1 – ISFETs under
membrane, 2 – capillary microchannels, 3 – access ports; B) REM photo of the
developed bioelectronic element (membrane was locally broken for the image).

Fig. 3. Current-voltage characteristics of developed ISFETs.

Fig. 4. Real time signal of the modified ISFETs after vanillin addition.
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injection (Fig. 4).
The intensity of the response showed a concentration-dependent

increase as the concentration of vanillin increased (Fig. 5A). The cali-
bration curve for vanillin determination showed that vanillin can be
detected over a concentration range from 2.7 ppt to 0.3 ppm. The limit
of detection (LOD) for vanillin was estimated to be 2.7 ppt. These re-
sults indicate that the gaseous vanillin molecules penetrate through the
hydrophobic membrane and bind with aptamers immobilized on the
bottom of the microfluidic chamber.

To verify the selectivity of the proposed sensor, we investigated the
sensor response to injection of odour molecules that are present in
roasted robusta coffee beans: guaiacol, 2,3-pentanedione, 2,3-butane-
dione, furaneol and maple furanone (Czerny et al., 1999; Blank et al.,
1991). Prior to this, we found that the sensor did not respond to steam
addition. Addition of guaiacol generated a small response comparable
to baseline noise. This result is in good agreement with our previous
results, in which we have shown that Van74 has good cross-reactivity to
structure analogues (Kuznetsov et al., 2018). Addition of furanones led
to a small decrease of surface potential value, and 2,3-pentanedione
and 2,3-butanedione provided similar signal increases to 1mV
(Fig. 5B). The response generated by the gaseous vanillin was much
stronger than that generated by the other odourant molecules, in-
dicating that the sensor can discriminate between vanillin and other
molecules presented in coffee aroma.

Finally, to demonstrate the ability of our bioelectronic nose to de-
tect vanillin selectively in a complex matrix, we prepared genuine
samples from green coffee with addition of vanillin. The added vanillin
was successfully detected in the presence of the other odour molecules
presented in roast beans (Fig. 5A).

Presented data demonstrate that Van74 immobilized under hydro-
phobic membrane possesses an ability to function appropriately and to
mimic the olfactory receptor. It is worth mentioning that, in compar-
ison to some olfactory receptors such as odourant binding proteins, the
DNA aptamer may exhibit affinity in the same micromolar range
(Pevsner et al., 1990). Using DNA aptamers for different targets, it
becomes possible to design an array of ISFETs for odour discrimination.
For example, an array of sensors where a single ISFET-based aptasensor
selectively detects odour molecules presented in coffee aroma - such as
guaiacol derivatives, aldehydes, furanones and some alkyl pyrazines -
will enable identification of coffee origin (Czerny et al., 1999).

Comparison of different analysis techniques for odourants shows
that the proposed approach has a number of significant advantages over
existing systems (Table 1).

However, it should be mentioned that we had an issue during our

work with low signal-to-noise ratio that limited signal processing in IC.
This limitation may be overcome by increasing functional DNA aptamer
density on the sensitive surface by optimized immobilization, devel-
oping new sensor design or selecting aptamers with higher affinity to
target molecules. Another way to increase signal-to-noise ratio is to use
a chemical amplification mimicking cascade reaction within the cell in
the manner we demonstrated previously (Andrianova et al., 2018).
Despite this limitation, the concept of bioelectronic nose presented here
offers enormous potential. First, developed fabrication techniques are
fully compatible with standard CMOS technology without additional
post-processing steps, which enables the use of existing semiconductor
factories and reduces production costs. Moreover, CMOS technology
allows integrating an array of ISFET sensors with data processing on a
single chip. Furthermore, due to advances in SELEX biotechnology,
combination of ISFETs with aptamer arrays represents a flexible system
setup configurable for different odours. This can find practical appli-
cation in the fields of quality control of food products and perfumes,
medical diagnosis and detection of hazardous substances.

4. Conclusions

A novel concept for bioelectronic nose application based on an ap-
tamer-modified ISFET integrated with gas-liquid interface was devel-
oped. The construction of the system includes the ISFET as immersed
under the hydrophobic membrane in the hydrophilic chamber with
capillaries on the silicon chip. Hydrophilicity and hydrophobicity of
capillary walls is engendered by silanes with different functional
groups, wherein the sensitive surface remains free for further aptamer
immobilization. Target molecules of vanillin penetrate through the
hydrophobic membrane and interact with immobilized aptamer Van74
by the release of hybridized probe. The developed sensor was capable of
detecting vanillin at a concentration as low as 2.7 ppt with excellent
selectivity against the background of other odourant molecules pre-
sented in the odour of roasted coffee beans. These results demonstrate
that the developed sensor can be used for the rapid and simple de-
termination of odourant molecules in a complex matrix. Application of
aptamers for different targets results in a flexible system setup config-
urable for different odours. Further work will be aimed at increasing the
signal-to-noise ratio of the suggested system.

Fig. 5. A) Calibration curve for the sensor with estimation of real sample; B) Cross-selectivity of the developed sensor: 1 - steam, 2 - maple furanone, 3 - furaneol, 4-
2,3-butanedione, 5-2,3-pentanedione, 6 – guaiacol, 7 – vanillin. The concentration of odour compounds was the same for all samples: 100 µL of 50mM compound
solutions were placed in 15mL tubes, heated for 1 h at 80 °C, and then a probe of 1mL of air from each tube was used as a sample.
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