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Abstract

Arrays of silicon nanowire field-effect transistors (Si NWFETs) were built to detect thrombin (a model
biomarker) electrically. The Si NWFETs were created using a conventional top-down CMOS process,
allowing them to be co-integrated with CMOS reado ut circuits in the future. EHTES organosilane was
then used to graft aptamer probes onto the HfO, gate oxide of Si nanowires. We investigated the
influence of aptamer grafting and thrombin recognition on the electrical transfer capabilities of Si
NWFET aptasensors in details. Our technique was evaluated on a significant number of Si NWFETs,
including two distinct chips with 30 aptasensors apiece. According to the findings, aptamer grafting
increased the threshold voltage by a positive range of +28.8 mV to +87.7 mV, depending on the
aptasensor employed. Thrombin identification, on the other hand, resulted in a negative shift of the
threshold voltage between -26.6 and -23.8 mV. These opposing voltage shifts coincide with the
aptamer probes' and thrombin molecules' electric charges, respectively. These findings provide unique
demonstration of Si NWFETs manufactured utilizing typical top-down CMOS processing methods,
allowing these devices to be used in various biomedical and biosensing applications.

Keywords : Si nanowire, thrombin, aptamer, aptasensor, CMOS
1. __Introduction

Biosensors employing aptamer probes are identified as aptasensors. Aptamers [1, 2] are short
oligonucleotide sequences (~15 to 60 nucleotides) selected so that they have affine and specific
recognition properties for a given target molecule: proteins, small molecules of interest,
macromolecules, etc. Unlike antibodies, aptamers which are chemically synthesized [3] have many
advantages: small size, ease of conjugation with functional groups, stability to pH variations, reversible
three-dimensional folding, and low manufacturing cost [4].

As part of this study, we used an aptamer specific to thrombin [5, 6], i.e. “thrombin binding aptamer”
(TBA), to target the thrombin. This aptamer, which is suspended in a neutral buffer solution, adopts a
three-dimensional conformation known as G-quadruplex that is approximately 2 nm in diameter [7].
Such a structure provides a specific probe function with a relatively low dissociation constant Kp of
approximately 100 nM [6], in the presence of other competitive molecules which also have
complexation affinities with thrombin. Thrombin is a protease of 295 amino acids [4, 8], the diameter
of which is approximately 7 nm [9]. In vivo, the thrombin plays a central role in hemostasis and
particularly in blood coagulation/anticoagulation metabolisms [10], in several cardiovascular diseases,
and in the development of certain tumors. For example, the disease of venous thromboembolism,
responsible for approximately 10.000 annual deaths in France [11] is due to a deregulation of the
metabolic pathway of thrombin. Therefore, monitoring the blood level of so-called “active” thrombin
ina patient is of crucial interest for the prevention and diagnosis of potential hemostatic abnormalities
[12].


mailto:valerie.stambouli-sene@grenoble-inp.fr

Inview of biosensor fabrication for the detection of protein biomarker, especially thrombininour case,
there is a need for an instrumentation easily accessible, dedicated to the rapid and reliable
measurement of circulating protein levels in the blood of a patient in care.

lon Sensitive Field Effect Transistors (ISFETs) based on Si nanowires (Si NWFETs) have been intensively
studied and developed over the last two decades due to many advantages of Si NWs in terms of highly
controlled properties and fabrication processing. Indeed, combining unique tunable semiconducting
properties with a high surface to volume ratio, Si NWs show an extreme sensitivity of their charge
carriers to any modification of their surface potential induced by the presence of charged species [13].
For instance, DNA detection could be performed with Si NWFETs of 20 nm diameter with a low limit of
detection (10 fM) [14]. Moreover, the wafer scale fabrication of Si NWFETs is compatible with an
industrial mass production of existing semiconductor manufacturing companies. This enables a high
integration of sensing devices suited for highly multiplexing and high-speed sampling. For these rea-
sons, Si NWFETs are promising tools for portable, label-free, real time, selective and highly sensitive
electrical measurements for biosensing applications. This is attested by reviews summarizing advances
on Si NW-FETs made of parallel Si NW arrays patterned by top-down or bottom up approaches [15-
17].
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Table 1. Summary ofthrombin detection on both organic and Si nanowire field-effect transistors.

If the electrochemical detection of thrombin has been widely studied using amperometric and imped-
imetric aptasensors [18-20], only few groups have reported electrical systems for the detection of
thrombin using NWFET functionalized with aptamers, i.e. aptaNWFETs. Most of these studies are re-
ported in Table 1. They can be separated in two groups depending on the FET sensing nanomaterial:
organic or Si NWs. BioFETs based on organic material (“Organic FET”)were used by M. Hammock et al.

[9] to perform real-time detection of thrombin molecules in a concentration range from0.1to 100 nM.

N. Khan et al. [21] have implemented graphene-sheet BioFET chips with miniaturized microfluidic mod-
ule making them entire portable instruments suitable for real-time measurement of low concentra-
tions of thrombin with a detection limit of 2.6 pM. However, organic NWFETSs are not very compatible
with Si electronic industry, whichis more suited to the fabrication of SiINWFET. To our knowledge, very
few studies demonstrated an electrical detection of thrombin carried out with Si NWFET structures. K.



S. Kim et al. [22] developed a Si nanowire BioFET for the measurement of thrombin, concentrated to
a few hundred of pM. The work of B. Ibarlucea et al. [23] involved BioFET chips based on Si nanowire
arrays (up to 103 nanowires per transistor) coupled with a microfluidic system to perform real-time
thrombin detection assays, in concentration ranges of clinical interest (from 0.2 to 200 nM). Both of
these groups implemented a bottom up approach involving the vertical growth of Si NWs and then
their transfer on the FET devices. Insuch processing configuration, the variability in NW characteristics
induced by a bad control of dimensions and location, and a low metal contact quality can affect the
reproducibility of electrical detection signals making this bottom up process very challenging [16, 24].
This is why a statistical study resulting from a wide range of devices is preferable to enable a better
measurement reliability. To our knowledge, no other group has demonstrated thrombin detection us-
ing top down Si NWFETs even if this fabrication technique offers a better control of NW size, shape
and geometry with a better yield allowing the scale-up of manufacturing.

Inthis study, for the first time, we present electrical detection of thrombin using a top down fabrication
of Si NWFETs enabling a future CMOS integration.

In a previous work, we have presented our biologically sensitive Si NWFETs, fabricated at wafer scale,
for pH sensing and the label-free detection of DNA hybridization [25]. The Si NWFETs were obtained
using conventional top down CMOS processing technology. They have been designed with a wide
range of widths and lengths as well as various dimensions of opening access for liquid introduction.
The fabrication process was validated through the pH response measurement. A pH voltage sensitivity
rising up to 600 mV/pH was obtained thanks to dual gate biasing mode involving both the reference
electrode and the back gate [25]. Then, in a following step, electrical detection of DNA hybridization
was performed thanks to a functionalization process of the SiNWFETs that was optimized to covalently
graft DNA probes on the HfO, gate oxide covering the Si NW surface. This optimization was assessed
by comparing two organosilanes: 5,6-epoxyhexyltriethoxysilane (EHTES) versus aminopro pyltriethoxy
silane (APTES). EHTES was selected for its better surface homogeneity, which is an important parame-
ter to have reproducible detection results. Finally, DNA hybridization resulted in a significant increase
of threshold voltage (+170 mV) in comparison to the non-complementary ssDNA grafted control de-
vices. This is explained by the negative charges of DNA sequences [25].

Based on this optimized EHTES functionalization process, we fabricated Si NWFET aptasensors, i.e. Si
aptaNWFETs, by grafting aptamer probes on the HfO, gate oxide. Then, we carried out electrical
detection of thrombin. More particularly, we have thoroughly investigated the impact of both aptamer
grafting and thrombin recognition on the transfer characteristics of the Si aptaNWFETs. We followed
the evolution of transfer characteristics on a wide range of Si aptaNWFETs involving two independent
chips constituted of 30 aptasensors. This allowed a deep statistical analysis of measurements. We show
that aptamer grafting induces a positive shift of threshold voltage whereas the thrombin recognition
induces a negative shift of threshold voltage. These results are consistent with the electric charges
brought by the aptamer and the thrombin molecules respectively.

2. Material and methods
2.1 Si NWFET fabrication

The BioFETs (Si NWFETs) chips were fabricated from silicon-on-insulator (SOI) substrates. Fig. 1 shows
a micrograph of two chips constituted of 250 BioFETs.

The technological fabrication steps have been previously described [25]. Briefly, they consist in using
standard process steps of microelectronics such as photolithography, etching, deposition and planari-
zation. We patterned multiple designs by means of hybrid deep ultraviolet (DUV) and electron-beam
lithography followed by a reactive ion etching. Nanowires width down to 30 nm were achieved. Then,
after the formation of contacts and metal lines, an additional step of lithography followed by an etch-
ing of SiO, layer were performed to open the Si NW test sites. These access opening were scaled down
to 120 nm.



Figure 1. Photograph of two chips (22 x 22 mm? for each chip) made up of 250 independent Si NWFETs after
performing all the fabrication steps.

Inthis work, a part of each chip was selected (yellow rectangle of the chip layout as shown in Fig. 2a
and b) in which 30 identical sensors were used to reproduce experiences and promote statistical
studies. An array of 15 Si NWs (of 150 nm width and 1.5 um length) can be seen inside microfluidic
cavity (of 1.5 um width and 8.5 um length) (Fig. 2c). This is through this opening access to the test
site that the Si NW arrays could be functionalized with aptamer grafting and then immerged in the
electrolyte for electrical detection of protein, as schematized in Fig. 3d.
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Figure 2. (a) Layout of our chip, (b) Region containing identical bioFETs organized in a matrix and spaced of
one millimeter from each other. The white lines represent the metal lines of the bioFETs. These lines connect
the devices to the pads located in the periphery of the chip, (c) SEM top view image of a cavity showing a
bioFET including an array of 15 Si NWs connected between the source S and the drain D (d) Schematics of a
bioFET with the electrolyte inside the microfiuidic cavity and the aptamer layer (clear blue) grafted on Hf O
oxide.

Electrical characterization of devices in dry conditions showed typical transfer characteristics of n-
MOSFETs with an lon/lofr ratio higher than 10° [25].

2.2 Functionalization of Si NWFETs

The covalent grafting of aptamer probes on the HfO, gate oxide of Si NWs was performed after the
deposition of epoxy terminated organosilane “5,6-epoxyhexyltriethoxysilane” (EHTES). The main steps
of EHTES functionalization protocol performed in liquid phase are illustrated in Fig. 3.
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Figure 3. Main steps of EHTES functionalization protocol on HfO; gate oxide. (a) hydroxylation using
02 plasma, (b) EHTES silane liquid phase deposition, (c) hydrolysis of terminal epoxy end group into diol
group, (d) oxidation of diol group into aldehyde group, (e) deposition of a 20 uL volume drop of TBA
aptamer (C: 10 uM) for aptamer grafting resulting in an imine bond (f) reduction of imine double bond
into amine single bond.

After surface cleaning and hydroxylation enabling the creation of pending “OH” hydroxyl radicals on
the surface of HfO, gate oxide (Fig. 3a), the samples were ready for EHTES deposition (Fig. 3b). They
were immersed into a sealed vial containing 0.12% EHTES silane and 3.4% triethylamine diluted in
toluene, and baked at 80°C for 16 hours. This was followed by rinsing steps to remove unbound
reagents and by an annealing session for dehydration. Then, the epoxy terminals of EHTES were
hydrolyzed into diols terminals (Fig. 3c) during a chemical reaction where the samples were immersed
into a 5% sulfuric acid solution (H,SO4) for 2 hours. Then, the formation of aldehyde terminals (Fig. 3d)
was carried out immersing the samples into a solution of 0.1 M sodium periodate (NalQ,). The obtained
aldehyde groups could react with the NH; termination of the thrombin binding aptamer (TBA) aptamer
probes (Fig. 3e). The TBA aptamer probe molecules (5' HaN-(CH;)s-Tg-GGTTGGTGTGGTTGG 3’) were
synthetized (DCM, UGA, France) with an amine termination in the 5' position. They were diluted to a
concentration of 10 uM in a 10 mM Tris-HCI buffer pH 7.4 (1.5125 g/L of “Tris” reagent, supplemented
with K* ions ( 0.0625 g/L) whose pH was adjusted from an HCl solution to the value of 7.4). The K* ions
were added to the solution so that the folding reaction of the aptamers in the quadruplex structure
was made possible [26].

The grafting of aptamer probes on the EHTES was carried out manually with a micropipette. A

deposition of 20 uL drop of the aptamer probe solution on the surface of the chip is performed to
cover the surface of the BioFETs and fill the cavity. The solution migrated by capillarity within this
cavity, to be into contact with the surface of the silanized HfO, gate oxide and reacts with it. The chips
were stored in a closed crystallizer at high humidity for 48 hours, during which the grafting of the
aptamer probes on the silane layer took place by the formation of imine bonds bridging aptamers to
the silane layer (Fig. 3e). After aptamer grafting, a rinsing of the samples with deionized water was
carried out. The reduction of imine double bonds into more stable amine single bonds (Fig. 3f) was
done immersing the chips in a solution of NaBH,4 (60 min, at room temperature). Finally, the samples
were rinsed with sodium dodecyl sulfate (SDS) detergent (0.2%), followed by several rinses carried out
with deionized water.

The freeze-dried human a-thrombin molecules (Merck, France) were diluted to a concentration of 2.7
UM in a weakly concentrated sodium phosphate buffer (PBS) at 0.1 mM, pH = 5.4. An electrolyte with
a low ion concentration reduces the screening effects of the charges contained in the electrolyte and
therefore provide a better capacitive coupling between the biological charges of the electrolyte and
the conduction channel of BioFETs [20, 21, 27].



Electrical detection of thrombin was performed by keeping the surface of the chips always wetand the
reference electrode always immersed. The conjugation time of the thrombin to its aptamer was half
an hour [28-29].

2.3 Wettability measurements

The water contact angle measurements were carried out using a Digidrop drop-shape analyzer (GBX
instrument, France) at room temperature after the deposition of a 1 uL drop of deionized water on the
surface of the HfO; gate oxide. The precision on the angle measurement is +5°.

2.4 Electrical measurements

Electrical characterization of bioFETs (aptasensors) was carried out on a test station under probes
connected to an analyzer (Semiconductor Parameters Analyzer HP4156A). The drain current Ips was
measured as a function of the voltage Vger applied to an Ag/AgCl commercial reference electrode (WPI,
USA) immersed in the electrolyte. Vrer was biased from 0.5 to 2 V with a step of 20 mV. The source
voltage (Vs) and the back-gate voltage (Vgg) were fixed at 0 V. The drain voltage (Vps) was fixed at 1 V.
The electrical characterization was obtained in liquid medium (volume: 100 uL) after 4 key steps:

1. Before aptamer probe grafting (bare aptasensors) in sodium acetate buffer (C: 100 mM, pH 7).

2. After aptamer probe grafting in sodium acetate buffer (C: 100 mM, pH 7).

3. Before thrombin introduction in thrombin phosphate buffer (0.01x dilution buffer, pH 5.4, without

thrombin).

4. After thrombin recognition (C: 2.7 uM) in thrombin phosphate buffer (0.01x dilution buffer, pH 5.4).

3. Results and discussion
3.1 Wettability measurement

The measurement of water contact angle performed at different functionalization steps enabled to
have an indirect overview of chemical modifications of the surface. The water contact angles were
measured at three main steps, i.e. after hydroxylation, after EHTES deposition and after aptamer
grafting. The values are reported in Table 2. The contact angle started with a value close to 1° typical
of the presence of pending hydroxyl groups. The latter induced a highly hydrophilic surface due to the
cleaning and exposure of the HfO, oxide to the energetic gaseous plasma. Then, the definitive bonding
of the silane layer on the HfO, surface was confirmed by a significant increase in the contact angle
reaching 41°. Finally, the aptamer probe grafting step also induced an increase of +6.7° of contact
angle. These measurements indicate successful attachment of the probes to the gate oxide surface of
our bioFETs.

Hydroxylation Silanisation Aptamer probe grafting
Schematicof - : £
x —OH T -0 o x ¢ 8‘01 =
— 3 -0=-90—-7 — =0z¥=-0
surface state ke 5_8: 9 i_g,ﬁ’- E <] ks 0 g_\{p-aptamerm
Contactangle ~1° ~41° ~48°
value

Table 2. Values ofthe water contact angle after the main steps of functionalization

3.2 Electrical measurements

The measurements were performed on two independent chips (chip 1 and chip 2) having each 30
identical aptasensors (Fig. 1and2). Fig. 4 and 5 show typical examples of transfer characteristics of the
same aptasensors obtained after the four functionalization key steps described previously, i.e. before



and after aptamer grafting (Fig. 4), then before and after thrombin recognition (Fig. 5). According to
the step, different threshold voltage AV; shifts were observed which are detailed in the following.

3.2.1 Effect of aptamer probe grafting

The aptasensor transfer characteristics were measured before (“bare HfO,surface”) and after aptamer
grafting on 6 representative aptasensors (Fig. 4). We observe that aptamer grafting induced a positive
AV shift that is represented by a red arrow on the curves. More particularly, on chip 1, 27 over 30
aptasensors presented a positive average AV: shift of +28.8 mV whereas on chip 2, 22 over 30
aptasensors exhibited a positive mean AV, shift of +87.7 mV. These threshold voltage AV shifts indicate
a change in the surface states of the HfO, gate oxide of aptasensors induced by the negative charges
carried by the aptamer probe molecules.

For a same drain current Ips measured in the sub-threshold regime of our aptasensors (108 A), the
charges carried by the aptamer probes increased the electrode voltage value Vger that is necessary for
establishing the conduction channel. The positive V. shift is explained by the “n-type” nature of the
aptasensor used in this work. Quantitatively, on the first chip, 90% of the aptasensors met the criteria
of higher threshold voltage induced by the aptamers grafting against 73.3% for the second chip. This
difference in the average AV: between the first and the second chip (+28.8 mV vs +87.7 mV
respectively) can be explained by some manipulation biases during manual deposition of aptamer
probe solutions on the chip surface. This solution might not be fully homogeneous, inducing a more
concentrated deposition of aptamer probe molecules on the surface of the second chip.

For the following step, whose purpose was the thrombin recognition, we considered only the
aptasensors having presented a positive response to aptamer grafting.
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Figure 4. Typical electrical characteristics Ips as a function of Vrer (Vsand Vs: 0V and Vps: 1V) obtained

before and after aptamer grafting on six aptasensors from two independent chips (chip 1 and chip 2 as
shown in Fig. 1 and Fig.2).



3.2.3 Effect of thrombin recognition

Following the same scheme as for the characterization of TBA aptamer probes grafting, the electrical
measurements for thrombin detection were carried out in two steps. Afirst electrical measurement
of aptasensors in the presence of a “blank” thrombin dilution buffer (thrombin concentration of
0 uM) which defined a reference curve before performing the same electrical measurement but in
the presence of thrombin. Since thrombin has an isoelectric pHi (pH of electrical neutrality) between
7 and 7.6 [23], the pH of the dilution buffer was 5.4 in order to shift the thrombin charge balance
towards a positive overall charge. The effects of the thrombin recognition on the electrical
characteristics of the previous aptasensors of Fig. 4, are reported in Fig. 5. Compared to the
reference measurements carried out without thrombin, the addition of thrombin induced a negative
AV shift represented by ared arrow on the curves. More generally, a negative average AV, shift of -

26.6 mV was obtained on the first chip with 85% of aptasensors having a favorable response. On the
second chip, 91% of aptasensors exhibited an average negative AV, shift of -23.8 mV. Elsewhere, a
similar trend showing negative shift of Vi upon thrombin detection was obtained by B. Ibarlucea et
al. on Si NWFETSs fabricated by bottom up process [23].
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Figure 5. Impact of thrombin recognition on the electrical characteristics Ips as a function of Vrer (Vsand
Ves: OV and Vps: 1V) obtained on the six aptasensors previously shown in Fig. 4.

Our results are consistent with the fact that in its dilution buffer, the thrombin is positively charged.

The additional positive charges increase the electrostatic potential that is applied to the gate oxide of
the aptasensors and further promote the creation of the underlying conduction channel. As a result,
the threshold voltage V. of the aptasensor was reduced. To visually assess both the intra-chip
variability and dispersion of AV, shift, box diagrams are presented after both aptamer grafting (Fig. 6a)
and thrombin recognition (Fig. 6b). The latter was obtained based on AV, values extracted from the

electrical characteristics for all aptasensors of the two independent chips.
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Figure 6. Box diagrams presenting the AV: shift extracted from the transfer characteristics of
aptasensors of the first chip (1) and the second chip (2) upon the two steps: (a) after TBA aptamer
grafting, (b) after thrombin recognition. The red line indicates the reference threshold voltage AV: of the
bare sensors (i.e. before aptamer grafting or before the introduction of thrombin).

Compared to the reference threshold voltage of the bare sensors (red line in Fig. 6) and considering
for error bars, the results show a positive shift of AV, induced by aptamer grafting and a negative shift
of AViinduced after thrombin recognition. Similar results were achieved on the two independent chips.
This demonstrates the reproducible and reliable sensing function in agreement with the negative or
positive charges brought by the molecules located on the surface of our aptasensors.

3.2.2 Discussion

After TBA aptamer_probe grafting, the mean shift of threshold voltage is four times higher in chip 2
(from +28.8 mV to +87.7 mV), however both chips show limited Vth shift variability (from -26.6 mV to
-23.8 mV) after the thrombin recognition. This higher variability following TBA grafting raises concerns
for chips done under same conditions.

The effect of TBA_aptamer grafting on the transfer properties of a functionalized silicon surface has
received little attention in the literature. There are various probable explanations in our example. This
complexity concerns the development of the TBA molecular sequence, which is made up of two key
parts: a T6 spacer located at the 5' end of the aptamer sequence and the G quadruplex. The G
quadruplex configuration contains a planar tetrameric arrangement of guanine bases called G-tetrad
(Fig. 3), which in turn can be stacked on top of each other, thank to mt-m interactions, being stabilized
by monovalent cations such as K* and Na* [30-33]. These structures may build different types of
multimers, such as wires, stacks of intramolecular structures and interlocked dimers and trimers [34,
35]. Inourcase, itis likely that each of the two components of the TBA probes has a distinct role during
the grafting process onto the silanized HfO,/Si surface.

First, the T6 spacer allows for flexibility in the orientation of the G quadruplex, leading to different
orientations of the aptamer probes on the surface. These orientations include standing, lying, and
intermediate positions. This has been demonstrated from surface enhanced Raman spectroscopy
(SERS) studies on aptamers immobilized of Au surfaces [36]. Thus, here, the various orientations of
aptamers on the Si surface can influence the spatial distribution of negative charges and lead to
different Vth shifts.

Secondly, we previously conducted an in-depth analysis of the process of TBA grafting and compared
it to the process of single-strand DNA probes with comparable length to TBA on Si nanonetFETs
(NNFETSs) - that feature arrays of Si NWs - using the same TBA concentration [37]. Specifically, AFM
analyses have demonstrated that TBA molecules created new structures or aggregates on the surface,
while no such effect was observed with linear single strand DNA probes. These structures were
identified as stackings of several TBA due to the strong nt-itinteractions between the G quadruplexes
as described above. The presence of aggregates of TBA, along with single TBA molecules on the Si



surface, results ina non-uniform distribution of negative charges onthe surface. Such distribution may
vary between chips.

Besides, we have also shown that the TBA grafting effect on the transfer characteristics 14(Vsg) is
strongly time dependant [37]. Itis required to wait between 24 and 48 hours for the system to stabilize.
Indeed many metastable intermediate conformations can exist in the unfolding and folding pathway
and what their structures are, depending on the physicochemical conditions in their micro-
environment, including ionic concentration, pH and the chemistry [38, 39]. Here, a 48h stabilization
time was respected for the I(V) measurements. However, the folding pathway conditions do not
appear to be straightforward from chip to chip, and local differences in the TBA folding process may
explain the high variability of the Vth shift.

All of these results highlight the fact that grafting TBA probes is not as simple as grafting linear single
strand DNA probes. To increase the reproducibility of the Vth measurement, it must be carefully
controlled and adjusted.

Taking these considerations into account and considering the shift of Vth upon the thrombin
recognition by TBA probes, we could expect also a large variation of Vth shift. This is not the case
because the data show very little variation. This can be explained by the observations from SERS
studies made by Lamy et al. [36]. The interaction between thrombin and aptamer results in the
formation of a TBA/thrombin complex that has distinctive structural rigidity and reduced aptamer
flexibility. The protein freezes the aptamer conformation [36]. Thus this results in a reduced spatial
variation of the charges on the Si surface. Besides, it is also probable that the structures (aggregates)
of TBA are less involved in the thrombin recognition, or this phenomenon is maybe too far from the
surface and cannot be sensed by the Si NW. These observations and hypotheses can explainthe smaller
Vth shift variation upon thrombin recognition compared to TBA grafting.

These hypotheses aim to explain these preliminary results. They suggest that controlling and
optimizing the conditions for TBA grafting onto the silanized silicon surface is crucial for reducing
electrical measurement variability. To achieve this, the effect of varying TBA concentration needs to
be thoroughly studied to determine the optimum level. Once the optimal concentration has been
determined, the impact of fluctuating thrombin concentration can be explored to evaluate the
efficiency of our aptasensor interms of sensitivity, limit of detection, and selectivity. Such research will
form the basis of future studies. Furthermore, the use of microarray spotter can enable more precise,
efficient and reproducible aptamer deposition.

4.  Conclusions

The present study shows a proof of concept for electrical detection of thrombin on aptasensors that
we have fabricated using standard CMOS compatible fabrication of Si NWFETs. Thanks to a high
number of measurements on different Si NWFETs, a statistical study has been carried out
demonstrating the reliability of our Si aptaNWFETs. The measured AV, shift are in agreement with the
chemical reaction occurring at the surface of NWs: a positive shift of AV, induced by aptamer grafting,
and a negative shift of AV induced after thrombin recognition. This early work paves the door for
further investigations. They include the optimization of the TBA probe grafting process and notably
TBA concentration onto the silanized HfO,/Si surface in order to reduce the variability of the Vth shift.
Then the impact of fluctuating thrombin concentration could be explored to evaluate the efficiency of
our sensor in terms of sensitivity, limit of detection, and selectivity. Elsewhere, regarding the device
operating mode, the use of the dual gate mode measurement combining efficiently the reference
electrode bias with the back-gate bias could allow for an enhanced sensitivity while decreasing the
detection limit.
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