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Label-Free C-Reactive Protein Si Nanowire FET
Sensor Arrays With Super-Nernstian
Back-Gate Operation
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Abstract—We present a CMOS-compatible double gate
and label-free C-reactive protein (CRP) sensor, based on sil-
icon on insulator (SOI) silicon nanowires arrays. We exploit
a reference subtracted detection method and a super-
Nernstian internal amplification given by the double gate
structure. We overcome the Debye screening of charged
CRP proteins in solutions using antibodies fragments as
capturing probes, reducing the overall thickness of the
capture layer. We demonstrate the internal amplification
through the pH response of the sensor, in static and real-
time working modes. While operated in back-gate config-
uration, the sensor shows excellent stability (<20 pA/min
in the worst case), low hysteresis (<300 mV), and a great
sensitivity up to 1.2 nA/dec toward CRP proteins in the
linear response range. The reported system is an excellent
candidate for the continuous monitoring of inflammation
biomarkers in serum or interstitial fluid.

Index Terms—Biosensors, C-reactive protein (CRP),
double-gate FET, protein detection, silicon nanowires
(SiNWs), silicon on insulator (SOI).

I. INTRODUCTION

C -REACTIVE protein (CRP) is an acute-phase pro-
tein whose concentration significantly increases in case
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of inflammation. Since its discovery in 1930, CRP was
extensively studied and revealed to be a key biomarker with
pleiotropic diagnostic applications in immunology, oncology,
cardiomyopathy, and other chronic conditions such as renal
diseases and type II diabetes. The median CRP level in healthy
patients is about 0.8 xg/mL (6.66 nM) and can increase by
up to 10 000 fold in the presence of an acute infection.

In the recent context of the global COVID-19 pandemic,
CRP levels were closely monitored and appeared well corre-
lated with the severity of the symptoms of patients infected
by SARS-CoV-2.

It was shown that the hospitalization-wide median CRP was
significantly higher among the patients who died, compared
with those who survived. Moreover, patients who survived
had lower peak CRP levels and earlier declines [1], [2].
Thus making CRP a highly relevant marker in assessing a
patient’s conditions together with other clinical findings, such
as IL-6 levels and SaO, [3]. We believe that a continuous
label-free CRP biosensor can reveal to be an instrumental
tool for the diagnosis of acute and chronic conditions with
potentially life-saving outcomes. Many studies demonstrate
that field effect transistors are optimal candidates as the core
technology to develop highly sensitive biosensors, thanks to
their scalability, possibility of miniaturization, and label-free
detection capabilities [4]. Among the different types of devices
based on a field-gating effect, silicon nanowires (SiNWs) are
the best candidates to achieve high analytical sensitivity and
lower limit of detection (LoD) [5]. The CMOS compatibility
makes SiNWs ideal for integration in miniaturized wearable
and portable systems that require a low power consumption.
In precedent works, SINWs have been used for the detection
of proteins, such as cardiac Troponin [6]-[9], prostate cancer
risk biomarkers [10]-[12], label-free detection of deoxyri-
bonucleic acid (DNA) [13], viruses [14], cortisol [15], vas-
cular endothelial growth factor (VEGF) molecules [16], and
MicroRNA [17]. SiNWs have also been used for the detection
of CRP [9], [18], [19], but so far the detected concentration
range has been too low with respect to the physiological one
in patients with inflammatory diseases. The large number of
publications demonstrates the high versatility of SINWs as
biosensors. These devices employ an electrical based detection
of the antigens in solution, thanks to a field effect modulation
of the conductivity of the nanowires (NWs), controlled by
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Fig. 1.

(a) Details of the layout of a SiNWs array on the bio-FET chip.
The sensor is made by 15 parallel identical NWs. (b) SEM images with
details of the SiINWs and metallic lines, provided by CEA LETI. (c) Optical
microscope image highlighting the opening of the passivation to reach
the SiNWs. (d) AFM image showing the details of three parallel SINWs.
The width of each NW is confirmed to be 150 nm.

the presence of charged molecules in the liquid-gate termi-
nal. Compared with classical MOSFET used as the core of
biosensing systems, SiNWs offer a larger surface-to-volume
ratio, and they are more sensitive to surface charge modulation.
In this work, we propose a CRP biosensor based on a SiNWs
array field effect transistor. The array is formed by 15 identical
NWs, with a width of 150 nm and a length of 1 um. The
larger area offered by the NWs array allows to have a higher
number of binding sites for the analyte. Thus, we increase the
detectable concentration range, allowing monitoring of CRP
in the relevant levels for human biofluids. Moreover, we pro-
pose a double gate configuration, which enhances the sensor
response, thanks to internal amplification. In addition, common
mode drift and unspecific binding response are removed thanks
to a reference subtracted operation mode.

1. SINWS ARRAY FABRICATION

The fabrication process flow has been entirely developed
at CEA LETL In our International Electron Devices Meeting
(IEDM) 2021 paper (Capua and Sprunger, ef al.), we presented
the main steps of the process flow used for the fabrication of
SiNWs sensors based on multiwire of 150 nm width and 1 xm
length. The Si layer is thinned down to 30 nm, followed by the
patterning of the SiNWs arrays by photolithography (a com-
bination of e-beam and deep ultraviolet (DUV) lithography),
followed by a reactive ion etching step to remove the excess
of Si. After the creation of the source—drain contacts by ion
implantation, thermal oxidation was used to grow 2.5 nm of
silicon dioxide, followed by a deposition of 2 nm of high-
k dielectric (HfO;). A SiN passivation layer was deposited,
prior to contact and metal lines scheme definition. Finally, The
SiNWs test sites are accessed through the passivation layer
by an etching step. Fig. 1(a) shows the layout of the NWs
array. In Fig. 1(b), two SEM images show the access through
the passivation layer, with at the bottom of the trench the 15
SiNWs composing the array. Fig. 1(c) shows the same details
with an optical microscopy image. Fig. 1(d) shows a triplet of
NWs through AFM analysis.

I11. MATERIALS AND METHODS
A. Chemicals and Surface Functionalization

All reagents and solvents were used as received without
further purification. BR228-D4A3 CRP recombinant mono-
clonal antibody fragments (Fab) were purchased from BBI
Solutions, (3-aminopropyl) triethoxysilane (APTES), and di(n-
succinimidyl) glutarate (DSG) was purchased from Sigma
Aldrich. StartingBlock! blocking buffer was purchased from
ThermoFisher Scientific.

B. Surface Characterization—X-Ray
Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a PHI VersaProbe II scanning XPS
microprobe (Physical Instruments AG, Germany).

Analysis was performed using a monochromatic Al Ka
X-ray source of 24.8 W power with a beam size of 100 gm.
The spherical capacitor analyzer was set at 45° take-off angle
with respect to the sample surface. The pass energy was
46.95 eV, yielding a full width at half maximum of 0.91 eV
for the Ag 3d 5/2 peak. Curve fitting was performed using the
PHI Multipak software.

C. Electrical Characterization

All the measurements have been performed at room
temperature and standard laboratory conditions. A Keithley
4200A-SCS Parameter Analyzer from Tektronix® was used to
perform the reported electrical characterization.

D. Surface Plasmon Resonance

To perform surface plasmon resonance (SPR) measure-
ments, a Biacore 8K high-throughput and high-sensitivity
SPR system has been employed. CRP Free Serum was
purchased from HyTest (Cat. #8CFS); EDC (1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide  hydrochloride) and
NHS (N-hydroxysuccinimide), MES (2-(N-morpholino)
ethanesulfonic acid) buffer, 11-mercaptoundecanoic

acid (MUA), and ethanolamine were purchased from
Fisher Scientific. HBS-P assay diluent buffer was
prepared using 0.0IM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) pH 7.4, 0.15M NaCl, and
0.005% v/v surfactant P20 purchased from Sigma Aldrich.

IV. ELECTRICAL CHARACTERIZATION

Before using the SINW arrays as biosensors, a full electrical
characterization to assess the NWs-FET performances has
been carried out. The gate voltage is applied through an
external standard Ag/AgCl reference electrode (from MicruX
Technologies) immersed in the liquid solution in contact with
the gate of the SINW arrays, as shown in Fig. 2(a). Fig. 2(b)
shows the transfer characteristic of one SiNW array biased
with different back-gate voltages, Vs = 0 V and Vp =
0.3 V. The sensor shows to be easily and reliably tunable,
in order to position the bias point in the desired working
region: by tuning the back-gate voltage, it is possible to
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Fig. 2. (a) Setup schematic. The sensor is a four terminals device, with a drain, a source, a back gate, and an external Ag/AgCl electrode in solution
as gate terminal. The gate voltage is modulated through the reference electrode immerged in liquid. (b) Tunable transfer (Ip—V) characteristic
by applying different back-gate voltages. (c) Output Ip—Vp characteristic for different applied Vg and Vgg = 0 V. (d) Ip—Vg for two SiNW arrays.
In the same graph, the leakage currents (gate, /g and back-gate, lgg) for are reported both devices. The applied back-gate voltage is Vgg = 0 V.
(e) Transconductance efficiency for the two measured sensors. (f) SSs as a function of the drain current.

work in subthreshold regime with a Vgg = 0 V. The output
characteristic, Ip—Vp, of one sensor is shown in Fig. 2(c)
for different applied gate voltages. The double-sweep transfer
characteristic of two arrays (called here sensor #1 and sensor
#2) is shown in Fig. 2(d), while the source (Vs) and back-
gate (Vpg) voltages are kept constant at 0 V, and the drain
voltage (Vp) is 0.3 V. In the same plot, the two leakage
currents are reported (gate and back-gate leakages) for each
array. The two SiNW FETs show an ON—OFF-ratio of 109,
low hysteresis, and similar response. In Fig. 2(e), we report
the ratio between the transconductance, g,, = 0Ip/0Vgs, and
the drain current, a parameter known as transconductance
efficiency. In traditional FETs at room temperature, the max-
imum transconductance efficiency is physically limited to
38.5 V=1 [20]. In our case, the performances are comparable
with those found in literature [21], [22] and with standard
bulk Si-FET [23], [24], reaching peaks of 30 V™! in weak
inversion working regime. The transconductance efficiency is
a key parameter for analog application and design [25], but it
was also proven to be an important feature for the design and
development of biosensors [26]. The sensitivity of a sensor
in weak inversion region can be related to the subthreshold
slope (SS = 0Vi/o(logio(Ip))) of the transistor. A steep
characteristic is fundamental to achieve high sensitivity and
to increase the sensor resolution. In Fig. 2(f), we report the
values of the SS of our sensors, comparable with the best
devices in literature.
V. PH SENSING

The SiNW arrays are four-terminal devices, with common

source contacts, an independent drain, a back-gate, and a liquid

gate contact. Thanks to the double-gate structure, the sensor
can be used either in top gate (TG, Vpg set constant, and
Ve Vrer swept through an external Ag/AgCl reference
electrode) or bottom gate (BG, Vgrgr set constant, and Vpg
swept through the Si back-gate contact) configuration. We used
static and continuous pH measurement to prove the capability
of the SINWs to work as liquid-gated sensors and to assess
the ability to overcome the Nernst limit of 59 mV/pH. Before
testing the SINW arrays as pH sensor, a polydimethylsiloxane
(PDMS) stamp was placed on top of the chip, to confine
the liquid under test over the NWs and to define a constant
volume of the liquid. The pristine chip, with the HfO, layer
exposed to the liquid under test, has been tested toward
different pH solutions (phosphate buffer solutions). As already
known, SiNWs with high-k dielectric are an optimal substrate
for pH detection [27], [28]. In Fig. 3(a), we report the Ip—
Vi characteristic of one array for different pH values in TG
configuration. Fixing an arbitrary drain current, and extracting
the corresponding Vgrer (=V), we obtain the data points in
Fig. 3(b). We can notice that the extracted values follow a
linear trend, characterized by a Nernstian pH sensitivity of 60
mV/pH. The sensor operated in TG configuration shows low
hysteresis and high repeatability for different injections of the
same value of pH. A second experiment was carried out by
biasing the FET array in back-gate configuration, with Vs =
Vrer =0V, Vp = 0.3V, and Vg swept between 15 and 35 V.
The curves show a low hysteresis and a good ON—OFF-ratio
of 10°. The Ip—Vgg curves show a right shift for different
pH solutions, in accordance with the TG mode experiment.
After recording the transfer characteristics Ip—Vpg [Fig. 3(c)],
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Fig. 3. (a) Ib—VRer curves of the sensor operated in TG mode for different pH values. Vgg and Vs were fixed at 0 V, while Vp = 0.3 V. The gate

voltage Vgrer was applied through an external Ag/AgCl reference electrode immersed in solution. (b) Extracted values of the reference voltage at a
fixed arbitrary current. The linear response shows a sensitivity of 63.3 mV/pH, close to the Nernstian limit. (c) Ib—Vgg curves of the sensor operated

in BG mode for different pH values. Vgggp = Vs =0V, Vp = 0.3 V. (d)
current. The linear response shows in back-gate configuration a sensitivi

Extracted values of the back-gate voltage for different pH at a fixed drain
ty higher than 3 V/pH, demonstrating an internal amplification by a factor of

50. (e) Real-time response to pH variations. The sensor is biased with Vgg = Vg =0V and Vp = Vgegr = 0.3 V. (f) Drain current values extracted

from (e), with a linear interpolation.

a value of current in the weak inversion working regime was
selected to extract the correspondent Vg values for different
pH solutions. As shown in Fig. 3(d), the sensitivity in BG
configuration spikes up to more than 3 V/pH, obtaining a 50x
internal amplification. The amplification beyond the Nernst
limit could be explained by the difference between the top and
bottom oxides. In fact, the ratio between the two capacitive
couplings can be related to the demonstrated amplification,
as already explained in previous modeling studies [29]. In our
work, we exploit this internal amplification to target the
physiological CRP concentration range (0.5—500 xg/mL),
being able to resolve small concentration changes in solution
with appropriate analytical sensitivity and no need for sample
dilution. We also proved that the system can reliably detect
pH changes in solution in real time, as reported in Fig. 3(e)
and (f), in phosphate buffers, for a pH range between 5.8 and
8.0, both in increasing and decreasing pH values.

VI. FUNCTIONALIZATION

In order to build a specific CRP capture layer, antibody
fragments (Fab) were immobilized on the NWs hafnium oxide
surface, as described in our IEDM 2021 paper. First, the
surface was rinsed with 99% ethanol and carefully dried with
N,. To ensure an effective surface coverage of the hydroxyl-
terminated oxide surface, the SINWs were exposed to plasma
oxygen at 30 W for 1 min and immediately incubated in a
2% APTES solution in 95% ethanol for 1 h. After incuba-
tion, the chip was rinsed with ethanol and dried with Nj.

The SiNWs were subsequently annealed at 120 °C to obtain
an ordered monolayer [7]. The APTES-modified surface was
immersed in 1-mM DSG crosslinker in an aqueous solution
[1X phosphate buffer saline (PBS)] for 10 min, to create an
amine-reactive surface. The amine-reactive homo-bifunctional
crosslinker was exploited to immobilize the CRP Fab (active
channel), as well as the fluorescein isothiocyanate (FITC) Fab
(reference channel), by immersing the NWs in 20-ug/mL
Fab antibodies diluted in 1X PBS for 1 h. The unbounded
antibodies were removed by washing the surface with 1X PBS
solution. To avoid unspecific surface binding, the surface was
blocked with StartingBlock! blocking buffer (ThermoFisher),
and the unreacted sites were quenched with 1M ethanolamine.
To prove the correct surface functionalization, the different
steps were assessed by XPS analysis performed on HfO,
surfaces. A silicon chip with a thermally grown 200-nm layer
of SiO, was taken as a reference control. The modulation of
the Cls peak for the different steps is shown in Fig. 4(a).
As expected, after the first step of surface silanization, the
carbon peak at 285 eV (C-C) increases in intensity, due to
the carbon backbone of the APTES molecules. After linking
the antibodies to the surface, a secondary peak at 288.3
eV appears, indicating the formation of the peptide bond
(NHC = 0), thus the correct attachment of the antibodies
to the surface (blue curve). In comparison, the control sample
that did not go through the silanization process (green curve)
does not show the secondary peak, indicating that the anti-
bodies were not able to correctly attach to the oxide surface.
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Fig. 4. (a) XPS spectra of different samples at different functionalization
steps. The black curve shows the response of the HfO, bare surface,
where the C-C peak at 285 eV is given by surface contamination. The
red curve shows the response of the HfO, surface after immersion
in APTES and crosslinker (DSG) as described in the functionalization
section. The blue curve shows the response of the same chip after
antibodies immobilization. A characteristic peak at 288.3 eV indicates
the presence of the correctly attached antibodies. Green and purple
curves are two control surfaces, respectively, an HfO, surface that did
not undergo the silanization process prior antibodies attachment, and a
SiO» reference surface. (b) C1s peak fitting for the HfO, functionalized
sample with antibodies. The figure shows the formation of a secondary
peak at 288.3e V, indicating the correct functionalization with antibodies.

AVres o S18 AV
Caa
Fa Anti-CRP VI REF(TG)
I ICTG
Gsi
IFab unspecific | c '
BG
-1
IA'D = ID—a('tiw-‘lD—r?leren(k’fl VBG
Fig. 5. Reference subtracted response principle: two identical SINW

arrays are functionalized with antibodies fragments specific to CRP, and
specific to FITC, respectively. The final signal is obtained by subtracting
the output currents of the two devices. Furthermore, we exploit an internal
amplification between the TG and the BG voltage shifts at constant
current, given by the ratio of the two oxide capacitances.

The control SiO, sample (purple curve) shows the same
specific secondary peak, confirming that the functionalization
works both on a standard silicon dioxide surface and on a high-
k dielectric one, such as the HfO,. Fig. 4(b) shows the detailed
fitting of the XPS spectrum of the correctly functionalized
HfO, sample, with each contribution to the overall signal.

VII. DETECTION RESULTS

A. Reference Subtracted Configuration

Drift and unspecific response are two of the most challeng-
ing problems in biosensors based on field effect transistors.
Drift and noise can hide the signal response to analytes,
and in many applications, individual sensors calibration is
required prior to usage of the sensor. Moreover, the binding
of nonspecific analytes can lead to falsely positive unspecific
response and, hence, lowers the specificity of the biosensor.
In order to remove drift effects and unspecific binding signals
from our sensor response, we exploited a reference-subtracted
operation mode described in Fig. 5. The latter consists in
using two identical SiNWs arrays made of 15 parallel NWs
(W = 150 nm, L = 1 um) immobilized with anti-CRP

(active) and anti-FITC (reference) Fab fragments, respectively.
We can obtain the output response by subtracting the output
current of the reference sensor from the active one. Thanks
to the subtraction of the two signals, the common mode noise
and drift are removed, together with the common unspecific
response between the two arrays (under the assumption of
homoscedasticity and monotonicity of the drift). Both devices
can either be operated in TG or BG mode. While operating
in the BG one, the charges-induced voltage signal at the TG
(AVrrc) is seen as an amplified signal at the BG (A Vrpe),
with an amplification factor proportional to the ratio of the two
capacitive couplings between the liquid gate and the channel
(Crtg) and the BG and the channel (Cgg), as sketched in Fig. 5.

B. Anti-CRP Fab Binding Kinetics

We studied the binding kinetic between the anti-CRP Fab
fragments and CRP using SPR technique. For SPR measure-
ments, a bare gold chip was first functionalized overnight
with MUA at 1 mM. After extensive wash with ethanol and
deionized water (DI), the chip was placed in a Biacore 8K SPR
for further immobilization and dose response assessment. The
carboxylic group of the MUA is activated using an EDC/NHS
activation followed by the injection of 20 ug/mL of the CRP
Fab fragment in 10-mM MES buffer at pH 6.0. After antibod-
ies immobilization, the unreacted sites were quenched with
IM ethanolamine. Finally, the sensor was washed for 1 h in
assay diluent before being challenged with CRP concentrations
ranging from 0.025 to 2.5 pg/mL.

The sensor showed a specific and dose-dependent response,
as expected [Fig. 6(a)]. The extracted dissociation constant
(Kd) of the CRP Fab fragment—CRP interaction is around
1 pg/mL (8 nM). When challenged with the same concen-
trations of bovine serum albumin (BSA), the sensor does not
show any nonspecific signal. It is highly interesting to observe
that after fitting the SINW response (explained in detail in the
next paragraph) with a four parameters logistic regression [30]
[Fig. 6(b)], we find a dissociation constant (Kd) for the CRP
Fab fragment—CRP interaction of approximately 1.3 ug/mL.
This value is in very good agreement with the SPR output.

C. SiNWs Drift and Stability

Before testing the specific response of the sensor to CRP
in buffer, we studied the stability of the response to only
assay diluent (0.1X PBS). It is fundamental for a sensor to
show stability when tested against blank buffers, to ensure
that the change in the output current while tested with a
specific analyte corresponds to a specific response. Fig. 6(c)
shows the Ip—Vpg response of the active sensor, for four
injections of the same buffer. The curves are characterized by
a small hysteresis (<300 mV) in double-sweep measurements,
and a negligible shift over time (each measurement is taken
every 10 min). In order to quantify the drift in time, five
different back-gate voltages have been fixed to extract the
correspondent drain current value. This process has been
repeated for the responses of the active (functionalized with
anti CRP-Fab) and the reference (functionalized with anti
FITC-Fab) sensors. The two responses are then subtracted
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Surfactant P20 used both as running buffer and assay diluent. The data are fit with a 4PL regression. (b) SINW biosensor in back-gate configuration
(Vrer = 0V, VD-active = VD-reference = 0.3 V, Vgg = 18 V). The response of Fab anti-CRP fragment to CRP spike-ins in 0.01X PBS and 0.1%
value obtained by fitting the experimental data is 0.82. (c) Ip—Vgg curves
of the sensor operated in BG mode for four buffer injections, every 10 min of incubation. Vggg = Vs =0V, Vp = 0.3 V. The inset shows a low drift
and hysteresis. (d) Differential response of the sensor to buffer injections as a function of time, at different fixed back-gate voltages. The slope of the
linear fit indicates the drift over time. (e) Complete differential response over time for different fixed back-gate voltages (incubation time is 10 min
per injection). Larger changes in the current are given for higher fixed voltages, together with lower stability during buffer injections. (f) Extracted
differential response for different voltages. The slope of the linear fit shows that the sensitivity is higher for higher back-gate voltage.

BSA is fitted with a 4PL regression, showing a Kd of 1.3 ug/mL. The

to obtain Alp = Ip.active — ID-reference fOr different fixed back-
gate voltages. These values are reported as a function of time
in Fig. 6(d), to visualize the drift over time. In the worst
case (at higher back-gate voltage), the drift corresponds to
—19 pA/min, and the signal is characterized by a higher noise
(standard deviation from the linear fit). For all the regions,
the drift over time results in at least 50 times lower than the
sensitivity of the sensor to CRP injections.

D. SiNWs CRP Response

To assess the sensitivity against CRP in a physiological
range, a differential measurement in back-gate configuration
mode has been used, exploiting the intrinsic sensitivity ampli-
fication of the double-gate SiNWs system. We biased the
active and the reference SINW sensor arrays with a constant
reference voltage Vrer = 0 V, and Vps_active = VDS-reference =
0.3 V. Sweeping the common back-gate voltage, we systemat-
ically recorded the two sensors’ responses, in order to obtain
the differential response toward different CRP concentrations
in the physiological range between 0.5 and 100 pg/mL,
in 0.1X PBS buffer. We report in Fig. 6(e) the complete
reference subtracted response AIp = Ip.active — ID-reference a5 a
function of time, being the incubation time after each injection
equal to 10 min. In the yellow part of the plot, we report
the differential response for the blank measurements, i.e.,
the sensor stability, while in the orange part, we report the

response to CRP injections. These results show that there is
a tradeoff between sensor stability and sensitivity: at higher
fixed back-gate voltages, we obtain a higher response to CRP,
but also higher instability for the blank buffer response. The
best tradeoff between stability during blank buffer injections
and the sensitivity to different CRP concentration injections
is obtained for Vg = 18 V. We report the linear sensi-
tivity response in the range between 0.6 and 20 uxg/mL in
Fig. 6(f), for different fixed back-gate voltages. As shown in
our IEDM 2021 paper, the active sensor response shows a clear
shift for different CRP concentrations. The sensor shows a
monotonically decreasing linear response in logarithmic scale,
with sensitivities ranging between —103 pA/dec for Vpg =
12 V and —1.2 nA/dec for Vgg = 21 V. Moreover, the
best analog performances are usually obtained in the weak
inversion regime (lower voltages), thus while designing the
sensor and the read-out circuit, it is recommended to take into
consideration all the involved parameters, such as stability,
gain, SS, and transconductance efficiency.

VIII. CONCLUSION

We successfully fabricated and reported a CRP label-free
biosensor based on SiNW arrays FET, with optimal per-
formances in a physiological concentration range between
60 ng/mL and 100 pg/mL. We introduced a reference sub-
tracted method to ensure a specific protein detection, and
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reduce any common mode drift. We developed a pseudo-super-
Nernstian sensor, which provides a 50-fold signal amplification
in the case of pH sensing. We also demonstrated the detection
of CRP in the whole concentration range of human biofluids,
without the necessity of sample dilutions, making our platform
an optimal candidate for the integration on wearable systems.
In addition, the use of antibodies fragments immobilized on
the sensor HfO, surface allows a specific label-free detection
that overcomes the Debye screening. In terms of performance,
the sensor showed a great stability over time (<20 pA/dec),
low hysteresis in the double-sweep transfer characteristics,
both in TG and in back-gate operation modes, and high
versatility, thanks to the double-gate structure. High sensitivity,
up to —1.2 nA/dec while operating the sensor in back-gate
configuration, and a demonstrated stability in buffer make
the proposed system a promising candidate for an industrial
integration on a CMOS wearable multimarker sensing plat-
form, offering the real-time diagnosis of acute or chronic
inflammatory conditions.
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