Organic Electronics 122 (2023) 106889

Contents lists available at ScienceDirect

Organic Electronics

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

Check for

Method for instability compensation and detection of ammonium in sweat o
via conformal electrolyte-gated field-effect transistors

Mattia Petrelli *-*, Bajramshahe Shkodra?, Aniello Falco ?, Martina Aurora Costa Angeli ?,
Sahira Vasquez?, Alessandra Scarton ®, Silvia Pogliaghi ¢, Roberto Biasi ", Paolo Lugli?,

Luisa Petti?

a Sensing Technologies Laboratory (STL), Faculty of Engineering, Free University of Bozen-Bolzano, Bolzano, 39100, Italy
b Microgate Srl, Bolzano, 39100, Italy
¢ Department of Neuroscience, Biomedicine and Movement Science, University of Verona, Verona, 37100, Italy

ARTICLE INFO ABSTRACT
Keywords: The research interest towards wearable sensing devices has rapidly increased in recent years, due to the
Biosensors

importance that personalized healthcare monitoring has gained in our everyday life. In this context, electrolyte-
gated field-effect transistors (EG-FETs) for sensing applications are receiving increasing attention, owing to
their intrinsic signal amplification and low operating voltages. Here, we report carbon nanotube EG-FETs
(EG-CNTFET)-based sensors, functionalized with a nonactin-based ion-selective membrane for operation in an
aqueous environment. In particular, we show a facile data analysis protocol to obtain a highly stable baseline
response (i.e., 60 min) required for sensing applications. We successfully employ our EG-CNTFET-based sensors
for the detection of ammonium (NHI) in water, as well as in complex artificial sweat medium. Furthermore, we
show how conditioning the membranes in artificial sweat significantly reduces the variability of the sensors.
We achieve sensitivity as high as 1.797 pA/decade, with the linear range of the sensors entirely covering the
physiological concentrations of NH} in sweat. We also show how increasing the nonactin concentration (from
0.2 to 1% wt) improves the sensors’ sensitivity by a factor of 2.

Carbon nanotubes

Sweat sensing
Ion-selective membranes
Wearable electronics
Flexible electronics

1. Introduction

Over the past few years, wearable sensors have become more and
more widespread, especially for the non-invasive, real-time monitoring
of various physiological parameters, such as among others, heart rate,
temperature, and blood pressure [1]. Thanks to the continuous effort
towards miniaturization, wearable technology has emerged as a major
component of the lifestyle- and fitness- markets, mostly in the form
of smart bands and smartwatches, with accelerometer-based activity
monitoring and photoplethysmography-based heart monitors among
the most widely employed technologies [2].

Among the various sources of information of our physiological
state, sweat is surely one of the most attractive ones. First, it is
easily accessible from the skin without the need for invasive tools
(e.g., needles). Secondly, being rich of metabolites, ions, proteins, and
further biological indicators, it enables the extraction of a significant
amount of information from its chemical composition [3,4]. For in-
stance, glucose monitoring has been extensively explored, thanks to the
excellent correlation between glucose levels in the blood and in the
sweat [5-7]. Due to the growing interest towards noninvasive fatigue
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detection for sports applications, many groups have been working on
the detection of biomarkers of interest for fatigue in the sweat. His-
torically, lactate has been regarded as possible biomarker for fatigue,
and the possibility to monitor its concentration through sweat analy-
sis has been extensively explored in the context of sport monitoring
[8-10]. In the same framework, sodium (Na*) and potassium (K*) are
among the most studied ions, since their concentrations are correlated
to the hydration status [11,12]. In recent years, the concentration of
ammonium (NH;) in the sweat has been gaining increasing attention.
It has been proposed, in fact, as an important parameter for biomedical
applications [13], and its importance has been recently highlighted also
in the context of sport monitoring.

Already in the early years of 1900s, the role of the accumulation
of ammonia (NH;) in the blood during physical exercise had been
discussed [14,15]. The results from Czarnowski et al. validated the
possibility of using the secretion of NH; in the sweat as an indicator
of the starting point of the metabolic breakdown of the proteins,
caused by the depletion of the carbohydrates [16-18]. In physiological
conditions, the vast majority of NH; in the blood - ca. 98.3 % - is present
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Fig. 1. (a) Chemical structure of (i) nonactin ionophore and (ii) ammonium (NH}') cation. (iii) Nonactin-NH}' complex, in which four hydrogen bonds are formed between the
ionophore and the cation. (b) Schematic representation of the fabricated electrolyte-gated carbon nanotube field-effect transistor (EG-CNTFET)-based NH; sensors. (c) Picture of
the fabricated EG-CNTFET-based NH; sensor placed on the probe station for electrical characterization. (d) Schematic cross-section of the working principle of the NH} -selective
membrane. The NH; cations present in the electrolyte are captured in the polymeric membrane in the binding sites created by the presence of the nonactin ionophore.

in the form of NH:‘r [19]. The concentration of NH;r can be hence
used as a substitute to monitor the concentration of NH;. More recent
findings reported by other groups [20,21] have further confirmed the
possibility of detecting, and hence possibly preventing, the onset of the
catabolism of both blood and muscle organic proteins by monitoring
the concentration of NHI in the sweat.

In general, the detection of ions is carried out by means of ion-
selective membranes, which are based on polymeric materials. Mem-
branes achieve sensitivity and selectivity thanks to the presence of
ionophores. In the specific case of the detection of NHI, nonactin is
the most employed ionophore for the preparation of potentiometric
electrochemical sensors. Other ionophores have been tested through the
years, as well as ionophore-free approaches, but they do not guarantee
the same sensing performance of nonactin [13]. The working mecha-
nism of the interaction between the nonactin and NH; is schematically
depicted in Fig. 1a: when NH4+ is in proximity of the nonactin, there
is the formation of four hydrogen bonds between the four hydrogen
atoms of NH; and four oxygen atoms of the nonactin. This results in
a structural rearrangement of the nonactin around the NH} cation and
the formation of a stable nonactin-NH; complex, leading to sensitive
and selective NHI sensing [13,22].

The most widespread methodology for the sensing of NHJ in the
sweat is based on electrochemical sensors, functionalized with NHZ—
selective membranes [23-25]. Nonetheless, different approaches have
been recently explored for the development of NHI sensors, e.g., sen-
sors based on organic electrochemical transistors [26] or conductive
threads [27]. One of the most promising transducing platform for
biosensing applications and, specifically, for sweat analysis is rep-
resented by electrolyte-gated field-effect transistors (EG-FETs) [28].
The working principle of EG-FETs, which relies on the formation of
two electrical double layers at the semiconducting channel-electrolyte
and the gate contact-electrolyte interfaces, allows device functionality
< |1] V, crucial for sweat sensing, considering that the electrolysis of

water occurs at 1.23V at 25 °C and 1 atm [29-31]. Moreover, the in-
trinsic large gate capacitance entails a great signal amplification, which
allows sensitive detection of small molecules [32,33]. Different mate-
rials have been tested as active layers for EG-FETs [34]. Among them,
carbon nanotubes (CNTs) exhibit manifold attractive properties (high
surface-to-volume ratio, possibility of functionalization with different
types of bio-recognition elements, possibility of deposition on a wide
range of substrates using low-cost techniques such as printing) [35].
Carbon nanotube EG-FETs (EG-CNTFETs) have been therefore exten-
sively used for the fabrication of highly sensitive platforms for the
detection of analytes in liquid phase [36-38].

In general, stability is one of the main challenges to be tackled in
the design of a EG-FET-based sensing platform [28]. One of the most
common approaches reported in literature for EG-CNTFETs is the use
of polymer-based coatings, that insulate as much as possible the device
from the electrolyte. Being the CNTs no longer in direct contact with the
electrolyte, the modulation of their conductivity by the ions in solution
is significantly reduced, hence providing stable electrical characteristics
[39,40].

In this respect, the ion-selective membrane employed for the func-
tionalization of the EG-CNTFETs allowed not only achieving the desired
selectivity and sensitivity, but also in providing encapsulation. To
methodologically address the stability issue, and allow a reliable detec-
tion of the biosensing data, we designed a facile data analysis protocol.
The drift deriving from the instability was successfully subtracted from
the response of the devices and it was therefore possible to correctly
extract the calibration curve of the proposed EG-CNTFET-based sensors.

Herein, a thorough analysis of the fabrication and characterization
of EG-CNTFET-based NHI sensors is reported. A schematic represen-
tation of the devices is depicted in Fig. 1b: semiconducting CNTs were
employed as active layer, and a nonactin-based ion-selective membrane
was used for the functionalization of the devices, to ensure sensitive
and selective NH;r detection. The article is structured as follows. First,
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Fig. 2. (a) Optical microscope of the as spray-deposited carbon nanotubes-carboxymethyl cellulose (CNTs-CMC) dispersion on the interdigitated source and drain electrodes on
the flexible polyimide (PI) substrate. The diameter and distribution of the droplets are indicative of the goodness of the deposition and, hence, of the uniformity of the resulting
CNT random network. (b) Atomic force microscope (AFM) micrograph of the spray-deposited CNTs, after the removal of the CMC matrix through the HNO; + H,O treatment. It
can be observed how there is no formation of CNT bundles during the deposition process and/or after the removal of the surfactant.

multiple fabrication and characterization procedures (e.g., different
conditioning solutions, different membrane composition) are intro-
duced. Subsequently, the results of the characterization of different
devices by means of physical, chemical, and electrical tests are pre-
sented. The influence of the presence of the NHI-selective membrane
was investigated. The stability of the devices was carefully assessed,
and a reliable data processing protocol was proposed. Finally, the de-
vices were tested for the detection of NH:‘r over the concentration range
from 0.0l mM to 100mM, to entirely cover the range of concentrations
observed during physical activity [21]. For the optimal combination
of fabrication parameters, average sensitivity of 1.797 pA/decade was
achieved, with a reduction of the relative standard deviation greater
than 50 %, and a coefficient of determination of 88.03 %.

2. Materials and methods

All chemicals were purchased from Sigma-Aldrich, unless otherwise
stated. All solutions and dispersions were prepared using deionized
H,0O with a resistivity of 18.2 MQ*cm produced by a Milli-Q system
(Millipore, SAS, France).

2.1. EG-CNTFET:s fabrication

The EG-FET layout consists of interdigitated source and drain gold
electrodes (IDEs) as source and drain (L = 50 pm, W = 57 mm) and
a planar gold gate electrode [41]. The CNTs were prepared for the
spray deposition process in the form of a water-based solution, in which
0.05 %wt CNTs (95% semiconducting, median length 1 pm, average
diameter 0.78 nm, Merck KGaA, Darmstadt, Germany) were dispersed
using 0.5 %wt sodium carboxymethyl cellulose (CMC) as surfactant [42,
43]. The detailed description on the fabrication of the EG-CNTFET and
the spray deposition of the semiconducting CNTs are given in Section
1.1 of the Supporting Information, while a schematic representation is
reported in Figure S1.

The quality of the spray-deposited CNT layers was checked by
optical microscope (Axio Imager, Carl Zeiss Microscopy GmbH, Ger-
many) immediately after the spray deposition process and atomic force
microscope (AFM) imaging (Nanosurf CoreAFM, Switzerland) after the
removal of the CMC.

2.2. EG-CNTFETs functionalization

To achieve selective detection of NHI, the fabricated EG-CNTFET
devices were functionalized by drop-casting of a nonactin-based NHj -
selective membrane. The membrane was prepared following the pro-
tocol reported in [23], with modifications. The details on membrane
preparation and subsequently device functionalization are given in
section 1.2 of the Supporting Information.

2.3. EG-CNTFET-based sensors characterization

The electrical characterization was performed by means of a probe
station, connected to a Keysight B1500A Semiconductor Device Pa-
rameter Analyzer. All the tests were run at room temperature and
in ambient air conditions, using deionized H,O or artificial sweat,
depending on the specific test, applying the characterization procedures
introduced in our previous works [44,45]. All the details regarding
the biasing voltages applied and the characterization protocols can be
found in section 1.3 of the Supporting Information.

3. Results and discussion
3.1. Morphological characterization

An optical microscope picture of the CNT solution, immediately
after the spray deposition on the IDE of the devices, is reported in
Fig. 2a. It can be observed how the achieved deposition regime is
the intermediate one, in which the droplets of the atomized solution
arrive at the substrate and, thanks to the beneficial effect of the plasma
treatment of the surface before the spray deposition [42], can spread
and merge to form a smooth and uniform layer. The goodness of the
deposition was further corroborated by means of AFM imaging after
the HNO; + H,0 treatment: as shown in Fig. 2b, the CNT network
is bundle-free, dense and uniform across the surface. Furthermore, the
distribution is and the surfactant matrix is completely removed by the
HNOj; + H,O treatment.

3.2. Impact of the NH; -selective membrane on the electrical characteristics
of the EG-CNTFETs

Prior to the characterization of the fabricated sensors towards the
detection of the NH, we investigated the effect of the presence of
the ion-selective membrane on the electrical properties of the CNTs
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Fig. 3. Transfer characteristics of the EG-CNTFET before and after the drop-casting
of the NH} -selective membrane, measured while keeping the drain-source voltage Vg
fixed at —0.1V and with 200 pL of deionized water as electrolyte.

that form the semiconducting channel. For all the fabricated devices,
the drain—source resistance Rpg increased minimum 15-fold after the
drop-casting of the NHI-selective membrane, with respect to the initial
value measured immediately after the H NO;+ H,O treatment. This is to
be ascribed to the penetration of the polymeric membrane, inherently
insulating, into the CNT network, with the consequent reduction of the
number of conductive paths and the overall reduction of the network
conductivity.

To further investigate the impact of the presence of the membrane
on the performance of the devices, we fabricated a separate batch of
N = 4 devices, to characterize them in terms of Iy /Iogy ratio and sub-
threshold swing SS, by recording the transfer characteristics before and
after the drop-casting of the NHI—selective membrane. It is important
to mention that, for this specific test, the conditioning step was not
performed, for the purpose of investigating only the effect of the drop-
casting of the membrane on the electrical performance of the CNTs. The
transfer characteristics for one of these devices, recorded before and
after the drop-casting of the membrane and representative of the behav-
ior of all of them, is presented in Fig. 3, while the complete electrical
characteristics are summarized in figure S2. The average value of Rpg
increased from 1.08 kQ (relative standard deviation of 5.5 %) before the
application of the membrane to 15kQ (relative standard deviation of
32.19 %), with a ca. 14-fold increase. The Iy /Iogr ratio improved from
an average of 9.38 A/A to an average of 21.94 A/A (relative standard
deviation of 66.40 % and 32.41 %, respectively), while the SS improved
from an average of 831 mV/decade to an average of 600 mV/decade
(relative standard deviation of 16.54 % and 17.68 %, respectively). This
improvement in the overall electrical performance of the EG-CNTFETs,
at the cost of a reduction of the channel conductivity and, hence, of the
Ion of the devices, is compatible with what was reported by Joshi et al.
in [40]. From these results, we could conclude that to have reliable
EG-CNTFET operation (i.e., the Iy at least two orders of magnitude
above the gate current Ig) after the drop-casting of the NH] -selective
membrane, it is fundamental to optimize the parameters of the spray
deposition to obtain a semiconducting channel with Rpg <10kQ, in
accordance with our previous findings reported in [46], obtained for
a different functionalization strategy.

3.3. Stability of the EG-CNTFET-based NH; sensors
One of the most critical aspects of EG-CNTFET-based sensors is

the stability during the measurement. The presence of the electrolyte,
in fact, while being necessary for the operation of the devices, is
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at the same time source of instability and drift in the drain-source
current Ipg [28,39]. For this reason, we have characterized our EG-
CNTFET-based sensors (i.e., the EG-CNTFETs functionalized with the
NHI-selective membrane) in real-time, to understand if, and when, the
response of the devices would reach a stable behavior.

The typical trend of Ipg and I; for all the sensors tested using H,O
as electrolyte is depicted in Fig. 4a. At the start of the measurement,
the two currents undergo very quick changes, because of the initial
major re-arrangement of the ions and the formation of the two electrical
double layers at the semiconducting channel-electrolyte and the gate
contact-electrolyte interfaces. After this initial phase, the Ing quickly
recovers to the initial value and then starts increasing in absolute value.
We defined the first 60 min of the measurement as stabilization phase.
After 1h of continuous measurement, there is the onset of what we
defined as the constant slope phase, i.e., the onset of a stable linear
trend in the increase of the I,g in absolute value. The two phases of the
measurement are highlighted in 4b. This is similar to what was reported
by Molazemhosseini et al. for similar classes of CNT-based biosensors,
in which deionized H,O was used as gating medium [39]. Since the
increase in the absolute value of I over time is not negligible, it was
hence necessary to subtract it to correctly obtain the response of the
device to the additions of NHI. The linear fitting of this baseline was
obtained by taking the I,g in the constant slope phase, i.e., between
60and 100 min (for all the devices tested, the average R> was 96.29 %,
with a relative standard deviation of 6.30 %). By subtracting this stable
baseline from the overall trend of the Ipg, the corrected response If,
shown in Fig. 4c, was obtained.

During the stabilization phase of the I, the gate current I goes
through a similar stabilization, most probably due to the continuous
re-arrangement of the ions in the electrolyte in response to the applied
gate—source voltage Vgg. Most importantly, as visible in Fig. 4d, I lies
in the <10nA range (in absolute value) during the whole measurement
time, proving low leakage and reliable EG-CNTFET operation of the
tested devices [36].

3.4. Characterization towards NH; in H,O: effect of conditioning

In Fig. 5, the average calibration curve extracted for the devices
conditioned and characterized using deionized H,O as electrolyte is
reported (red circle markers). The corrected response I*DS of the tested
devices is linear from 0.01 mM to 10 mM: in this range of concentrations,
it shows an average sensitivity of 0.1 pA/decade and a coefficient of
determination of 96.96 %. It can be clearly seen how the response di-
verges from linearity when the last concentration (100 mM) was tested,
showing signs of saturation, and for this reason this last concentration
was excluded from the calculation of the reported data. Nevertheless,
the physiological range of concentrations of NH‘:r in sweat (0.12—
2.17mM [21]) is completely covered by the linear range of the tested
Sensors.

The increase shown by the corrected response I can be explained
by referring to the working principle of the EG-CNTFET platform and of
the ion-selective membrane. In normal conditions, the semiconducting
channel is rich of positive charge carriers thanks to the p-type behav-
ior of the semiconducting CNTs. When NH; ions are present in the
electrolyte, they are captured by the ionophore and trapped inside the
ion-selective membrane (Fig. 1d). By diffusing inside the membrane,
the NHI cations arrive at a distance below the Debye length A from
the semiconducting channel. The accumulation of enough of these NH
cations, in turn, leads to the depletion of positive charge carriers from
the semiconducting CNT channel. This can be regarded as a shift in the
threshold voltage of the device and, by consequence, a reduction in the
overall device conductivity [36].

As already described in Section 2.3, the additions of the different
concentrations of NH; were performed with intervals of 10min. It is
important to point out how the extraction of the calibration curve was
carried out by averaging over the last 5min of each interval. The first
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Fig. 4. (a) Representative real-time measurement of the drain-source current I (blue line) and of the gate current I (red line), for fixed Vg = —0.8V and Vg = —0.1V, for

all the devices tested using H,O as electrolyte. The black line represents the linear fitting of the Ig calculated after 60 min of continuous measurement (R?> >99 %, for this specific
device). The additions of the increasing NH;r concentrations (reported in the plot) are in correspondence with the dashed lines (t = 100; 110; 120; 130; 140 min). (b) Zoom-in of
the real-time measurement shown in panel (a), with highlighted the stabilization phase and the constant slope phase. The linear fitting (black line) of the baseline is calculated by
considering the I in the constant slope phase. (c) Corrected drain-source current I (e, Ing after the baseline subtraction), used for the extraction of the calibration curve. (d)

Zoom-in of the real-time measurement for the gate current I;. The spikes (pointed by the arrows) correspond to the instants of the NH; additions.

5 min were discarded to exclude the effect of the spikes in the Ij,g that
occur immediately after each addition of a new concentration of NH;r
(clearly visible in Fig. 4c). These spikes can be observed also in the
gate current, as shown in Fig. 4d. At the moment of the addition of
each new concentration, in fact, there is an instantaneous perturbation
of the electrical double layers, both because of the combined effects
of the mechanical action of the drop-casting and the introduction of
new ions in the electrolyte. Therefore, in the immediate aftermath of
the drop-casting, the ions in the bulk of the electrolyte are dragged
by the applied Vg, effectively causing a spike in the gate current I.
While for the I the amplitude of this spike is still in the nA range, so
it is very quick to recover, the same does not hold for the Ig, where
several minutes are required for the transient phase to be completely
extinguished.

As well reported in literature, the conditioning step is important
to guarantee a stable response of membrane-based potentiometric sen-
sors [23], due to the intake of H,O, primary ions, and interfering
ions [47]. Nevertheless, it is a long process step (it can require up
to several hours for poly(vinyl chloride)-based membranes). We tried
then to investigate if for our configuration it was possible to skip the
conditioning step. Fig. 5 reports the direct comparison of two batches
of devices, one fabricated by employing the conditioning in 1 mM NH;r
in deionized H,O and the other fabricated by skipping entirely the
conditioning. The average sensitivity of the devices conditioned in
1 mM NHI was more than 3-fold with respect to one of the devices
for which the conditioning step was not performed (0.1 pA/decade vs

0.033 pA/decade, respectively). Moreover, while the linear range of
the response was the same for both experiments, the devices that were
not conditioned showed a much higher relative standard deviation for
the average sensitivity (35.78 % with respect to 2 %) and a lower coeffi-
cient of determination (88.30 % with respect to 96.96 %). Therefore, the
conditioning step was kept as part of the fabrication protocol.

3.5. Selectivity analysis: characterization in artificial sweat

To explore the selectivity of the fabricated EG-CNTFET-based sen-
sors and test them in conditions closer to the real-life settings for a
wearable device, we repeated the characterization towards NH; em-
ploying artificial sweat as electrolyte. All the considerations reported in
Section 3.3 regarding the stabilization phase and the constant slope phase,
as well as the extraction of the sensor response after the subtraction of
the baseline linear fitting, remained valid. The devices, in fact, showed
the same behavior during the tests (representative measurements in
artificial sweat are reported in Figure S3). This is a further proof of the
robustness of the proposed approach for the data extraction, also in the
case of the devices characterized using artificial sweat as electrolyte.

In Fig. 6, the average calibration curve extracted for the devices
characterized using artificial sweat as electrolyte is reported (magenta
diamond markers). The corrected response l]*)S was linear from 0.1 mM
to 100 mM, with an average sensitivity of 1.358 pA/decade and a coeffi-
cient of determination of 85.57 %. Compared to the devices tested using
H,O0 as electrolyte (Fig. 5), the lowest concentration tested (0.01 mM)
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Fig. 5. Calibration curves representing the average corrected response of the EG-
CNTFET-based sensors (I;s) vs different concentrations of NH}', to investigate the
effect of the conditioning of the NHj -selective membrane. All the devices were tested
using deionized H,O as electrolyte. The green box highlights the physiological range
of concentrations of NH; during physical exercise [21]. The response of the devices
towards NH] diverged from linearity when the highest concentration (100mM) was
tested, showing signs of saturation. The average sensitivity of the devices conditioned
in 1mM NHj (red circle markers) is more than 3-fold with respect to the average
sensitivity of the devices without conditioning (blue diamond markers). Here, the error
bars represent the standard errors of the mean, with N = 2 devices without conditioning
and N = 3 devices with conditioning.

was not anymore covered by the linear range of the devices. On the
other hand, there was no sign of saturation for the highest concentra-
tion tested (100 mM). This loss of sensitivity at the lowest concentration
is to be ascribed to the different Debye length A in artificial sweat,
compared to the one in deionized H,O. In fact, the calculated A, for
the deionized H,O was 50nm (mainly attributed to the formation of
carbonic acid), while for the prepared artificial sweat, because of the
large presence of the ionic species, we calculated a Ap of 1.57 nm (the
complete calculations can be found in the Supporting Information). It
is important to remember that the Debye length A, is the distance after
which the charges in the electrolyte are completely screened [48], and
it represents one of the major limitations for EG-FET-based sensors:
only the molecules present at a distance lower than Ap from the
semiconducting channel contribute to the modulation of the Ij,q. Hence,
working in high ionic environments, where the A, is in the low-nm
range (like in the case of artificial sweat), is extremely challenging. It
represents therefore a major achievement the fact that the proposed
devices, despite the shift towards higher concentrations of the linear
range, are able to detect the physiological range of concentrations of
NH:‘r in sweat, proving the feasibility of the proposed approach.

In an attempt to improve the performance of the devices, we em-
ployed a different conditioning procedure: instead of using a 1 mM
NH;r solution in deionized H,0, we performed the conditioning step
ina lmM NH;r solution in artificial sweat. In this way, the membrane
would be exposed not only to the target ions, but also to the interfering
species during the conditioning [47,49]. To the best of our knowledge,
this was the first time this approach was applied for the fabrication
of EG-CNTFET-based sensors. As reported in Fig. 6a, the response of
the devices fabricated using this different conditioning medium (black
circle markers) showed linearity in the same range of NH;r concentra-
tions (from 0.1 mM to 100 mM), with an improved average sensitivity
of 1.797 pA/decade and coefficient of determination of 88.03 %. Most
importantly, the relative standard deviation for the average sensitivity
of these devices was significantly lower compared to the one of the
devices for which the conditioning was carried out in deionized H,O:
59 % with respect to 139 %. Conditioning the NHI-selective membrane
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in the same electrolyte to which it will be exposed during the real
testing leads to less variability in the performance of the EG-CNTFET-
based sensors. This is in agreement with what reported in [49] for
Pb**- and Ca?*-selective membranes and in [47] for K*- and Ca2*-
selective membranes: the incorporation in the membrane of interfering
ions, together with target ions, leads to better sensing characteristics
of the ion-selective membrane, compared to the case in which the
conditioning is performed only with target ions.

While linearity is a desirable characteristic for a biosensor, sev-
eral studies have been reported in which a quadratic fitting of the
experimental data provides a better R? [50], [51]. A similar approach
was thus employed for further analysis of the data presented in this
section, and the results are summarized in Figure 6b. The coefficient of
determination was R? >99.9 % both for the devices conditioned in H,0
and the devices conditioned in artificial sweat. The sensitivity can be
extracted as:

7]
S =2 (€]
dx
obtaining
S(x) = —0.0012x + 0.1567 2
for the devices conditioned in H,0, and
S(x) = —0.0017x + 0.2184 )

for the devices conditioned in artificial sweat. Given that the devices
were tested with the same range of concentrations of NHZ:r (i.e., the
values of x), it is straightforward to conclude that conditioning in
artificial sweat leads to higher sensitivity. The quadratic fitting covered
all the range of concentrations tested. This would allow for precise
prediction of the concentration present in the electrolyte, e.g., by means
of post-processing algorithms or of a look-up table.

3.6. Change in membrane composition

In an attempt to expand the linear range of the fabricated EG-
CNTFET-based NHZ:r sensors towards lower concentrations and further
improve the sensitivity, we modified the composition of the NHI-
selective membrane mixture. Being the ionophore the element respon-
sible for the sensitivity and selectivity of the membrane, we increased
its concentration in the membrane mixture, from the previous 0.2 %wt
to 1%wt. We fabricated a new batch of N = 5 devices, for which
we employed the conditioning step in artificial sweat, in light of the
findings reported in Section 3.5. The average calibration curve for this
batch of devices is depicted in Figure S4. The response was linear in
the same range as the other devices conditioned in artificial sweat
(from 0.1 mM to 100 mM), with an improved average sensitivity of 3.585
pA/decade (a 99.5% increase with respect to the devices fabricated
with the membrane containing 0.2 %wt of ionophore) and coefficient of
determination of 87.66 %, and a higher relative standard deviation for
the sensitivity (66 %). As expected, increasing the concentration of the
ionophore led to higher sensitivity, but only ~2-fold, compared to the
5-fold increase in the concentration of the ionophore. Assuming that
the concentration of the ionophore is proportional to the number of
sites available in the membrane for the capture of the NHZ ions, it is
fair to assume that a saturation of the possible available number of sites
occurred: increasing above a certain threshold the concentration of the
ionophore does not lead to significant improvement in the sensitivity of
the sensors. Considering that the ionophore is by far the most expensive
element of the membrane mixture, an optimization of its concentration
in the preparation of the membrane mixture would be required to
maximize the sensitivity of the devices without exceeding the maximum
quantity of ionophore necessary.
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Fig. 6. Calibration curves representing the average corrected response of the EG-CNTFET-based sensors (I;,;) vs different concentrations of NHj, to investigate the effect of
different conditioning solutions of the NH]-selective membrane, analyzed by means of (a) linear fitting and (b) quadratic fitting. All the devices were tested using artificial sweat
as electrolyte. The green box highlights the physiological range of concentrations of NH; during physical exercise [21]. The average sensitivity of the devices conditioned in 1 mM
NHj in artificial sweat (black circle markers) is higher compared to the one of the devices conditioned in 1mM NHj in deionized H,O (magenta diamond markers). Here, the

error bars represent the standard errors of the mean, with N = 5 devices for both batches.

4. Conclusions

In this work, we report a complete analysis of flexible, planar EG-
CNTFET-based NHI sensors for sweat analysis. We studied the effect of
the presence of the membrane on the electrical properties of the device,
as well as a facile, reliable protocol to eliminate the drift of the drain—
source current Ing from the analysis of the sensing characteristics of
the devices. The importance of the conditioning step for the sensing
properties of the NHI-selective membrane performance was studied:
the devices for which the conditioning was performed showed higher
sensitivity and improved linearity, even more so when the conditioning
was performed in artificial sweat. Furthermore, the devices were tested
also in highly complex environment such as artificial sweat, to mimic
the real-life working conditions for which these sensors are designed.

Table 1 summarizes the main results obtained for all the devices
tested in artificial sweat. For all of them, the linear range completely
covered the physiological range of concentrations of interest for NH;r
in the sweat. As discussed in the Results section, performing the condi-
tioning step in artificial sweat led to better performance of the sensors,
increasing their sensitivities and reducing to less than half their relative
standard deviation. Increasing the concentration of the ionophore in the
membrane mixture improved the sensitivity as well, but not enough to
justify the extra cost derived from the higher quantity of material used.

The results reported in this work constitute a solid basis for the
development of highly sensitive and selective NH; sensors for sweat
analysis. Future work will be focused on the design of a custom readout
circuitry [52] and of a dedicated microfluidics system, to achieve a
complete portable system for the testing of EG-CNTFET-based sensors
in real-time on human subjects.

Table 1

EG-CNTFET-based NH] sensors parameters, comparing different conditioning proce-
dures and NHj -selective membranes compositions. For all the considered devices, the
linear range was from 0.1 mM to 100 mM, covering entirely the physiological range of
concentrations of NH; in sweat.

Conditioning Ionophore Avg. Sensitivity Sensitivity R?
medium %wt [pA/decade] re-STD [%] [%]
H,0 0.2 1.385 139 85.57
Art. sweat 0.2 1.797 59 88.03
Art. sweat 1 3.585 66 87.66
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