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Selective lon Sensing in Artificial Sweat Using Low-Cost
Reduced Graphene Oxide Liquid-Gated Plastic Transistors

Rafael Furlan de Oliveira, Verdnica Montes-Garcia, Pietro Antonio Livio,
Maria Begoiia Gonzdlez-Garcia, Pablo Fanjul-Bolado, Stefano Casalini,*

and Paolo Samori*

Health monitoring is experiencing a radical shift from clinic-based to point-of-
care and wearable technologies, and a variety of nanomaterials and transducers
have been employed for this purpose. 2D materials (2DMs) hold enormous
potential for novel electronics, yet they struggle to meet the requirements of
wearable technologies. Here, aiming to foster the development of 2DM-based
wearable technologies, reduced graphene oxide (rGO)-based liquid-gated
transistors (LGTs) for cation sensing in artificial sweat endowed with distin-
guished performance and great potential for scalable manufacturing is reported.
Laser micromachining is employed to produce flexible transistor test patterns
employing rGO as the electronic transducer. Analyte selectivity is achieved by
functionalizing the transistor channel with ion-selective membranes (ISMs) via
a simple casting method. Real-time monitoring of K* and Na* in artificial sweat
is carried out employing a gate voltage pulsed stimulus to take advantage of the
fast responsivity of rGO. The sensors show excellent selectivity toward the target

1. Introduction

The unique electrical, mechanical,
thermal, optical, and electrochemical
properties of two-dimensional materials
(2DMs) have triggered a major scientific
revolution during the past two decades
with unparalleled efforts devoted toward
their synthesis,3 functionalization, and
application in (opto)electronics,! energy!®l
and sensing.”! However, from a techno-
logical perspective, there are still some
issues that must be addressed to exploit
the full potential of 2DMs in everyday
applications. This involves the production
of high-quality and industrially-scalable
2DMs at accessible prices, the develop-

analyte, low working voltages (<0.5 V), fast (5-15 s), linear response at a wide
range of concentrations (10 M to 100 mm), and sensitivities of 1 pA/decade.
The reported strategy is an important step forward toward the development of
wearable sensors based on 2DMs for future health monitoring technologies.
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ment of robust functionalization methods
compatible with industrial practices, the
use of affordable and scalable manufac-
turing technologies, and the establish-
ment of efficient protocols to incorporate
them into marketable technologies.
Among the plethora of available 2DMs,
graphene oxide (GO) represents a versatile and suitable mate-
rial whose processability complies with industrial fabrica-
tion requirements (e.g., large-scale solution production) and
the abundance of oxygen groups (namely hydroxyl, carboxyl,
epoxide, etc.) is ideal for its post-processing functionaliza-
tion.B% Although GO is not electrically conductive, its reduced
form (rGO) exhibits elevate conductivities (>1000 S cm™)
that are well-suited for different electronic applications such
as resistors, supercapacitors, sensors, biosensors, etc.[#1011
So far, various types of methods have been reported to obtain
conductive rGO sheets!'*1213] by making use of chemical,™¥
photochemical,™ thermal,'®l photothermal,/l ultrasound or
microwave-assisted,® and electrochemical reduction pro-
cesses.’21 In particular, the latter has been extensively used
mainly for standard electrochemical applications!?? where rGO
films are employed as carbonaceous electrodes produced with
simple laboratory apparatus. The GO electrochemical reduction
holds enormous potential for plastic and flexible electronics
featuring a whole green device manufacturing process since
it can be carried out in the absence of toxic reductant agents,
at high throughput, and low processing costs, especially when
combined with rapid device prototyping technologies.!'”]
Marketable technologies for wearable chemical sensing
must inevitably combine a set of unique characteristics that

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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are beyond traditional laboratory analytical tools.?*?4 These
encompass not only the engineering aspects of the envisioned
wearable, for example, the device manufacturing processes, but
also those of applied chemistry and materials functionaliza-
tion responsible for the analyte recognition in complex media
(namely sweat) and signal transduction.?*?¥ Thus, neither an
intricate or indiscriminate combination of materials to attain
analyte detection nor handcrafting device fabrication can serve
as feasible routes for the development of marketable wearable
chemical sensors. Instead, a synergy must exist between the
most suitable device manufacturing processes and the sensor
analytical performance.

From the manufacturing perspective, laser micromachining
is recognized as a versatile tool for rapid fabrication of flexible
electrodes and test patterns with no need of using photolithog-
raphy, wet chemical methods (e.g., lift-off and etching), and a
cleanroom environment.l''2>261 Although photolithography is
still a benchmark for device manufacturing, laser microma-
chining of metal and dielectric films allows the prompt pat-
terning of microstructures featuring different shapes and
arrangements on nearly any surface, at high throughput, and
is compatible with an on-demand changeability of device lay-
outs.?>?] Another advantage of laser micromachining is its
well-suited compatibility with an industrial production line con-
taining a variety of other techniques for the manufacturing of
plastic electronics, such as roll-to-roll.[28]

From the analytical sensing viewpoint, ion-selective mem-
branes (ISMs) have been extensively employed for the selective
determination of ions,?*3% with the pH-meter representing
the most successful ISM-based sensor technology. ISMs rely on
the specific features of ion exchangers such as valinomycin, one
of the most used potassium (K*) ionophores, capable to confer
ion-specificity to the membrane.?"3? Jon-sensitive field-effect
transistors (ISFETS) can directly integrate an ISM onto a semi-
conducting material, thereby minimizing the precious amount
of ionophore employed for the fabrication of an ion-selective
electrode due to its straightforward device miniaturization.[3%33l
Although graphene-based ISFETs have already shown an excel-
lent performance as cation sensors,!l most devices are typically
produced with lab-scale methods, thus lacking compatibility
with the stringent requirements for wearable chemical sensing
technologies.?*3Y rGO-based transistors are highly advanta-
geous for wearable electronics, both from the device manufac-
turing perspective and the rGO physicochemical properties.
rGO films can be produced from aqueous GO dispersions
(i-e., no toxic organic solvents involved) onto plastic and bio-
compatible substrates,'%l which are essential for wearable appli-
cations. Additionally, rGO has been reported to be non-irritating
for the skin,!*>*% where a lesser degree of oxidation implicates
in lower cytotoxicity to epidermal cells (keratinocytes).* The
rGO conductivity (and therefore its degree of oxidation) can
be controlled via a variety of reduction methods (e.g., electro-
chemical, thermal, chemical, etc.), which makes it a material
with adjustable properties.'% Finally, rGO transistors are also
ambipolar without requiring any contact engineering.>%]
This means that both positive (holes) and negative (electrons)
charge carriers are responsible for the device current response,
giving one more output signal or quantifiable parameter during
sensing of cationic and anionic species. These altogether char-
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acteristics cannot be found in other 2DM-based transistors for
wearable sensing technologies.

Here we report on the production of an ion-selective plastic
rGO liquid-gated transistors (LGTs) for the detection of K* and
Na* in artificial sweat which combines all features needed in
chemical sensors to be readily upgraded to wearable technolo-
gies. The device manufacturing was devised to be consonant
with the industrial scalable process, as it comprises: i) the
laser-ablation patterning of flexible Au electrodes; ii) the
straightforward casting of a GO aqueous dispersion and its
green electrochemical reduction (water is the unique solvent
used); iii) the rGO functionalization with ion-sensitive mem-
branes (ISMs) on the transistor channel; and iv) handling of
paper-based fluidics for dosing spiked analyte solutions to the
LGT sensor. The sensor has been challenged by using artifi-
cial sweat as a complex matrix by taking full advantage of the
intrinsic high signal amplification ability of LGTs and their
operation at low voltages (<0.5 V). Two sensing tests have
been successfully demonstrated: the former relies on standard
voltage sweep measurements, namely current—voltage (I-V)
transfer characteristics, and the latter on gate voltage pulse and
time-dependent current recording. Gate voltage pulsed meas-
urements are preferable to avoid typical signal drifting observed
during real-time analyte monitoring®® and common hysteresis
during the transistor operation under voltage sweep.*? The
rGO-based LGT sensor displayed excellent selectivity toward the
target analyte, namely, no interference of Na* cations during K*
determination in artificial sweat, along with a linear sensitivity of
S = 1169 (£0.091) and 1.04 (£0.03) pwA/pK* for the respective
current recording methods (i.e., gate voltage sweeping and
pulsing), within a large [K*] range (from 10 um to 100 mwm). By
employing the gate voltage pulse approach, the K* concentra-
tion could be determined as fast as 5 s after the beginning of
the current recording. Na* sensing in artificial sweat was real-
ized by employing a Na*-ISM on the rGO LGT channel. Such
a prompt determination of the target analyte is highly advanta-
geous for applications in wearable electronics where continuous
cation monitoring is necessary, for example, for sweat analysis
during a workout as a rich source of physiological information
for health monitoring.

2. Experimental Section

2.1. Materials

Here the authors used polyethylene terephthalate (PET)
substrates (175 pm thick) from Metrohm DropSens,
poly(diallylmethylammonium chloride solution (PDDA) from
Sigma Aldrich, graphene oxide (GO) - 4 mg mL™}, monolayer
content >95%, lateral flake size <10 um - from Graphenea,
CN 140 nitrocellulose paper (130 um thick) from Unisart. Arti-
ficial sweat 1SO-3160-2 (from Reagents) containing 20 g L
NaCl (or KCl, depending on the employed artificial sweat for-
mulation), 175 g L™} NH,CI, 1.5 g L™! lactic acid, 5 g L™! urea
and 2.5 g L! acetic acid, with pH adjusted to 4.7 with NaOH.
Selectophore grade potassium ionophore I (valinomycin)
and sodium ionophore X, potassium tetrakis(4-chlorophenyl)
borate (=98.0%), bis(2-ethylhexyl) sebacate (=97.0%), poly(vinyl
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chloride) (PVC), and tetrahydrofuran (THF) were purchased from
Sigma-Aldrich and used without any further purification steps.

2.2. Fabrication of Plastic rGO LGTs

Transistor test patterns were fabricated on Au-coated PET by
laser ablation. PET foils sputter-coated with 20 nm Au layer
were ablated by Nd:YAG laser (532 and 1064 nm wavelengths,
tunable power) in an automated laser scribing station (Rofin,
Germany) to produce a pair of interdigitated metallic electrodes
(IDEs) and a coplanar gate electrode. IDEs were produced with
12 digits, with channel length (L) equal to 30 um and width
(W) of 690 um. The coplanar gate electrode possesses a 9 mm?
area, positioned 4 mm distant from the IDEs. The authors also

Artificial
Sweat

GO p—
G r \= S

PDDA — 577
PET
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produced contact pads compatible with 6-pin zero insertion
force (ZIF) connectors commonly used in printed circuit boards
for portable and wearable electronics.**#!l The PET test pattern
configuration is depicted in Figure 1. Additional details can be
found in the Supporting Information.

To fabricate rGO LGTs, PET test patterns were cleaned with
isopropanol, water, and blown dry in N,. A drop (5 uL) of PDDA
aqueous solution (1% w/w) containing 0.5 mol L™ of NaCl was
placed onto the IDE region for 15 min to allow the polyelectro-
lyte deposition on the surface and rinsed thoroughly in water
thereafter. GO suspension (0.4 mg mL™) was sonicated for
1 min for improved homogeneity before deposition. A drop of
GO solution was placed on the PDDA-functionalized surface for
30 min, rinsed abundantly with water, and dried under a gentle
N, flow. To prevent the solvent evaporation during assembly

ISM

(lon-Selective Membrane)

WA A

‘== D

=

-

VGS

Figure 1. a) Laser micromachining setup for the ablation of Au-coated plastic foils and the production of LGT test patterns. b) Photograph of plastic
rGO LGTs. The device dimension is 1.5 cm wide and 2.5 cm long. ¢) Schematic representation of the rGO LGT cross-section employing an ion-selective
membrane (ISM). Gate (G), source (S) and drain (D) terminals and the electrical connections are indicated.
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and inhomogeneous film formation, the PDDA and GO deposi-
tions were carried out inside a sealed glassware by establishing
a saturated humidity environment through the placement of a
small water reservoir (this allows a patterned cast of the mate-
rial of interest for an arbitrary time, namely from minutes to
days free of any uncontrolled effects due to convective material
motion). Finally, GO was electrochemically reduced by cyclic
voltammetry in water. For this purpose, the GO-coated IDEs
were short-circuited to act as the working electrode (WE) in
the electrochemical setup using a Metrohm Autolab PGSTAT
204 potentiostat/galvanostat. A droplet of bi-distilled water
(=50 uL) is positioned onto the GO-coated region with an
external polycrystalline Au plate (area =0.031 cm?) sitting atop
the counter (CE)/reference (RE) single electrode. Few (1-4) vol-
tammetric cycles, sweeping WE potential from 0 to —2.8 V at
a scan rate of 100 mV s7!, are sufficient to achieve the reduc-
tion of the GO thin-film. Further details on the green GO elec-
trochemical reduction employed here to fabricate plastic rGO
LGTs can be found elsewhere.[""]

2.3. Preparation of ISMs and Artificial Sweat

K* and Na* selective membranes were prepared from their
respective stock solutions containing the individual ionophores
(2 wt%), tetrakis(4-chlorophenyl)borate (0.5 wt%), bis(2-ethyl-
hexyl) sebacate (64.7 wt%) and PVC (32.8 wt%) in THF, featuring
a final concentration of 20 mg mLL. Freshly prepared cocktails
were diluted in THF in a 1:5 ratio and stored in the fridge (3 °C).
Stock solutions and formulations were stored for no longer than
2 weeks. ISM formulations were drop-casted (<5 L) onto rGO at
the device IDE region and left to dry at room temperature. Before
the measurements, the respective ISM-coated devices were con-
ditioned in 1 mm KCl or 1 mm NaCl for 30 min, depending on the
chosen ISM coating. The surface characteristics and thickness
of the ISM coating onto the rGO LGT channel were determined
by scanning electron microscopy (Quanta FEG 450) and pro-
filometry (KLA-Tencor Alpha-Step IQ). Additional morpholog-
ical characterization of the device was accomplished by means
of laser scanning confocal microscopy (Keyence VK-X200) and
atomic force microscopy (Park Systems — NX10).

Two formulations of artificial sweat, with different Na*- and
K*-free compositions, were prepared. Then, Na* (or K*) was
controllably introduced in the respective cation-free artifi-
cial sweat composition at the desired concentration by using
NaCl (or KCl). Artificial sweat formulations having controlled
Na* (or K*) with concentrations ranging from 10 pum to 100 mwm,
which is representative in real human sweat and related pathol-
ogies whose diagnostics can be achieved via sweat analysis,
were prepared.*—431-

2.4. Electrical Measurements

The -V transfer characteristics of rtGO LGTs were probed in
solution by measuring their source-drain current (Ipg) while
sweeping the gate-source (Vgs) from —0.4 to +0.4 V, at a rate
of 20 mV s7, and at a constant source-drain (Vpg) voltage of
100 mV. The transistor source-gate leakage current (Igs) as a
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function of Vg was also measured to verify the proper device
operation. For each [-V transfer measurement in each condi-
tion, three curves were recorded for the sake of the device
stability. Additionally, time-dependent current measurements
under pulsed gate voltage were performed at constant Vpg
(100 mV) and under Vgg pulse from 0 to —400 mV. Both meas-
urements were performed in spiked artificial sweat solutions
containing the target cationic specie (K* or Na*). The artificial
sweat solution was confined on the transistor surface with the
assist of a nitrocellulose paper membrane suitably positioned
over the gate and channel regions.'l All electrical measure-
ments were carried out using a probe station, in ambient condi-
tions, connected to a Keithley 2636A SourceMeter unit.

3. Results and Discussion

Aiming to develop highly sensitive and selective ion sensors
employing a manufacturing strategy compliant with the strin-
gent requirements of wearable electronics, the first relevant
fabrication step we employed resides in the extensive use of
laser ablation to produce low-cost, plastic transistor test pat-
terns (Figure 1a). As prototypical architecture, we focused on a
device layout comprising source and drain IDEs and a coplanar
gate electrode, as portrayed in Figure 1b. This blueprint ena-
bles a compact and self-standing platform that can be easily
connected to external portable circuitry via a ZIF connector
(Supporting Information).’”! Although the laser ablation of
plastic test patterns is a rapid prototyping method, it unavoid-
ably leads to the roughening of the target substrate, which
here was found to exhibit a root mean square roughness of ca.
60 nm."! High surface roughness can jeopardize the perfor-
mance of thin-film devices (including LGTs), especially those
based on organic semiconductors where molecular packing at
the substrate surface plays a major role in the long-range elec-
tronic conduction.**! Here, because long-range electronic
conduction in rGO thin films possesses a significant intraflake
transport contribution,*! such a deleterious effect derived
from elevated roughness of laser-patterned substrates does
not compromise the device operation. Another surface-related
issue is the poor adhesion of GO onto PET, which required the
use of a strong polyelectrolyte (PDDA) as an adhesive layer to
guarantee a homogenous and robust coating capable to with-
stand the electrical stress during the GO electrochemical reduc-
tion and the following transistor operation.'”) Details on the
rGO film morphology, uniformity and flake size can be found in
Figures S1-S3, Supporting Information.

To ensure a full reproducibility of our fabrication protocol, we
systematically monitored: i) the electrical resistance of the laser-
ablated Au electrode tracks on plastic; and ii) the rGO transistor
channel resistance. For the sake of reproducibility, we measured
electrodes produced from several different batches (Figure S4,
Supporting Information). The laser-ablated Au-coated PET foil
produced electrode tracks with low (<600 Q) and uniform resist-
ances (statistics taken for ca. 40 devices), which are sufficiently
low to allow LGT operation. Regarding the rGO films in the
transistor channel, the Au/rGO is ohmic and the typical rtGO
resistance is 2-15 kQ (Figure S5, Supporting Information). Addi-
tionally, to validate our manufacturing protocol, we characterized

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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the rGO LGT operation in water, as shown in Figure S6,
Supporting Information. Finally, the casting of the ISM (K*-ISM)
onto the channel surface produces only minor resistance vari-
ations (AR), which implies that the functional coating does
not affect the rGO electronic properties (Figure S7, Supporting
Information). We can infer that our whole fabrication protocol
fulfils the morphological, robustness, and electronic demands
for a flexible transistor sensing device. The Figure 1c illustrates
the device cross-section containing the ISM, the rGO film, the
LGT Au electrodes and respective electrical connections.

Before the sensing experiments in artificial sweat, we vali-
dated the rGO LGTs operation and characteristics in Milli-Q
water (Figures S6, Supporting Information), where we found
the charge carrier mobility (1) of holes and electrons in the
rGO film corresponding to £, = 0.026 (£0.014) cm? V! s7! and
Ue = 0.17 (£0.015) cm? V-1 571, respectively. These values agree
with those typically reported for LGTs employing electrochemi-
cally produced rGO.I After that, we investigated the sensing
properties of the pristine (ISM-free) rGO-based LGTs operating
in artificial sweat (Figure 2). The I-V transfer characteristics do
not show any significant electrical noise or instability due to the
device operation in artificial sweat, which contains hundreds of
millimolars’ concentration of ionic species (K*, Na*, CI~, NH,").
Furthermore, the device shows the typical ambipolar behavior
of graphene transistors, characterized by a broad Dirac point
(Vbira)—namely Vgg when Ipg reaches its minimum value—
close to =50 mV."#] No electrical failures have been recorded if
positive Vg values higher than 500 mV are avoided. Instabili-
ties and failures under elevated electrical potentials are typically
ascribed to the etching of Au electrodes and contact leads for
devices operating in highly-concentrated electrolytes, a process
assisted by the presence of a high concentration of chloride
anions.¥! Regarding the ion sensing response, the increasing
concentration of K* in artificial sweat does not lead to signifi-
cant changes in the [-V transfer characteristics of pristine rGO
devices (Figure 2a). Upon the increase of K* concentration, no
clear sensitivity toward this cation has been observed for any
Vs applied (0 V < Vg < —0.4 V). A poor correlation between
Ips and the K* concentration (pK*) was found, indicated by a
coefficient of determination (R?)—from the linear fit of data in
Figure 2b—that attains only 0.554 for Vg = —0.4 V when the
signal is higher. The device sensitivity (S) and R? for pristine
rGO LGTs at different applied Vg in the presence of K* are
given in Table S1, Supporting Information. Similarly, no speci-
ficity has also been observed for Na* ions either (Figure S8 and
Table S2, Supporting Information). For both species, no vari-
ations in the transistor leakage current (Igs versus Vi) that
could be associated with the presence or concentration of the
respective cations were observed (Figure S9, Supporting Infor-
mation). Such a lack of selectivity and sufficient sensitivity
hamper the fabrication of an efficient ion sensor to be operated
in complex matrixes, such as sweat if no rGO functionalization
is employed. Finally, other graphene-related transistor sensors
in the literature exploit the Vp;,,. shift as the main indicator for
the detection of various analytes, including ionic species(2%4
Here, pristine (ISM-free) devices exhibit a broad Vp;,. around
—50 mV, characteristic of defective GO films,">>% whose posi-
tion is not effectively altered regardless of the different cation
concentrations (Figure 2a).
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Figure 2. a) -V transfer characteristics of pristine (ISM-free) rGO
LGT in artificial sweat (Vps = 100 mV) at different K* concentrations.
b) Corresponding Ips as a function of K* concentration (log-scale) at
different constant Vs.

To simultaneously confer improved cation sensitivity and
selectivity to the rGO LGTs, the integration of an ISM is neces-
sary. As previously discussed, the casting of an ISM onto the
rGO surface does not significantly affect its electrical properties
(Figure S7, Supporting Information). Concerning the operation
of the ISM-functionalized transistor, conditioning steps are nec-
essary to ensure proper ion sensing ability. First, devices having
an as-prepared ISM coating are exposed to a 1 mwm saline solu-
tion of the cation of interest (KCl or NaCl) for 30 min, a routine
step for ISM-based technologies.> Second, for measurements
carried out in artificial sweat, a 5 s exposure time was employed
to minimize the influence of membrane polarization effects.
These steps do not affect the transistor operation, namely the
Vigs window or scan rate employed, as the thickness of the
ISM membrane is considered reasonably thin (=2 um) to not
compromise the formation of the electric double layer at the
device interface (Figures S10 and S11, Supporting Information).

Figure 3a exhibits the transfer characteristics of ISM-
functionalized rGO LGTs for different K* spiked solutions

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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Figure 3. a) K*-ISM functionalized rGO LGT transfer characteristics recorded in K*-spiked solutions of artificial sweat; b) sensitivity plots: Ips versus K*
concentration (log-scale). c) K*-ISM functionalized rGO LGT transfer characteristics recorded in Na*-spiked solutions of artificial sweat; d) sensitivity

plots: Ips versus Na* concentration (log-scale).

of artificial sweat (namely from 10 pum to 100 mm). One can
observe a clear negative shift of the Ipg values (i.e., toward
more negative Vgs) as the K* concentration increases. Such a
response can be ascribed to the built-in potential at the interface
between the artificial sweat and the K*-ISM, which conveys the
gradient of cations inside and outside the K*-ISM. This yields
a decrease in the number of hole carriers flowing within the
rGO transistor channel for the applied Vg range. The sensi-
tivity plot (Figure 3b)—namely the Ipg versus [K*] plot—shows
a linear trend for K* concentrations between 100 mm and 10 pum
(log-scale). Concerning the effect of the gate bias, the highest Vg
shows the highest sensitivity, namely S = 1.169 (£0.091) pA/pK*
with an excellent correlation featuring R? equal to 0.976. The
S values extracted for other applied Vg biases are reported in
Table S3, Supporting Information. Although the use of com-
plex media such as artificial sweat guarantees a deep study of
the sensor sensitivity and selectivity, the latter has been fur-
ther evaluated by using Na* spiked artificial sweat solutions for
devices containing a K*-ISM coating. Na* is one of the most
challenging interfering cations while using K*-ISM due to the
physical-chemical similarities between the two ionic species,
namely they are both monovalent spherical alkali cations with
similar ionic radii (1.02 and 1.38 A for hexacoordinated Na* and
K*, respectively®>%3). From Figure 3c,d, the device selectivity
has been validated as no clear Ipg correlation with the increase
of Na* concentration was observed (no linear correspondence
between Ipg and [Na*] with R? > 0.17 could be obtained). Finally,
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no effect on the device leakage current (I¢s) as a function of the
cation concentration (either for K* or Na*) was observed, indi-
cating that the Ipg variations arise from the functionalized ISM
coating that confers to the rGO transistors’ high selectivity and
sensitivity (Figure S12, Supporting Information).

Despite the achieved sensitivity and selectivity verified from
the transfer characteristics of ISM-functionalized rGO LGTs,
such an operation mode (i.e., Vs sweeping) is not the most
suited aiming a real-time monitoring of K* cations. This is
because sensing based on voltage sweeping can be rather slow,
or even produce hysteresis or irreproducible response if dwell
time is not sufficient (Figure S13, Supporting Information). By
targeting a more straightforward ion detection method, we per-
formed the real-time monitoring of K* under constant Vg and
Vps biases. For this purpose, a wax-patterned paper membrane
has been tailored onto the device to act as a low-cost fluidic
system by taking advantage of the appropriate paper capillarity
to handle small amounts of liquids (a few microliters), as shown
in Figure S14a, Supporting Information. The response of self-
standing rGO LGTs has been monitored continuously during
different [K*] variations (Figure S14b, Supporting Information).
Even though the K" monitoring succeeded, current drifting
makes this type of test inconvenient for direct monitoring
of the target species. This type of response may thus require
post-measurement signal treatments (e.g., baseline correction),
thereby risking losing information on the sensor sensitivity.
Consequently, current monitoring at a fixed voltage bias for

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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long durations does not seem suitable for real-time cation
sensing using this kind of approach. To circumvent this, we
adopted pulsed voltage measurements, namely a combination
of a single step Vs pulse at constant Vpg while monitoring Ipg
for short time intervals, namely shorter than 30 s (Figure 4a).
This method minimizes the current drifts issues.[*8l

Figure 4b shows the time-dependent response of the K*-ISM
functionalized rGO LGTs at different concentrations of K* in
artificial sweat. The transistor channel current (Ipg) was mon-
itored for a short time (30 s) upon a Vg pulsed stimulus of
—400 mV within the same interval, with Vg fixed at 100 mV.
We chose Vgg = —0.4 V because it produces the larger cur-
rent signals. We observed that upon the Vgg voltage pulse,
Ips rapidly increases and reach a steady-state current level for
the different K* concentration because of the formation of the
electrical double layers at the device’s interfaces. Although the
device Ipg exhibits slow decay over time for some measure-
ments, such a time interval (30 s) is sufficient to establish a
correlation between the registered current and the respective
K* concentration. Figure 4c displays the device sensitivity plot
(Ips versus K* concentration) from the pulsed measurements.
Three acquisition times have been systematically compared,
namely 5, 15 and 30 s, and the shortest one has shown the best
sensitivity S = 1.04 (£0.03) pA/pK*. The calculated S values
for other acquisition times are given in Table S4, Supporting
Information. The implemented approach was also deployed for
Na* sensing by employing rGO LGTs functionalized with a Na*-
ISM (Figure S15 and Table S5, Supporting Information). The
reported method for cation detection not only mitigates the cur-
rent drift issues but also minimizes the electrical stress on the
device, thereby increasing the number of sequential sensing
tests that can be performed with a single transistor. Addition-
ally, for wearable sensing technologies, a device that operates
just for a short period to register the signal of interest, rather
than being continuously biased, seems more practical and
energetically viable for real applications.

Diverse chemical sensors aiming at the development of wear-
able technologies for health monitoring have been reported in
the literature.23#:5455] Regarding the detection of cationic spe-
cies (especially K* and Na*) the use of ISM technology is ubig-
uitous, and it has been employed to functionalize a plethora
of nanomaterials (including 2DMs) and transducers.?>#>4
To meet the requirements for wearable electronics though,
we Delieve that potential devices must present a unique com-
bination of characteristics, namely operation and response in
sweat, distinguished sensing performance and scalable manu-
facturing technology. Table 1 summarizes some of the most
recent 2DM-based devices for cation sensing and their key per-
formance indicators. Transistor-based cation sensors employing
2DMs are mostly graphene ISFETs.2%3132 To the best of our
knowledge, all reported 2DM-based transistors employed as
cation sensors to date are likely not appropriate for wearable
technologies despite presenting outstanding performance indi-
cators, namely elevate sensitivities, selectivity, operation within
a broad range of analyte concentration, low detection limits and
real-time responsivity. The main limitations of such transistors
refer to their non-demonstrated operation in complex media
(e.g., sweat or artificial sweat) and/or fabrication incompat-
ible with large-scale manufacturing, for example, by the use of
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Figure 4. Rapid K' sensing employing a K™-ISM functionalized rGO
LGT operating under Vgs pulse. a) Vs single pulse as a function of
time, at fixed Vps = 100 mV. b) Respective Ips versus time plot for
K*-spiked solutions of artificial sweat at different concentrations.
c) Sensitivity plots: Ips versus pK* at different acquisition times (5, 15,
and 30 s).
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Table 1. 2DM-based devices employing ISMs for selective cation sensing and their respective performance indicators.

Active material/ Device Potential Target cation ~ Operation in Working range Sensitivity Selectivity Real-time Ref.
substrate technology scalable sweat or artificial (amperometric or test  operation/response
manufacturing sweat potentiometric) time
CVD graphene/ ISFET No K*, Na*, NH,* No 102010 m (K¥),  16.92 puA/dec (K¥) Yes Yes, =30 s [29]
Sio, 1020 10 (Nat,  17.43 uA/dec (Na*)
NH,*) 18.44 1A /dec (NH,")
CVD graphene/ ISFET No K* No 102t0107° m 6.58 LA/dec Yes Yes, <100 s 31]
SiO, (or 37 mV/dec)
CVD graphene/ ISFET No K+ No 10" t0 10 m 60 mV/dec Yes Yes, =7 s 132
PET (potentiometric
only)

Graphene Potentiometric Yes K+, Na* Yes 10" t0 10 m 57 mV/dec (K*)* No  Yes, not determined  [56]
ink/paper electrode (K*, Na*) 55.7 mV/dec (Na*)*
LIG on Potentiometric Yes K*, Na* Yes 107t0 108 m (K*)  59.2 mV/dec (K*)* Yes Yes, =200 s [57]
PDMS/lignin electrode 10"t0 107 M (Na*) 63.6 mV/dec (Na*)*
rGO/PET Potentiometric Yes K*, Na* Yes 102010 M (K 51.1 mV/dec (K*)* Yes Yes, 200 s [58]

electrode 107t0 102 m (Na*) 42.5 mV/dec (Na*)*
ME-graphene/ LGT No K* No 102%t010% m 7.8 mV/dec Yes No [33]
SiO, (potentiometric

only)
rGO/PET LGT Yes K*, Na* Yes 107t 1075 M 1 uA/dec (K, Na*) Yes Yes, 5-15's This work
(K*, Na™)

Abbreviations: CVD - chemical vapor deposition, ME - mechanical exfoliation, rGO - reduced graphene oxide, PET - polyethylene terephthalate, ISM - ion-selective mem-
brane, ISFET - ion-sensitive field-effect transistor, LGT - liquid-gated transistor, LIG - laser-induced graphene, PDMS - polydimethylsiloxane. *Values determined in aqueous

electrolyte before sensing in sweat.

graphene obtained from mechanical exfoliation (ME), chemical
vapor deposition (CVD), and/or by employing rigid substrates.
Currently, the most promising 2DM-based cation sensors for
wearable applications that present concomitant: i) potential
scalable manufacturing route; ii) flawless operation in sweat
or artificial sweat; and iii) distinguished sensing performance
are the potentiometric electrodes listed in Table 1. However,
potentiometric sensors inevitably require the use of a ref-
erence electrode—a limitation that they share also with
ISFETs—which can be unfeasible for wearable technologies
or can add complexity to the final application (for the case of
devices employing integrated printed reference electrodesl®)).
Here, our device operates based on voltage changes induced
by the different cation concentrations that result in output
current signals. The working range of our sensor (107! to
10~ M) is wide enough to cover the typical K* and Na* con-
centrations found in sweat (namely from a few to hundreds
millimolars) and its real-time response lies within the fastest
reported sensors (Table 1). The reported rapid cation deter-
mination using ISM-functionalized plastic rGO LGTs can be
a viable approach for sweat analysis aiming at health moni-
toring by employing devices truly compatible with wearable
electronics technology.

4, Conclusion

In summary, we have reported on the fabrication of highly
sensitive and selective sensors for the detection of cationic
species in artificial sweat employing a potentially scalable and
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highly robust manufacturing process ready to be employed in
future wearable health monitoring technologies. To achieve
this goal, we combined the laser ablation of plastic Au-coated
foils for the rapid prototyping of liquid-gated transistors
(LGTs) with graphene oxide (GO) coating and its green in-situ
electrochemical reduction (rGO) to produce the transducing
units. The (aqueous) solution processability of GO endows
large-area coatings at low costs that further contribute to the
scalability of the device manufacturing method. Finally, ana-
lyte selectivity is achieved by functionalizing the rGO LGT
channel with benchmark ion-selective membranes (ISMs)
which allow the detection of K* and Na* in artificial sweat.
The reported sensors showed excellent figures of merit, such
as low working voltages (<0.5 V), fast (5-15 s) and linear
response at a wide range of cation concentrations (from 10 um
to 100 mwm), and sensitivities in the order of 1 pA/decade
(K* or Na%). Significantly, the employed laser-assisted pat-
terning makes it possible to produce flexible electrodes with
no need for photolithography, wet chemical methods (e.g., lift-
off and etching) that typically employ hazardous chemicals,
and an expensive cleanroom environment. In addition, the
method allows the fabrication of microstructures featuring
different shapes and configurations on nearly any surface, at
high throughput, and most importantly, it is compatible with
an industrial production line containing other manufacturing
tools for plastic electronics. The robustness of this manufac-
turing process, as well as the technological relevance of our
device, is fully demonstrated: similar products can be now
purchased at Metrohm (https://www.dropsens.com/en/inter-
digitated_electrodes.html).

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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