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Body thermoregulation during exercise induces sweating with the consequent loss of water, electrolytes and
other compounds. The use of sweat for bioanalytical purposes has recently widespread because it is an easily
accessible biofluid that can be noninvasively collected and/or directly monitored using wearable devices.
Different sweat biomarkers can be monitored as indicators of the physiological status of an individual. The
concentration of sweat Na* electrolyte provides information about dehydration or hyponatremia events. Among
the different sensor technologies applied for Na* ion detection in sweat, ion-sensitive field-effect transistors
(ISFETs) show superior features in terms miniaturization, key for working with the low volumes of sweat
available, robustness, scalability and reproducibility. They also offer fast response and low impedance output
signal. This work reports an in-depth study that thoroughly assesses the potential of ISFET sensors for sweat Na™
analysis. Results show a reproducible sensitivity of 60.7 + 0.5 mV (-Log ana)~ * high repeatability, and lifetime
up to one month. Sensor reliability is demonstrated by analysing 20 sweat samples and results are compared with
the ones provided with the standard ion chromatography technique (IC). The statistical analysis demonstrates
that Na™ concentrations estimated with the ISFET sensor and IC are in good agreement showing a relative error
of up to 20%. Results demonstrate that the sensor presented in this work can potentially be used for the
continuous monitoring of Na* changes in sweat during exercise.

1. Introduction

Although sweat composition has been under study for decades [1],
its potential as a biological sample to detect biomarkers related to
physical conditions has not yet been fully exploited. The wealth of
biomarkers present in eccrine sweat can offer crucial information
related to the metabolic dynamics of the human body, providing medical
diagnosis from both physical status such as dehydration [2] and diseases
such as cystic fibrosis [3] and kidney disorders [4].

Early studies in sweat composition showed the importance of the loss
of chloride during continued sweating [5]. The work by Baker et al. [6]
shows that as sweat flows through the duct, Na*, K and CI" are passively
reabsorbed. As sweat rate increases, the rate of Na* and Cl” secretion in

sweat increases proportionally more than the rate of Na* and CI reab-
sorption, therefore leading to higher final sweat Na® and CI” concen-
trations. Consequently, the NaCl loss may be significant during exercise
performance. Whole body sweat Na™ concentration has been demon-
strated to be highly dependent on the heat acclimatization status and the
energy expenditure.

The normal concentration of Na* in sweat ranges from 10 to 100 mM
[6]. However, it is well-known that sweat rate and sweat electrolyte
concentrations can vary significantly as a result of many within- and
between-athlete factors [7]. The huge inter-individual variability in
sweat rate and sweat sodium concentration leads to the need of
personalized models to estimate the water and sodium losses and to
provide fluid/electrolyte replacement strategies for avoiding
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* Corresponding author.
E-mail address: cecilia.jimenez@csic.es (C. Jimenez-Jorquera).

https://doi.org/10.1016/j.snb.2023.134135

Received 23 February 2023; Received in revised form 6 June 2023; Accepted 10 June 2023

Available online 12 June 2023

0925-4005/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:cecilia.jimenez@csic.es
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2023.134135
https://doi.org/10.1016/j.snb.2023.134135
https://doi.org/10.1016/j.snb.2023.134135
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2023.134135&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Rovira et al.

GV -

ijala|a|a

i jalalala

v|jajlala|a

v|lajalala

@jajala i
B)

Selective AE
membrane Na* ionophore X

Si;N, gate Polymeric mixture

\, o
e e

Sensors and Actuators: B. Chemical 393 (2023) 134135

Nikolsky-Eisenman equation

|lﬂ| AE = AE® +=—— loglo(ai+ZKi’}°tafi/zj)

2.303RT
Zj.

Reference
electrode |

Fig. 1. (A) Pictures of the ISFETs wafer and the front and side views of an individual ISFET chip. (B) Schematic of the membrane deposition procedure and the

detection mechanism.

dehydration or hyponatremia [8]. A previous study reported that 20% of
marathoners in a race would need special sodium intake recommenda-
tions due to their high sweat salt losses [9]. Furthermore, oral supple-
ments have been observed to be effective in reducing body weight loss
and increasing serum electrolyte concentration [10].

Different strategies to monitor electrolyte losses have been assessed
during the practice of exercise [11]. Quantitative analysis of this loss
currently relies on collection of sweat from skin using different types of
absorbent pads. Sweat samples are taken and analysed in centralized
laboratories using benchtop equipment that is bulky, expensive and
managed by highly skilled technicians. Although sweat is an accessible
biofluid, its production is very low and small volume samples can be
collected for analysis in a short period of time. Thus, sweat rates during
exercise performance usually range 1-2 pL (min-cm?)~! in regions such
as the back, forehead or forearm [12]. Deployment of compact analyt-
ical tools for in-situ sweat monitoring has been the subject of a wide
variety of recent studies. The real-time monitoring represents one of the
major challenges in sweat analysis, as the sensors should be able to work
with few microliters of sweat and provide very rapid results. This means
that the time from sample collection to sensor response should be very
short and for that an optimization of the sized and geometries of sample
collection areas, fluid management as well as sensor and reference
electrode separations must be studied in detail. Recent advances in
materials science, microfabrication and microfluidics have enabled the
emergence of wearable devices placed directly on the skin and able to
perform sweat collection, sampling, and sweat analysis in real time [13].
However, only few wearable electrochemical systems have been
in-depth compared with a standard technique [14-17]. The complexity
of the sweat matrix makes achieving accurate and high-quality quanti-
tative measurements another challenge to be faced.

Among the different technologies that have been assessed for Na™
monitoring in sweat, wearable potentiometric sensors based on ion-
selective electrodes (ISEs) have demonstrated great potential in physi-
ological and clinical applications due to their rapid response and
reduced required instrumentation [18]. The signal acquisition at
close-to-zero current conditions enables recording in a very straight-
forward manner any ion content change that occurs at the interface
between the sample and the ion-selective membrane [19]. Some of the
ISEs advantages are that the size can be scaled down, and that they can
be printed on flexible substrates and/or implemented in fluidic systems

[20]. However, ion-sensitive field-effect transistors (ISFETs) could be an
excellent alternative showing additional features such as the following.
These devices are robust, scalable and reproducible, offer fast response
and low impedance output signal. They are small in size and compatible
with complementary metal-oxide semiconductor technology (CMOS)
processes, thus enabling the integration of the electronics together with
the sensor on the same chip, and the production of multi-parametric
sensors at low fabrication costs [21,22]. Their small size enables
working with very low sample volumes, this being key for real-time
monitoring applications. As an example of wearable applications,
Nakata et al., developed a wearable device with a pH ISFET and a
temperature sensor integrated in a flexible substrate [23]. Zhang et al.,
showed the feasibility of integrating an array of ISFETs into a wearable
platform to monitor multiple metabolite and parameters such as pH,
Na*, K™ and Ca®* concentrations [24]. Moreover, Garcia-Cordero et al.,
demonstrated that pH, Na*, and K* ISFETs can be used with 3D inte-
grated CMOS compatible microfluidics for sweat collection and passive
sweat driving to the ISFET sensor areas [25].

Although ISFETs have been reported in sweat wearable devices, an
in-depth study that thoroughly assesses the potential of these type of
sensors for sweat analysis has not been reported. In this paper, an
extensive characterization of a Na® ISFET is presented, including a study
of the sensor response characteristics in sweat media, and the possible
chemical interferences present in this biological fluid. The final
analytical assessment of Na™ ISFETs is performed with the measurement
of real sweat samples in a flow system designed for low volume samples
and the comparison of the sensor analytical data with that of the ion
chromatography reference method.

2. Experimental section
2.1. Reagents and solutions

All reagents were of high purity, analytical grade or equivalent and
were purchased from Sigma-Aldrich, unless stated otherwise. All solu-
tions were prepared using deionized water.

An artificial sweat solution was prepared based on the recipe re-
ported in [26]. The solution contained electrolytes, amino acids,
nitrogenous substances, and vitamins as indicated in Table S1 in the
Supporting Information (SI).
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The artificial sweat solution was spiked with tris(hydroxymethyl)
aminomethan (TRIS), NaCl and KNOs at five different concentration
levels ranging 10 — 160 mM NaCl, 2 — 32 mM KNOg3 and pH 4 — 8 for the
characterization and calibration of the sensors before sample analysis.

2.2. Sweat sample collection and analysis

Sweat samples were collected from the same subject during indoor
cycling sessions at the Swiss Olympic Medical Center of the Lausanne
University Hospital. The sessions were part of a study approved in
September, the 13th, 2019 by the ethical commission of the Canton of
Vaud, Switzerland (Protocol No. 2019_01235), and therefore they were
performed in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki. The subject was fully informed of the
nature and risks of the study, and was free to withdraw at any stage of
the study.

Each session was divided into 3 phases with different effort levels,
each one lasting 20 min. Medical gauzes were used to collect the sweat
directly from the skin of the subject’s upper chest. Gauzes were covered
with PET films to avoid evaporation and removed after each phase in
order to extract the sweat from the gauze using a syringe. Each sweat
sample was divided in two aliquots, one analysed with the reference
method and the other one with the ISFET sensor. Samples were stored in
sealed tubes at — 20°C before analysis.

For analysis of the sweat samples, ion chromatography (IC) (940
Professional IC Vario, Metrohm, Switzerland) was used as the reference
method. The samples were first filtered to remove particulate and
organic matter and then diluted with water in order to get a sample
conductivity of 500 pS. For both in the IC and the ISFETSs analyses, the 20
samples were analysed consecutively on the same day, under the same
experimental conditions.

2.3. Devices and equipment

ISFET chips were fabricated at the Clean Room of the IMB-CNM
Institute of Microelectronics of Barcelona according to standard photo-
lithographic techniques [27]. Each chip size was 3 x 3 mm?. The chips
were fabricated on SOI (silicon on insulator) wafers to electrically isolate
the ISFET from the substrate and SigN4 gate. The novelty of the fabri-
cation in comparison with the existing technology [27] is the encapsu-
lating layer to define a window for the membrane deposition and
protecting the chip surface (Fig. 1A). This layer was deposited on wafer
level making the fabrication process simpler and more reproducible. The
fabrication is described in the SI.

Even though sweat is an easily accessible biofluid, the volume that
can be collected in a reasonable time is low (<0.5 mL). For that reason,
the flow system described in 2.4.1 (Fig. S1AB, SI) was designed. This
assembly was fabricated with poly(methyl metacrylate) (PMMA) using a
COq-laser system (Epilog Mini 24, Epilog Laser, United States). It was
formed by 60 mm x 30 mm PMMA layers of different thickness. The
different layers were assembled with screws and O-rings were used to
avoid fluid leakage. A 500 pm width channel and a well aligned with the
gate of the ISFET were defined. The inner volume of the flow cell was
50 L (sum of the channel volume, from inlet to outlet, and the volume
required to fill the ISFET and the reference electrode reservoirs).

The potentiometric measurements were performed with a portable
homemade multi-ISFET meter fabricated at the IMB-CNM [28]. The
ISFET measurement was carried out by applying 100 pA and 0.5 V be-
tween the drain and the source, and recording the ISFET gate potential
(in mV). The visualization of the results and their treatment was carried
out using a laptop connected by USB to the multi-ISFET meter and by
employing a virtual instrument programmed with LabView 2013 (Na-
tional Instruments, Austin, USA).

An Orion 90-02-00 double junction Ag/AgCl reference electrode
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with 3 M KNOs so-
lution in its outer chamber was employed to test the sensors in batch. A
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Dri-Ref Reference Electrode of 5 mm diameter (World Precision In-
struments, Sarasota, Florida, USA) was used in tests with the flow
system.

2.4. Sensor fabrication

The Na* ISFET sensors were fabricated by modifying the pH ISFET
gate with polymeric membranes. The membranes were prepared from
Ebecryl® photocurable polymers (Allnex Resins, Germany GmbH). The
ionophore used was 4-tert-butylcalix [4] arenetetraacetic acid tetraethyl
ester (Ionophore X). Bis(2-ethylhexyl)sebacate (DOS) was used as plas-
ticizer and potassium tetrakis(4-chlorophenyl)borate (KtCIPhB) as
lipophilic anionic additive. Membrane composition and preparation
details has been presented elsewhere [29]. The deposition of the mem-
brane mixture on the ISFET’s gate is described in the SI. In Fig. 1B the
mechanism of detection of the ISFETs with selective membranes is
outlined. The change of potential at the gate of the ISFET due to the
presence of the analyte is described by the Nikolsky-Eisenman equation
[30] (see Fig. 1B), which incorporates the interferent contributions to
the potential defined by Nernst equation.

2.5. Sensor characterization methodologies

Initially, the analytical performance of the Na™ ISFETs was done with
an Orion Ag/AgCl reference electrode in batch conditions. Next, they
were evaluated in flow conditions with a Dri-Ref reference electrode and
real samples were measured. In all cases, sensors were previously
conditioned in the corresponding media (NaCl 10~ M) to achieve stable
potentials in the corresponding media.

2.6. Batch methods

To determine the response characteristics of ISFETs (sensitivity,
linear range, limit of detection (LOD) and minimum step change), cali-
brations were performed by adding certain volumes of 10741072, 107,
and 1 M NaCl standard solutions to 50 mL of water every 1.5 — 2 min
under stirring. The sensor lifetime and working stability were studied by
performing periodic calibrations during more than one month (15 cal-
ibrations) in artificial sweat solutions.

The hysteresis effect of the different ISFETs was evaluated doing a
double calibration by first increasing and then decreasing NaCl con-
centrations. Five separate solutions of 10, 20, 40, 80, and 160 mM NacCl
were used, and the sensors were successively changed from one to
another every 60 s

The influence of the solution pH on the Nat ISFET response was
tested by immersing the sensors in five solutions containing 10 mM NaCl
at pH 4, 5, 6, 7, and 8 (pH corrected with TRIS and HCI). The sensors
were sequentially immersed in solutions from higher to lower pH in
triplicate.

The most interfering ion for Na™ ISFET is K™, so its selectivity was
evaluated. We used the fixed interference method (FIM) fixing the K™
ion concentration at 1 mM and 32 mM (minimum and maximum con-
centration values in the range of K* in sweat) and varying Na® con-
centration from 1077 M to 160 mM by adding small volumes of NaCl
stock solutions to the solutions under stirring. The selectivity coefficient
values (KI‘E‘,K) could be obtained from the LODs.

To test the selectivity of Nat membrane against other components
present in sweat, six solutions containing 10 mM NaCl and possible
interferents were prepared (defined in SI). Three sensors were immersed
first in a 10 mM NacCl solution and then, they were successively dipped
for 1 min in the six solutions. Finally, they were immersed in a 20 mM
NaCl to test their sensitivity to Na'. In another study, ten Na' ISFETs
were calibrated in the presence of compounds corresponding to each
family (Table S1, SI).
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Fig. 2. (A)Calibration plots of three Na™ ISFETSs over the whole concentration range. (B) Recording of the potential changes when adding increasing volumes of NaCl
standard solutions. The dashed line indicates the minimum step change that can be detected with Nernstian slope. (C) Hysteresis recording for calibrations in the
sweat range from 10 mM to 160 mM Na™'. (D) Recordings of three consecutive calibrations at five concentration steps to study repeatability and reproducibility.
Sensitivity (E) and intercept potential (F) of four ISFETs calibrated periodically during a period of 43 days.

2.7. Flow system methods

The analysis of sweat samples was performed in the flow system
(Fig. S1AB, SI). A first characterization of the system was performed
with artificial sweat solutions containing different NaCl concentrations
into the system. The flow rate was set at 8.3 uL. st (5 rpm) during both
the characterization and the sample analysis. The contamination be-
tween calibration solutions and samples was avoided by injecting water
and air in between solutions for 30 s and 15 s, respectively. A Dri-Ref
compact reference electrode was used for these studies. The revers-
ibility of the signal was evaluated by pumping artificial sweat solution
spiked with 1 mM NaCl before and after calibration solutions and sweat
samples.

Sweat samples were left to reach room temperature before the
analysis. Then, they were injected in the flow system in order to fill the
PMMA cell channel. The flow was stopped for 120 s to ensure the
recording of steady-state potential values.

3. Results and discussion

Na' ISFETs were first characterized under batch conditions to assess
their analytical performance for sweat Na™ analysis. Their response was
also evaluated in a flow system and validated with sweat samples.

3.1. Sensor batch characterization

The performance of the ISFETs was studied in a wide range of NaCl
concentrations (10”7 M — 1 M) without presence of interfering ions. The
sensors displayed a LOD of 9.4 x 10°® + 4.9 x 107® M and a repro-
ducible Nernstian slope of 53.9 + 2.4 mV (-Log ana) ! in a linear range
of 3.2 x 107> M — 1 M NaCl as shown in Fig. 2A. This range includes the
physiological Na™ concentrations expected in sweat.

The minimum step change in concentration that could be differen-
tiated from noise was determined with jumps in concentration ranging
from 0.01 mM to 10 mM. From the results it was concluded that dif-
ferences up to Al mM, corresponding to 1.07 mV, could be

quantitatively detected (Fig. 2B).

To study the reversibility of the ISFETs they were calibrated with
NaCl solutions, from low to high and from high to low concentrations
(Fig. 2C). The signal difference between the same concentration levels
was 2.1 + 1.0 mV. This difference may be due to the ions trapped in the
membranes. In real applications this memory effect may be negligible.

The repeatability for the same ISFET sensor was quantified. For that,
five ISFETs were immersed in a water solution whose Na* concentration
was increased from 10 mM to 160 mM. The sensors were calibrated
three times. In Fig. 2D these calibration curves are depicted and in
Table S2 in SI the values of slope and intercept for each calibration and
ISFET are detailed. Although the repeatability was high for each ISFET —
sensitivity’s average standard deviation of 2.3 + 1.0 mV (-Log anz) *
and intercept average standard deviation of 3.1 + 1.3 mV —results were
better for the 2nd and 3rd calibration replicates — sensitivity average SD
0.6 + 0.5 mV (-Log ay,) ! and intercept average SD 0.6 & 0.4 mV —
indicating that the sensor requires a certain conditioning before
calibratration.

From this study, the reproducibility between different sensors was
assessed. The mean sensitivity value obtained for the five ISFETs tested
was 60.7 + 0.5 mV (-Log aNa)’l, using the values of the third calibra-
tion. The mean value of the intercept was — 797.4 4+ 74.7 mV. This
value is indicative of the Vth of ISFET and it is within the technological
parameters already defined for these ISFETs [31,32]. In previous works
using Na* ISFET sensors for sweat analysis, values ranging from 55 to
62 mV (-Log aNa)’1 were found [17,24,25,33]. However, they did not
show a full analytical characterisation of the devices in terms of the
other operational parameters presented in this work (LOD, minimum
concentration change detectable, working stability, etc.). From our ex-
periments, it could be concluded that the ISFETs showed reproducible
Nernstian responses in the Na™ physiological concentration range in
sweat.

A study was performed in order to evaluate the lifetime of Na™®
ISFETs and its working stability. For that, four ISFETs were periodically
calibrated in artificial sweat solution over a period of more than one
month (Fig. 2E and F). As it has been extensively reported [34,35], the
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Fig. 3. (A) Picture of interactions between Na™ and K ions in Na™ ion-selective membrane (left), and calibration plots of a Na™ ISFET in deionized water and in
1 mM and 32 mM KCl solutions. (B) Recording of the potential of three Na* ISFETs in presence of potentially interfering components (grouped by families) present in
human sweat. (C) Sensitivity of five Na™ ISFETs to NaCl changes in different matrixes.

conditioning step before the use of ion-selective potentiometric devices
was critical. At first, the ISFETs were stored dry, and they were just
conditioned in a 1 mM NaCl solution for 30 min before the first cali-
bration. Apparently, it was not enough time since lower sensitivities
were obtained on the first day (Fig. 2E). The maximum sensitivity could
have been achieved being immersed for at least 1 h in the NaCl solution
before use. For subsequent calibrations, they were stored in a 1 mM
NaCl solution to ensure a stable and reproducible sensitivity value.
Excluding the first-day calibration, the standard deviation of the mean
sensitivity values between days was 4.1 + 1.8 mV (-Log aya) . The
intercept of the calibration curves showed a similar trend for all ISFETs
(Fig. 2F). Until the thirtieth day, the intercept steadily increased day
after day. Later, it stabilized and then it decreased again. However, the
variation of the intercept estimated considering the 15 consecutive
calibrations was 35.8 + 9.2 mV on average, which is in accordance with
the sensor temporal drift [36].

The pH effect on the sensor was evaluated. The potential recorded
from the ISFETs in solutions containing 10 mM NacCl at the physiological
range of 4-8 pH units remained almost constant (Fig. S2, SI). The
standard deviation of the potential values recorded with the four ISFETSs
was between 0.8 and 3.5 mV.

Although the most abundant electrolytes in sweat are Na™ and Cl’,
some other compounds that could interfere with Na™ ISFET measure-
ments are present. For this reason, the selectivity of Na* ISFETs to other
analytes was assessed. The major component in sweat that could inter-
fere with the Na™ measurement is K'. The selectivity against K" was
evaluated by means of the fixed interference method. For that, the
response of five Na* ISFETs was recorded under increasing concentra-
tions of the primary ion (Na™), and in a fixed concentration interfering
ion (K™). From these recordings, the selectivity coefficient, K, ;, which
defines the ability of the sensor to distinguish Na® from K*, was
extracted The smaller the value of K}, the greater the sensor’s pref-
erence for Na™. In Fig. 3A, three calibration curves are depicted: a
calibration in deionized water and two in solutions with fixed KCI
concentrations. The average KX, ; in a 1 mM KCl solution was 0.0899

4+ 0.0065, and in a 32 mM KClI solution was 0.0492 + 0.0029. To define

the ISFET’s behaviour, the average of both values (0.0695) was used in
the Nikolsky-Eisenman equation. As shown, the interference from K"
ions to the response of Na' ISFETs was relatively high at concentrations
of potassium above 1 mM. However, due to the 10X higher concentra-
tion of Na™ over KT in sweat, this interference should not affect the
measurement. This means that Na™ ion concentrations that are above
1.5 mM could be detected even in solutions with 32 mM K™, value that
is below the Na™ physiological concentration in sweat.

In order to identify potential interferents from the different compo-
nents of sweat, these interferents were added to different solutions
containing 10 mM NacCl. Three ISFETs were immersed in these 10 mM
NaCl solutions and finally in a 20 mM NaCl solution to check that the
sensor responded to the target analyte with Nernstian sensitivity. The
recordings of the test are plotted in Fig. 3B. The average potential dif-
ferences between each interferent solution and the 10 mM solution
without interferents were 0.03 + 2.90, — 1.93 £+ 1.96, — 3.97 4+ 5.28,
—0.97 £6.84, —1.50 +5.14, — 4.40 £ 7.62mV for solutions 1-6,
respectively. All contain the 0 in its confidence range, so they show no
bias. On the other hand, the maximum difference observed would still
correspond to less than a 10% of the measured concentration. Finally,
the Nernstian behaviour of the sensors was verified in a 20 mM NaCl
solution, where they showed sensitivities of 55.70 + 3.36 mV (-Log
aNa)_l-

An extensive test of the sweat matrix effects on the ISFET response
was performed by calibrating ten sensors simultaneously in six back-
ground solutions containing different families of components present in
sweat (Table S1, SI). Fig. 3C shows the results. The sensitivity to Na'tin
the different solutions was compared with the one in water using the
paired samples t-test (x = 0.05). The values obtained in the different
solutions were not statistically comparable to the ones in water, except
for the organic acids and carbohydrates (teaic 0.77 < tiap 2.26). Thus, the
last was the only group not included in the artificial sweat solution used
in the following studies.



M. Rovira et al.

Sensors and Actuators: B. Chemical 393 (2023) 134135

(A) (B) -
620 140 1
| S 120 1
—-740 [ Artificial 2 100 -
$>= sweat solution s 80 A
= g 60 1
m -790 8
o Wiy W +: 40 + ---- Jon chromatography
<3 PM3YEMS Z 20 1 ——ISFET
-840 T T T T 0 T T T T T T T T T T T T T T T T
0 25 50 75 100 125 hHhRB BB =202
) . n nnnn
Time [min] Samples
©) (D) . .
g 55 150 - [Na ]ISFET: 0.824 [Na ]Iou chrom. — 3.093
T 45 A R2=0.528
z
T 22 ] S6 ¢ Samples = 130 -
O 25 ¢ = s
i 50 0D e s e s miim s v+ s o i — = MeanBias = (g | 12‘0
£ 2 54 L 3 i 138
& & 5 4 o] -+ =+ Limits of & 90 §13 Sﬁ.}’S‘S
Eg-ég -__0:_’2‘ S Y g agreement E 1 i i‘/‘SZ
- [ TT T R A S 2
E -35 A kS % ¢ --=-- Confidence é 70 A P % ‘1.91914 ¢
T 45 ... ® e interval - @
—55 T T T T 50 T T T T
50 70 90 110 130 150 50 70 90 110 130 150

Mean ISFET cy,: & IC ¢y, [mMM]

IC cype [mM]

Fig. 4. (A) Recording of the output signal pumping artificial sweat solution, three calibration solutions and five sweat samples. (B) Sodium concentration data of 20
sweat samples, sequentially analysed with a Na™ ISFET and IC. (C) Bland-Altman plot showing the relative difference between the ISFET and IC Na* concentration
values for the 20 sweat samples, and the mean bias, the confidence interval (95%), and the limits of agreement (95%) for these values. (D) Scatter plot showing the
correlation between Na* ISFET and IC concentration values quantified at the sweat samples (identified as SX) following Pearson regression.

3.2. Performance of the Na" sensor under flow conditions

The performance of the Na' ISFET sensor was also assessed under
flow conditions with the aim of being able to analyse sweat samples in a
faster and automatic fashion. Under flow conditions, sample renewal
and sensor cleaning is highly facilitated.

In order to perform the sensor characterization under flow condi-
tions, firstly, the stabilization of the signal or baseline was studied by
injecting artificial sweat solutions to the flow cell. Fig. S1C in SI shows
that the baseline achieved for the first replicate was different from the
following ones. This behaviour was also observed in tests with real sweat
samples. As shown, for the following replicates the baseline signal sta-
bilized at similar potential values. Another characteristic from this
response is the transient signal that appeared more pronounced for the
first and second replicates. Later, the response reached a stable value in
few seconds. From that, it can be concluded that the membrane needed
some time for conditioning in the matrix and that the temporal drift in
these conditions was negligible (—0.085 mV min™1).

Finally, the sample renewal and sensor cleaning was evaluated by
studying the reversibility of the signal. Artificial sweat solution spiked
with 1 mM NaCl was pumped before and after three calibration solu-
tions and five sweat samples (Fig. 4A). The potential recorded in the
artificial sweat solution was — 728.9 + 1.2 mV, demonstrating good
reversibility.

In order to accurately quantify the Na® concentration present in
sweat samples, the ISFET response, E, could be defined by the following
contributions:

E = Ej — a-Sxems"Log o (ana + K a2/ ™)

where:

Ep is the sum of E°, the threshold voltage change due to trapped
charges in the floating gate, and the contribution of the reference elec-
trode [22].

Snernst 1S the ideal sensitivity given by Nernst equation. For mono-
valent ions and at 25 °C its value is 59.16 mV dec ™.

a defines the degree of deviation from the Nernstian ideal sensitivity.

Zya is the charge number of Na™.

zg is the charge number of the interfering ion K.

o and Ey, values could be obtained from the calibration of the ISFETs
in artificial sweat calibration solutions.

3.3. Analysis of sweat samples

The final study was conducted to measure the Na' concentration
present in 20 sweat samples. The samples were previously analysed
using IC as explained in Section 2.2. The Na' concentration values
achieved with both methods are depicted in Fig. 4B in the chronological
order of measurement. It can be observed that, although the values were
different, they followed a similar trend. It became more visible after the
first six samples, when the membrane was fully conditioned. The
analytical data is shown in Table S3, SI. The data values obtained from
the two assays were compared with the Bland-Altman analysis. The plot
in Fig. 4C shows the mean difference between the concentration values
obtained with the sensor and IC, together with the 95% confidence in-
terval around the mean and the limits of agreement (LOA). The LOAs
define the interval where the 95% of the values are expected to lie. This
study allowed us to remove the outliers that did not accomplished the
95% of agreement (only the sample 6 in our study). Once removed the
outlier, the bias was evaluated. It appears when the 95% confidence
interval does not include the 0 value. From our results, we conclude that
there is a systematic bias between the methods (95% CI = —10.68 to
—25.65). The existence of a bias indicates that there is a matrix effect
that was not detected in the characterization of the sensors in artificial
sweat. This may be due to the lipid-rich content present in the samples,
that could affect the hydrophobic selective-membrane [37-39]. These
substances can permeate into the polymeric membranes, changing its
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Table 1

State-of-the-Art (SoA) of Na™ ISFETs for sweat sensing.
Concentration range [M] Sensitivity [mV/dec] Interference tests Sweat samples validated Reference method Relative error [%] SoA
10°—1 55° No 5 Potentiometric” NG [17]
10°—10"! 57 Yes 2 Potentiometric’ 12% [24]
1074—1 57 Yes 1 Potentiometric” 4% [33]
102—1.6-10"" 61 Yes 20 IC 20% This work

2 The total sensitivity is the sum of Na™ ISFET (55) and Ag/AgCl (55) sensitivities.

> Roche Hitachi 912 chemistry analyzer.
¢ NG: Not given.
4 Horiba LAQUAtwin Na+ 11.

properties, and reducing the sensitivity towards Na* ions. Despite the
underestimation of Na* concentration using ISFETs, the results follow
similar trends (Fig. 4B).

Then, the data was represented in a scatter plot (Fig. 4D) and the
linear regression between both methods was extracted. Taking the Na™
concentration values from IC as reference, an average relative error of
— 20.48% was calculated for the ISFETs detection (Table S3, SI). To the
best of our knowledge, none of the previously reported Na™ ISFETs
applied for sweat sensing were thoroughly assessed with real sweat
samples [17,24,33]. Table 1 compares the performance of our sensor
with that of other Na™ ISFETs tested in sweat. The sensitivity is similar to
all of them. And although the linear range of the presented sensor is
shorter, it still covers the whole Na™ concentration range found in sweat.
The accuracy is also slightly worse, but here the experimental conditions
applied in each reported study must be considered. Using a very small
number of samples, between 1 and 5, these studies do not show the full
potential of the tested devices for measuring Na™ target species in sweat.
In our work, a representative number of samples collected at different
exercise efforts and during different days on the same subject was used,
which allow us to perform a more in-depth evaluation of the sensor
performance and to show its potential for wearable applications. In
addition, unlike previous works showing a comparative study using
commercial potentiometric equipment as the reference method, the one
of this work was done using IC as the reference method, which has
previously shown to be the most accurate technique for this application
[40,41].

Thus, ISFETs can detect relative changes in the Na' secreted in the
athlete’s sweat that are related to dehydration or hyponatremia. If more
accurate values of Na™ concentration in sweat were desired, the sensor
bias could be corrected by performing a calibration before and after the
samples analysis, which would enable estimating the sensor loss of
sensitivity.

4. Conclusions

An in-depth study of the Na* ISFET analytical behaviour was per-
formed. Na* ISFETs exhibited near Nernstian slopes as well as limits of
detection and linear ranges suitable for detecting the target biomarker in
sweat. They showed a high reproducibility and response repeatability
which make them suitable for performing repetitive measurements.
Results of lifetime and working stability indicated that the sensitivity
and baseline of the sensors were consistent over a period of at least one
month. The study of the effect of the matrix composition on the sensor
response revealed the necessity of calibrating the Na™ ISFET sensors in a
solution containing the major sweat components and including the K*
concentration contribution in the Nikolsky-Eisenman equation.

A flow system set-up for the measurement of Na* concentration in
low volume samples was developed. Validation with real sweat samples
and comparison with IC technique showed the likely effect of the sweat
lipid content on the ISFET membrane but this could easily be corrected.

The ISFETs showed good performance Na' quantification in sweat
samples, being feasible their integration in compact electronic wearable
devices [42,43]. As future work, the ISFETs will be integrated in a CMOS

fabricated chip for real-time, continuous monitoring of analytes
on-body, allowing correction of interferences using deep learning ap-
proaches [44].
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that could be mass-produced and deployed for in-situ detection of target chemical pa-
rameters in liquids and with the aim of transferring them to the market.
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