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Abstract
A significant bottleneck exists for mass-production of ion-selective electrodes despite recent developments in manufacturing 
technologies. Here, we present a fully-automated system for large-scale production of ISEs. Three materials, including polyvi-
nyl chloride, polyethylene terephthalate and polyimide, were used as substrates for fabricating ion-selective electrodes (ISEs) 
using stencil printing, screen-printing and laser engraving, respectively. We compared sensitivities of the ISEs to determine the 
best material for the fabrication process of the ISEs. The electrode surfaces were modified with various carbon nanomaterials 
including multi-walled carbon nanotubes, graphene, carbon black, and their mixed suspensions as the intermediate layer to 
enhance sensitivities of the electrodes. An automated 3D-printed robot was used for the drop-cast procedure during ISE fabrica-
tion to eliminate manual steps. The sensor array was optimized, and the detection limits were 10–5 M, 10–5 M and 10–4 M for 
detection of K+, Na+ and Ca2+ ions, respectively. The sensor array integrated with a portable wireless potentiometer was used 
to detect K+, Na+ and Ca2+ in real urine and simulated sweat samples and results obtained were in agreement with ICP-OES 
with good recoveries. The developed sensing platform offers low-cost detection of electrolytes for point-of-care applications.
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Introduction

Urine and sweat have gained more importance for clinical 
analysis especially for infants and elderly people to reduce 
the need for blood sampling [1]. Urine and sweat both 

provide physiological information about personal health 
conditions via noninvasive and painless assessment of elec-
trolytes, metabolites, and proteins [2]. Na+, K+, and Ca2+ are 
the most important ions, and their concentrations are closely 
regulated in biological fluids [3]. For Ca2+, its imbalances 
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causes chronic kidney diseases and mineral bone disorder 
[4]. While excess K+ (hyperkalemia) leads to chronic renal 
failure, hypoaldosteronism, rhabdomyolysis, and cardiac 
arrhythmias [5], high Na+ (hypernatremia) levels are asso-
ciated with cystic fibrosis [6]. Although short-term freezing 
of urine can be used for electrolyte analysis, urine specimens 
should be analyzed immediately to obtain the most accurate 
results [7]. Therefore, in-situ analysis of Na+, K+, and Ca2+ 
in biofluids is needed.

All-solid-state ion-selective electrodes (ISEs) with a 
thin polymer membrane have been widely used in clinical 
applications due to their features such as portability, low-
energy consumption, low-cost, and miniaturization [8, 9]. 
In addition, carbon-based materials as an intermediate layer 
modified between the conductive substrate and ion-selective 
membrane (ISM) have been proposed. The physical and 
chemical properties of the carbon-based materials provide 
a high electric charge capacity, leading a high stability of 
the sensor [10, 11]. Moreover, the high hydrophobicity of 
the carbon-based materials can eliminate the problem of 
water layer formation. These characteristics are the main 
requirements for the materials used as intermediate layers. 
Among the carbon-based materials, carbon black (CB) [12, 
13], multi-walled carbon nanotubes (MWCNTs) [14], and 
graphene [15] have been successfully applied.

Various printing techniques including inkjet printing, 
screen printing, and 3D-printing have been used to simplify 
the carbon-based electrode fabrication. On the other hand, 
the fabrication process of the all-solid-state ISEs are labor-
and time-intensive, and manual modification steps of the 
electrode surfaces can result in defects on electrode surface 
and reproducibility issues [16]. For point-of-care (POC) 
home-tests, either automatic calibration of ISEs or calibra-
tion-free ISEs should be developed for untrained end-users. 
In addition, low-cost portable sensing devices are required 
for frequent POC analysis. Therefore, simplification of man-
ufacturing and calibration processes for ISEs is necessary.

Laser-induced graphene electrodes (LIGEs) have 
recently drawn attention due to their fast fabrication pro-
cess and ability for mass-production [17, 18]. Lee et al. 
reported LIGEs for detection of K+ and Na+ ions [19]. 
Polydimethylsiloxane (PDMS)-lignin composite substrate 
was synthesized and used to fabricate electrodes via laser 
direct writing. Although the ISEs showed good sensitiv-
ity, their manufacturing procedure require synthesis of 
the substrate and manual drop-cast steps. Moreover, the 
system lack portability, limiting its use at the POC. In a 
recent study, Liao et al. developed LIGEs fabricated on 
polyimide substrate and modified with poly(3,4-ethylene 
dioxythiophene):polystyrene sulfonate (PEDOT:PSS) to 
simultaneously detect pH, Na+, and K+ levels in sweat 
with sensitivities of 51.5 mV/decade, 45.4 mV/decade, and 
43.3 mV/decade, respectively [20]. Although the synthesis 

of substrate is not necessary for fabrication of LIGEs due 
to the use of commercially available polyimide substrate, 
the ISEs had low stability because of the presence of 
PEDOT:PSS as an intermediate layer, which is adversely 
affected by light and dissolved O2 and CO2 [21]. In addi-
tion, the fabrication process of these ISEs requires various 
manual steps. Therefore, LIGEs should be modified with 
stable nanomaterials to improve stability and sensitivities 
of the ISEs.

In this study, we used polyvinyl chloride (PVC), polyeth-
ylene terephthalate (PET) and polyimide (PI) as substrates 
for fabricating ISEs using stencil printing, screen printing 
and laser engraving, respectively. We compared sensitivities 
of the ISEs to determine the best material for fabrication 
process of the ISEs. The electrode surfaces were modified 
with various carbon nanomaterials including multi-walled 
carbon nanotubes (MWCNTs), graphene (GR), carbon black 
(CB), and their mixed suspensions for optimization of the 
intermediate layer to enhance sensitivities of the electrodes 
and evaluated LIGEs surfaces morphology by Fourier-
transform infrared spectroscopy (FTIR), a field emission 
scanning electron microscope with energy dispersive X-ray 
spectrometer (FESEM-EDS), surface roughness, contact 
angle and their electrochemical and material properties.

To the best of our knowledge, this is the first report that 
presents a mass-produced laser-induced ISEs array via fully-
automated fabrication and modification processes for simul-
taneous detection of Na+, K+ and Ca2+ ions. In addition, the 
effect for ISEs fabrication including substrate and carbon 
(nano)materials types were investigated and compared for 
the first time to achieve the best electrochemical perfor-
mances. The carbon-based materials suspensions and ISMs 
were automated drop-cast by a low-cost (< $100) 3D-printed 
liquid handling robot (A3DMR) [22]. The sensing platform 
includes Internet-of-Things (IoT) enabled portable printed-
circuit board (PCB) hardware part and custom software for 
wireless data transmission and storage to a smartphone dur-
ing online monitoring. The low-cost (< $25) potentiometric 
device can perform automated calibration for the ISEs and 
display concentrations of the analytes on an OLED screen 
of the device [23]. As a proof of concept, the developed 
laser–induced ISEs were applied to clinical samples. The 
system offers rapid and fully automated mass-production 
of the ISEs for simultaneous detection of Na+, K+ and Ca2+ 
ions at the POC.

Experimental section

The details of chemical and materials, WISETIC platform, 
electrochemical measurements, characterization of surface 
morphology, and urine sample preparation are presented in 
Supplementary S1, S2, S3, and S4, respectively.
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Preparation of solid‑contact materials

The carbon-based materials including CB, MWCNTs, GR, 
and the CB mixtures either with MWCNT or GR as addi-
tives were prepared immediately prior to use by dispers-
ing the carbon materials in THF and mixed for two min. 
Nine suspensions were obtained by the carbon materials: (1) 
5 mg mL−1 CB, (2) 5 mg mL−1 MWCNT, (3) 5 mg mL−1 
GR, (4) 0.2:1 MWCNT:CB, (5) 0.6:1 of MWCNT:CB, 
(6) 1:1 of MWCNT:CB, (7) 0.2:1 of GR:CB, (8) 0.6:1 
of GR:CB, and (9) 1:1 of GR:CB in 1 mL of THF. The 
obtained materials are denoted as CB-ISE, MWCNTs-ISE, 
GR-ISE, respectively.

Preparation of ion‑selective and reference 
membranes

The ion-selective membranes (ISMs) were prepared accord-
ing to our recent reports [24]. Na ionophore X (1%, w/w), 
NaTFPB (0.9%, w/w), (65.7%, w/w) DOS, and PVC (32.4%, 
w/w) were mixed for Na+-ISE. Valinomycin (2%, w/w), 
KTClPB (0.6%, w/w), DOS (64.7%, w/w), and high molecu-
lar weight PVC (32.7%, w/w) were mixed for K+-ISE. To 
prepare the Ca2+-ISE, the membrane cocktail including cal-
cium ionophore II (ETH129) (2%, w/w), KTClPB (0.6%, 
w/w), PVC (32.5%, w/w), and NPOE (64.9%, w/w) was pre-
pared. The additional components of Ca2+-ISM for compari-
son are shown in Table S1. These ISM compositions were 
selected based on our previous reports and the literature [13, 
23–26]. 200 mg of the membrane cocktails were dissolved 
in 1.5 mL of THF and sonicated for 15 min.

The reference membrane was prepared according to 
our previous procedure [24]. Briefly, the reference mem-
brane cocktail was prepared using 200 mg poly(butyl meth-
acrylate-co-methyl methacrylate), 68 mg KCl, and 5 mg 
tetradodecylammonium tetrakis(4 chlorophenyl)borate in 
1 mL THF.

Fabrication of the all‑solid‑state ISEs and RE

Polyethylene terephthalate (PET), polyvinyl chloride (PVC) 
and polyimide (PI) substrates were used for fabrication of elec-
trodes via three different techniques. While TC303 graphite 
and carbon ink were mixed at 0.6:1 w/w ratio to apply on 
PET substrate via in-house stencil printing, PVC substrate 
was used for screen-printing using carbon ink, and dried in 
an oven at 60 °C for 30 min. A laser scribing micromachining 
system with a semiconductor diode laser (Robotech LRT2030, 
Ideamaker Technology, Thailand) controlled by a computer 
was used to fabricate a LIGE. A high-temperature laser was 
used to obtain the carbon-containing PI-based electrodes via 
combustion and carbonization. Both of combustion and car-
bonization processes involve the conversion of sp3 hybridized 

carbon atoms of the substrates to sp2 hybridization of gra-
phene. This conversion takes place via breaking of the C − O, 
C = O, and C − N bonds due to high temperature during laser 
process and aromatic compounds are then rearranged to form 
multilayer graphene [27]. The fabrication process of LIGE is 
shown in Video S1. The obtained electrodes were prepared 
by drop-casting 1.5 μL of the carbon-based materials twice 
as intermediate layer and dried in room temperature for 1 h. 
Then, the modified electrodes were drop-casted by 2 μL of 
the ISM cocktail three times as all-solid-state ISEs. The pipet 
tip was changed between each drop-cast of different type of 
ISM cocktails including Na+-ISM, K+-ISM, and Ca2+-ISM 
to avoid contamination while 3D-printed robot was operated. 
After that, the ISEs were left in a desiccator overnight to let 
THF evaporate. The Na+-ISE, K+-ISE, and Ca2+-ISE were 
conditioned in 10−1 M NaCl, 10−1 M KCl, and 10−2 M CaCl2 
for overnight, respectively.

For all-solid-state reference electrode (RE), the Ag/AgCl 
ink was applied on electrode surface and baked at 60 °C 
in an oven for 10 min. Then, 2 μL of reference membrane 
solution was drop-casted on the Ag/AgCl electrode three 
times and dried overnight in a desiccator. After that, the all-
solid-state RE was conditioned in 3 M KCl for 16 h prior to 
analysis for further experiments.

Microfluidic device preparation

After ISE preparation, the microfluidic device was fabricated 
using the PET-double side adhesive tape (thickness 100 μm) 
and transparency film (thickness 100 μm) by laser-cutter, 
generating the flow channel as illustrated in Fig. 1. Then, 
the ISE electrode, PET-double side adhesive tape and the 
transparency film were sequentially assembled for creating 
the microfluidic device-based ISE. The device was used 
as non-invasive wearable sensors to directly attach to the 
human skin for collecting a sweat sample through the nine 
sample inlet holes (4 mm) for sample collection. Sweat sam-
ple was then flow through microfluidic channel (diameter 
3 mm, length 5 mm) straightforward to the detection zone 
with a diameter of 15 mm. After the sweat sample was filled 
in detection zone, the multi-ions were measured using poten-
tiometric technique. A small hole (1 mm diameter) placed in 
the middle of the transparency sheet was designed to remove 
air bubble in the microfluidic device during its operation. 
The fluidic operation of the LIGE is shown in Video S2.

Results and discussion

Optimization of ISM compositions

According to our previous study [28], we initially used 
CB-modified electrodes fabricated on PET substrate to 
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optimize ISM components (Table S1) for Ca2+-ISE. The 
potentiometric responses of the Ca2+-ISEs were tested in 
10−5 – 10−1 M CaCl2 solutions. Table S2 shows the sen-
sitivity and limit of detection (LOD) of CB-modified all-
solid-state electrodes at different ISM components after 
conditioning in 10−2 M CaCl2 solution for overnight. The 
LODs were calculated according to the IUPAC defini-
tion via the intersection of extrapolated linear portions 
of the calibration curve [28, 29]. The results showed that 
the membrane M3 provides highest response slope with 
a Nernstian response of 29.8 ± 0.7 mV decade−1 in the 

activity range from 10−4 to 10−1 M, and the LOD calcu-
lated as 10−5 M for Ca2+ detection. According to Table S2, 
the PVC membranes plasticized with NPOE showed the 
highest potentiometric response slope and the lowest LOD 
compared to DOS plasticized membranes (M5, M6 and 
M7), which is in agreement with literature [30, 31]. In 
addition, the ratio of 0.30 (additive to ionophore) with 
the increased amount of ionophore compared to the ISEs 
prepared with M1, M2 and M4 gave the highest response 
slope among membrane compositions including NPOE as 
the plasticizer and KTClPB as the additive, showing the 

Fig. 1   Fabrication steps of the 
microfluidic ISE array
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significant effect of the ionophore content in ISE mem-
branes in the whole membrane mass [26].

Optimization of carbon‑based material type 
and composition

After testing various ISM compositions, we investigated 
the effect of carbon-based material type and composition 
on ISE performance. Ca2+-ISEs with CB, MWCNTs, GR 
and the CB mixtures with MWCNT or GR as intermedi-
ate layer were tested in 10−5 – 10−1 M Ca2+. As shown 
in Fig. 2, the results showed that CB-modified Ca2+-ISE 
provides higher sensitivities than unmodified Ca2+-ISEs. 
This result demonstrated that the use of carbon material as 
an intermediate layer prevents the formation of an aque-
ous layer between the membrane and the transducer, thus 
improving sensitivity of the potentiometric signal [13, 32]. 
Moreover, the results indicate that CB- and MWCNTs-
modified Ca2+-ISEs exhibited high sensitivities while GR-
modified Ca2+-ISEs had lower sensitivities. Based on the 
results, the CB and MWCNTs have shown more stable 
dispersion on the electrode surface compared to GR with-
out pretreatment, leading to improved adhesion between 
transducer and ISM [10, 33, 34]. Although MWCNT- 
and CB-modified ISEs exhibited similar potentiometric 
response, we chose CB to modify electrode surfaces since 
CB is less expensive than other carbon-based materials 
tested including MWCNTs. Moreover, EIS characteriza-
tion of carbon-based material type and composition on 

Ca2+-ISE is presented in Fig. S3 and Table S3. The small-
est Rct value was obtained with the CB-modified Ca2+-ISE, 
verifying that the introduction of CB can improve the sen-
sitivity of potentiometric response for ions measurement.

Optimization of substrate materials

For ISE fabrication, the substrate material type was opti-
mized including PET, PVC, and PI. The electrode-based 
PET and PVC substrates were fabricated by screen-printing 
as screen-printed electrode (SPCE). While PI was used for 
laser scribing to create a LIGE and the optimization of LIGE 
fabrication was showed in Fig. S4 and Table S4. All-solid-
state Ca2+-ISEs prepared with 5 mg mL−1 CB and mem-
brane M3 on PET, PVC, and PI substrates were tested with 
conditioning in 10−2 M CaCl2 solution for overnight. As 
shown in Table S5, the obtained slopes of Ca2+-ISEs fabri-
cated with PET and PI are closer to the theoretical Nernstian 
slope when compared to those obtained for the electrode on 
PVC substrate. This is expected due to the highly hydro-
phobic nature of PET and PI substrates that can prevent the 
formation of a water layer between transducer and ISM, 
improving their potentiometric sensitivities for Ca2+ detec-
tion [35, 36]. In addition, the surface characterization and 
hydrophobic or hydrophilic nature of these substrates were 
investigated via FTIR as discussed in SI and shown in Fig-
ure S5. Therefore, the PET and PI substrates were chosen 
for the fabrication of ISEs.

Fig. 2   Potentiometric responses 
of the Ca2+-ISEs based on PET 
substrate at different carbon-
based material type and com-
position (a) CB, MWCNTs and 
MWCNTs:CB (c) CB, GR and 
GR:CB. (b) Sensitivities of the 
Ca2+-ISEs: (1) without interme-
diate layer, (2) 5 mg mL−1 CB, 
(3) 5 mg mL−1 MWCNTs, and 
the mixture ratio of MWCNTs 
and CB as (4) 0.2:1, (5) 0.6:1, 
and (6) 1:1, respectively. (d) 
Sensitivities of the Ca2+-ISEs: 
(1) without intermediate 
layer, (2) 5 mg mL−1 CB, (3) 
5 mg mL−1 GR, and the mixture 
ratio of GR and CB as (4) 0.2:1, 
(5) 0.6:1, and (6) 1:1, respec-
tively
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Physical characterization of CB and ISM modified 
electrodes

The surface morphologies of the CB-modified electrodes 
and the additionally ISM coated electrodes on PET and PI 
substrates were investigated by FE-SEM as shown in Fig. 3. 
For Ca2+-ISE based PET substrate, the SEM image display 
a high surface roughness for unmodified electrode (Fig. 3a 
(i)), whereas CB showed more uniformity on the modified 
electrode (Fig. 3a (ii)). To obtain Ca2+-ISE, the Ca2+-ISM 
was deposited on the top of CB-modified electrode and the 
smooth surface was clearly observed (Fig. 3a (iii)). In addi-
tion, cross-section of SEM image was used to identify the 
thickness of Ca2+-ISE based PET substrate (Fig. 3a (iv)). 
It was found to be 34.2 ± 1.3 µm for unmodified SPCE, 

38.8 ± 0.8 µm for CB-modified SPCE, and 29.2 ± 1.7 µm 
for ISM coated SPCE.

For LIGE, the presence of sponge like structure could 
be observed as well as the previous reports, leading to a 
higher surface roughness [37]. As shown in Fig. 3b (i), the 
top view of PI film after CO2 infrared laser under ambient 
condition clearly revealed highly porous graphene arranged 
in a parallel pattern on the PI substrate [38]. The results con-
firmed that laser engraving on the PI film generates highly 
porous multilayer graphene [27]. Moreover, Fig. 3b (ii) show 
that CB was uniformly modified on the LIGE surface. After 
Ca2+-ISM coating, the smooth surface of the film forma-
tion was clearly obtained on the CB-modified LIGE (Fig. 3b 
(iii)). The thicknesses of each layer on LIGE were obtained 
by cross-section as shown in Fig. 3b (iv) with the values of 

Fig. 3   FE-SEM images of (a) 
Ca2+-ISE fabricated on PET 
substrate: (i) unmodified, (ii) 
CB- modified, and (iii) ISM/
CB-modified electrodes and (iv) 
cross-section image of Fig. 3a 
(iii). (b) Ca.2+-ISE fabricated on 
PI substrate: (i) unmodified, (ii) 
CB-modified, and (iii) ISM/CB-
modified LIGEs and (iv) cross-
section image of Fig. 3b (iii)
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38.3 ± 0.3 µm for unmodified LIGE, 37.9 ± 1.6 µm for CB-
modified LIGE, and 28.8 ± 1.1 µm for ISM coated LIGE.

In addition, the profile roughness (Ra) and area roughness 
(Sa) of the unmodified electrode and CB-modified electrode-
based PET and PI substrates were investigated by laser con-
focal microscopy as shown in Fig. 4a and b. The results 
showed that the CB-modified electrode provides higher Ra 
and Sa than the unmodified SPCE and LIGE. These results 
demonstrated that the modification of CB increased the sur-
face area of electrodes [39], leading to improved sensitivity 
of the potentiometric signal for ions detection.

Water layer and chronopotentiometry tests

The formation of water layer between the solid-contact and 
the ISM causes potential drift in ISEs [40]. Thus, the pres-
ence of an aqueous layer was tested for Ca2+-ISE fabricated 
on PET and PI substrates as shown in Fig. 5. According 
to the Fig. 5a and b, CB-modified ISEs fabricated on both 
PI and PET substrates showed better potential stability 

compared to unmodified ISEs since there was no poten-
tial drift for the CB-modified Ca2+-ISEs when changing 
the solution from primary ion (Ca2+) to an interfering ion 
(Mg2+). This could be explained by the highly hydrophobic 
nature of CB [12]. On the other hand, unmodified Ca2+-ISEs 
showed 20 mV and 17 mV potential drift when the elec-
trodes were introduced to 10−1 M CaCl2 in the last step, 
indicating the existence of water layer. The contact angle 
measurements were carried out to investigate the hydropho-
bicity of the electrodes (Fig. 5c and d). The results showed 
that the contact angle of unmodified electrode based on PET 
and PI substrates was 89.9 ± 1.1º and 95.9 ± 3.7º, respec-
tively. While CB-modified electrode had contact angles 
of 116.7 ± 2.6º and 126.1 ± 1.2º for PET and PI substrates, 
respectively. The results obtained clearly show that CB mod-
ification of electrode surface increased the hydrophobicity 
of the solid-contact material.

The short-term potential stability against polarization of 
the Ca2+-ISEs modified with CB as intermediate layers were 
tested using chronopotentiometry with a constant current 

Fig. 4   LSCM images of (a) 
electrode fabricated on PET 
substrate: (i) unmodified, and 
(ii) CB-modified electrodes. 
(b) electrode fabricated on PI 
substrate: (i) unmodified, and 
(ii) CB-modified electrodes
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of ± 1 nA for 60 s in 10−1 M CaCl2 [41]. The obtained chro-
nopotentiograms are shown in Fig. 5e. The potential drift 
during cathodic and anodic polarization of the CB-modi-
fied Ca2+-ISE was much lower than that obtained from the 
unmodified Ca2+-ISE, indicating similar results with previ-
ous reports [24]. This effect is explained by the conductivity 
of the solid-contact materials used.

Response time, temperature and pH tests

The Ca2+-ISE fabricated on PI substrate exhibited very fast 
response (< 1 s), the Ca2+-ISE based on PET substrate had 
a response time of 10 s (Fig. 6a). The temperature test of 
the Ca2+-ISE on both of PET and PI substrates was carried 
out in 1 mM Ca2+ (Fig. 6b). Potentiometric responses of 
the electrodes were constant between 35 − 40 ºC for CaCl2. 
The effect of pH on the ISEs response were investigated 
in 10−3 M and 10−2 M CaCl2 at pH 2 − 10 and is shown 
in Fig. 6c and d for PI and PET substrates, respectively. It 
was observed that there was no significant potential change 
between pH 4 − 9, showing a wide pH working range. The 
results demonstrated that the developed ISEs have wide 
working pH and body temperature range, which is important 
for the use as wearable devices.

Analytical performance of potentiometric devices

Potentiometric measurements were carried out in 10−6 − 10−1 M 
Na+, K+, Ca2+ solution vs. both commercial Ag/AgCl and 

all-solid-state reference electrode. The open-circuit potential 
curves for Na+-ISE, K+-ISE and Ca2+-ISE are shown in Fig. 7. 
The Ca2+-ISE showed a linear response range in 10−4 − 10−1 M 
with a sensitivity of 30.1 mV decade−1 (R2 = 0.9981) and limit 
of detection (LOD) of 10−5 M (Fig. 7a and b). Also, the sensi-
tivities obtained vs. commercial Ag/AgCl reference electrode 
were close to those obtained in the presence of all-solid-state 
reference electrode (28.9 mV decade−1 for Ca2+-ISE), indicating 
reliable results. While the sensitivity of Na+-LIGE was 42.9 mV 
decade−1 (R2 = 0.9903) within linear range of 10−4 − 10−1 M 
Na+ with LOD of 10−5 M (Fig. 7d and e), the sensitivity of 
K+-LIGE was 38.03 mV decade−1 (R2 = 0.9873) within linear 
range of 10−3 − 10−1 M K+ with LOD of 10−4 M (Fig. 7g and h).

Since the reproducibility of the ISEs is critical for mass 
production, the electrode-to-electrode reproducibility was 
tested by extrapolating the linear portion in the activity range 
from 10−4 − 10−1 M of the calibration curve to 1.0 M Ca2+. 
The standard deviations of E° were obtained as 1.9 mV (n = 5) 
and 8.6 mV (n = 6) for PET and PI substrate based Ca2+-ISEs, 
respectively, showing better reproducibility with the CB/
Ca2+-ISE fabricated on PET substrate than those fabricated 
on PI substrate. Also, the standard deviation of E° obtained 
for CB/Ca2+-ISE based on PET is lower than those previous 
reports for platinum nanoparticles (4.6 mV) [42] or KTCNQ 
(5.7 mV) or NaTCNQ (5.1 mV) contacted electrodes [43] 
and comparable to those observed for electrodes with solid 
contact made of CB (1.1 mV) [44] or platinum nanoparti-
cles-CB composite (1.4 mV) [45]. Although ISEs fabricated 
on PET substrate via in-house stencil printing gives better 

Fig. 5   a) Water layer tests of 
the unmodified (blue) and CB-
modified (orange) Ca2+-ISEs 
fabricated on PI substrate. b) 
Water layer tests of the unmodi-
fied (green) and CB-modified 
(red) Ca2+-ISEs fabricated on 
PET substrate. c) and d) The 
contact angle measurements 
of (i) unmodified and (ii) CB-
modified electrodes on PET 
and PI substrates, respectively. 
(e) Chronopotentiograms for 
the Ca2+-ISEs prepared on PET 
substrate with unmodified and 
CB-modified electrodes meas-
ured in 10−1 CaCl2 by apply-
ing + 1 nA for 30 s and then − 1 
nA for 30 s
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reproducibility than CB/Ca2+-ISE fabricated on PI substrate 
via laser-engraving, LIGEs have advantage in that they are 
easily mass-produced via automated system. Also, the stand-
ard deviation of E° obtained for LIGEs (8.6 mV) is compara-
ble with other reports (0.7–32.2 mV) [46].

For repeatability study of the ISEs, the ISEs were repeatedly 
used in 1 mM and 5 mM Ca2+, 1 mM and 100 mM Na+, and 
5 mM and 50 mM K+ and, the potential responses are shown 
in Fig. 7c, f and i. As can be seen, the potential was the same 
for each corresponding activity after several cycles, indicating 
that the developed ISEs had good repeatability. In addition, the 
selectivity was also studied and is shown in Table S10.

The stability of the ISEs was investigated over 30 days 
by measuring the slope and LOD. The ISEs were stored 
at room temperature and were conditioned in 10−1 M for 
Na+ or K+ and 10−2 M for Ca2+ prior to use. The obtained 
slopes of Na+ or K+, and Ca2+ were 42.7 ± 0.2 mV decade−1, 
37.8 ± 0.4  mV decade−1, and 28.7 ± 0.2  mV decade−1, 
respectively. The observed changes in the slopes were less 
than 5 mV decade−1, showing the high stability of the pro-
posed potentiometric sensors.

The comparison of our approach versus other ISEs 
including potentiometric and optical methods for determi-
nation of ions in biological fluid is summarized in Table S7. 
Although the linear range and LODs found in this work is 
comparable, the conductive material used in those works 
presented (Table S7) are either expensive or affected by 

light/oxidation, decreasing their stability. In addition, their 
fabrication process includes complicated and manual steps, 
indicating that our system could be promising to detect ions 
in complex biological fluids such as urine and sweat.

Sample analysis

To demonstrate the clinical applicability of the sensing plat-
form, we tested real urine and simulated sweat samples by 
filling the microfluidic channels of the ISE array and using 
the portable and wireless potentiometer with its customized 
software (the details of synchronization algorithms are pre-
sented in Figure S6). Different concentrations of KCl, NaCl 
and CaCl2 in the physiologically relevant range in a back-
ground of simulated sweat were prepared and the developed 
ISEs were used to obtain the calibration curves. The poten-
tial responses in varying activity of primary ions for Na+, 
K+ and Ca2+ in simulated sweat are summarized in Table S8.

In addition, the applicability of the microfluidic devices was 
investigated by measuring the concentration of Na+, K+ and 
Ca2+ in real human urine. In detail, urine samples were diluted 
20 times with 10 mM HEPES (pH 7.4) before analysis with the 
microfluidic devices, and the results were validated using ICP-
OES method. As shown in Table S9-S11, the measured concen-
trations were not statistically different from those obtained by 
ICP-OES, verifying the possibility of accurate measurements 
using our proposed microfluidic device.

Fig. 6   a) Response time of the 
Ca2+-ISEs fabricated on PI 
(orange line) and PET (blue 
line) substrates. b) The effect 
of temperature on the poten-
tial response of the Ca2+-ISEs 
fabricated on PI (red line) and 
PET (blue line) substrates, the 
signal is measured every 10 °C 
from 25 °C to 40 °C in 10–3 M 
Ca2+. The effect of pH on the 
Ca2+-ISEs for (c) PI and, (d) 
PET substrates
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Conclusions

Here, we presented the large-scale fabrication of LIGEs for 
multiplexed detection of Na+, K+, and Ca2+ in urine and 
sweat samples at the POC. The manufacturing system offers 
low-cost, rapid, and automated construction of ISE arrays. 
PVC, PET, and PI were used as substrates for ISEs fabrica-
tion and compared in terms of their sensitivities. Then, CB 
was selected to modify electrode surface for improved elec-
trode characteristics. Moreover, an automated custom-made 
3D-printed dispensing robot namely A3DMR was used to 
achieve drop-cast steps for ISE fabrication by eliminating 
manual steps. All of the sensors showed good sensitivity, 
selectivity, and reproducibility, making the ISEs suitable for 
sample analysis. Also, the custom-made miniaturized poten-
tiometer was used for signal collection and wireless signal 
transmission to a smartphone with a customized software for 
POC application. The device is able to simultaneously detect 

Na+, K+, and Ca2+ ions in human urine and simulated sweat 
samples. Mass production of the ISEs will enable low-cost 
analysis of electrolytes and can be expanded for other ions 
and metabolites for future clinical applications to monitor 
physiological conditions. Due to the use of IoT supported 
miniaturized potentiometer, big data could be collected at 
home-tests and stored in servers to provide medical informa-
tion about patients for early and rapid diagnosis, and proper 
treatment by doctors especially during pandemic situations.
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