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A B S T R A C T   

Urinalysis is a simple and non-invasive approach for the diagnosis and monitoring of various health disorders. 
While urinalysis is predominantly confined to clinical laboratories the non-invasive sample collection makes it 
applicable in wide range of settings outside of central laboratory confinements. In this respect, 3D printed devices 
integrating sensors for measuring multiple parameters may be one of the most viable approaches to ensure cost- 
effectiveness for widespread use. Here we evaluated such a system for the multiplexed determination of sodium, 
potassium and calcium ions in urine samples with ion-selective electrodes based on state of the art 
octadecylamine-functionalized multi-walled carbon nanotube (OD-MWCNT) solid contacts. The electrodes were 
tested in the clinically relevant concentration range, i.e. ca. 10− 4 - 10− 1 mol L− 1 and were proven to have 
Nernstian responses under flow injection conditions. The applicability of the 3D printed flow manifold was 
investigated through the analysis of synthetic samples and two certified reference materials. The obtained results 
confirm the suitability of the proposed system for multiplexed ion analysis in urine.   

1. Introduction 

Various components in urine provide a wide range of information 
enabling checking and monitoring medical conditions. Detection of 
deviations from the normal concentration range of these components 
might be a useful diagnostic tool for medical examiners indicating also 
possible lines of treatment [1,2]. In this respect one of the main group of 
analytes in urine are inorganic and organic ions. The deviations of 
inorganic ion concentrations can be a symptom of disorder, dysfunction, 
infection of an organ. For example, the presence of nitrite in the urine 
may indicate bacterial infection in the urinary tract as some bacteria 
convert the naturally occurring nitrate to nitrite ions [3]. Monitoring the 
concentration of common electrolyte ions such as sodium, potassium, 
calcium or chloride in the urine may contribute to revealing cases of 
hypertension or cardiovascular diseases, kidney disease, acute kidney 
injury, renal tubular acidosis or adrenal gland problems [4,5]. The 
measurement of sodium, potassium and calcium ions is very important 
for people with urinary stones, especially that of Ca2+, which is their 

main component [4]. Urine sodium measurements might also be utilized 
in the optimizing therapy, for example in diabetic ketoacidosis treat-
ment in which monitoring plasma sodium in kidneys may give an insight 
as to how the individualization of the treatment may be undertaken [6]. 
The chloride ions can be analyzed in the diagnostic context of diseases as 
cystic fibrosis or diabetic acidosis. Moreover, the control of other pa-
rameters such as pH or color of urine is also significant in the medical 
diagnosis [4]. Overall, it is crucial that urine electrolytes levels are 
interpreted in the context of the specific patient and his clinical situation 
[7]. 

Many of the routine clinical urinalysis measurements are based on 
test strip technology using optical detection. These are relatively low 
cost, fast and simple assays [8] that can be performed also in multi-
plexed manner, i.e. with multiple parameters measured with the same 
strip that accommodates several reagent pads targeting the different 
analytes. Typical general urine test strips comprise reagent pads for 10 
different substances (glucose, leukocytes, nitrite, protein, bilirubin, etc.) 
[9]. However, for alkali and alkali earth metals, ion-selective 
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potentiometry offers similar benefits in terms of simplicity, lack of 
sample pretreatment and cost effectiveness with additional advantages 
in terms of selectivity, accuracy and continuous monitoring [10]. Ion 
selective electrodes (ISEs) are commonly used in clinical analyzers, 
which allow the quick qualitative determination of basic parameters in 
blood or urine samples. They easily cope with the current trend in 
analytical, and especially clinical chemistry, in terms of multicompo-
nent analyses. In case of ISEs, this can be achieved by their integration in 
multisensor platforms that results beside the reduction of the analysis 
time and easier automation [11,12] also in a decrease of the volume of 
the tested samples, calibration solution and generated waste [13,14]. 
The flow manifolds are in general central for accurate measurements 
with ISEs, involving rapid sample exchange and small sample volumes, 
especially in clinical settings [15–18]. For field or point of care 
deployment the miniaturization of ion-selective electrodes along with a 
versatile manufacturing to cope with minute sample sizes and measuring 
setups along with enabling multiplexed measurements emerge as typical 
requirements. This means a departure from the classical symmetrical ISE 
designs based on liquid contact, i.e. an inner reference solution, that 
generally hinders the miniaturization and complicates the electrode 
fabrication process [19]. Therefore, considerable effort has been inves-
ted during the last few decades for replacing liquid contacts with solid 
contacts in ISEs which would facilitate easy adaptation of the 
well-established ISE measurement technology to emerging applications 
such as environmental analysis [20], wearable sensors [21–29], and 
point of care analysis [30,31]. Certainly, the performance parameters of 
solid contact ISEs should match those of conventional liquid contacts 
even in miniaturized embodiments and this was found initially chal-
lenging. However, presently there are a plethora of materials for solid 
contacts that enable appropriate potential stability and Nernstian 
behavior. The two most important type of materials are those with redox 
properties (e.g. conductive polymers) and large specific surface area 3D 
nanostructured materials such as carbon nanotubes or graphene exhib-
iting high interfacial capacitances as transducer layer [32–43]. 

Since 3D printing is one of the most promising technology with a 
versatility in terms of shape, materials and functionality that is difficult 
to match by other fabrication method we were interested in combining 
these advantages with that of ion-selective potentiometry. While there is 
a quick emergence of 3D printing for analytical and electrochemical 
purposes [44], with their use for fabrication of milli- and microfluidic 
analytical devices, electrochemical sensors and energy storage devices 
being among the highlights. However, this is not the case for potentio-
metric sensing. The few examples include pH sensor [45], Ag|AgCl 
reference [46–48] and screen-printed sulfide ion-selective electrodes 
[49]. In these reports, 3D printing technology was utilized to facilitate 
the fabrication of custom-made devices meeting the aims set by the 
analytical methods and facilitating the fabrication in terms of rapid 
prototyping, reproducibility, miniaturization and customizability. The 
3D printing technologies cover mainly fused filament fabrication (FFF) 
and fused deposition modelling (FDM) with modifications introduced in 
order to obtain systems with desirable properties. These modifications 
range from adding components to filaments, e.g. graphene, KCl, in order 
to have a layer acting as a classical “internal solution” [47] to using 
custom-made 3D printers with custom-made PVC-KCl composite with 
properties enabling printability [48]. The stereolithography, a tech-
nique utilized in the present study, is noted in the case of electrode 
housings for pH sensor development [46]. 

In our previous work [50], the 3D printing technology was employed 
for the fabrication of a flow cell along with compatible electrode bodies 
which were used for simultaneous determination of sodium, potassium, 
calcium and chloride in environmental water samples. Given that the 
ionophore based ion-selective membranes (ISMs) consist of highly 
plasticized polymers, the main focus was to investigate two types of 
resins for fabricating electrode enclosures that are compatible with the 
ISMs. Indeed, we have shown via impedance and potentiometric mea-
surements that Standard Clear Resin (Formlabs, USA) is not compatible 

with the ISM due to the diffusion of the plasticizer into the material of 
the 3D-printed electrode body that limits the lifetime of the utilized 
electrodes. However, Standard Clear Resin is an appropriate material for 
printing flow measurement cells. 

In this report we take advantage of the optimized materials for 3D 
printing and a recently developed octadecane-modified multi-walled 
carbon nanotubes (OD-MWCNTs) as solid contact layer to provide su-
perior potential stability and reproducibility that is applied for the first 
time on 3D printed gold electrodes. Additionally, we also improved the 
3D printed cell design for smaller sample volumes. Since our previous 
approach used coated wire (Ag|AgCl) electrodes this is the first report on 
a 3D manifold with state of the art solid contact ISEs. The largely 
improved analytical performance supports the validity of the approach 
and reveal the potential of the 3D printing methodology for the simul-
taneous determination of sodium, potassium and calcium ions in urine 
samples. 

2. Experimental 

2.1. Reagents and solutions 

Potassium ionophore I (Valinomycin), sodium ionophore X (p-tert- 
butylcalix[4]arene-tetrakis-acetic-ethyl ester), calcium ionophore IV (N, 
N-Dicyclohexyl-N′,N′-dioctadecyl-3-oxapentanediamide), sodium 
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), bis(2- 
ethylhexyl)sebacate (DOS), 2-nitrophenyl octyl ether (o-NPOE), high 
molecular weight poly(vinyl chloride) (PVC), tetrahydrofuran (THF) 
were purchased from Sigma Aldrich (Germany). Potassium tetrakis 
(pentafluorophenyl)borate (KTFAB, 97%) was obtained from Alfa Aesar 
(USA). Absolute ethanol was purchased from Merck (Germany). Other 
chemicals, such as KCl, CaCl2 ∙ 2H2O, NaCl, LiCl, MgCl2 ∙ 6H2O, NH4Cl 
and 1 mol L− 1 hydrochloric acid (HCl) were obtained from Merck Mil-
lipore. CH3COOLi ∙ 2H2O (Chempur, Poland) was also utilized. The 
reagents needed for the synthesis of octadecane-modified multi-walled 
carbon nanotubes (OD-MWCNTs) and the description of the procedure 
are given in Papp et al. [23]. All chemicals were of analytical grade and 
were used as received without any further purification. 

Stock standard solutions of KCl (1 mol L− 1), NaCl (1 mol L− 1), CaCl2 
(1 mol L− 1), LiCl (1 mol L − 1), MgCl2 (1 mol L− 1) and NH4Cl (1 mol L− 1) 
were prepared by dissolving adequate amounts of chloride salts in 
distilled water. The mixture of potassium, sodium and calcium salts was 
also prepared with the same concentration in 0.1 mol L− 1 CH3COOLi. 
Working solutions of this mixture, in the range of 10− 1 – 10− 4 mol L− 1 at 
a constant ionic background of 0.1 mol L − 1 CH3COOLi, were prepared 
immediately prior to use. 

For the determination of selectivity coefficients, the solutions of each 
chloride salt, in the range from 10− 1 to 10− 3 mol L− 1 were prepared in 
distilled water. The 0.1 mol L− 1 lithium acetate was prepared by dis-
solving adequate amount of substance and was utilized as the Ionic 
Strength Adjuster and as the carrier. All aqueous solutions were pre-
pared from distilled water with a resistivity of 18.2 MΩ x cm. 

Synthetic samples containing calcium, potassium and sodium ions on 
different concentration levels were prepared through proper dilution of 
calcium, sodium and potassium stock solutions. The concentrations of 
each ion were selected according to the predicted concentrations of 
those analytes in urine samples [51]. Urea (10 g L− 1) and riboflavin (10 
mg L− 1) were present in the synthetic samples of urine as matrix. 

Certificate Reference Materials of urine, Seronorm™ Urine L-1 and 
Seronorm™ Urine L-2, were prepared by two times dilution with lithium 
acetate solution. The final concentration of lithium acetate was 0.1 mol 
L− 1 in the mixture. Each standard and sample solution also contained 
0.1 mol L− 1 lithium acetate for stabilization of the ionic strength of 
solutions. 
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2.2. Flow manifold and instrumentation 

The employed flow-injection manifold, dedicated to potentiometric 
measurements, is shown in Fig. 1. It consists of two Minipuls 3 peristaltic 
pumps (Gilson, France) and an eight-port injection valve (PerkinElmer, 
USA) equipped with a driving system made in our laboratory. Addi-
tionally, a 16-channel controller UVCTR-16 (KSP Electronics Labora-
tory, Poland) with Valve and Pump Controller software (KSP Electronics 
Laboratory) was used to control the pumps and the valve. 

All potentiometric measurements were performed using a 16-chan-
nel Lawson Labs (USA) voltmeter with EMF Suite version 2.0 data log-
ging program. Potentials were measured against a flow-through Ag| 
AgCl|(3M)KCl||(1M)CH3COOLi reference electrode (Mineral, Warsaw). 
All potentiometric measurements were performed at 20 ± 2 ◦C. 

3D-printed multielectrode flow cell (MFC) exemplified in Fig. 1b, 
were originally designed using IronCAD 2019 software (IronCAD LLC, 
USA). The presented MFC was equipped with a port (1/4’’ 28UNF) for 
inflowing solutions and a port (1/4’’ 28UNF) leading the solution to 
waste after the measurement. Additionally, the system was equipped 
with three threaded ports (1/4’’ 28UNF) for ISEs and one threaded port 
(M6) for a reference electrode. Under the electrode ports, the channel 
was a tubular flow vessel (with 1 mm in height) due to which the flowing 
solution could completely rinse the active tips of the electrodes. The 
tested MFC was equipped with flow vessel with a width of 3 mm and a 
length of 30 mm. The electrode ports were connected with cylindrically 
shaped channels (4 mm ID for ISE and 5 mm ID for RE) to the central 
sample channel that allowed a well-fitting input of the electrode tips to 
the top of a flow vessel and proper contact of electrodes with the flowing 
solution. The port on RE was located at the end, closest to the outflow of 
the solution. 

The flow measurement cell was printed using PreForm Software 
(Formlabs, USA) with a Standard Clear Resin (Formlabs) on Form 2 
(Formlabs) 3D printer with 0.025 mm resolution – this procedure took 9 
h. Standard Clear Resin is a mixture of methacrylated oligomers, 
methacrylated monomer and photoinitiator. After printing, the 3D 
printed flow cell was cleaned with isopropyl alcohol to remove 
unreacted monomers from the internal channels using a peristaltic pump 
(Gilson, USA). Finally, the flow cell was placed in the Form Cure 

(Formlabs) for 60 min at 60 ◦C. 

2.3. Electrode fabrication 

The utilized electrodes were fabricated according to the procedure 
outlined in Dębosz et al. [50]. The electrode cases were printed using a 
stereolithographic 3D printer (Formlabs), with Dental Clear Resin 
(Formlabs) as the material. The gold wire which was utilized for the 
fabrication of gold electrodes had 1.00 mm diameter. The wire was 
inserted into electrode case and the space between the case and the wire 
was sealed with a quick-drying epoxy resin. The obtained electrodes 
were polished with 0.3 μm Al2O3, ultrasonicated in isopropanol for 10 
min and rinsed with deionized water. Before each casting of a mem-
brane, the electrodes were polished with 0.3 μm alumina, rinsed and 
ultrasonicated for 5 min in deionized water. After ultrasonication, the 
electrodes were rinsed with distilled water and ethanol to ensure that 
the electrode surface was degreased and again rinsed with deionized 
water. The electrodes were dried with nitrogen. 

The composition of potassium, sodium and calcium ion-selective 
PVC membranes are specified in Table 1. The components were dis-
solved in 1 mL of THF to prepare ion selective membrane (ISM) cocktails 
with 20% dry weight. 15 μL (6 × 2.5 μL) of OD-MWCNTs suspension (5 
mg/mL of THF) was drop cast on the gold electrode surface using a 3D- 
printed polypropylene mask in order to cover only the conductive gold 
surface with the suspension. The obtained OD-MWCNTs layer was let to 
dry in ambient conditions. After that, the mask was removed, the 
appropriate ISM cocktail was drop cast onto the surface of the electrode 
in two aliquots (2 × 7.5 μL) to form the ion selective membrane. The ISM 

Fig. 1. a) Scheme of the flow-injection 
manifold dedicated to potentiometric mea-
surements: P1, P2 – peristaltic pumps, IV – 
injection valve; IL – injection loop; MFC – 
multielectrode flow cell; MV – multichannel 
voltmeter; C – controller of pump and valve; 
ISE1, ISE2, ISE3 – ion selective electrodes, 
RE – reference electrode; r1,r2 – flow rates; S, 
ST – sample, standard solutions; W – waste, 
b) Scheme of 3D printed multielectrode flow 
cell (MFC), top view (A) and front view (B), 
equipped with a 3 mm wide and 1 mm high 
flow measuring vessel and with three 
threaded ports for ISEs and one for the 
reference electrode.   

Table 1 
The composition of ion selective membranes used in the study.  

ISE 
membrane 

Ionophore (wt 
%) 

Lipophilic salt 
(wt%) 

Plasticizer (wt 
%) 

PVC (wt 
%) 

K+ 1.06 0.34[a] 65.70[c] 32.90 
Ca2+ 1.11 0.50[b] 65.92[c] 32.47 
Na+ 2.07 0.26[b] 64.84[d] 32.83 

[a] KTFAB, [b] NaTFPB, [c] DOS, [d] o-NPOE. 
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was allowed to dry overnight in ambient conditions. 
Subsequently, the different cation-selective electrodes were condi-

tioned in 0.01 mol L− 1 chloride salt solution of the respective cations for 
at least 12 h. Calibration curves were received for all electrodes in the 
concentration range of 10− 1 -10− 4 mol L− 1. 

2.4. Potentiometric water layer test 

To test for the presence of a detrimental water layer beneath the ISM 
the method introduced by the Pretsch group [52] was used. The 
respective solid contact ISEs were conditioned for one day in 0.1 mol L− 1 

solution of the primary ion and then the electrode was sequentially 
exposed to 0.1 mol L− 1 solutions of the primary ion for 60 min, the 
interfering ion for 180 min and again the primary ion for another 60 
min. The measurements were carried out in a stationary system, solu-
tions were stirred. 

2.5. Potentiometric selectivity coefficients of the studied electrodes 

The selectivity coefficients (Kpot
IJ ) of the studied electrodes were 

determined using the separate solution method (SSM) [53]. Selectivity 
measurements were carried out in 0.1 mol L− 1, 0.01 mol L− 1 and 0.001 
mol L− 1 chloride salts of the corresponding cations. The selectivity co-
efficients were calculated by using the measured potentials in the so-
lutions of main and interfering ion, as parameters in the 
Nikolsky-Eisenman equation. The experiments were carried out in 
batch conditions, solutions were stirred. 

2.6. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed using 
μAUTOLAB III and Autolab Frequency Response Analyzer (EcoChemie, 
the Netherlands). A single-compartment three electrode cell was used 
during the EIS measurements, where the Pt wire was the auxiliary 
electrode, the reference electrode was a Ag|AgCl|(3M) KCl and the 
studied ion-selective electrode was connected as the working electrode. 
The impedance spectra were measured by applying a frequency from 
100 kHz to 10 mHz, using a sinusoidal excitation signal. An excitation 

amplitude (Eac) of 10 mV was used. The impedance spectra were 
recorded at the open-circuit potential (OCP). All measurements were 
performed at room temperature. The measurements were carried out in 
0.1 mol L− 1 solution of the primary ion. 

2.7. Chronopotentiometry 

Constant-current chronopotentiometry was performed with the use 
of the same AutoLab instrumentation and electrodes as described above 
for EIS. The chronopotentiometric measurements were carried out in 
0.1 mol L− 1 chloride solution of the primary cation. The procedure was 
the same for each tested ISE. A constant current step of +1 nA was 
applied to the working electrode for 60 s, followed by a step of – 1 nA for 
another 60 s. This cycle was repeated 3 times. 

2.8. Potentiometric flow analysis 

A sample or a standard solution was injected into a stream of a carrier 
(0.1 mol L− 1 lithium acetate) and directed to the MFC with flow rate, r1. 
In the vessel, the sample or standard segment reached the tip of the 
measuring electrodes. As a result, the characteristic flow-injection peaks 
were obtained as shown in Fig. 2. The signals were measured in the peak 
height mode similar to the previous work using ISEs as the detectors in 
flow injection analysis [30]. Each sample was measured four times in the 
same experimental conditions. The measurement for registration of one 
injection peak took 38 s. For example, in the case presented in Fig. 2, the 
calibration procedure lasted ca. 10 min. During calibration, the standard 
solutions were measured from low to high concentrations. 

3. Results and discussion 

3.1. Operational (experimental) parameters 

The optimal volume of the injected segment of standard or sample 
solution was 50 μL ensuring simultaneous contact with the ISEs and the 
reference electrode. The optimal volumes (chamber, injected segment of 
solutions) were also chosen to fulfil the requirements of the clinical 
analysis of urine. In order to check the performance of the designed 

Fig. 2. Typical signals measured simultaneously in the multielectrode flow cell for potassium (A), sodium (B) and calcium (C) ions during a calibration procedure in 
the concentration range of 10− 1 – 10− 4 mol L− 1 and the calibration relationships obtained for the studied electrodes. 
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module with the use of ISEs, the calibration procedure in the concen-
tration range of 10− 1 to 10− 4 mol L− 1 was carried out at a flow rate of 
2.5 mL min− 1 for three different volumes: 50, 75 and 100 μL. The ob-
tained data (the shape of the formed injection peaks, the repeatability of 
peaks and the slopes of calibration curve) confirmed that the selected 
volume was appropriate and comparable with the other ones. 

The calibration procedure was also carried out for three ISEs with the 
volume of injection loop equal to 50 μL and different flow rates, r1 and 
r2: 1.25, 1.375, 1.50, 1.625 and 1.75 mL min− 1 (the total flow rate in the 
internal channel of MFC was 2.50, 2.75, 3.00, 3.25 and 3.50 mL min− 1, 
respectively). The differences in the values of the signals and sensitiv-
ities are not notable, the best sensitivity was obtained with the flow rate 
of 3.00 mL min− 1 for potassium and calcium selective electrodes and 
3.25 mL min− 1 for sodium ISE. For further measurements, the total flow 
rate in the internal channel of MFC was selected to be 3.00 mL min− 1 as 
the optimal value (due to negligible difference between sensitivities 
with the flow rate of 3.00 mL min− 1 and 3.25 mL min− 1 for sodium) and 
was used in all further tests. This result clearly indicates excellent 
robustness in terms of the flow rate. Moreover, the reproducibility of the 
value of measured signals was also remarkable for the chosen flow rate. 
The utilized electrodes exhibited near- or Nernstian response (Slope ±
SD, n = 4), i.e. K-ISE: 59.5 ± 0.6 mV/dec, Na-ISE: 55.7 ± 0.6 mV/dec 
and Ca-ISE: 27.3 ± 0.6 mV/dec over the linear range of concentrations 
10− 1 to 10− 4 mol L− 1. The values of E0 (intercept) of studied electrodes 
were 372.7 ± 2.2 mV for K-ISE, 245.0 ± 1.8 mV for Na-ISE and 211.5 ±
2.2 mV for Ca-ISE (Fig. 2). 

3.2. Potentiometric water layer test 

The formation of water layer or pools of aqueous solutions between 
the ion selective membrane and the solid contact material is possible and 
undesirable because it leads to significant signal instability and potential 
drift which undermines the advantages of the solid contact. 

As shown in Fig. 3, the slight positive potential drift was observed for 
OD-MWCNTs based solid contact ISEs when the primary ion solution 
was changed to the solution of the interfering ions. This is due to the 
leaching of primary ions from the respective ISMs contaminating the 
highly discriminated interfering ion solution. When the electrodes were 
placed again in the primary ion solution, the potential of the electrodes 
quickly reached the original value previously measured in the very same 
solution. These results indicate that the use of the hydrophobic 
octadecane-modified MWCNTs as solid contact material can assure the 
absence of the water film formation. In the case of the studied coated 
wire electrodes, after changing the primary ion solution to the inter-
fering ion solution, the considerable potential drift is observed. This 
confirms the presence of aqueous layer at the interface of membrane/ 
electrode surface. 

3.3. Selectivity coefficients 

The selectivity coefficients determined by the separate solution 
method are shown in Table 2 and the value of the potentiometric 
selectivity coefficient was calculated using: 

logpot
I,J =

(EJ − EI)⋅zIF
2.303RT

+

(

1 −
zI

zJ

)

logaI  

where E − potential, I – primary ion, J – interfering ion, z – valency of 
ion, F – Faraday’s constant, R – gas constant, T – temperature and a – 
activity. 

The obtained data indicates that the studied ISEs exhibit high 
selectivity towards their primary ion. The determined selectivity co-
efficients were very similar to the values reported in literature [54–57]. 
Of note, we used the original methodology recommended by IUPAC [58] 
and not the methodology determining the so-called unbiased selectivity 
coefficients [59], which can result to better selectivities for the highly 
discriminated ions. Among the tested ions the most notable interfering 
cation for K+-ISEs is ammonium ion, for Na+-ISEs it is potassium ion and 
for calcium electrodes it is magnesium ion. 

3.4. Electrochemical impedance measurements 

The impedance spectra (Nyquist diagram) of the coated wire elec-
trodes (with the ISM deposited directly onto the gold substrate elec-
trode) and solid contact electrodes with OD-MWCNTs as transducer 
layer are shown in Fig. 4. 

In the case of electrodes with ion selective membrane cast directly on 
the gold surface three areas can be distinguished on the Nyquist graph. 
The first part corresponds to the electrolyte resistance. The second area 
is a semicircle indicative of the bulk resistance, Rb, and bulk capaci-
tance, Cb, of the ISM. The third part of the graph in the range of low 
frequencies is usually attributed to a high resistance, Ri, of charge 
transport and to a low capacitance, Ci, of locking connector between ion 
conductive membrane and electron conductive surface – which is 
characteristic for the coated wire electrodes [60]. The scheme of an 

Fig. 3. Potentiometric water layer test for the K+- (A), Na+- (B), Ca2+- (C) ISEs without (blue) and with (orange) OD-MWCNTs layer. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Potentiometric selectivity coefficients for solid contact ISEs used (selectivity 
coefficients determined for each analyte were based on data measured with 
three electrodes of the same type) along with the confidence interval (α = 0.05).  

Cation logpot
K,J  logpot

Na,J  logpot
Ca,J  

Li+ − 3.7 ± 0.6 − 3.5 ± 0.4 − 4.1 ± 0.2 
Ca2+ − 4.2 ± 0.3 − 3.1 ± 0.3 – 
Mg2+ − 4.0 ± 0.8 − 3.9 ± 0.2 − 3.2 ± 0.7 
Na+ − 3.9 ± 0.3 – − 3.8 ± 0.4 
NH4

+ − 1.6 ± 0.7 − 3.1 ± 0.5 − 4.3 ± 0.2 
H+ − 4.7 ± 1.9 − 4.3 ± 0.7 − 4.2 ± 0.1 
K+ – − 2.6 ± 0.3 − 4.0 ± 0.7  
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appropriate equivalent circuit is shown in Fig. 4B (B1). The obtained 
values of Ci and Ri (Table 3) are typical for conductor | membrane 
interface [61]. 

For the ion selective electrodes with OD-MWCNTs as transducer 
layer, the trend in the range of low frequency differs from the descrip-
tion given above, because the relationship Z’’ = f(Z′) is linear with the 
initial slope close to 45◦, which is gradually rising up to ~90◦. This trend 
of impedance spectra is characteristic for the so-called T circuit element, 
which represents the Finite-Length Diffusion [60,62]. Based on the 
values of Z′′ for the lowest of the tested frequency the low-frequency 
capacitance, Cl, was estimated [60] (Table 3). The capacitance, Cd, 
introduced to the equivalent circuit is modelling the deviation from the 
ideal trend (line) of diffusion (angle 45◦) in the range of medium 

frequencies [33]. The fact that no vertical lines, characteristic for an 
ideal capacitor, could be observed in the range of low frequencies for 
any of the tested electrodes, indicates that not all redox sites inside the 
ISM participate in the redox processes [60]. 

According to the obtained parameters shown in Table 3, the elec-
trodes with OD-MWCNTs as the ion-to-electron transducer has a resis-
tance, Rb, at least one order of magnitude lower than for the coated wire 
electrodes (gold electrode with ISM). Moreover, the OD-MWCNTs in-
crease the value of the capacitance, Cb, which translates to a higher 
stabilization of the measured potential [60]. Furthermore, the results 
clearly indicate the (partial) diffusion of carbon nanotubes towards the 
inside of the membrane. The recorded impedance spectra and their 
evaluation confirm that the use of OD-MWCNTs as transducer layer can 
significantly improve the metrological parameters of ISEs. 

3.5. Chronopotentiometry 

The chronopotentiometric measurements, according to Bobacka’s 
protocol [60], were performed to evaluate the potential stability of the 
proposed electrodes with OD-MWCNTs as solid contact material (Fig. 5.) 

As expected, the presence of OD-MWCNTs as transducer layer 
significantly reduces the potential drift compared to the coated wire 
electrodes. The values of the total resistance (Rt), the potential drift 
(ΔEdc/Δt) and the capacitance (C) for the tested ISEs were calculated 
and are collected in Table 4. The potential drift of studied electrodes and 
utilized value of current, I, were used to calculate the total resistance of 
electrodes Rtotal: ΔEdc/2I. The calculated resistances were in good 
agreement with the data obtained from EIS measurements. The potential 
drift of the electrodes (ΔEdc/Δt) which is used to evaluate the short-time 
potential stability, was calculated from the slope of the curves. The 

Fig. 4. A) The impedance spectra of the K+- (A1), Na+- (A2), Ca2+- (A3) ISEs without (green) and with (red) OD-MWCNTs layer (enlarged on the right), B) The 
equivalent circuits for modelling the impedance spectra: (B1) with ion selective membrane, (B2) and OD-MWCNTs-based solid contact ISE. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Results from the impedance measurements for the tested electrodes (frequency 
range = 100 kHz–0.1 Hz).  

Electrode Rb (MΩ) Cb (pF) Ri (MΩ) Ci (μF) Cl 

(μF) 

K-ISE 23.4 ±
0.3 

5.5 ± 0.2 500 ±
40 

1.60 ±
0.1 

0.5 

K-OD-MWCNTs- 
ISE 

4.4 ± 0.2 7.0 ± 0.3 – – 22.9 

Na-ISE 2.3 ± 0.0 6.5 ± 0.2 690 ±
50 

2.1 ± 0.1 0.8 

Na-OD-MWCNTs- 
ISE 

0.4 ± 0.0 13.0 ±
0.2 

– – 93.8 

Ca-ISE 24.0 ±
0.2 

6.8 ± 0.3 600 ±
50 

3.0 ± 0.1 0.8 

Ca-OD-MWCNTs- 
ISE 

2.3 ± 0.0 7.6 ± 0.3 – – 38.6  
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lipophilized MWCNT-based solid contact electrodes had ca. two orders 
of magnitude lower potential drift, i.e. 10-30 μV/s as compared to 
1.1–1.6 mV/s for coated wire electrodes. The resulting values of this 
parameter show that the use of this type of transducer layer significantly 
improves the short-time potential stability of the tested solid contact 
electrodes in comparison to the electrodes without solid contact. The 
obtained values of capacitance confirmed those conclusions. The 
capacitance C of all electrodes were calculated according to the equa-
tion: ΔEdc/Δt = I/C. As expected, the capacitance of the electrodes with 
solid contact is much higher than that of coated wire electrodes and 
determines the stability of their potential response. The data were very 
similar to those obtained from EIS measurement. These results 
confirmed that the OD-MWCNTs layer considerably improves the 
properties of the studied electrodes. Moreover, the stability of the pro-
cesses involved at the solid contact – membrane interface is established. 

3.6. Application of the proposed manifold for multiplexed potentiometric 
analysis 

The applicability of the proposed system was verified through the 
analysis of synthetic samples and two certified reference materials 
(CRM) for urine. The concentration of the analytes in the synthetic and 

CRM samples is in the range of the analytes in real urine samples [51]. 
The summary of results for the urine sample is shown in Table 5. Each 
sample solution and calibration solution were measured four times in 
the same conditions but the final concentration of each analyte in the 
samples was calculated as average from at least 3 repetitions. This 
procedure was adapted to account for contingent outliers, i.e. for the 
rare eventuality of having one of the peaks affected by accidental 
appearance of bubbles or carry-over. The results obtained using the 
proposed manifold are of good precision and accuracy, revealing the 
relative standard deviation not exceeding 4.0% and the relative error 
ranging between − 8.0% and 6.0%. 

4. Conclusions 

The obtained results confirm the feasibility of using 3D printed flow 
manifolds for the determination of sodium, potassium and calcium in 
urine samples. The developed system, based on integrating three ion 
selective electrodes, turned out to be a reliable analytical tool for multi- 
component analysis. The use of OD-MWCNTs as the intermediate layer 
contributed to better metrological parameters of the solid contact ion- 
selective electrodes, e.g. the prevention of water layer formation 
beneath the ion selective membrane, the reduction of their resistance 
and capacitance increase, which translated into a better potential sta-
bility. 3D printing technology allowed the miniaturization of both 
electrodes and measuring cell, and by the use of flow analysis system 
offered the opportunity to reduce the reagent volume and analysis time 
as well as to automatize the analytical process. The required sample 
volume for the measurements was only 50 μL that compares favorably 
with that of the high throughput clinical analyzers. The 3D printing has 
clear advantages as being an additive fabrication technology can be 
conveniently used to fabricate branched channel like structures, it is cost 
effective and the materials seems to be compatible with ion-selective 
materials. Despite of these features 3D printing technology is surpris-
ingly rarely used in the context of potentiometric detection. We hope 

Fig. 5. Examples of chronopotentiograms (applied current: + 1 nA for 60 s and – 1 nA for 60 s) for coated wire and OD-MWCNTs-based K+- (A), Na+- (B), Ca2+- 
(C) ISEs. 

Table 4 
The resistance, potential drift and capacitance of the OD-MWCNTs-based solid 
contact electrodes and their coated-wire analogues determined by reverse pulse 
chronopotentiometry using ± 1 nA polarization current.  

Electrode Rtotal [MΩ] ΔEdc/Δt [mV/s] C [μF] 

K-ISE 25.8 ± 0.1 1.2 ± 0.1 0.9 ± 0.1 
K-OD-MWCNTs-ISE 3.8 ± 0.0 0.03 ± 0.0 39 ± 3 
Na-ISE 4.6 ± 0.1 1.6 ± 0.1 0.6 ± 0.0 
Na-OD-MWCNTs-ISE 0.6 ± 0.0 0.01 ± 0.0 79 ± 13 
Ca-ISE 28 ± 0.0 1.1 ± 0.1 0.9 ± 0.1 
Ca-OD-MWCNTs-ISE 2.8 ± 0.0 0.02 ± 0.01 50 ± 9  

Table 5 
Results obtained for simultaneous determination of potassium, sodium and calcium ions (Co and Cx - expected (certified for CRM) and found concentrations, 
respectively, RE - relative error, RSD - relative standard deviation).  

Analyte Sample 

Synthetic no. 1 Synthetic no. 2 Synthetic no. 3 Synthetic no. 4 CRM Urine L1 CRM Urine L2 

K+ C0 (mmol L− 1) 10.0 20.0 40.0 50.0 25.0 63.0 
Cx (mmol L− 1) 10.1 20.8 39.8 50.4 23.8 60.0 
RE (%) 1.4 3.9 0.6 0.8 − 5.0 − 8.0 
RSD (%) 1.3 0.7 3.4 3.2 4.0 1.5 

Na+ C0 (mmol L− 1) 5.0 100.0 10.0 50.0 65.0 168.0 
Cx (mmol L− 1) 5.1 106.4 10.4 50.7 64.9 156.6 
RE (%) 1.4 6.4 4.4 1.3 − 0.2 − 6.8 
RSD (%) 2.5 0.4 1.8 2.2 1.6 0.2 

Ca2+ C0 (mmol L− 1) 5.0 4.0 6.0 2.0 2.1 2.9 
Cx (mmol L− 1) 4.8 3.8 5.6 2.2 2.1 2.9 
RE (%) − 4.2 − 6.0 − 7.3 11.0 − 2.4 − 1.0 
RSD (%) 3.0 1.6 1.8 3.9 4.0 2.0  
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that the present study that extends the 3D printing to electrode bodies 
and miniaturization of the flow cell and supports the appropriate 
analytical performance for multi-ion analysis in clinical samples, will 
raise awareness on the use of this fabrication methodology for potenti-
ometric sensing applications. 
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[18] J. Jeney, K. Tóth, B. Lindner, E. Pungor, Flow-injection potentiometry for the assay 
of potassium in biological fluids, Microchem 45 (1992) 232–247. 
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