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ABSTRACT: A new concept of easy to make, potentially
disposable potentiometric sensors is presented. A thermoprocess-
able carbon black-loaded, electronically conducting, polylactide
polymer composite was used to prepare substrate electrodes of
user’s defined shape/arrangement applying a 3D pen in a hot melt
process. Covering of the carbon black-loaded polylactide 3D-
drawn substrate electrode with a PVC-based ion-selective
membrane cocktail results in spontaneous formation of a zip-
lock structure with a large contact area. Thus, obtained ion-
selective electrodes offer sensors of excellent performance,
including potential stability expressed by SD of the mean value
of potential recorded equal to ±1.0 mV (n = 6) within one day and
±1.5 mV (n = 6) between five days. The approach offers also high
device-to-device potential reproducibility: SD of mean value of E0 equal to ±1.5 mV (n = 5).

■ INTRODUCTION

The concept of coated-wire potentiometric sensors presented
nearly 50 years ago1 has had a pronounced effect on the field of
ion-selective electrodes (ISEs). The major attractiveness (and
the main drawback) of the coated-wire approach lays in the
simplicity of the construction that brings together an electron
conductor (metal wire or glassy carbon) and an ionic
conductor: ion-selective membrane (ISM). This, however,
results in a blocked interface at which activity of the
spontaneously formed redox systems (metal oxides, water
droplets) contributes to potential reading stability issues. To
overcome this drawback introduction of a transducer layer in
between metal and ISM was proposed.2 This idea has
stimulated many researches ultimately leading to improved
potentiometric sensors, novel applications, or alternative
readout modes.3−5

Different systems have been proposed as transducer layers,3,4

among the most successful proposed are nanostructural carbon
materials: carbon nanotubes,6−8 mesoporous carbon,9,10 or
carbon black (CB).11−13 If the transducer forms either a
separate layer or a composite with ISM, improved potential
stability is observed,12,14 and analytical performance is
comparable to that of classical ISEs with internal solu-
tions.3,6−14

Usually the transducer layer needs to be applied on a
macroscopic substrate electrode; thus, the sensors prepared are
restricted to the form of the substrate electrode, being clearly a
constrain at least for certain applications. For practical
applications, for example, for disposable ISEs, planar, screen
printed substrates were considered. Adhesion problems
(leading to irreproducibility of recorded potentials) and

hydrolysis of conductive paste components (resulting in
formation of lipophilic compounds that can be spontaneously
accumulated in ISM ultimately adversely affecting its analytical
performance) are the main drawbacks of this approach.15 This
becomes important especially because potentiometric applica-
tions (typically) require longer times compared to, for
example, amperometric or voltammetric experiments. On the
other hand, it should be stressed that applications of ISMs are
usually done by drop casting of solvent-based mixtures of
componentscontact of the solvent with the screen printed
substrate can also result in partial dissolution and ultimately in
unwanted and uncontrolled change of the membrane
composition.
Alternatively, the conducting track can be prepared by drop

casting, spraying, and painting of conductive materials
dispersion, followed by drying.7,8,16−18 This typically requires
applications of aqueous suspensions containing stabilizing
agents, for example, surfactants.7,18 In consequence, the
tendency to accumulate water in the transducer phase and/
or stabilizer release to the ISM is leading to potential stability
issues, especially in longer time scales.7 Clearly, there is room
for improvements as far as the choice of materials used to
prepare disposable ISEs and the method of its application are
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concerned, especially if the requirements of reduced calibration
(or calibration free) sensors should be met.
In this work, we propose a simple method allowing

preparation of potentiometric sensors of high potential
stabilities in time and device-to-device reproducibility using
hot melt fabrication of electrode platforms. For the first time,
thermoprocessable conductive material, for example, carbon
black (CB), dispersed within a polymer matrix and a 3D
manufacturing approach are used to prepare ISEs. Preparation
of a conductive track/supporting electrode using thermopro-
cessable material eliminates dispersion agents or solvents from
the sensor substrate preparation step. 3D printing of CB-
loaded polymers was used to prepare electrochemical sensing
platforms or substrate electrodes,19,20 and other composites
were used to prepare reference electrodes21 but not ISEs. 3D
printing requires a printer and software to design the object to
be printed, making it potentially suitable for larger scale sensor
production. In the laboratory scale or to meet the requirements
of easy preparation, 3D pen, a low cost alternative for 3D
printing, is attractive.22,23 To the best of our knowledge neither
3D printing nor 3D drawing, was considered previously in the
context of preparation of ISEs.
From a materials point of view, this approach seems highly

promising, too. 3D technologies often use polylactide (PLA),
which to the best of our knowledge has not been considered as
construction material for ISEs. To prepare a conductive layer
PLA loaded with CB, a proven effective transducer materi-
al,11−13 can be used. Moreover, PLA is partially soluble in a
THF membrane solvent, and it is known to form blends with
PVC,24 the effect that is likely to improve adhesion of sensors
layers, especially in the presence of the plasticizer used for ISM
preparation. The important additional benefit is that 3D-drawn
supporting electrodes can be easily obtained in any form/
shape, even in low resources conditionsthe limit is the
imagination of the drawing person. The herein proposed novel
concept was applied to prepare 3D-K+-ISEs, 3D-Ca2+-ISEs, and
3D-Cl−-ISEs as proofs of concept.

■ EXPERIMENTAL SECTION
Material and Reagents. Filament: (plain) PLA (ultrafuse

white, 1.75 mm diameter) from BASF and conductive
composite CB-loaded material (CB-PLA; Proto-pasta, 1.75
mm diameter) from ProtoPlant, Inc. (USA) were used as
obtained. The CB-PLA material according to the producer
specification is composed of >65% polyactide resin, <21.43%
carbon black, <12.7% (unspecified) polymer (w/w), and the
ratio of PLA to CB in the material is roughly 3:1 by weight.
Other reagents used are described in the SI.
Fabrication of 3D-Drawn Electrodes. A 3D pen (Maker

Factory, Germany) was used. The extrusion temperature was
180 °C both for PLA and CB-PLA. Various shapes of
supporting electrodes were drawn (Figure S1); if not otherwise
stated, the studies were conducted for a classical layout sensor
with a circular supporting electrode. Crafting of the sensor is
shown in Figure 1. On the top of the drawn frame (6 cm × 1
cm) of an insulating PLA back layer, a 2 mm wide conductive
CB-PLA track (30 mm long) ending with a disk (0.8 cm
diameter) was drawn, followed by applying insulation on the
top, leaving a conductive opening of a 0.475 cm2 surface area.
Thus, the obtained substrates were used for electrochemical
testing of supporting electrodes. Alternatively, these were
further modified by drop casting 50 μL (in three equal
portions) of a classical PVC-based membrane cocktail in THF

solvent into the opening of the supporting electrode (Figure
1). After evaporation of the membrane cocktail solvent, the
sensors were conditioned overnight in a 10−3 M primary ion
chloride solution. The estimated thickness of the membranes
used (from the cross section of SEM image, Figure S1) was
120 ± 5 μm.
Potassium-selective electrode, 3D-K+-ISE, membranes con-

tained (by weight) 1.4% sodium tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate (NaTFPB), 2.8% valinomycin,
63.7% bis(2-ethylhexyl)sebacate (DOS), and 32.1% poly(vinyl
chloride) (PVC). A total of 100 mg was dissolved in 1 mL of
tetrahydrofuran (THF). Alternatively, calcium- or chloride-
selective sensors, 3D-Ca2+-ISE or 3D-Cl−-ISE, were prepared
in the same manner, and details of the cocktail compositions
are given in SI similar to details of the apparatus and
procedures used.

■ RESULTS AND DISCUSSION
Characterization of 3D-Drawn Support Electrodes

and Their Interface with PVC-Based ISM. In this work,
thermoprocessable CB-PLA was used to prepare the
conducting track and the support, whereas PLA was used to
isolate a part of the track from contact with the solution to
avoid using solvents or dispersion stabilizing agents.7,8 The
morphologies of layers obtained from PLA and CB-PLA are
significantly different (Figure 2).
The PLA surface is rather smooth, whereas CB-PLA is rough

showing clear inclusions of fine (diameter <100 nm) spherical
grains and agglomerates of CB partially embedded in PLA
matrix. The increased contents of carbon in CB-PLA were
confirmed using multipoint EDX analysis; details are given in
Figure S2. The ratio of carbon to oxygen contents in CB-PLA
was significantly higher and equal to 6.3:1, whereas for PLA, it
was equal to 1.4:1.
It should be stressed that the effectiveness of (non-

conductive) PLA isolation was confirmed by (anodic and
cathodic) chronopotentiometric tests of the sensor working
electrode area (Figure S3) performed in 0.1 M KCl solution.
The change of current direction was accompanied by a
potential drop resulting from the influence of ohmic resistance.

Figure 1. Schematic representation of sensors preparation: (A)
insulating layer prepared using a PLA filament. (B) CB-PLA
conductive track and support is drawn; pictures show the conductive
track (left) and PLA-isolated conductive track leaving the exposed
substrate. The substrate electrode can be of any shape including, for
example, a “pipe type” electrode with the working surface facing up
(lower picture). (C) Membrane is drop cast.
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Both for anodic and cathodic currents, a nonlinear dependence
of potential vs time was obtained, pointing to a noncapacitive
behavior of the studied material. The resistance values
determined from the potential jump accompanying the
different current direction (20.0, 13.0, and 6.0 kΩ for the
surface areas of 0.23, 0.48, and 0.75 cm2, respectively) follow
the change in the working electrode surface area, clearly
confirming that PLA effectively isolates the CB-PLA layer from
the solution (Figure S3A).
The substrates were also tested using electrochemical

impedance spectroscopy within the frequency range of 0.01
Hz−100 kHz. The impedance spectra (complex plane
impedance plots) are shown in Figure S3B. A relatively small
semicircle in the high frequency range was recorded with an
increasing diameter for a decreasing surface area. This diameter
represents the ohmic resistance, and the obtained values are
consistent with those obtained from chronopotentiometric
experiments. In the range of lower frequencies, an almost linear
dependence of −Z″ on Z′ was recorded, pointing to CPE
behavior with a phase angle close to −80°. The CPE behavior
suggests capacitive properties, and the deviation from −90°
can result from some inhomogeneity (above-mentioned) of the
surface. For the lowest frequencies, a small curvature for this
dependence is visible, pointing to a highly inhibited charge
transfer reaction occurring parallel to CPE.
Current−voltage characteristics of the CB-PLA substrate

electrode, used without activation procedure,19,20 recorded at
scan rates from 50 to 500 mV/s in 10 mM K3Fe(CN)6 in a 0.1
M KCl solution confirmed that the anodic/cathodic current
peak is linearly dependent on square root of the scan rate,
pointing to diffusion limitation (Figure S3C and D).
The CB-PLA and PLA layers obtained using 3D drawing

were characterized with a similar water contact angle, equal to
60.8° ± 0.4 and 53.5° ± 0.3, respectively (Figure S4), pointing
to relatively hydrophilic character.
To visualize formation of an intermediate layer between ISM

and CB-PLA, a THF solution of Nile red (NR) dye was
applied on the top of the conductive CB-PLA track, and the
cross section of the system was studied using fluorescence
microscopy (Figure S5). Figure S5 clearly shows that the dye
penetrates the CB-PLA layer. The emission from the dye is
observed from ca. 200 μm within CB-PLA. A similar effect was

observed when a THF dispersed membrane, containing Nile
Red, was applied on the top of CB-PLA (Figure 3). The cross-

section image clearly shows dye emission from the membrane
and CB-PLA layer, beneath the membrane. The CB-PLA
surface, after removing of the membrane, clearly shows
emission from the dye. Images taken after polishing
removing ca. 50 ± 20 μm and then 120 ± 20 μm of CB-
PLAalso show emission of the dye, however, of smaller
intensity. These experiments confirm that at the interface of
ISM and PLA spontaneous mixing of components occurs,
especially as both PVC and PLA can be plasticized by the ISM
plasticizer. This effect is an important benefit of the herein
proposed system. A spontaneously formed mixed layer, in the
presence of CB, assures a large surface area and mechanical
stability of the interface.
The above conclusions were confirmed by SEM (Figure

S1C). The ISM and CB-PLA layers are clearly seen in the cross
section, and the interface is rough. Cavities in the CB-PLA
layer (shown in Figure 2 inset) are filled with ISM, ultimately
forming a zip-lock structure. This is as expected for two
immiscible polymers able to form blends.24 It should be
stressed that on the contrary to other materials used to prepare
tracks and supports for miniaturized disposable potentiometric
sensors,7 CB-PLA is a clearly less water-absorbing material,
characterized with a water diffusion coefficient comparable
with that of plasticized PVC;25 thus, the risk of accumulation
of water in the sensor is minimized.

Electrochemical Responses of 3D-Drawn Support
ISEs. It seems rational to assume that the sensor prepared
using the 3D support will be rather considered as a disposable
one, yet both within day and between days reproducibility was
tested. For K+-selective ISE prepared using 3D-drawn
supporting electrodes, the dependence of the potential on a
logarithm of activity of KCl was linear within the activity range
from 10−1 to 10−7 M with the slope close to Nernstian and
equal to 55.5 ± 0.6 mV (R2 = 0.999) (Figure 4). The potential
reading reproducibility expressed as ± SD values for n = 6

Figure 2. SEM images of surface of CB-PLA deposited film; inset is
PLA.

Figure 3. Fluorescence microscopy image of (A) cross section of dye
containing ISM and CB-PLA. (B−D) Front views of CB-PLA surface
post removing of ISM and after applying sand paper polishing.
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calibrations performed during one day for concentrations from
10−1 to 10−6 M was close to 1.0 mV (Figure 4). The highly
competitive reproducibility was for the first time achieved for
craft-made sensors prepared from commercial, relatively
inexpensive materials. Thus, the herein proposed approach is
potentially attractive for limited resources/“on-demand” ISEs
preparation.
The detection limits of herein proposed sensors were close

to 10−8 M, and as observed previously26 for close to the
detection limit KCl concentration (10−7 and 10−8 M),
potential reading reproducibility expressed as SD was higher.
The between days potential reproducibility, n = 6 (five days)

calibrations, is shown in Figure 4, inset. The SD of the mean
potential value obtained for a given concentration is close to
1.5 mV, with the exception of the 10−6 M solution for which
SD was equal to 6.8 mV. In our opinion, this is excellent
reproducibility of the potential for a nominally disposable,
craft-made, sensor in longer time scale. It should be stressed
that 3D-K+-ISEs (made in one bath) were characterized with
the standard potential scatter represented by SD of a mean
value equal to ±1.5 mV for n = 5 handmade sensors. Thus, the
device-to-device reproducibility is highly satisfactory acknowl-
edging that sensors were handmade; i.e., differences can
potentially result from, for example, slight deviations of the size
of the substrate electrode or minor differences in the
membrane thickness.
The results of chronopotentiometric and electrochemical

impedance tests of 3D-drawn substrate ISEs are shown in
Figure S6. In the chronopotentiometric experiment, as
expected for high potential reading stability, a change of the
potential recorded was in the range of a single mV either when
cathodic or anodic current was applied. A linear dependence of
potential vs time was recorded, both for anodic and cathodic
currents, pointing to apparent capacitive behavior in the low
frequency range. Using the method of Bobacka,27 the
capacitance and resistance values were calculated from the
recorded chronopotentiometric curves, and they were equal to
78 μF and 0.9 MΩ, respectively. The obtained capacitance
value is higher than typically observed for a coated wire
arrangement but significantly smaller than for typical solid-

state ISEs. As expected, the resistance is much higher for 3D-
K+-ISE compared to uncovered support and is consistent with
the typical resistance of a PVC-based membrane.
In the impedance spectrum (Figure S6), two semicircles

overlap to some extent, suggesting the presence of an
inhibiting step in the charge transfer reaction. The resistance
determined from the diameter of the semicircle recorded for
higher frequencies is close to 0.6 MΩ, being around 2/3 of the
resistance determined from the chronopotentiometric curve.
This difference is typical for ISEs and was observed also for
other systems. The higher resistance obtained under
conditions of the chronopotentiometric experiment can be
explained by concentration polarization in the membrane due
to unidirectional current flow (in contrast to the EIS method
where oscillations of the current around the equilibrium state
occur). In the low frequency range, a linear dependence of
−Z″ on Z′ was recorded with the slope close to 45°, suggesting
the influence of Warburg impedance, due to diffusional
limitations in the membrane.
Last but not the least, the results of the water layer test prove

the lack of potential changes in time, confirming high stability
of proposed sensors, with the exception of a small potential
increase observed in interfering ion solutions (Figure S7). This
effect can be attributed to a local increase of analyte
concentration in the stagnant layer next to the ISM.
The selectivities of obtained 3D-K+-ISEs were not affected

compared to other sensor constructions.6,12 The values of the
logarithm of selectivity coefficients obtained as log Kpot K,J ±
SD were equal to −3.7 ± 0.6, −3.6 ± 0.5, −3.9 ± 0.1, and −6.0
± 0.2 for calcium, magnesium, sodium, and hydrogen ions,
respectively.
Clearly, the herein proposed approach is not limited to 3D-

K+-ISEs. Similar sensors, calcium- and chloride-ISEs, were also
tested. 3D-Ca2+-ISE offered a slope equal to 24.6 ± 1.2 mV/
dec (R2 = 0.995), and the detection limit equal to 10−4.6 M
within the range from 10−1 to 10−4 M and within one day
reproducibility of potential values recorded was lower than 1.5
mV (for n = 5 calibrations) (Figure S8). For 3D-Cl−-ISE
within the range from 10−1 to 10−5 M, the slope equal to −52.2
± 0.3 mV/dec (R2 = 0.999) and detection limit equal to 10−5.2

M were obtained. The within one day reproducibility of
potential values recorded was somewhat worse compared to
cation ISEs, and it was close to 2.5 mV (n = 4 calibrations) for
the linear response range (Figure S9).

■ CONCLUSIONS
Herein, we proposed a new type of ISE, easy to make,
potentially disposable, and allowing preparation of sensors of
any shape. The preparation of sensor substrates does not
require a specialized setup or conditions allowing preparation
under limited resource conditions. The proposed sensor
platform hot melt preparation method does not require
application of solution/paste processable (organic solvent
dispersible) materials. Therefore, this approach is highly
suitable for applications together with ion-selective polymeric
membranes, eliminating the risk of uncontrolled transfer of the
substrate/transducer material to the receptor phase. Moreover,
ISEs prepared using 3D-drawn substrates offer outstanding
performances, including high potential readings reproducibility
and device-to-device reproducibility, despite the “craft”
method of sensor preparation. The herein proposed novel
approach can be easily extended to be applicable for other ion-
selective sensor application modes.

Figure 4. Potentiometric responses of 3D-K+-ISE electrode (within
one day reproductibility) error bars show ± SD for n = 6 calibrations
performed during one day. Inset: between days reproductibility error
bars show ± SD for n = 6 calibrations performed during five days.
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