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Abstract: Ion-selective electrodes (ISEs) are widely used tools
for fast and accurate ion sensing. Herein their design is
simplified by embedding a potentiometric cell into paper,
complete with an ISE, a reference electrode, and a paper-based
microfluidic sample zone that offer the full function of
a conventional ISE setup. The disposable planar paper-based
ion-sensing platform is suitable for low-cost point-of-care and
in-field testing applications. The design is symmetrical and
each interfacial potential within the cell is well defined and
reproducible, so that the response of the device can be
theoretically predicted. For a demonstration of clinical appli-
cations, paper-based Cl~ and K sensors are fabricated with
highly reproducible and linear responses towards different
concentrations of analyte ions in aqueous and biological
samples. The single-use devices can be fabricated by a scalable
method, do not need any pretreatment prior to use, and only
require a sample volume of 20 uL.

I on sensing is an important topic in various fields, such as
clinical and environmental analysis.!!! As often introduced in
general chemistry courses, selective and quantitative ion
sensing can be achieved with a potentiometric cell that
comprises an ion-selective electrode (ISE), a reference elec-
trode, and a voltmeter as a readout tool. It has been estimated
that each year over a billion measurements with ISEs are
performed globally in clinical laboratories alone.l'"l Besides
detection of analytes with low (for example, K*,Na*, Cl") and
high valence charges (such as heparin),”! biosensing of
proteinst! and detection of electrically neutral species have
been achieved with ISEs.!¥

With the growing demand for point-of-care and in-field
testing, paper has recently attracted much attention as
a simple, affordable, flexible, and scalable substrate for
microfluidic assays.”] Although paper-based colorimetric
sensors offer the advantage of simple data interpretation,
detection with electrochemical techniques is insensitive to
color interferences and is generally more quantitative.
Existing paper-based ion sensors rely on various techniques,
including potentiometry,” coulometry,® chronopotentiome-
try”) and colorimetry.'”! Paper was used in these devices
either as a microfluidic sampling tool or as a substrate to
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mechanically support the sensing components. Strip-type
ISEs known as Ektachem slides were available in the 1980s,!'!]
and were recently adapted with a paper substrate to support
carbon nanotubes or conducting polymers as solid con-
tacts.”®! Although miniaturizable, these devices need cum-
bersome electrode conditioning and individual calibration. A
more integrated device, reported by Whitesides et al., utilizes
a reusable ISE membrane placed between two disposable
wax-imprinted paper substrates."!! With different ISE mem-
branes, various clinically relevant ions can be detected.
However, the ISE membranes have to be well conditioned,
and the devices have to be carefully assembled and calibrated,
which may impede their practical use.

With the motivation of developing a simple and pretreat-
ment-free device, we herein report a disposable planar paper-
based ion-sensing platform with a potentiometric cell embed-
ded into paper. In contrast to strip-type or other ion sensors
that have to be calibrated individually, devices based on this
highly integrated platform are suitable for single use and do
not require any pretreatment or assembly. By design, each
interfacial potential within these cells is well defined, so that
their responses can be theoretically predicted, and highly
reproducible measurements are achieved. For a demonstra-
tion of clinical applications, ion sensors were fabricated and
successfully used for ClI™ and K" sensing in biological samples
with a small sample volume of 20 pL. By using specific sensing
membranes, this platform can potentially be adapted for
detecting other ions that are currently measured with a con-
ventional ISE setup. The fabrication of these planar devices
can be readily scaled up by printing, and their integration into
complex paper-based devices for complete analysis is also
conceivable.

The paper-based ion-sensing platform was fabricated by
integrating a potentiometric cell into a piece of filter paper
(Figure 1a). To define microfluidic channels that contain
aqueous solutions, a polyurethane-based hydrophobic barrier
was deposited into paper. Polyurethane is used because it is
affordable, readily available, inkjet-printable,!'” and it avoids
the melting process that is required for wax-printed barriers
used in previously reported paper-based devices™ As
a potentiometric cell, this device contains an ISE with
a sensing membrane and a reference electrode with a refer-
ence membrane; both of the membranes are embedded into
paper. The sensing membrane can be an ionophore-doped
ISE membrane, or a hydrophilic high-capacity ion-exchange
membrane that is particularly suitable for biological sam-
ples.' For a demonstration of clinical applications, we used
a commercial hydrophilic high-capacity anion-exchange
(HHCAE) membrane (fumion FAA-3 ionomer) and a vali-
nomycin-doped ISE membrane for CI- and K' sensing,
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Figure 1. a) Photograph of a paper-based ion-sensing device. b) Sche-
matic representation of all relevant interfaces in a CI~ sensor with an
HHCAE membrane, ionic-liquid-doped reference membrane (RM), and
two Ag/AgCl electrodes contacting a 0.1 M KCI reference electrolyte
(RE). c) Paper-based K" sensor with a sensing membrane doped with
an ionophore (shown as an ellipse) and ionic sites (R7). d) Electrical
potential profile across the sensing device. A color version of this
figure is available in the Supporting Information (Figure S4).

respectively. The reference membrane was loaded with an
ionic liquid that can leach into the adjacent aqueous solutions
on a slow but continuous basis, thus providing sample-
independent potentials.™ It avoids direct contact between
the sample and reference electrolyte, thus eliminating unde-
sirable liquid-junction potentials that can cause large meas-
uring errors.'! Analogous to a conventional ISE that contains
an AgCl-coated Ag wire as an inner reference coupled with
an inner filling solution, this paper-based device utilizes
stencil-printed Ag/AgCl electrodes coupled with 0.1m KCI
reference electrolyte as inner references for both the ISE and
reference electrode.

To ensure calibration-free operation, each interfacial
potential within the cell has to be well defined and highly
reproducible.l’” For this device (Figure 1b), the interfacial
potential at the interface between the Ag/AgCl electrode and
reference electrolyte (Ag,; and Ag,s) is defined by the redox
reaction AgCl(s) +e «—Ag(s)+ Cl (aq), which is fixed by
using a 0.1m KCI reference electrolyte. At the sample/
reference membrane (Ag,,) and reference membrane/refer-
ence electrolyte interfaces (Ag,s), the interfacial potentials
are governed by partitioning of the ionic liquid between the
membrane and aqueous phases, making them sample-inde-
pendent. For the sensing membrane, the distribution of the
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primary ion (Cl~ or K*) between the membrane and adjacent
aqueous solutions determines the two interfacial potentials
(A@om and Ag,ans); therefore, their concentration depend-
ence can be quantitatively predicted by the Nernst equa-
tion."> Since Ag,p, is controlled by 0.1m KCI reference
electrolyte, Ag,sp; is the only sample-dependent potential
within the cell. The measured electromotive force (emf) is the
sum of all interfacial potentials of the cell (Figure 1d), which
are well-defined and, therefore, reproducible and predictable.
Consequently, the response of the device can be theoretically
predicted, and is, in principle, calibration-free.

The structural features of the device were characterized
by scanning electron microscopy (SEM). As shown by a top
view (Figure 2a,b), the surface of the cellulose fibers is fully
coated by the sensing components (e.g., Ag/AgCl electrode
and reference membrane). The sample/sensing membrane
interface is located in the cross-section of the paper, into
which the membrane is embedded. As the SEM images of the
cross-section show (Figure 2¢,d), the voids between the
cellulose fibers are filled by the sensing membrane, forming
a homogenous sensing network and providing good contact
between the sample and sensing components.

“reference
membrane

b

HHCAE'N,
membrane

—_—
100 ym

Figure 2. SEM images of the device: a) Top view showing the Ag/AgCl
electrode, b) top view showing the reference membrane, c) cross-
sectional view of the paper not infiltrated with a sensing membrane,
d) cross-sectional view of the paper infiltrated with an HHCAE
membrane.

Figure 3 shows a device placed on a piece of a polyvinyl
chloride sheet as a mechanical support, with the two Ag/AgCl
electrodes connected to a voltmeter using alligator clips. For
a measurement, 20 pL of the 0.1m KCl reference electrolyte is
applied to each of the areas close to the Ag/AgCl electrodes,
and 20 pL of the sample is applied to the sample zone. In
principle, the sample volume could be further reduced by
patterning smaller sensing areas into paper using inkjet
printing. Due to the single-use nature of the device, at least
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Figure 3. Photograph of a paper-based ion-sensing platform, with two
alligator clips on the left for the emf measurements and two clips on
the right to balance the device. A color version of this figure is
available in Figure S5.
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Figure 4. Paper-based ion sensors: a) CI™ response of Cl~ sensors to
KCl solutions, b) CI~ response of CI~ sensors to tenfold-diluted blood
serum samples, c) response of K sensors to K" and Na* (aqueous
samples), d) response of K* sensors to K* in a background of
undiluted blood serum. The parameter a, is the activity of the given
jonic species in solution. Each data point for the primary ion (Cl~ and
K") is from three individual devices. A magnified version of this figure
is available in Figure S6.

ten individual devices are needed for a calibration curve with
ten different concentrations.

When an HHCAE membrane is used for Cl™ detection
with samples of aqueous solutions (Figure 4a), these devices
exhibit highly reproducible responses with an E°value of
—63.6 2.0 mV and the theoretically predicted (Nernstian)
slope of —56.6 + 1.0 mV decade * in the range from 10"’ to
107*'m, which covers the clinically relevant range. This
reproducibility of the E° value and slope are similar as for
conventional ISEs with HHCAE-membrane-infiltrated
papers as sensing membranes (E°=103+22mV and
slope = —57.44 0.5 mV decade™', see Figure S1 in the Sup-
porting Information). When a 0.1m KCl solution is used as
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both the sample and reference electrolyte, a symmetrical
potentiometric cell is formed, and the theoretical emf value is
0 mV.'"® As Figure 4a shows, the measured emf value is 0.3 +
2.1 mV (number of samples, n =3), correlating well with the
predicted value. Although the HHCAE membrane exhibits
limited selectivity towards various hydrophilic anions, it is
chosen specifically for clinical Cl~ sensing (98-107mM in
blood serum) because its use decreases interference from
lipophilic ions (such as Br~ or SCN™)** and biofouling caused
by lipids,™ and also resists Donnan failure at high ion
concentrations because of its high ion-exchange capacity."!
As the HHCAE membrane was obtained with Br™ as
counterions, Cl~ substitution was required before device
fabrication to ensure an accurate response (see Figure S2).

The performance of paper-based Cl™ sensors was also
tested in biological samples. A series of blood serum samples
with different CI™ concentrations was prepared by adding
0.8 M KCI aqueous solutions into tenfold diluted blood serum
samples with a certified Cl~ concentration (99mMm for
undiluted blood serum). As shown in Figure 4 b, reproducible
and Nernstian responses are obtained in diluted blood serum
samples with a slope of —55.7+1.0mVdecade™' and an
E?° value of —68.8+1.6 mV. The resistance of the devices is
1.2+ 0.8 MQ (n=27), demonstrating that they are compat-
ible with affordable low-impedance voltmeters as a readout
tool.

Besides functioning with HHCAE membranes for CI™
sensing, the paper-based ion-sensing platform is also compat-
ible with ISE membranes exhibiting high selectivity. This is
essential for K* sensing in blood, since the K* level (3.5~
5.1mm) in blood serum is much lower than that of the
interfering ion Na® (135-145mwm)."! In this study, a valino-
mycin-doped K'-ISE membrane was used as the sensing
membrane, with 20 wt % of an inert electrolyte (ETH 500) as
a membrane additive (see Figure S3). The response curve of
the resulting devices with samples of KCI solutions is shown in
Figure 4 c, where highly reproducible responses are obtained
in a clinically relevant range from 107" to 10~*'m, with
a linear slope of 53.34+0.7 mV decade ' and an E° value of
59.6 +1.6 mV. Interestingly, the experimentally observed
lower detection limit is 107*'m, which is higher than for
a conventional valinomycin-based K*-ISE. Similar behavior
was reported previously, where paper was used as a sampling
tool for Ag" detection.’") The reason for the different
detection limit is not yet known, but it is likely that the
slightly anionic surface of cellulose contributes to this
behavior.”!! When a 0.1m KClI solution was used as sample,
the observed emf value was —0.9 1.9 mV (n=3), matching
well with the predicted value (0 mV). Compared to devices
with HHCAE membranes, the cell resistance increases to
4.4+ 0.8 MQ (n=21) with the K*-ISE membranes, but is still
sufficiently low to be compatible with low-cost voltmeters.

The selectivity of the K*-sensing device was evaluated by
testing its response with NaCl solutions. As shown in Fig-
ure 4 ¢, no significant Na™ response is recorded even at high
Na' concentrations (0.1m). Finally, K* calibrations were
performed with a series of samples of undiluted blood
serum containing various K* concentrations with a high Na*
background (certified as 140mm). It can be seen in Figure 4d
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that these devices exhibit reproducible responses in undiluted
blood serum with a well-retained linear slope of 53.6+
1.8 mVdecade™ and an E° value of 27.6+3.2 mV, demon-
strating their high sensitivity and selectivity in biological
media. By using different ISE membranes, sensors for other
clinically relevant ions can also be fabricated in the same way.

According to the US. Code of Federal Regulations, in
clinical laboratories the acceptable measuring error is +5 %
for CI- and +0.5mm for K", which corresponds to
a variation in emfvalue of approximately 1.1 mV and
2.6 mV, respectively. In this study, the obtained E° variations
of paper-based ion sensors in blood serum samples are
+1.6mV (ClI") and +£3.2mV (K*), which are close to the
requirement for calibration-free ion sensing. Improvement of
the E°value reproducibility for practical uses may be
achieved by detailed sensor optimization (for example
through selection of the ionic liquid and mass production
using inkjet printing). Further improvements of the E°
reproducibility (to reach, for example, + 0.2 mV)"*! may be
achieved with highly reproducible all-solid-state ISEs and
reference electrodes coupled with robust redox buffers,'*%!
which are under development.

In conclusion, a disposable and low-cost paper-based ion-
sensing platform was developed with a potentiometric cell
embedded into paper. These devices are simple to use, do not
need any pretreatment (“conditioning”), and only require
a low sample volume of 20 pL. They are compatible with
HHCAE and ionophore-doped ISE membranes to detect
clinically relevant ions in biological samples with high
sensitivity and reproducibility, and could be potentially
adapted to detect other charged analytes by changing the
sensing membrane.
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