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ABSTRACT: Ion-selective electrode (ISE) potentiometry is reliable only if on-site calibration using a standard solution is performed 
before the ion measurement. The complex device and operation required for calibration hinder the implementation of ISEs in decen-
tralized sensing. Reported herein is a new type of ISE that is calibrated by a built-in component of the sensor without requiring any 
fluid handling processes. The indicator and reference electrodes are connected by a thin ionic conductor such as an aqueous phase 
containing the measuring ions in a capillary tube. This connection establishes a baseline electromotive force (EMF) that incorporates 
phase boundary potentials across multiple interfaces of the electrochemical cell and serves as a one-point calibration. Unlike conven-
tional ISEs relying on absolute EMF readings, the proposed sensor utilizes a sample-induced EMF change relative to the baseline for 
ion measurements. The variability in relative EMF is found to be < 2.0 mV for multiple full potentiometric sensors consisting of 
plasticizer-based K+ ISEs and hydrogel-based Ag/AgCl reference electrodes. This value is significantly smaller than the variability 
of absolute EMF readouts in similar sensors without the self-calibration design. Moreover, when the ion-conducting calibration bridge 
has a low concentration of primary ions, low ion mobility, and/or a small contact area with the indicator and reference phases, it does 
not compromise the Nernstian response slope toward the analyte ions in the sample and therefore does not need to be removed for 
sample testing. The accuracy of single-use self-calibrated K+ sensors in testing undiluted human blood samples is validated using a 
commercial blood gas analyzer as the reference method. This fluidics-free self-calibration strategy opens up new opportunities for 
ion sensing in disposable, wearable, and implantable devices.

INTRODUCTION 
Ionophore-based ISEs offer exceptional selectivity, high log-

arithmic linearity, rapid response time, and excellent reversibil-
ity, making them ideal for measuring electrolyte activities in bi-
ofluids such as blood, plasma, and urine. They have achieved 
tremendous commercial success in fully automated blood 
gas/electrolyte analyzers and clinical chemistry analyzers used 
by healthcare professionals. In recent years, there has been a 
growing interest in affordable and accessible electrolyte meas-
urements in decentralized locations. For instance, the develop-
ment of home-use electrolyte sensors capable of frequent test-
ing of K+, Ca2+, and Na+ in capillary blood holds the potential 
to revolutionize the self-management of chronic renal, heart, 
parathyroid, and hypothalamus disorders.1-4 Epidermal, trans-
dermal, and implanted electrolyte sensors for sweat and inter-
stitial fluids may permit real-time monitoring of electrolyte ho-
meostasis to guide timely interventions.5-10 Since the composi-
tion and fabrication of ISEs have been well established for dec-
ades, it might seem that ISEs can be rapidly integrated into 
wearable, implantable, and at-home sensing devices once ap-
propriate engineering is applied. However, despite significant 
engineering advancements,5-10 the use of ISEs as accurate ion 
monitors in decentralized settings has not been successful to the 
best of our knowledge. 

One major hurdle in utilizing ISEs for decentralized ion mon-
itoring is the need for on-site calibration. In commercial 
handheld, benchtop, and laboratory electrolyte analyzers, each 
ISE is calibrated using standard solutions with known analyte 
activities before and/or between measurements. This calibration 
process involves complex instruments comprising standard so-
lutions, fluidic channels, and fluid control modules such as 
pumps, actuators, and valves. Batch calibration and factory 

calibration are possible approaches to eliminating the manda-
tory individual calibration at the point of use. The prerequisite 
for batch calibration is that all ISEs fabricated in the same large 
batch have the nearly same calibration curves (the standard po-
tential, E°, and the response slope). Electrolyte measurements 
for medical diagnostics often require an EMF error of no more 
than 1-2 mV. However, such a small variation is extremely 
challenging to obtain in an EMF range spanning hundreds of 
mV. The EMF measurement is susceptible to subtle variations 
at any interfaces of the electrochemical cell involving the metal 
or carbon electrode, the ion-to-electron transducer, the sensing 
membrane, and the reference electrode components.11,12 The 
prerequisite for individual factory calibration is that the elec-
trodes do not undergo any changes during storage. Data on the 
storage stability of ISEs is very limited, but aging of any com-
ponents, interpenetration between adjacent phases, and expo-
sure to ambient gases, moisture, and light can lead to unpredict-
able EMF drifts.13,14 The groups of Bakker, Bobacka, and Yo-
shida explored coulometry and constant potential coulometry as 
alternative readout modes of ion-selective membranes with mo-
tivations including eliminating the calibration process.15-19 
However, the authors noted limitations such as fluid handling 
requirements and systematic errors, and the coulometric re-
sponse based on exhaustive ion transfer may be hematocrit-de-
pendent in whole blood tests. 

In recent years, a wide variety of materials and chemicals 
such as redox polymers/molecules, capacitive carbon materials, 
nanostructured noble metals, metal-organic frameworks, inter-
calation compounds, and their combinations have been studied 
as the ion-to-electron transduction layer of solid-contact ISEs 
with the aim of improving the electrode-to-electrode con-
sistency and other analytical performance characteristics.11,12 



 

The deposited layer or suspension of redox-active solid contact 
materials such as conducting polymers may be further pre-po-
larized to unify standard potentials of multiple electrodes.20-25 
Although a few mV or less of standard deviations (SD) have 
been observed from the same batch of electrodes and occasion-
ally from different batches, the reported variation is only for in-
dicator electrodes as a shared reference electrode has been used 
in most studies. Since the EMF variation of reference electrodes 
is also a couple of mV or more,11 full two-electrode potentiom-
etric sensors are unlikely to have medically acceptable preci-
sion. Furthermore, it is important to consider that most of these 
small SDs have been obtained after soaking or subjecting the 
electrodes to electrochemical polarization in a standard solution 
for specific durations, typically ranging from 1 hour to 48 
hours.26 This lengthy and cumbersome conditioning process re-
quired right before conducting measurements is as impractical 
as the calibration process itself. The Buhmman group designed 
paper-based full potentiometric sensors that show an E° devia-
tion of 3.2 mV in serum without conditioning, but “inner filling 
solutions” need to be added to complete the electrochemical cell 
at the point of use.27 Recently, the pre-hydration of ion-selective 
membranes during the electrode preparation step has been in-
vestigated as a potential solution to mitigate the need for user-
based electrode conditioning. 25 ISEs conditioned in a KCl so-
lution and stored in a sealed package exhibit stable and repro-
ducible response without prolonged on-site conditioning, but 
sensors were stored for only “at least 24 h” and bulky electrodes 
were used. Alternative methodologies aimed at reducing the 
conditioning times of ISEs focus on special analyte ions or rely 
on complex sensor arrangements that are not suitable for non-
laboratory applications.28,29 Therefore, it remains challenging to 
prepare simple, compact, and reliable ISE sensors that are free 
of calibration and conditioning at the point of use. 

Herein, we report a completely new design of potentiometric 
sensors to enhance the reproducibility of EMF responses of 
ISEs. An ionic conductor such as an electrolyte solution is used 
to connect the sensing membrane and reference phase, which 
establishes an EMF baseline that corrects for sensor-to-sensor 
variations. When a sample is added, it induces a change in EMF, 
which is measured as the potentiometric response. This ap-
proach differs significantly from traditional potentiometry 
which relies on absolute EMF readings without a concept of 
baseline. Notably, there is a report on “self-calibrated” ion-se-
lective electrodes,30 but the principle of “self-calibration” is 
completely different and the sensor performance does not meet 
the requirements for decentralized electrolyte monitoring (12-h 
conditioning; large EMF errors). 
EXPERIMENTAL SECTION 

Reagents and Materials 
Potassium ionophore I (valinomycin), potassium tetrakis 

[3,5-bis-(trifluoromethyl)phenyl] borate (KTFPB), 2-nitro-
phenyl octyl ether (NPOE), all of Selectophore™ grade, along 
with inorganic salts including potassium chloride (KCl), so-
dium chloride (NaCl), lithium chloride (LiCl), calcium chloride 
(CaCl2), magnesium chloride (MgCl2), lithium acetate (LiOAc), 
and sodium phosphate monobasic were purchased from Milli-
poreSigma. Low-molecular-weight polyethylene glycol diacry-
late (PEGDA, n = approx. 9), amorphous fumed silica particles 
(surface treatment with dimethyldichlorosilane, ~325 mesh 
powder), sodium poly(4-styrenesulfonate) (NaPSS), EDOT 
3,4-ethylenedioxythiophene (EDOT), lithium phenyl-2,4,6-tri-
methylbenzoylphosphinate, Ag wires (99.9%, 0.5 mm 

diameter), Au wires (99.9%, 0.5 mm diameter), Pt wires 
(99.9%, 0.3 mm diameter), and Polymicro Flexible Fused Silica 
Capillary Tubing (1068150023; ID: 100 µm, OD: 360 µm) were 
purchased from Fisher Scientific. HelixMark® Standard Sili-
cone Tubing (60-011-07; ID: 1.58 mm, OD: 2.41 mm) was ob-
tained from Freudenberg Medical. PTFE #30 AWG Thin Wall 
Tubing (06417-11; ID: 0.30 mm, OD: 0.76 mm) was purchased 
from Cole-Parmer.  

Heparinized blood specimens were obtained from the Vir-
ginia Commonwealth University Medical Center. They are left-
over blood from the Blood Gas Lab and deidentified before be-
ing collected by us. Heparinized human plasma was purchased 
from Innovative Research. 

Preparation of K+ ISEs 
The indicator electrode comprises a PEDOT-coated Au wire 

inserted into a segment of plasticizer in a 1-cm long silicone 
tube. The cleaned Au wire is coated with PEDOT via galvanos-
tatic polymerization in a three-electrode electrochemical cell 
consisting of a Ag/AgCl reference electrode and a Pt wire as the 
counter electrode.31 The electrochemical cell contains a deaer-
ated solution of 0.015 M EDOT and 0.1 M NaPSS. The electro-
synthesis of PEDOT film on the ~1.5 cm end of a Au wire is 
performed at ~0.2 mA/cm2 current density for 1428 s. The 
PEDOT-coated Au wire is air dried and stored in the dark over-
night before use. 

The K+-selective oil is NPOE containing 1.0 wt% potassium 
ionophore I and 0.4 wt% KTFPB. The mixture is sonicated for 
30 min to ensure complete dissolution of the sensing chemicals. 
Hydrophobic fumed silica nanoparticles are further mixed into 
the plasticizer solution at a ratio of 6.5% w/v to enhance its vis-
cosity and mechanical strength. 

Preparation of Reference Electrodes 
The reference electrode comprises a Ag/AgCl wire coupled 

with a segment of PEGDA hydrogel containing inorganic salts. 
The Ag/AgCl wire is prepared via anodic electrodeposition of 
AgCl on a cleaned Ag wire in a 0.1 M NaCl solution. A 1-cm 
long silicone tube is filled with the low-molecular-weight 
PEGDA prepolymer mixed with 49.9 wt% aqueous solution 
and 0.1 wt% photoinitiator, lithium phenyl-2,4,6-trimethylben-
zoylphosphinate. The aqueous solution contains 0.5 M LiOAc, 
0.1 M LiCl, and 1 mM KCl unless otherwise specified. After 
the Ag/AgCl wire is inserted into the liquid mixture in the sili-
cone tube, the tube is exposed to a planar UV light (Everbeam 
365nm 100 W UV LED Black Light) for 30 s to obtain a pho-
tocured PEGDA-based reference electrode.  

Preparation of Self-Calibrated Sensors 
When the calibration phase is an aqueous solution, the solu-

tion is injected into a fused silica capillary tube or a PTFE tube. 
Two ends of the calibration tube are inserted into the plasticizer 
phase and the uncured PEGDA solution, respectively, with a 
depth of 2-3 mm on each side before photo-crosslinking is ini-
tiated for the reference electrode. When the calibration phase is 
an aqueous solution with PEGDA, it is first photocured in a cal-
ibration tube before the tube is inserted into the plasticizer phase 
and the reference solution. Then the reference solution is pho-
tocured to obtain a full self-calibrated sensor. The length of the 
calibration tube is ~ 1 cm for all self-calibrated sensors. All sen-
sors are tested without any conditioning. 

EMF Measurements 



 

All EMF measurements are carried out at room temperature 
using an EMF-16 Precision Electrochemistry EMF Interface 
(Lawson Labs Inc.). For ion-selective sensors without the cali-
bration bridge, the EMF is measured after a drop of aqueous 
sample is added into the gap between two silicone tubes. For 
ion-selective sensors with the calibration bridge, the EMF is 
measured before and after the addition of a drop of aqueous 
sample. A piece of Parafilm is always used underneath the sen-
sor to prevent spreading of the aqueous solution. A Metrohm 
double-junction Ag/AgCl reference electrode is used as the ref-
erence electrode to test the performance of the PEGDA-based 
reference electrodes. The commercial and home-made refer-
ence electrodes are manually dipped into 2 mL of different so-
lutions to test the EMF response of the PEGDA reference elec-
trodes to salts. Liquid junction potential is calculated according 
to the stationary Nernst–Planck equation32 using LJPcalc soft-
ware (https://swharden.com/LJPcalc). Activity coefficients are 
calculated by the Debye–Hückel equation. For storage stability 
tests, self-calibrated sensors with the optimal reference and cal-
ibration composition are stored in a sealed two-layer plastic 
container with water in the bottom layer and sensors on the top 
layer. Response of fresh sensors and sensors after 3 and 6 weeks 
of storage is tested toward 10 mM KCl. 
RESULTS AND DISCUSSION 

Calibration Capability of the Ionic Conductor Integrated 
Between the Indicator and Reference Electrodes 

 PEDOT-based solid contact ISEs are used as an example to 
demonstrate the concept of self-calibrated potentiometric sen-
sors because conducting polymer is one of the most commonly 
used solid contact materials. Potassium ionophore I and KTFPB 
are dissolved in NPOE via sonication without using any other 
solvents like tetrahydrofuran. The NPOE solution is further 
mixed with 6.5% w/v hydrophobic fumed silica particles as a 
thickening agent. The resulting NPOE-silica particle mixture is 
still easy to be transferred into the silicone tube via pipetting to 
create an ISE along with a PEDOT-coated Au wire, but the en-
hanced viscosity renders this “oil” phase mechanically more 
stable. The reference electrode is a Ag/AgCl wire inserted in a 
photo-crosslinked PEGDA hydrogel containing chloride ions. 
There is no microporous frit between the reference electrode 
and the sample, but the high rigidity of the solidified PEGDA 
hydrogel minimizes the mixing of the reference electrolyte and 
the sample (see below for optimization of the reference elec-
trode). Figure 1A shows the setup of a tube type K+ sensor. Fig-
ure 1B shows the EMF reading of n=5 sensors toward 1 mM 
KCl as the sample. Not surprisingly, the EMF reading of the full 
potentiometric sensor varies. The SD is 40.5 mV, which is 

consistent with the sensor-to-sensor variability of similar full 
sensors in a previous report.9 The inconsistency is because the 
constituent conductors and interfaces such as the solid contact 
layer and the AgCl layer vary among multiple sensors even 
though they are identically fabricated.11 

 Figure 2A shows the prototype self-calibrated sensor using 
the tube type design. The ion-selective oil and reference hydro 
gel are connected by a fused silica capillary tube with an ID of 
0.10 mm and an OD of 0.36 mm. The tube has been filled with 
a solution containing the analyte ions (0.1 M KCl in this exam-
ple). With this ionically conducting bridge, an EMF baseline 
can be first obtained in the absence of a sample, which is a 
unique feature of the proposed self-calibrated sensor as opposed 
to all previous potentiometric sensors. Then, a drop of aqueous 
sample is added to the space between two large silicone tubes 
to cover the exposed surface of the plasticizer phase in the indi-
cator electrode and the hydrogel phase in the reference elec-
trode. The EMF change upon sample addition is recorded and 
used for the quantification of K+ in the sample. Figure 2C shows 
the baseline EMF and the EMF change after the addition of 12 
µL of 10-3 M KCl as the sample. The baseline is further normal-
ized to zero in Figure 2D to aid in visualization of the relative 
EMF. Although the original EMF baseline varies by tens of mV 
for n=5 sensors, the SD of the EMF change relative to the base-
line (ΔEMF) is only 1.7 mV. All EMF variabilities from the 
electron conductors, solid contact layer, AgCl layer, and their 
interfaces are included in this baseline and compensated when 
ΔEMF is used for the response. The inconsistency in ΔEMF 
will only result from the variabilities in the interfaces between 
the two aqueous solutions (calibration solution and sample) and 
the two liquid-based electrode phases (plasticizer and 

 
Figure 1. A: photo of a tube type potentiometric sensor consisting 
of a Ag/AgCl reference electrode and a ionophore-based solid-con-
tact ion-selective electrode. Two tubes are silicone tubes to accom-
modate the hydrogel and the NPOE plasticizer phase for the refer-
ence and indicator electrode, respectively. The aqueous sample at 
a volume of 12 µL is added in between two silicone tubes. B: EMF 
readings of n=5 sensors to 10-3 M KCl. 

 

 
Figure 2. A: photos of a self-calibrated potentiometric sensor be-
fore and after the sample addition. B: the surface of the ion-selec-
tive oil that will be in contact with the sample. The fused capillary 
tube with the calibration solution is inserted into the oil. C: original 
EMF traces of n=5 self-calibrated sensors before and after adding 
12 µL of 10-3 M KCl as the sample. D: EMF traces with all base-
line values normalized to zero to aid in visualization of the con-
sistency of the EMF changes. Black arrows in C and D indicate the 
addition of the sample.  
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hydrogel). This inconsistency turns out to be much smaller 
probably because electric potential differences across interfaces 
between ionic conductors are well defined by the phase bound-
ary potential model and the liquid junction potential theory.  

Figure 3 shows the stepwise EMF response of the non-cali-
brated and self-calibrated sensors when the KCl concentration 
in the sample is increased from 10-4 to 10-1 M. The response 
slope of the self-calibrated sensors is 57.4 mV/decade, which is 
nearly identical to the slope of 57.8 mV/decade for sensors 
without the calibration tube, suggesting that the presence of an 
appropriate calibration bridge does not compromise the EMF 
response of the sample while serving for the calibration pur-
pose. 

Optimization of the Calibration Bridge 
 In our sensor arrangement, one side of the ion-selective oil 

and the reference hydrogel are simultaneously exposed to two 
aqueous phases upon sample addition. To the best of our 
knowledge, similar designs have not been previously reported. 
An ISE or perhaps any indicator electrode of an electrochemical 
sensor is exposed directly to one external solution (usually a 
calibration solution or a sample) at one time. One immediate 
question and concern about the new design is that how the pres-
ence of a calibration phase affects the potentiometric response 
of the sample. Figure 4 shows the EMF baselines created by 
different calibration phases and the EMF changes after the ad-
dition of solutions containing 10-3, 10-2, and 10-1 M KCl. When 
the calibration tube has an ID of 0.30 mm and an OD of 0.76 
mm and the calibration solution in this tube is 0.1 M KCl (Fig-
ure 4A), there are obvious upward EMF drifts after the addition 
of a KCl solution less concentrated than the calibration solution. 
In designing low-detection-limit ISEs based on classical planar 
polymeric membranes, the groups of Erno Pretsch and Eric 
Bakker studied the transmembrane ion flux from the inner fill-
ing solution with a higher primary ion concentration to the sam-
ple without primary ions.33-35 Due to this chemical gradient-in-
duced ion flux, the sample solution has an elevated primary ion 
concentration in the surface layer adjacent to the ion-selective 
membrane than the bulk. Since the ion-selective membrane 

senses the activity of primary ions in the interface zone of the 
aqueous sample, the EMF response appears greater than esti-
mated based on the ion activity of the bulk sample solution. In 
our self-calibrated sensor configuration, the ion-selective oil is 
also exposed to two solutions with possibly different ion con-
centrations although both solutions are at the same side. There-
fore, there should be a similar flux of the primary ions down the 
concentration gradient. In other words, the concentrated cali-
bration solution contaminates the sample in our configuration 
similarly as the concentrated inner filling solution contaminates 
the sample in classical polymeric membrane ISEs. As EMF is 
proportional to the logarithm of the primary ion activity accord-
ing to the Nernstian equation, the EMF increase caused by the 
contamination of a low-concentration solution is greater than 
the EMF decrease caused by the depletion of the concentrated 
solution. As a result, upward EMF drifts are observed in Figure 
4A upon addition of a sample with a K+ concentration low than 
the 0.1 M K+ in the calibration tube. 

Three strategies are examined to suppress the observed sam-
ple contamination and the resulting EMF drift. First, as shown 
in Figure 4B, 10-3 M instead of 10-1 M KCl as the calibration 
solution does not contaminate samples and therefore cannot in-
duce significant EMF drifts. A slight upward drift for the 10-1 
M KCl sample is likely caused by K+ contamination in the op-
posite direction (from the sample to the calibration solution). As 
the electrolyte concentration in real samples especially body 
fluids usually have a narrow and known range, using a calibra-
tion solution containing a comparable concentration of the 
measuring ion should easily minimize contamination and EMF 
drifts. Second, when the contact area between the ion-selective 

 

Figure 3. EMF traces and corresponding calibration curves of the 
potentiometric sensors without (A, B) and with (C, D) the calibra-
tion bridge. The concentrations denote KCl concentrations in the 
sample. Each sample is tested for 30 s and carefully removed be-
fore a new sample with a higher KCl concentration is added. N=3 
sensors are tested for each type. 
  

Figure 4. EMF traces of self-calibrated K+-selective sensors before 
and after the addition of 12 µL of 10-3, 10-2, or 10-1 M KCl as the 
sample. Arrows indicate the sample addition. The EMF change rel-
ative to the baseline (ΔEMF after 400 s) for each KCl sample is 
labelled as average ± SD for n=3 sensors. The EMF difference be-
tween 10-3 and 10-2 M as well as 10-2 and 10-1 M KCl is labelled on 
the right to indicate the response slope.  
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oil and the calibration solution is much smaller than that be-
tween the oil and the sample, ion contamination caused by the 
calibration solution becomes less obvious. As can be seen from 
Figure 4C, EMF drifts are unnoticeable when the calibration 
tube ID is decreased to 0.1 mm although the calibration solution 
still has a high concentration of KCl (0.1 M). The oil-calibration 
solution contact area is only 0.4% of the oil-sample contact area 
(0.008 mm2 vs. 1.889 mm2) and the volume of the calibration 
solution is 150 times lower than the sample volume (0.08 µL 
vs. 12 µL). In contrast, the oil-calibration solution contact area 
is 0.071 mm2 (4.6% of the oil-sample contact area) and the cal-
ibration solution volume is 0.76 µL (vs. 12 µL sample) in Figure 
4A using a 0.3 mm ID calibration tube. A capillary tube with a 
tiny amount of salt solution is still able to complete the electro-
chemical cell as an ionic conductor to create a baseline prior to 
the sample addition, but it does not impair the sample response. 
Third, the EMF drift is reduced when the calibration phase is 
solidified by photo-crosslinked PEGDA (Figure 4D vs. Figure 
4A while using the same concentration of KCl in the same 0.3 
mm ID tube). Chemical diffusion in the PEGDA hydrogel is 
much lower than that in an aqueous solution,36 which suppresses 
the overall ion flux from the concentrated calibration phase to 
the sample. If the KCl concentration in PEGDA is reduced to 
10-3 M, the EMF drifts are eliminated as expected (Figure 4E). 
Although both liquid (Figure 4B, 4C) and hydrogel (Figure 4E) 
calibration phases enable drift-free EMF responses in these 
tube-type sensors, solidified hydrogel is more practical for other 
sensor configurations such as mass-producible planar sensors 
for long-term goals. Therefore, we will focus more on the pho-
tocured PEGDA calibration phase. 

Interestingly, the use of a low concentration of primary ions 
(Figure 4B and 4E) or a small contact area between the calibra-
tion phase and the ion-selective oil (Figure 4C) also ensures the 
Nernstian response slope of the analyte ions in the sample. Clas-
sical response theories of ISEs such as Phase Boundary Poten-
tial model and the Nernst-Planck and Poisson equation were de-
veloped for well-defined, flat membranes with only one-dimen-
sional ion gradients and electric potential profiles perpendicular 
to the membrane surface.37,38 In the self-calibrated sensors, the 
presence of a common calibration phase with a fixed ion con-
centration may compromise the response slope as the concen-
tration of the analyte ions in the sample change. The charge sep-
aration on the oil surface in contact with the calibration phase 
and the sample is governed by the primary ion concentration of 
the corresponding aqueous phase. The averaged charge density 
on the entire frontside surface of the ion-selective oil is deter-
mined by the total separated charge created by the calibration 
phase and the sample divided by the total interface area. When 
the calibration solution has a tiny contact area with the oil 
and/or the primary ion concentration is low, the charge separa-
tion and interfacial potential differences created by the calibra-
tion phase is small enough to be negligible. Therefore, the con-
tribution of the calibration phase to the EMF reading in the pres-
ence of the sample is negligible, as evidenced by the close-to-
Nernstian response slope in Figure 4B, 4C, and 4E. In summary, 
an appropriately formulated and sized calibration phase causes 
neither EMF drifts nor response slope reduction while provid-
ing a baseline for one-point calibration. 

Optimization of the Reference Electrode 
 When the calibration phase and the reference phase have dif-

ferent compositions, chemical diffusion between two aqueous 
phases may happen during storage and impair the reliability of 

self-calibration. Therefore, it is best to employ the same com-
position for the calibration and reference phases. They are based 
on a PEGDA hydrogel instead of an aqueous solution because 
the hydrogel is preferred for the calibration phase and necessary 
to create a reference electrode that does not mix with the sam-
ple. The hydrogel should contain the analyte ion, K+, for the 
calibration purpose, but the K+ concentration should remain low 
to prevent contamination to the sample. Also, a high concentra-
tion of Cl- is needed in the hydrogel to maintain a stable poten-
tial of the Ag/AgCl reference electrode. We systematically 
tested the performance of reference electrodes with different 
PEGDA-based hydrogel formulations to find one that meets the 
aforementioned requirements and exhibits most stable EMF as 
the sample composition changes. Figure 5 shows the EMF re-
sponse of different reference electrodes to NaCl and KCl 
against a commercial double junction Ag/AgCl reference elec-
trode. A high concentration of KCl or NaCl in the hydrogel 
makes the electrode more responsive to KCl or NaCl, respec-
tively. The use of 0.1 M LiCl as the chloride salt reduces the 
EMF response towards both KCl and NaCl. Since the calibra-
tion phase needs a low concentration of K+, a combination of 
0.1 M LiCl and 1 mM KCl is an acceptable formulation. The 
addition of LiOAc, the commonly used equitransferent salt for 
reference electrodes, further reduces the EMF response espe-
cially toward NaCl. Therefore, the optimal formulation of our 
PEGDA-based reference phase has 1 mM KCl, 0.1 M LiCl, and 
0.5 mM LiOAc. This Ag/AgCl reference electrode has an EMF 
response of –2.7 mV when NaCl is increased from 10-2 to 10-1 
M. Since the commercial double-junction reference electrode 
using 1 M LiOAc as the bridge electrolyte has a calculated liq-
uid junction potential of -2.9 and 0.3 mV for 10-2 and 10-1 M 
NaCl, respectively,32 the observed EMF change (Figure 5B, ma-
genta line) is largely due to the response of the commercial ref-
erence electrode instead of the optimal PEGDA reference elec-
trode. Accordingly, this PEGDA reference electrode is unlikely 
to be sensitive to Na+ fluctuations in most biological samples. 
Similarly, the junction potential for 10-3, 10-2, and 10-1 M KCl 
is -4.6, -3.2, and -1.4 mV, which accounts for a large portion of 
the observed KCl response in Figure 5A (magenta line) and 
thereby suggests low sensitivity of the optimal PEGD-based 

 
Figure 5. EMF response of different tube type reference electrodes 
to KCl (A) and NaCl (B) against a Metrohm double-junction 
Ag/AgCl reference electrode. The examined reference electrodes 
comprise Ag/AgCl wires coupled with PEGDA hydrogels contain-
ing different salts.  
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reference electrode to KCl fluctuations in real samples. Moreo-
ver, the EMF of the PEGDA reference electrode remains con-
stant when it is transferred from simple NaCl solutions in DI 
water to plasma and blood (Figure 6), indicating that there are 
no matrix effects from these complicated biological samples.  

Traditional Ag/AgCl reference electrodes including those us-
ing hydrogels are separated from the sample via a pinhole, a 
capillary, a microporous junction, or a polymer layer to mini-
mize mixing of the reference electrolyte and the sample.39-41 In 
our design, the hydrogel in the silicone tube is in direct contact 
with the sample, but the mixing is suppressed by the crosslinked 
PEGDA network. Unlike traditional hydrogels such as agar, hy-
drogels formed from photo-crosslinking of low-molecular-
weight PEGDA is rigid and the mesh size is only about 1-2 
nm,36 which is even smaller than the pore size of most junctions 
used in conventional reference electrodes.42 While the aqueous 
solution trapped in the PEGDA network does not quickly mix 
with the aqueous sample, ions can diffuse across the interface, 
generating liquid junction potentials. The ion mobility in 
PEGDA hydrogel differs from that in simple aqueous solutions 
because a portion of water molecules are bound to polymers in 
hydrogels.43 The ethylene glycol structure with electronegative 
O is also expected to bind to cations to reduce their mobility to 
different degrees. As a result, it is hard to calculate the liquid 
junction potential of each hydrogel formulation to explain the 
EMF response observed in Figure 5. Since the focus of this 
work is the novel self-calibration concept based on the ion-con-
ducting bridge, the detailed working mechanism of the PEGDA 
reference electrode will be explored in future work. 

Reproducibility, Blood Tests, and Storage Stability 
The electrodes have been assumed to be single-use in opti-

mizing the calibration phase and reference electrode. This is be-
cause home-use sensors for body fluids such as blood are sup-
posed to be disposable and at-home electrolyte measurements 
using capillary blood are an urgent unmet need for the manage-
ment of chronic diseases. When other sensing applications such 
as wearable, implantable, and in-field sensors for continuous 
ion monitoring are pursued in the future, more optimizations 
and assessments of the self-calibration methodology will be 
needed. Since blood K+ concentrations always fall between 1 to 
10 mM with a standard range of 3.5 to 5.5 mM, a calibration 
curve of the optimal self-calibrated K+-selective sensor over 1 
to 10 mM K+ is constructed in Figure 7A. All standard solutions 
have an ionic strength of approximately 0.16 M and a pH of 7.4 
to mimic the blood composition. The reproducibility of the rel-
ative EMF response of multiple sensors under these solution 
conditions is further confirmed for 1 mM and 10 mM KCl (n=10 

sensors for each concentration). As can be seen from Figure 7B, 
the SD for 1 mM and 10 mM KCl is only 1.4 mV and 1.5 mV, 
respectively. According to the Nernstian equation, a 1.5 mV SD 
in EMF corresponds to a concentration SD of 0.3 mM for 5.0 
mM K+, which is below the acceptable K+ measurement error 
of 0.5 mM according to the U.S. Code of Federal.44  

Using the calibration curve in Figure 7A, the self-calibrated 
K+ sensors are evaluated in 7 human blood specimens using an 
Abbott i-STAT blood gas analyzer as the reference technology. 
As shown in Table 1, the percent error ranges from 2.5 to 
10.8%, indicating high accuracy of our sensors even though 
they are manually assembled. We noticed that the K+ concen-
tration determined by the self-calibrated sensor is always higher 
than that from the i-STAT analyzer. This positive deviation 
might be because of some systematic errors that are not identi-
fied such as errors of pipettes and balance used to prepare stand-
ard solutions. Furthermore, we conducted a preliminary study 
on the storage stability of the self-calibrated sensors. Since hy-
drogel in the reference and calibration phases may evaporate, 
sensors are stored in humidified air created in a sealed container 
with water on the bottom. The response of 10 mM KCl on 

Table 1. K+ concentration of seven human blood samples 
determined by the self-calibrated sensors and the Abbott i-
STAT blood gas analyzer equipped with CHEM8+ car-
tridges.  

 
 

Figure 6. EMF response of the optimal PEGDA-based Ag/AgCl 
reference electrode in different aqueous solutions and body fluids 
against a commercial double junction Ag/AgCl reference elec-
trode. 
 

 

Figure 7. A) Calibration curve of the optimal self-calibrated K+ 
sensor using the same PEGDA-based calibration and reference 
phases. Each sensor is used one time and the EMF change relative 
to the baseline after 1 min is calculated as the ΔEMF. All standard 
KCl solutions are prepared in 150 mM NaCl, 1 mM CaCl2, 1 mM 
MgCl2, and 2 mM phosphate buffer at pH 7.4. N=3 sensors are 
tested for each concentration. B) Reproducibility of the self-cali-
brated sensor in testing 10-3 and 10-2 M KCl, respectively. The 
baseline EMF is normalized to zero for all sensors and the relative 
EMF is shown as average ± SD for n=10 sensors. 
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fresh sensors, sensors after 3-week storage, and sensors after 6-
week storage is 27.1 ± 1.2 mV, 28.0 ± 0.6 mV, and 28.1 ± 1.1 
mV, respectively. Each sensor is used for a single measurement 
and n=3 sensors are tested at each time point. This preliminary 
result is promising, and the storage stability may be further en-
hanced by utilizing professional packaging with more accurate 
humidity control. 
CONCLUSIONS 

A potentiometric sensor possesses an EMF baseline when the 
indicator and reference electrodes are linked through an ionic 
conductor. This integrated ionic conductor enables one-point 
calibration without compromising the response of the sample. 
Unlike traditional on-site calibration processes, this new cali-
bration strategy does not require any fluid handling modules to 
deliver and clean calibration solutions. Design of planar ion 
sensors and multiplexed ion sensors with this self-calibration 
capability is underway in our laboratory. Other conductors such 
as conjugated polymers, carbon materials, and metals may also 
connect the indicator and reference electrodes to allow for the 
establishment of a baseline EMF. The storage and fabrication 
of these materials could be easier than aqueous solutions and 
hydrogels although their interfacial potentials may be harder to 
control. More electrochemical readout modes beyond open-cir-
cuit potential are also being explored on the ion-selective sen-
sors with an integrated bridge in our laboratory. 
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