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ABSTRACT: Electrolytes play a pivotal role in regulating
cardiovascular functions, hydration, and muscle activation. The
current standards for monitoring electrolytes involve periodic
sampling of blood and measurements using laboratory techniques,
which are often uncomfortable/inconvenient to the subjects and
add considerable expense to the management of their underlying
disease conditions. The wide range of electrolytes in skin
interstitial ﬂuids (ISFs) and their correlations with those in plasma
create exciting opportunities for applications such as electrolyte
and circadian metabolism monitoring. However, it has been challenging to monitor these electrolytes in the skin ISFs. In this study,
we report a minimally invasive microneedle-based potentiometric sensing system for multiplexed and continuous monitoring of Na+
and K+ in the skin ISFs. The potentiometric sensing system consists of a miniaturized stainless-steel hollow microneedle to prevent
sensor delamination and a set of modiﬁed microneedle electrodes for multiplex monitoring. We demonstrate the measurement of
Na+ and K+ in artiﬁcial ISFs with a fast response time, excellent reversibility and repeatability, adequate selectivity, and negligible
potential interferences upon the addition of a physiologically relevant concentration of metabolites, dietary biomarkers, and
nutrients. In addition, the sensor maintains the sensitivity after multiple insertions into the chicken skin model. Furthermore, the
measurements in artiﬁcial ISFs using calibrated sensors conﬁrm the accurate measurements of physiological electrolytes in artiﬁcial
ISFs. Finally, the skin-mimicking phantom gel and chicken skin model experiments demonstrate the sensor’s potential for minimally
invasive monitoring of electrolytes in skin ISFs. The developed sensor platform can be adapted for a wide range of other applications,
including real-time monitoring of nutrients, metabolites, and proteins.
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factors such as the high density and surface-to-volume ratio of
continuous capillaries, force produced by blood pressure, and
diverse transport routes of biomarkers from plasma to ISFs,
many low-molecular-weight analytes, including metabolites
(glucose and lactate) and electrolytes (Na+, K+, and Ca2+),
have similar concentrations in plasma and ISFs.18 Most
importantly, the analysis of ISFs does not suﬀer from
interferences by blood components and potential biofouling
when compared to blood tests. Therefore, the ISFs provide a
viable alternative approach to blood analysis for real-time
health monitoring.13,17−19
Skin is the largest and most accessible organ of our body,
which represents a convenient and attractive source of ISFs.
The skin ISFs lie in the superﬁcial dermis, located directly
beneath the epidermis, which is an optimal area for skin ISF

lectrolytes play a critical role in many key physicochemical
functions, such as hydration, muscle activation, active
membrane transport, and many others.1−4 Electrolyte imbalances can lead to various perturbations, such as hyperkalemia, hypernatremia, hypokalemia, and hyponatremia,
which in turn could lead to a range of clinical conditions
such as arrhythmias, mental status changes including seizures,
muscle cramps, and even death.5,6 Currently, these conditions
are diagnosed based on needed or periodic electrolyte
measurements in laboratories using blood samples from
patients.7 Such sample collection and testing procedures are
uncomfortable, time-consuming, and unable to provide realtime monitoring capability. Wearable biosensors have emerged
as an important platform for personalized healthcare,8−11 in
large part because these sensors are able to provide real-time
pathophysiological information and measurements of biomarkers in bioﬂuids, such as sweat, saliva, and interstitial ﬂuids
(ISFs).12,13 Sweat analysis remains a challenging task due to
the variable correlation of electrolytes in sweat with those in
blood.14,15 Tears and saliva are constrained by their limited
amount of biomarkers.13 In contrast, ISFs are formed through
extravasation of plasma from continuous capillaries and
surrounding tissues and cells.16,17 Due to a combination of
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Figure 1. Microneedle-based potentiometric sensing system for simultaneous Na+ and K+ monitoring in skin ISFs. (a) Schematic illustration of the
insertion of a microneedle-based potentiometric sensor into the skin (left) and the illustration of the microneedle-based potentiometric sensing
system consisting of a sodium ion-selective electrode, a potassium ion-selective electrode, and an Ag/AgCl reference electrode (right). (b) Optical
and scanning electron microscope images of an integrated potentiometric sensing system. The ion-selective membranes at the tip end of the
electrode are separated by the waterproof encapsulation layer, thereby preventing the potential contact issue. (c) Schematic illustration of
functional layers of the sodium ion-selective electrode, the potassium ion-selective electrode, and the reference electrode with multi-layer
modiﬁcations. (d) Optical image of the integrated microneedle-based potentiometric sensing system when applied into a chicken skin model.

analysis since it is close enough to the capillary blood ﬂow,
thereby facilitating the transport of biomarkers from blood to
skin ISFs.17,18,20 Despite the widely available biomarkers in
ISFs and the potential utility in monitoring human disease
conditions, accessing the ISFs has been challenging. Existing
methods used to obtain skin ISF samples include microdialysis,
suction blister, and reverse iontophoresis.21−23 These methods
are usually complicated, cause patient discomfort and skin
irritation, may alter the analyte concentration, and require
relatively large sample volumes for benchtop instrumental
analysis. Recently, there has been a growing interest in
microneedle-based sensors that can penetrate through the skin
to analyze the biomarkers in skin ISFs.24−28 During the
detection, the microneedles tend to avoid touching the nerve
endings, thereby enabling painless monitoring of biomarkers in
ISFs. The in situ analysis of skin ISF electrolytes through
microneedle-based potentiometric sensors represents a promising approach due to the sensors’ simple design and painless
operation.18 This microneedle potentiometric sensor, however,
is still constrained by the challenge of sensor delamination
when a sensor is directly inserted into the skin. Furthermore,
there is a lack of a microneedle potentiometric sensor for
continuous monitoring of multiple electrolytes.25,29 Electrolyte
disorders may happen coincidentally with hypomagnesemia
and hypokalemia.30,31 Hypertension management is normally
based on the monitoring of the salivary potassium/sodium
ratio.32,33 In addition, the level of electrolytes may ﬂuctuate
throughout the day due to diet, exercise, or disease.34 Thus, it
is important to develop a mechanically robust and multiplexed

microneedle-based potentiometric sensor for continuously
monitoring multiple electrolytes for timely diagnosis and
monitoring of various disease conditions.
In this study, we developed a minimally invasive microneedle-based potentiometric sensing system for monitoring
multiple electrolytes from skin ISFs. The new biosensor
demonstrates an attractive analytical performance with a fast
response time, excellent reversibility and repeatability, as well
as adequate selectivity for ISF Na+ and K+ analysis. In addition,
the mechanical stability of the developed potentiometric
sensors with the hollow microneedle structure was evaluated
by inserting the integrated sensors into chicken skin multiple
times. Furthermore, our experiments, which measured the
concentration of Na+ and K+ in skin-mimicking phantom gel
and chicken skin model, highlight the potential applications for
minimally invasive and real-time monitoring of electrolytes in
skin ISFs. The developed sensor platform can be adapted for
the real-time monitoring of nutrients, metabolites, and
proteins.

■

EXPERIMENTAL SECTION

Materials. The copper wire (diam. 0.05 mm), acetone, potassium
chloride (KCl), sodium chloride (NaCl), platinum (Pt) wire (diam.
0.25 mm), silver (Ag) wire (diam. 2 mm), isopropyl alcohol,
hydrochloric acid, sodium ionophore X, bis (2-ethylhexyl) sebacate
(DOS), sodium tetrakis [3,5-bis(triﬂuoromethyl)phenyl] borate (NaTFPB), polyvinyl chloride (PVC), tetrahydrofuran (THF), valinomycin (potassium ionophore), polyvinyl butyral (PVB), 3,4-ethylenedioxythiophene (EDOT), and poly (4-styrenesulfonic acid)
solution (PSS) were purchased from Sigma Aldrich. Palladium (Pd)
B
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Preparation of the Ag/AgCl Reference Electrode. The
reference electrode was prepared as described previously.37,46,47
Brieﬂy, the electroplating of Ag onto clean copper electrodes was
achieved by using a two-electrode cell at room temperature in an Ag
plating solution. An Ag wire, which served as the counter electrode,
was attached to the positive (+) lead and immersed in the solution.
The cleaned copper wires were electrically connected to the negative
(−) lead as the working electrodes using the previously placed
conductive tape. The power supply was operated at an 8 mA cathodic
current and 1.62 V for 5 min. The electroplating of AgCl onto the
above Ag-electroplated copper wire was achieved by using a twoelectrode cell at room temperature in 0.1 M KCl solution. The Ag
wire was attached to the negative (−) lead and immersed in the KCl
solution, and the Ag-electroplated copper wires were used as the
working electrodes. A power supply of 3 mA anodic current and 2.1 V
was used for 1 min. The length of the electroplated AgCl layer was ∼5
mm. We prepared the PVB solution by dissolving 79.1 mg of PVB and
50 mg of NaCl into 1 mL of methanol.48 The above-prepared Ag/
AgCl reference electrode was then coated with PVB to obtain a stable
potential among a wide range of ion concentrations.48 Finally, the
prepared Ag/AgCl reference electrode was encapsulated with a nail
polish layer, leaving an ∼0.2 mm tip end uncovered. The diameters of
the prepared reference electrodes were characterized using a scanning
electron microscope (FEI Nova NanoSEM 450).
Device Assembly. A hollow microneedle with a length of 4 mm
was created from a 26-gauge hypodermic needle (outer diameter:
0.464 mm, inner diameter: 0.260 mm) using a milling machine. A
layer of polydimethylsiloxane (PDMS) was used as a substrate to
support the hollow microneedle during the operation. Here, the Na+selective electrode, K+-selective electrode, and Ag/AgCl reference
electrode were carefully and gently inserted one after another into the
hollow microneedle ﬁxed to a PDMS substrate under a microscope.
The position of electrodes in the hollow microneedle was adjusted
under the microscope.
Electrochemical Characterizations. All electrochemical characterizations of the Na+ and K+ sensors were performed on an Autolab
PGSTAT128N potentiostat (Metrohm). The PVB-modiﬁed Ag/AgCl
electrode was used as a reference electrode, and the Na+-selective
electrode and K+-selective electrode were used as working electrodes.
The open-circuit potential (OCP) was recorded (vs Ag/AgCl
reference electrode) after 5 s of holding in the sample solution.49−52

plating solution and non-cyanide Ag plating solution were obtained
from Rio Grande. The artiﬁcial ISF (2.5 mM CaCl2, 5.5 mM glucose,
10 mM Hepes, 3.5 mM KCl, 0.7 mM MgCl2, 123 mM NaCl, 1.5 mM
NaH2PO4, and 7.4 mM sucrose) was prepared according to the
published literature.35,36 Commercial sodium and potassium testers
(NA-11 LAQUAtwin Na-11 Pocket Tester and B-731 Potassium
LAQUAtwin K-11 Pocket Tester) were purchased from HORIBA
Ltd., Japan. Chicken skin was purchased from a local market. The pH
of the artiﬁcial ISF was adjusted to 7.4. Ultra-pure deionized water
(18.2 MΩ cm) was used to prepare all samples.
Preparation and Cleaning of Copper Wires. We used copper
wires as the primary elements for preparing ion-selective electrodes.
Prior to use, copper wires were cleaned by rinsing with acetone,
isopropyl alcohol, and diluted hydrochloric acid, followed by
ultrasonic agitation with deionized water for 5 min. Multiple copper
wires (10−15) were placed in parallel with a spacing of approximately
1 mm on a strip of conductive silver tape and then placed (adhesive
side facing inward) on the head of a custom-made “n” wire plastic
holder to allow for lifting all wires simultaneously (Figure S1).
Electroplating of Pd on Copper Wires. Pd electroplating onto
the above-prepared copper wires was performed by using a twoelectrode cell at 50 °C in a Pd plating solution. A Pt wire, which
served as the counter electrode, was attached to the positive (+) lead
and immersed in solution. The prepared copper wires were electrically
connected to the negative (−) lead as the working electrodes using
the previously attached conductive tape. Operation at a 3 mA
cathodic current and 2.6 V for 30 min completed the Pd
electroplating.37
Coating of PEDOT:PSS. As an ion-electron transducer between
the ion-selected membrane and the electroplated copper wires,
PEDOT:PSS was coated on the Pd-electroplated copper wires
through electrochemical polymerization. PEDOT:PSS solution was
prepared by mixing 0.1 wt % EDOT and 4 wt % PSS in deionized
water with ultrasonication for 5 min. Working electrodes were coated
with a PEDOT:PSS layer by electropolymerization carried out with a
Metrohm Autolab-PGSTAT128N. More speciﬁcally, we increased the
applied potential from 0.4 to 0.9 V in ﬁve steps, and then held the
potential of 0.9 V for 40 s. This electropolymerization protocol was
repeated twice, and then the obtained electrodes were cured at 65 °C
for 3 h.38 The length of the PEDOT:PSS layer on the Pdelectroplated copper wire is about 2 cm. For the potentiometric
measurement, the electrode modiﬁed with PEDOT:PSS proved to be
more stable and demonstrated a better linear relationship when
compared to those without PEDOT:PSS modiﬁcation (Figure S2).
Coating of Na+- and K+-Selective Membranes. The ionselective membrane was prepared as described previously.39−44
Brieﬂy, the Na+-selective membrane cocktail was composed of Na
ionophore X (1% w/w), Na-TFPB (0.55% w/w), DOS (65.45% w/
w), and PVC (33% w/w). We then dissolved 100 mg of the
membrane cocktail in 660 μL of THF.40,41,43 We prepared the K+selective membrane cocktail with the composition of valinomycin (2%
w/w), Na-TFPB (0.5% w/w), PVC (32.75% w/w), and DOS
(64.75% w/w). 100 mg of the prepared membrane cocktail was
dissolved in 700 μL of THF.43 The cocktails were vigorously mixed
for 2 min by using a Vortex Mixer and then sealed and stored at 4 °C.
Two microliters of the membrane cocktail were drop-casted on the
surface of the working electrodes ﬁve times with a length of about 1
cm and dried at room temperature for at least 8 h. We painted the
dried ion-selective electrodes with nail polish to form a waterproof
encapsulation layer by using a small brush, leaving ∼0.2 mm of the
ion-selective membrane uncovered at the tip end44 (Figures 1 and
S1). With such a strategy, the waterproof encapsulation layer prevents
the ion-selective membranes from touching each other. In the
meanwhile, the ion can reach the ion-selective membrane through
these uncovered areas. Finally, the encapsulated electrodes were
placed in the solution of target ions (0.1 M of NaCl or KCl)
overnight.45 The diameters of the prepared Na+- and K+-selective
electrodes were characterized using a scanning electron microscope
(FEI Nova NanoSEM 450).

■

RESULTS AND DISCUSSION
Microneedle-Based Potentiometric Sensing System
for Skin ISF Analysis. The microneedle-based potentiometric
sensing system includes the following two key components:
(1) a miniaturized stainless-steel hollow microneedle (26gauge) to prevent sensor delamination during insertion and
(2) a set of microneedle-based potentiometric sensors for
multiplex monitoring of Na+ and K+ in skin ISFs (Figure 1a−
c). It should be noted that the stainless-steel hollow
microneedle we used was only 26 gauge (outer diameter was
0.464 mm). In routine blood collection, a 21-gauge (outer
diameter is 0.819 mm) needle is often used.53 To the best of
our knowledge, the smallest sensor needle for commercial
continuous glucose meters (CGMs) is 26 gauge.54 For
example, Medtronic’s needles are 23 gauge (MiniMed
Paradigm REAL-Time Revel) and Dexcom’s needles are 26
gauge. Therefore, our sensors have the potential to monitor
biomarkers in a minimally invasive manner like CGMs. We
used a micrometer-scale copper wire (50 μm) as the primary
electrode element to prepare the potentiometric electrodes by
electroplating and dip-coating of functionalized layers. More
speciﬁcally, the working electrodes were prepared by electroplating Pd and PEDOT:PSS onto the copper wire, followed by
the functionalization with ion-selective membranes (Figures 1c
and S3). This preparation process does not involve
C
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complicated and expensive microfabrication equipments.
Figure 1c schematizes all the functional coatings used for the
preparation of the microneedle-based Na+- and K+-selective
electrodes and the reference electrode. Figures S3 and S4 show
the SEM images of the ion-selective electrodes and Ag/AgCl
reference electrode, indicating that the copper wires are coated
with functional layers. As shown in Figure S5, the total
diameters of the sodium ion-selective electrode, potassium ionselective electrode, and Ag/AgCl reference electrode are
approximately 91.2, 89.3, and 92.2 μm with relative standard
deviations (RSDs) of 7.12, 5.09, and 3.77%, respectively.
These three functionalized electrodes are then integrated into
the hollow microneedle (Figure 1a,b). No damage is observed
for these electrodes after inserting them into the hollow
microneedle ﬁve times, as shown in Figure S6. The hollow
microneedle protects the electrodes from delamination during
the insertion and facilitates ISF access via painless skin
penetration. It should be noted that these electrodes are
housed at the opening aperture of the hollow microneedle
(Figure 1a,b), thereby enabling the direct contact of the
electrodes with the ISF and achieving the real-time monitoring
of ﬂuctuations in electrolyte concentrations. An optical image
of a microneedle-based potentiometric sensing system
compared with a 0.35 mm puncher is shown in Figure S7.
Figure 1d shows an optical image of a microneedle-based
potentiometric sensor mounted on a chicken skin model for
electrolyte monitoring. Importantly, based on previous studies,
ion-selective electrodes can be used in vivo for at least 24 h,25,55
indicating the potential for continuous monitoring in in vivo
studies.
Electrochemical Characterization of Reference Electrodes. The solid-state reference electrode is prepared by
electroplating Ag and AgCl successively onto the copper wire,
followed by drop-casting the membrane cocktail of PVB onto
the electrode. The PVB membrane cocktail is vital for
maintaining a constant potential.48 The PVB-coated solidstate Ag/AgCl reference electrode shows a stable potential in
diﬀerent NaCl solutions (Figure 2a). We fabricate two types of
solid-state reference electrodes, one with the Ag/AgCl
electrode (prepared by chloritization of Ag wire) and another
one with a copper wire functionalized with Ag and Ag/AgCl
through electroplating methods (Figure S4). These solid-state
electrodes made by electroplating Ag/AgCl on the Cu wire
demonstrate signiﬁcantly improved stability, rapid response
time, and high reproducibility (Figure 2b,c). In contrast, the
reference electrode made with chloritization of Ag wire exhibits
potential ﬂuctuations in low concentrations of Na+ (5−50
mM) (Figure 2b). Therefore, we use the copper wire-based
Ag/AgCl electrode as the reference electrode for our
experiments. Both working and reference electrodes are
encapsulated by a waterproof nail polish layer (Figure 1b;
labeled with a red dye), leaving only 0.2 mm of the electrode
uncovered at the tip end. This encapsulation layer separates
each electrode and prevents the potential contact of each
electrode, thereby avoiding the mixed potential issue. Figure
2d shows the negligible potential ﬂuctuations of OCP
responses with diﬀerent concentrations of Na+ when the
working and reference electrodes are physically separated
(black curve) and assembled into the hollow microneedle (red
curve). We also performed additional experiments to
investigate the signal interferences caused by introducing an
additional ion-selective electrode (Figure S8). There is no
signiﬁcant change in the sensor’s sensitivity when introducing
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Figure 2. Electrochemical characterizations of reference electrodes.
(a) Potential stability of a commercial Ag/AgCl electrode and a PVBmodiﬁed Cu/Ag/AgCl electrode in diﬀerent NaCl solutions. (b)
OCP curves of an Ag wire decorated with silver chloride and a copper
wire functionalized with Ag and AgCl in various concentrations of
NaCl. (c) Reproducibility of reference electrodes (Cu/Ag/AgCl) (n =
3). (d) Comparison of the electrochemical performance of the
working electrode and reference electrode when they are physically
separated (black line) and when assembled into a hollow microneedle
(red line).

an additional ion-selective electrode to the existing ionselective electrode because the waterproof encapsulation
layer can prevent the contact of ion-selective membranes (as
shown Figure 1b), indicating capability for multiplex
monitoring.
Electrochemical Performance of a Potentiometric
Na+ Sensor in Artiﬁcial ISFs. The Na+ sensor is ﬁrst
functionalized by electroplating Pd onto a core copper wire,
followed by electropolymerization of PEDOT:PSS, which is
then modiﬁed with a sodium ionophore X-based PVC
membrane cocktail, and ﬁnally dried at room temperature
overnight. After the selective encapsulation with a nail polish
layer, the Na+-selective electrode is immersed into a solution
containing 0.1 M NaCl for at least 8 h before the
measurements to minimize potential drift.41 Finally, the
prepared Na+-selective electrode is inserted into a stainless
hollow microneedle to ﬁnish the preparation of a Na+ sensor.
To evaluate the performance of the Na+ sensor, the sensor is
tested in artiﬁcial ISFs containing a physiologically relevant
concentration of NaCl ranging from 0 to 200 mM.18,56 The
calibration curve is obtained by recording the OCP versus time
(Figure 3a). As shown in the insets of Figure 3a, there is a clear
linear relationship between the OCP and the logarithm of Na+
concentration. The slope is 56.08 mV/decade, showing a near
Nernstian response (sensitivity: 59 mV/decade), and the linear
correlation coeﬃcient (R2) is 0.991 for the Na+ sensor. This
suggests that the prepared Na+ sensor has the potential to
quantitatively detect Na+ in artiﬁcial ISFs. Figure 3b shows the
result of a carry-over test by increasing and decreasing the
concentration of Na+, demonstrating that the Na+ sensor
follows rapid ﬂuctuation of electrolytes levels within the
physiological range of Na+ (0−200 mM) in artiﬁcial ISFs. This
potential-time trace reveals that the OCP of the sensor changes
along with the increasing/decreasing of Na+ concentration in
artiﬁcial ISFs and that the sensor responds instantaneously to
D

https://doi.org/10.1021/acssensors.0c02330
ACS Sens. XXXX, XXX, XXX−XXX

ACS Sensors

pubs.acs.org/acssensors

Article

Figure 3. Electrochemical performance of Na+ and K+ sensors in artiﬁcial ISFs. (a) Response of a Na+ sensor to diﬀerent concentrations of Na+ in
artiﬁcial ISFs. The inset shows a linear relationship between the OCP and the logarithm of Na+ concentrations in artiﬁcial ISFs (n = 5). Sensitivity:
56.08 mV/decade; R2: 0.991. (b) Carry-over study for the Na+ sensor using Na+ with various concentrations in artiﬁcial ISFs. (c) Response of a K+
sensor to various concentrations of K+ in artiﬁcial ISFs. The inset shows a linear relationship between the OCP and the logarithm of K+
concentration in artiﬁcial ISFs (n = 5). Sensitivity: 50.03 mV/decade; R2: 0.999. (d) Carry-over study for the K+ sensor using various
concentrations of K+ in artiﬁcial ISFs.

Figure 4. Selectivity and repeatability of potentiometric Na+ and K+ sensors. The selectivity study for the (a) Na+ sensor and (b) K+ sensor in
response to diﬀerent input interferences, including CaCl2, MgCl2, NaH2PO4, sucrose, glucose, KCl, and NaCl. The repeatability of the (c) Na+
sensor and (d) K+ sensor.

the amplitude change in concentrations of Na+, indicating the
potential for real-time monitoring of Na+ in skin ISFs.
Electrochemical Performance of Potentiometric K+
Sensor in Artiﬁcial ISFs. Similar to the Na+ sensor, the K+
sensor is successively electrodeposited with Pd and
PEDOT:PSS layers onto a copper wire and then drop-casted
with a valinomycin-based PVC membrane. Finally, the
prepared electrodes are dried at room temperature overnight.
K+-selective electrode is then immersed into a solution of 0.1
M KCl for at least 8 h before the measurements to minimize
potential drift. Electrochemical characterization is performed
by utilizing diﬀerent concentrations of KCl in a background of
artiﬁcial ISF. Figure 3c demonstrates the increase in OCP of
the K+ sensor with the increase in KCl concentration in the
physiologically relevant range of 0−15 mM in artiﬁcial ISF. As
shown in the inset of Figure 3c, there is a linear relationship
(R2 = 0.999, a slope of 50.03 mV/decade) between the OCP
and the logarithm of K+ concentration. To demonstrate that
the K+ sensor is able to rapidly track ﬂuctuations of electrolytes

levels, a carry-over test is performed by increasing and
decreasing the K+ concentration (0−15 mM) in the artiﬁcial
ISF solution (Figures 3d). This potential-time trace suggests
that the sensor responds instantaneously to the amplitude
change of K+. These electrochemical characterizations
demonstrate the capability of the prepared potentiometric K+
sensor for real-time monitoring of K+ changes in the skin ISF.
The Na+ and K+ sensor data show that the potentiometric
sensor exhibits rapid responses and negligible carry-over eﬀects
for diﬀerent ion concentration levels (within the physiological
range). Sensors for other ions, such as pH, Ca2+, Mg2+, and
Cl−, could also be prepared using a similar fabrication method.
Selectivity, Repeatability, Reversibility, and Stability
of Potentiometric Na+ and K+ Sensors. The ISF is a
complex body ﬂuid containing a variety of components that
may induce interferences to the potentiometric responses of
Na+ and K+ sensors.19 To study the inﬂuence of possible
interfering compounds on the sensors’ response, we investigate
the selectivity of Na+ and K+ sensors. More speciﬁcally, the
E
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Figure 5. Reversibility of potentiometric Na+ and K+ sensors. The reversibility of the (a) Na+ sensor and (b) K+ sensor. (c) and (d) Percent of the
signal return compared with its ﬁrst response for Na+ and K+ sensors at various concentrations of NaCl and KCl, respectively (n = 5).

Figure 6. Storage stability and mechanical durability of potentiometric Na+ and K+ sensors. Relative changes of sensitivity for (a) Na+ and (b) K +
sensors, respectively. The sensitivities are measured every 3 days over a period of 30 days in artiﬁcial ISFs (n = 5). Mechanical stabilities of (c) Na+
and (d) K+ sensors, respectively. The OCPs are recorded before and after several insertions into the chicken skin.

Repeatability is essential for wearable sensors. By repeating
the measurement ﬁve times using the same sensor, we studied
the repeatability of the Na+ and K+ sensors within the
biologically relevant range of Na+ and K+ concentrations in
artiﬁcial ISFs (Figure 4c,d). Besides repeatability, the
reversibility of the sensor’s response is also critical since the
potentiometric sensing system needs to be able to monitor
“positive and negative” ﬂuctuations of electrolyte concentration in skin ISFs. This feature has been demonstrated
through carry-over tests (Figure 3b,d). Here, the reversibility is
further veriﬁed by evaluating the Na+ and K+ sensors’
responses to the slowly increasing and rapidly decreasing
concentrations of NaCl and KCl in the artiﬁcial ISF,
respectively (Figure 5a,b). Figure 5c,d shows the percent of
the signal return compared with its initial value for the Na+ and
K+ sensors. In summary, the developed potentiometric Na+
and K+ sensors are stable and repeatable with a negligible
potential drift. Moreover, they rapidly respond to variations in
Na+ and K+ concentrations.
It is also very important to study the stability and storage
lifetime of wearable biosensors. To this end, we investigate the

OCP is recorded upon the addition of physiologically relevant
interfering species, including KCl (4 mM), NaCl (10 mM),
CaCl2 (2.5 mM), MgCl2 (0.7 mM), NaH2PO4 (1.5 mM),
sucrose (7.4 mM), and glucose (5.5 mM), into the artiﬁcial
ISF. Figure 4a,b shows that the potential signal changes caused
by interfering ions are negligible; a similar result is observed
upon the addition of physiologically relevant concentrations of
clinically important metabolites (creatine and uric acid), a
dietary biomarker (caﬀeine), and nutrients (glutamine and
vitamin A) (Figure S9). These studies suggest that the
developed Na+ and K+ sensors have high selectivity toward
various electrolytes, metabolites, a dietary biomarker, and
nutrients that are frequently found in ISFs,19 enabling the
construction of a multiplexed sensing system. Here, a
diﬀerence in response time for Na+ and K+ sensors is observed,
which may be attributed to the diﬀerences in the molecular
weights of Na+ and K+. The sodium ion has a lower molecular
weight than that of potassium, thereby causing a faster
diﬀusion into the ion-selective membrane and formation of a
sodium−ionophore complex.
F
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long-term storage stability of Na+ and K+ sensors by
monitoring the sensor’s sensitivity in the artiﬁcial ISF every
3 days over 30 days. Figure 6a,b shows the relative changes of
sensitivity of Na+ and K+ sensors over 30 days. These results
demonstrated the relatively stable operation of both sensors
over 30 days, indicating the potential for long-term monitoring.
The mechanical stability of developed potentiometric sensors
with the hollow microneedle structure is further evaluated by
inserting the integrated sensors into chicken skin multiple
times. Before the ﬁrst insertion into chicken skin, we obtain the
OCP by testing the sensors in diﬀerent concentrations of NaCl
(5−200 mM) and KCl (1−100 mM) in the artiﬁcial ISF
(Figure 6c,d). This process is repeated for 1, 5, and 10
insertions into the chicken skin. The RSDs of the sensor’s
sensitivity are 3.12% for Na+ and 4.55% for K+ sensors,
demonstrating a good mechanical stability of the sensors.
Evaluation of Sensor Accuracy in Artiﬁcial ISFs. One
of the major limitations of the developed microneedle-based
potentiometric sensing system is its low sensor-to-sensor
reproducibility (E0) for sensors from diﬀerent fabrication
batches mainly due to variations caused by manual dropcasting of ion-selective membranes, which requires a sensor
calibration before the analysis of electrolytes in skin
ISFs.50,57,58 To evaluate the sensor accuracy after the
calibration, we ﬁrst fabricate the microneedle-based potentiometric sensing system and calibrate the sensors in artiﬁcial ISFs
containing a physiological range of Na+ and K+. Figure 7a,b
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agarose, Figure S10a). The phantom gels are conditioned with
a known concentration of Na+ or K+ overnight. We ﬁrst collect
the ISF in phantom gels using a custom-made hollow
microneedle system60 and then measure the Na+ and K+
concentrations in these conditioned gels by using commercial
sodium and potassium testers (HORIBA Ltd., Japan). In the
meantime, a pre-calibrated microneedle-based potentiometric
sensor is manually inserted into the skin-mimicking phantom
gel and the OCP is recorded in triplicate. As shown in Figures
8a,b and S10b,c, the Na+ and K+ concentrations in phantom

Figure 8. Validation studies using skin-mimicking phantom gel and
chicken skin models. (a−d) Concentrations of sodium and potassium
ions obtained using the microneedle-based potentiometric sensing
system versus a commercial diagnostic instrument and the standard
ISF collection method. *P < 0.01, two-tailed test.

gels, obtained by using our microneedle-based potentiometric
sensing system, exhibit good correlation to those determined
by commercial sodium and potassium testers. The performance of the integrated potentiometric sensing system is further
assessed by detecting the Na+ and K+ levels in a chicken skin
model conditioned with known concentrations of Na+ or K+
(Figure S10d). Similar to the phantom gel model, the Na+ and
K+ concentrations in conditioned chicken skins are measured
by using both our microneedle-based potentiometric sensing
system and commercial sodium and potassium testers (as
shown in Figures 8c,d and S10e and f). Overall, these
validation experiments in both skin-mimicking phantom gel
and chicken skin models indicate that the developed
microneedle-based potentiometric sensor has the potential
suitability to access both Na+ and K+ concentrations in skin
ISFs in future in vivo studies.

Figure 7. Evaluation of sensor accuracy. The calibration curve of
microneedle-based potentiometric (a) Na+ and (b) K+ sensors.
Comparison of (c) Na+ and (d) K+ measured from microneedle-based
potentiometric sensors with those of spiked ion concentrations in
artiﬁcial ISFs.
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shows the calibration curves of microneedle-based potentiometric biosensing systems. We then perform the measurements
in artiﬁcial ISFs with known concentrations of Na+ and K+
using these calibrated sensors. The values measured with the
calibrated potentiometric sensors show agreement with spiked
ion concentrations in artiﬁcial ISFs (Figure 7c,d), conﬁrming
the accurate measurements of physiological electrolytes in
artiﬁcial ISFs.
Validations in Skin-Mimicking Phantom Gel and
Chicken Skin Models. To further demonstrate the potential
applications of microneedle-based potentiometric sensors, we
evaluate their performance by measuring Na + and K +
concentrations in skin-mimicking phantom gels59 (1 wt %

CONCLUSIONS
In summary, we have developed a microneedle-based
potentiometric sensing system that consists of a sodium ionselective electrode, a potassium ion-selective electrode, and an
Ag/AgCl reference electrode in combination with a stainlesssteel hollow microneedle. The new biosensor has demonstrated an attractive analytical performance with a fast response
time, excellent reversibility and repeatability, adequate
selectivity, and negligible potential interference for monitoring
Na+ and K+ in artiﬁcial ISFs. The developed potentiometric
sensors with a hollow microneedle structure prevent sensor
delamination during insertion, thereby allowing for mechanG
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ically robust operation in in vivo monitoring. The phantom gel
and chicken skin model experiments indicate that this
potentiometric sensor provides a promising method for
minimally invasive and continuous monitoring of multiple
electrolytes in skin ISFs. Further work is needed to investigate
and improve the long-term biocompatibility of the ionselective membrane by using biocompatible ionophores,
plasticizers and hydrogel coatings,55,61 and chemical modiﬁcations of ion-selective membranes.62 We will also integrate
the potentiometric sensing system with a mobile sensor data
collection system via wireless Bluetooth communication63 and
evaluate the eﬃciency and functional robustness of devices in
future in vivo studies. Such developments could lead to a
wearable, minimally invasive sensing system for real-time
monitoring of an individual’s physiological biomarkers with
high data ﬁdelity. In addition, this sensor design can be readily
adapted to a wide range of applications, including the
continuous monitoring of metabolites, nutrients, and proteins.
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