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Abstract
Modern medicine is increasingly interested in advanced sensors to detect and analyze biochemical indicators. Ion sensors
based on potentiometric methods are a promising platform for monitoring physiological ions in biological subjects. Current
semi-implantable devices are mainly based on single-parameter detection. Miniaturized semi-implantable electrodes for
multiparameter sensing have more restrictions on the electrode size due to biocompatibility considerations, but reducing the
electrode surface area could potentially limit electrode sensitivity. This study developed a semi-implantable device system
comprising a multiplexed microfilament electrode cluster (MMEC) and a printed circuit board for real-time monitoring of
intra-tissue K+, Ca2+, and Na+ concentrations. The electrode surface area was less important for the potentiometric sensing
mechanism, suggesting the feasibility of using a tiny fiber-like electrode for potentiometric sensing. The MMEC device
exhibited a broad linear response (K+: 2–32 mmol/L; Ca2+: 0.5–4 mmol/L; Na+: 10–160 mmol/L), high sensitivity (about
20–45mV/decade), temporal stability (>2weeks), and good selectivity (>80%) for the above ions. In vitro detection and in vivo
subcutaneous and brain experiment results showed that the MMEC system exhibits good multi-ion monitoring performance
in several complex environments. This work provides a platform for the continuous real-time monitoring of ion fluctuations
in different situations and has implications for developing smart sensors to monitor human health.
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Introduction

Advances in biomedical sensing technology are important
and directly related to developing new diagnostic and thera-
peutic instruments [1, 2]. Traditional biosensing is based on
in vitro laboratory testing of blood, urine, and biopsy sam-
ples [3]. Moreover, detecting ion concentrations in the body
is crucial for assessing human health because it has impli-
cations for human activity, organ pathology, and metabolism
studies in certain underlying diseases [4]. Ion monitoring in
human tissues using interstitial fluid (ISF) samples allows an
accurate assessment of the ionic status of the tissue microen-
vironment and avoids pain and inconvenience by blood tests
[5]. Furthermore, monitoring of physiological ions, such
as K+, Ca2+, and Na+, has made it possible to record the
chemical activity of ion channels in the brain, deepening the
understanding of daily brain activity and pathophysiological
processes [6–9]. For example, Zhao et al. implanted elec-
trochemical physiological microarrays in rat brains to study
ion dynamics in the deep brain of freely moving rats dur-
ing seizures [4]. Wang et al. reported ion-selective electrode
arrays that could detect Na+ and K+ concentrations in subcu-
taneous ISF in patients with hypernatremia and hypokalemia
in real time to obtain timely physiological information to
assist treatment [7].

Implantable/wearable sensing devices have emerged to
obtain more accurate, stable, and continuous information
about living organisms [10–12]. The maturation of wear-
able [13–15] and implantable [16, 17] devices has made
online sensing of information within living bodies possible.
Moreover, semi-implantable bioelectronics [18] meets the
growing technological need for precisely detecting or regu-
lating biological activities. It provides an ideal platform for
integrating complex functional electronic devices externally.
Semi-implantable sensing devices have significantly pro-
gressed over the past decades, especially semi-implantable
electrodes, such as continuous glucosemonitoring electrodes
[19, 20] that monitor subcutaneous biological signals [21]
andbrain electrodes [22] thatmonitor brain signals.However,
current semi-implantable devices for monitoring subcuta-
neous markers are primarily used for detecting glucose,
whereas brain electrodes are primarily used for monitor-
ing electroencephalographic signals [23, 24]. Implantable
devices for biochemical analyte detection in the brain include
microdialysis sampling probes, a commonly used technique
for real-time, minimally invasive sampling of extracellu-
lar cerebral fluid. However, these probes can rarely detect
biomarkers continuously with short intervals and possess
low spatial resolution [25]. Moreover, noninvasive wear-
able devices [26] are incapable of real-time, in situ online
detection of physiological ions in vivo due to a skin barrier.

Therefore, developing a semi-implantable device for contin-
uous subcutaneous/intracerebral monitoring of ions is highly
desirable for the in vivo detection of biochemical substances.

Given the complexity of the fluid environment in the body,
simultaneous and real-time detection of multiple biomark-
ers is critical, requiring the construction of multiparameter
sensing systems to ensure the diversity and accuracy of
measurements [26, 27]. Multiparameter sensors have high
detection efficiency for tracking multiple analytes in paral-
lel at a time, making them an ideal choice for simultaneous
biomedical sensing of various components [28]. Concur-
rently, the simultaneous monitoring and analysis of multiple
parameters allow for a deeper understanding and precise con-
trol of in vivo health conditions [29]. For example, a fully
integratedwearable sensor array formultianalyte sensingwas
developed by Gao et al. [30]. However, most multiparame-
ter sensing electrodes are based on planar electrodes applied
to the skin surface for sweat [31–33], saliva [34], tear [35],
and urine [36] analysis, and sweat analysis is the most com-
monly used method [37–39]. For semi-implantable devices,
single-parameter detectors are still the majority, with only a
few reported devices capable of simultaneously testing mul-
tiple parameters in vivo. Implantable devices prepared using
flexible polyimide (PI) substrates can be employed for in situ
multifunctional sensingwithin the body [40]. However, flexi-
ble PI substrates encompassingmultiple functionalitieswhile
ensuring sensing performance typically exhibit larger dimen-
sions. These large-sized planar sensing structures hinder the
mobility of dynamic tissues such as muscles. It leads to
instability at the interface between the device and the tissue.
Consequently, the fabrication of small-sized multifunctional
sensors significantly reduces tissue damage and hindersmus-
cle motion [41]. Among these, the small size and excellent
flexibility of fiber-like electrodes position them as potential
candidates for implantable electrodes. However, downsiz-
ing semi-implantable sensing electrodes results in decreased
electrode surface area and higher fabrication complexities
associated with their three-dimensional structure. These fac-
tors can lead to compromised electrode performance, such as
reduced sensing sensitivity and a narrowed linear range. In
contrast, miniaturized semi-implantable sensing electrodes
havemore restrictions on the electrode size to ensure biocom-
patibility, but reducing the electrode surface area is likely to
limit the electrode performance, such as sensing sensitivity
and linear range.

This study developed a multiplexed microfilament elec-
trode cluster (MMEC)-based semi-implantable device sys-
tem for real-time and in situ monitoring of K+, Ca2+, and
Na+ concentrations in the subcutaneous and intracranial envi-
ronment. MMEC used well-performing Au microfilaments
as a flexible electrode array to sense K+, Ca2+, and Na+
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Fig. 1 Schematic diagram of MMEC for in vivo continuous monitoring
of three types of physiological ions. a Schematic diagram of the fixation
of the MMEC device during in vivo detection, where the MMEC was
implanted in the b subcutaneous space on the back or c cerebral cortex
of the rat for continuous monitoring of real-time ion concentrations in
tissues. d Schematic diagram of the MMEC-based semi-implantable

system. The MMEC device was connected to a customized PCB for
simultaneous monitoring of Na+, K+, and Ca2+ concentrations, and the
PCB transmitted the monitored potentiometric signals to a computer or
mobile terminal. MMEC: multiplexed microfilament electrode cluster;
PCB: printed circuit board

based on open-circuit potentiometry to measure ion concen-
trations (Fig. 1). The Au microfilament electrode was mod-
ified using poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) material for redox function, which
is suitable for real-time in vivo sensing of analytes. The elec-
trode surface area was less important for the potentiometric
sensing mechanism, suggesting the feasibility of using a tiny
fiber-like electrode for potentiometric sensing. The output
signal of the sensor was conditioned and processed using
a small, portable, customized printed circuit board (PCB)
and delivered to a terminal that included a computer or
smartphone interface. Each microfilament sensing electrode
(MSE) exhibited good sensitivity, linear range, and stability.
In vivo tests in the subcutaneous space and cerebral cortex
demonstrated that the continuous and real-time sensing of

multiplex ions in complex environments was feasible. This
study provides a versatile system for real-time monitoring of
physiological ion fluctuations in multiple scenarios, with a
huge potential to detect various biomarkers for comprehen-
sive human health monitoring.

Materials andmethods

Insulation of the Aumicrofilament electrode

Photocurable resin (Shenzhen Dayou Intelligent Printing
Equipment Co., China) was used as an insulating mate-
rial. The Au microfilament (about 100 µm in diameter) was
inserted into a capillary glass tube (inner diameter of 200
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µm and length of 30 mm) with 2 and 5 mm of the Au
microfilament exposed at each end without insulation. The
photocurable resin was injected into the capillary glass tube
and irradiatedwith a 100%power ultraviolet (UV) lamp (Xia-
menLester Scientific InstrumentsCo., Ltd., China) for 60 s to
cure it. The outerwall of the capillary glass tubewas removed
by rubbing to obtain a single Au microfilament insulated in
the middle with both ends exposed.

Preparation of the polyvinyl butyral (PVB) coated
Ag/AgCl microfilament electrode

Ag/AgCl ink (Yuncaitaotao Co., Ltd., Shenzhen, China) was
coated onto the Au microfilament electrode (a section of 2
mm length). The Ag/AgCl-coated microfilament electrode
was baked in an oven at 80 °C for 30 min to cure the
Ag/AgCl ink. Finally, the Ag/AgCl microfilament electrode
was immersed in 5% (mass fraction) PVB solution and dried
at room temperature for 12 h to ensure that the PVB coating
fully covered the Ag/AgCl material.

Preparation of the PEDOT:PSS-coatedmicrofilament
electrode

3,4-Ethylenedioxythiophene (EDOT) and poly(sodium 4-
styrene sulfonate) (NaPSS) were obtained from Sigma-
Aldrich corporation in Shanghai, China. EDOT:NaPSS
aqueous solutions containing 0.01 mol/L EDOT and 0.1
mol/L NaPSS were prepared. An Au microfilament elec-
trode (working electrode), a commercial Ag/AgCl reference
electrode, and a Pt counter electrode were placed in this
mixed solution. An electrochemical workstation was used to
power the electrodes so that a constant current of 6 µA was
applied to the Au microfilament electrode, which lasted for
700 s. PEDOT:PSS was modified into the Au microfilament
electrode and used as an ion–electron converter to improve
detection efficiency.

Preparation of K+, Ca2+, and Na+ MSEs

Valinomycin (potassium ionophore), sodium tetraphenylbo-
rate (NaTPB), polyvinyl chloride (PVC), bis(2-ethylehexyl)
sebacate (DOS), cyclohexanone, N ,N ,N’,N’-
Tetracyclohexyl-3-oxapentanediamide (ETH 129, calcium
ionophore II), 1-nitro-2-(n-octyloxy)benzene (NPOE),
tetrahydrofuran, Na ionophore III, and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl] borate (Na-TFPB) were used
to prepare ion-selective electrodes. All chemicals were
obtained from Sigma-Aldrich in Shanghai, China. For the
K+-selective membrane, 200 mg of a cocktail comprising
valinomycin (2%, mass fraction), NaTPB (0.53%, mass
fraction), PVC (32.73%, mass fraction), and DOS (64.74%,
mass fraction) was dissolved in 700 µL cyclohexanone. For

the Ca2+-selective membrane, 200 mg of a cocktail com-
prising ETH 129 (0.46%, mass fraction), NaTPB (0.48%,
mass fraction), PVC (33.02%, mass fraction), and NPOE
(66.04%, mass fraction) was dissolved in 1 mL tetrahydro-
furan. For the Na+-selective membrane, 200 mg of a cocktail
comprising Na ionophore III (1%, mass fraction), Na-TFPB
(0.55%, mass fraction), PVC (33%, mass fraction), and DOS
(65.45%, mass fraction) was dissolved in 1320 µL tetrahy-
drofuran and shaken for 30 min. All ion-selective membrane
coating solutions were sealed and stored at 4 °C when not
used. The PEDOT:PSS-coated microfilament electrode was
dip-coated with the K+-selective membrane cocktail four
times to obtain the K+ MSE. The PEDOT:PSS-coated micro-
filament electrode was dip-coated with the Ca2+-selective
membrane cocktail four times to obtain the Ca2+ MSE. The
PEDOT:PSS-coated microfilament electrode was dip-coated
with the Na+-selective membrane cocktail four times to
obtain the Na+ MSE. The electrodes were allowed to dry
overnight in an ambient environment.

Assembly of MMEC

MMEC comprised a shared microfilament reference elec-
trode (MRE) and K+, Ca2+, and Na+ MSEs. The insulated
segments of these four microfilament electrodes were tightly
bonded in sequence using strong adhesive glue while expos-
ing the tip of the MSE. When the four electrodes were
integrated, they were modified as K+, Ca2+, and Na+ sensing
electrodes. An integrated modified MMEC was obtained.

Preparation of the Na+ planar electrode

The Na+ planar electrode consisted of a flexible PI as the
substrate, a photocurable resin as the insulating layer, and Au
as the conducting layer. A mask was placed on the PI sub-
strate, and the Au layer was sputtered to obtain a patterned
Au conductive layer. To avoid signal interference, the wiring
section was covered with the photocurable resin to insulate
it. An Au planar electrode with a sensing radius of 2 mmwas
obtained. For electrodemodification, EDOT:NaPSS aqueous
solutions containing 0.01mol/LEDOTand 0.1mol/LNaPSS
were prepared. An Au planar electrode (working electrode),
a commercial Ag/AgCl reference electrode, and a Pt counter
electrode were placed in the EDOT:NaPSS mixed solution.
An electrochemical workstation was used to power the elec-
trodes so that a constant current of 14 µA was applied to
the Au planar electrode, which lasted for 700 s. PEDOT:PSS
was modified into the Au planar electrode and used as an
ion–electron converter to improve detection efficiency. The
PEDOT:PSS-coated planar electrodewas dip-coatedwith the
Na+-selective membrane cocktail four times to obtain the
Na+ planar electrode. The electrodes were allowed to dry
overnight in an ambient environment.
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Preparation of the Na+ spot electrode

The Au microfilament (about 100 µm in diameter) was
insulatedwith a photocurable resin, and a section of the resin-
coated Au wire was cut to expose the cross section of the Au
wire (spot electrode) for sensing. Prepared EDOT:NaPSS
aqueous solutions containing 0.01 mol/L EDOT and 0.1
mol/L NaPSS, an Au spot electrode (working electrode), a
commercial Ag/AgCl reference electrode, and a Pt counter
electrode were placed in this mixed solution. An electro-
chemical workstation was used to power the electrodes so
that a constant current of 6 µA was applied to the Au spot
electrode, which lasted for 700 s. PEDOT:PSS was modi-
fied into the Au spot electrode and used as an ion–electron
converter to improve detection efficiency. The PEDOT:PSS-
coated spot electrode was dip-coated with the Na+-selective
membrane cocktail four times to obtain the Na+ spot elec-
trode. The electrodes were allowed to dry overnight in an
ambient environment.

In vitro characterization of MSE

The CHI 760E workstation (CH Instruments, Inc., USA), a
commercial Ag/AgCl reference electrode, andMSE (includ-
ing MRE) were used to conduct a series of characterizations
to evaluate the performance of MSE. All solutions were pre-
pared using deionized (DI) water (18.3 M�·cm) produced
from a Millipore water purification system unless otherwise
noted. The two-electrode system, with MSE as the work-
ing electrode and a commercial Ag/AgCl electrode as the
reference electrode, was submerged in a solution for elec-
trochemical sensing tests. The response curve of the MSE
was obtained from a stairstep test using the ion concentra-
tion range in human blood as a reference. The K+, Ca2+,
and Na+ test ranges were 2–32, 0.5–4, and 10–160 mmol/L,
respectively. During the test, the ion solution was replaced
to change the ion concentration of the working electrode, the
test was paused while the solution was being replaced, and
the ion solutionwas left to stabilize for 60 s before continuing
the test. For the ion selectivity test, multiple interfering sub-
stances and the corresponding markers were evaluated using
sequential additions to the aqueous solution. For theK+ selec-
tivity test, 0.5 mmol/L CaCl2, 2 mmol/L KCl, 10 mmol/L
NaCl, 0.5 mmol/L MgCl2, and 0.5 mmol/L CaCl2 were
added to DI water. For the Ca2+ selectivity test, 0.5 mmol/L
MgCl2, 0.5mmol/LCaCl2, 10mmol/LNaCl, 2mmol/LKCl,
and 0.5 mmol/L MgCl2 were added to DI water. For the
Na+ selectivity test, 0.5 mmol/L CaCl2, 10 mmol/L NaCl,
2 mmol/L KCl, 0.5 mmol/L MgCl2, and 0.5 mmol/L CaCl2
were added to DI water.

Fabrication and use of PCB

Altium Designer was used to design the circuit structure of
the system and the layout wiring of PCB to complete the
design of the entire circuit. PCB was populated with compo-
nents, the program was burned, an external battery was used
as a power supply, and the sensor was connected to realize
the complete system to support the signal acquisition, pro-
cessing, display, and storage functions of the sensor device.
The ion sensor obtained the potential corresponding to ion
concentrations from the detection environment, and the sig-
nal was amplified using a signal amplifier before input to
microcontroller unit (MCU) for analog-to-digital conversion
and digital signal processing. Finally, the processed result
was sent to an Android-based mobile application for data
display and storage by wireless transmission to monitor ion
concentration changes in real time.

In vivo experiments

Female Sprague–Dawley (SD) rats weighing 220–250 g,
about eight weeks old (Sun Yat-Sen University Animal Cen-
ter, Guangzhou, China), were used for the experiments. All
rats were raised in a barrier environment, with 2% pentobar-
bital sodium injected intraperitoneally in the laboratory at
0.3 mL/100 g body weight.

Subcutaneousmonitoring of multiple ions in living
rats

The integratedMMECwas used as a sensor for subcutaneous
ion detection in living rats. The PVB-coated Ag/AgClmicro-
filament electrode of MMEC was used as a shared reference
electrode, whereas K+, Ca2+, and Na+ MSEs ofMMECwere
used as working electrodes. First, 2% pentobarbital sodium
was injected intraperitoneally into SD rats. After success-
ful anesthesia, the hair on the back of the rat was shaved. A
syringe with an outer diameter of 1.2 mm was used to poke
the skin on the back. An about 1 mm MMEC was inserted
into the epidermis of the rat and fixed. The electrochemical
workstation collected potentiometric signals from the two-
electrode system, and results were recorded every 15 min
for 3 h. At each recording time point, the recording of the
potentiometric signal lasted for 1 min to allow signal stabi-
lization. Blood from rat tails was collected before and after
the test, and the plasma was centrifuged immediately after
collection. Finally, the ion concentration in the serum was
measured using an automatic dielectric analyzer (HC-9885;
Shenzhen Hangchuang Medical Equipment Co., China) as
reference ion concentration.
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In vivomultiple ionmonitoring in the rat cerebral
cortex

The integrated MMEC was used as a sensor for ion detec-
tion in the cerebral cortex of living rats. First, SD rats were
injected intraperitoneally with 2% pentobarbital sodium.
After the rats were successfully anesthetized, hair from the
scalp was shaved, and the rats were fixed. The scalp was
gently removed using scalpels and forceps, and the skull was
opened with a cranial drill with a diameter of 2 mm. Immedi-
ately afterward, the meninges above the cerebral cortex were
removed using scalpels and forceps to expose the cerebral
cortex with a diameter of 2 mm. MMEC was placed into
the cerebral cortex through the openings and fixed using a
fixation table. Potentiometric signals were collected by the
two-electrode system using an electrochemical workstation,
and results were recorded every 15 min for 3 h.

Analysis of ion concentrations in tissue

Using the reference value of serum ions obtained before and
after the subcutaneous test, subcutaneous data measured by
the MSE cluster were calibrated using the two-point method
(y=kx+b), whichwas applied to the brain test results to obtain
ion values in the brain. Herein, y denotes the current value
measured by MMEC, x denotes the ion concentration (K+,
Ca2+, and Na+), k is the slope of the calibration curve (indi-
cating the sensitivity of the electrode), and b denotes the
intercept of the calibration curve.

Results and discussion

Figure 1d shows the semi-implantable multiplexed ion-
sensing system comprising anMMECdevice, amultichannel
customized PCB for ion concentration detection, and dis-
play terminals. The MMEC device comprised a shared MRE
and three ion-selective working electrodes based on Au
microfilament, including K+, Ca2+, and Na+ MSEs.Working
and reference electrodes can be employed for potentiomet-
ric sensing and determining target ion concentrations in
various biological environments. The three microfilament
ion-selective working electrodes of the MMEC utilized the
shared MRE for sensing. The sensing of different ions was
alternately performed to prevent interference with each other
when using the shared reference electrode. PCB for ion con-
centration detection was constructed to support the operation
of MMEC, allowing it to be a miniature and portable sys-
tem for a wide range of sensing scenarios on living bodies.
Through an integrated design, the size of the portable PCB
for ion concentration detection was smaller than 4.5 cm×5.0
cm. Display terminals included computer and mobile smart-
phone terminals that could be freely incorporated based on

experimental needs. The computer terminal and the universal
serial bus (USB) interface on the PCB for ion concentra-
tion detection were used in conjunction, whereas the mobile
smartphone terminal and Bluetooth on the PCB for ion con-
centration detection were used in conjunction.

The fabrication process of the MMEC device for three
types of ion sensing is shown in Fig. 2a. In short, clean
Au microfilaments with a diameter of 0.1 mm possessing
good biocompatibility and electrical properties were insu-
lated using a photocurable resin. For the reference electrode,
one tip of the insulated microfilament electrode was dipped
in an Ag/AgCl and PVB solution, and the PVB-coated
Ag/AgCl microfilament electrode was used as MRE. For
the working electrodes, PEDOT:PSS was first electroplated
as a redox layer on the top of the insulated microfilament
electrodes, named the PEDOT:PSS-coated microfilament
electrode. Three types of ion-selective membrane solutions
were applied on the surface of thePEDOT:PSS-coatedmicro-
filament electrodes and dried at room temperature overnight
to obtain threeMSEs. Finally, anMRE and threeMSEs were
integrated to obtain the MMEC device.

In Fig. 2b, eachMSE in the completedMMEC device was
connected to the same MRE to form a two-electrode system
to detect sample ion concentrations. The flexible and minia-
ture feature of theMMECdevice could potentially have good
biocompatibility with tissues and reduce microfilament tis-
sue damage after implantation (Fig. S1 in Supplementary
Information). Figures 2c, 2d and Fig. S2 (Supplementary
Information) show the working principle of MSE and the
PVB-coated Ag/AgCl microfilament electrode in this work.
In Fig. 2c, PEDOT:PSS conducting polymers were used as
functional materials for electrodeposition on Au substrates
of MSE to convert charge carriers from ions to electrons.
This redox reaction can be expressed as follows:

PEDOT+PSS− + I + + e− ⇀↽ PEDOT◦PSS− I +, (1a)

PEDOT+R− + e− ⇀↽ PEDOT◦ + R−, (1b)

where PEDOT+ is an oxidized conductive polymer unit,
PSS− is an anion doped in PEDOT, e− is the mobile elec-
tron, and PEDOT° is a neutral conductive polymer unit. I+

and R− denote the primary cation (e.g., K+, Ca2+, and Na+)
and lipophilic anionic site (e.g., tetraphenylborate deriva-
tives) respectively, which could cross the interface between
the MSE membrane and the conducting polymer membrane.
The contribution of the reactions expressed by Eqs. (1a) and
(1b) was related to the number of I+ and R− transfers and
their mobility. This allowed the quantification of the ions in
the reaction. For conducting polymers doped with large vol-
umes of immobile PSS− polyelectrolytes, the ion exchange
at theMSEfilm/conductive polymer interfacewas dominated
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Fig. 2 Schematic diagram of the preparation process and working prin-
ciple of MMEC. a Preparation process of ion-sensing electrodes.
First, Au microfilament electrodes were insulated with photocurable
resins. The tips of the insulated microfilament electrodes were electro-
plated with the PEDOT:PSS solution and dip-coated with Ag/AgCl
slurry. The working electrodes were modified by dip-coating the
PEDOT:PSS-coated electrodes with K+-, Ca2+-, and Na+-selective
membranes. For the reference electrode, the Ag/AgCl electrode was
dip-coated with a PVB film. b Schematic diagram of the com-
pleted Au MMEC for three ion-sensing devices after multilayer

modification. The MMEC ion sensor contains one shared reference
electrode and three working electrodes. The three working electrodes
include microfilament electrodes for Na+, K+, and Ca2+ sensing,
respectively. cWorking principle of ion-selective electrodes of MMEC
(Ox: oxidation reaction; ReD: reduction reaction). d Working princi-
ple of MRE of MMEC. MMEC: multiplexed microfilament electrode
cluster; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate; PVB: polyvinyl butyral; MRE: microfilament reference elec-
trode; MSE: microfilament sensing electrode

by I+ cations in Eq. (1a), with Eq. (1b) being complemen-
tary. Thus, the redox reactions expressed by Eqs. (1a) and
(1b) in the conducting polymer layer control the interfacial

potential between the conducting polymer and the electron-
conducting substrate, whereas the potential difference across
the interface of theMSEfilmand the conducting polymerwas
determined by the ion distribution between these two phases.
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Moreover, the ion concentration in the sample to be mea-
sured could influence the level of each interfacial potential,
from which the ion concentration in the sample solution is
inferred. In Fig. 2d, the MRE comprised a hydrophilic poly-
mer (PVB) layer on its surface containing a saturated KCl
electrolyte wrapping around the Ag/AgCl mixture. Similar
to the conventional Ag/AgCl electrode, the Ag/AgCl layer
of MRE and the internally filled solution containing constant
active primary ions and Cl− led to a reversible redox reaction
[AgCl(s) + e− ⇀↽ Ag(s) + Cl− (aq)] to achieve a balance of
charge conduction from ions to electrons. The PVB-coated
Ag/AgCl microfilament electrode showed good long-term
stability compared to the conventional Ag/AgCl reference
electrode due to the ability of the PVB layer to maintain a
constant Cl– concentration within the membrane.

The surface morphology of MMEC devices was char-
acterized during preparation using optical microscopy and
scanning electron microscopy (SEM). Figure 3a shows the
initial Au microfilament with a diameter of about 100 µm
(purity >99.99%) without modification. The total diameter
of the Au microfilament electrode insulated by the photocur-
able resin was about 200 µm, while the exposed tip length
was about 2 mm (Fig. 3b and Figs. S3 and S4 in Supplemen-
tary Information). The SEM image of the Au microfilament
electrode is shown in Fig. 3c. The SEM image of the PVB-
coated Ag/AgCl microfilament electrode is shown in Fig. 3d,
which was used as MRE in the MMEC. The thickness of the
coatingPEDOT:PSSmaterialwas about 1–3µm,whereas the
thickness of the coatedAg/AgClmaterialwas about 5–10µm
(Fig. S5 in Supplementary Information). Figure 3e shows the
detailed SEM images of the PEDOT:PSS-coated microfila-
ment electrode; the left image was under low magnification,
and the right image was under high magnification. In the
figure, the surface of the Au microfilament electrode after
PEDOT:PSS modification was smooth and uniform. Fig-
ures 3f–3h present the detailed SEM images of K+, Ca2+,
and Na+ MSEs respectively, showing that K+, Ca2+, and Na+

MSEs still exhibited flat surface morphology. Finally, Fig. 3i
shows the completed modified integrated MMEC device,
which formed the three-part set of the two-electrode sensing
system to measure K+, Ca2+, and Na+ ion concentrations in a
2mm×2mm region (Fig. S6 in Supplementary Information).
The electrodes could be affixed/implanted at many different
tissue sites because the functional area of the device occu-
pied a small volume and remained flexible when coated with
different coatings. Different microfilament electrodes were
integrated side-by-side, forming a flexible semi-implantable
MMEC device using polydimethylsiloxane packaging.

Because the surface area of the semi-implantable micro-
filament electrode was generally smaller than that of con-
ventional planar electrodes, the sensing performance of this
tiny fiber-like electrode was likely to be limited due to its
size (about 0.322 mm2). This study investigated the sensing

characteristics of themicrofilament electrodes and compared
them to electrodes with different surface areas. The planar
electrode (electrode radius: 2 mm) was prepared by sputter-
ing an Au conducting layer on a flexible PI substrate, where
electric leadswere insulated by resins (Fig. 4a). Themicrofil-
ament electrode consisted of an Au wire with a 50µm radius
covered with photocurable resins, and the electrode exposed
a tip with a length of 1 mm as the sensing area (Fig. 4b). The
spot-like electrodewas composed of anAuwirewith a 50µm
radius covered with photocurable resins on all sidewalls, and
the spot electrode only exposed a dot on the end of the elec-
trode as the sensing area (Fig. 4c). The sensing performance
(including linear relationship sensitivity), electrode varia-
tion, and linear correlation coefficient (R2) of these electrodes
with different sensing areas were evaluated and compared.
The area of the studied electrodes is summarized in Fig. 4d,
where the microfilament electrode area was 0.322 mm2, the
planar electrode area was 12.566 mm2 (about 40 times that
of the microfilament electrode), and the spot electrode area
was 0.008 mm2 (about 1/40 that of the microfilament elec-
trode). For electrode modification, all three electrodes were
electroplated with PEDOT:PSS as the electron mediator, and
the outermost layer was coated with a Na+-selective film.
Next, the three ion electrodes were placed in a Na+ aque-
ous solution for a potentiometric sensing test. Based on the
Na+ concentration range in the human body between 136 and
150 mmol/L [28, 38], tests were performed using NaCl solu-
tions at concentrations of 10–160 mmol/L. Figure 4e shows
the potentiometric signal measured by three Na+ planar elec-
trodes in different concentrations of NaCl solution and the
linear relationship between this potential signal and the log-
arithm of Na+ concentration. Similarly, Figs. 4f and 4g show
the detection performances of Na+ MSEs and Na+ spot elec-
trodes for Na+ ions, respectively.

Furthermore, the sensitivity (slope of the fitting curve),
electrode variation, and R2 of the three electrodes were sta-
tistically analyzed (Fig. S7 in Supplementary Information).
The microfilament electrode exhibited good sensing sensi-
tivity with a small sensing area and good linear fit, indicating
that the microfilament electrode was a good candidate for
a semi-implantable ion-sensing electrode. To test the long-
term stability of Na+ MSE, its sensitivity was detected on
Days 1, 3, 7, and 14, and the results indicated that the sensor
sensitivity remained stable (changed by <20%) for at least
14 days after the preparation (Fig. 4h).

Moreover, to validate the adhesion stability of the device’s
surface materials, a sample of the Na+ ion-selective mem-
brane (Na+ MSE) was taken, and the electrode was subjected
to immersion in a stirred solution or exposure to in vitro tis-
sues for 12 h, followed by observing changes in its surface
structure. Compared to the untreated Na+ MSE control group
(Fig. 4i), the overall material structure on the surface of the
Na+ MSE that had been immersed in solution or implanted
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Fig. 3 Morphological structure of MMEC. a Optical micrograph of
the Au microfilament electrode. b Optical micrograph of an insulated
Au microfilament electrode with an insulating layer: side view (left)
and cross-sectional view (right). c SEM image of the insulated Au
microfilament electrode. d SEM image of MRE in MMEC. e SEM
image of the PEDOT:PSS-coated microfilament electrode under low
magnification (left) and high magnification (right). f SEM image of
the completed modified K+ MSE. g SEM image of the completed

modified Ca2+ MSE. h SEM image of the completed modified Na+

MSE. i Optical micrograph of MMEC with triple ion-sensing func-
tion assembled from MRE and K+, Ca2+, and Na+ MSEs. MMEC:
multiplexed microfilament electrode cluster; SEM: scanning electron
microscopy; MRE: microfilament reference electrode; PEDOT:PSS:
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; MSE: micro-
filament sensing electrode

in excised tissue remained intact. Moreover, the material in
localized regions continued to uniformly cover the electrode
surface (Figs. 4j and 4k). SEM results showed that the func-
tional material of the microfilament ion electrode can stably
adhere to the electrode surface, ensuring the stability of the
electrode performance.

Because the semi-implantable MMEC device could sense
Na+, K+, and Ca2+ simultaneously, the sensing perfor-
mance of each microfilament electrode in the device was
verified by in vitro experiments. The MMEC device con-
tained Na+, K+, and Ca2+ MSEs and a shared PVB-coated
Ag/AgCl MRE. The shared MRE allowed the integrated
three-parameter sensor device to contain only one MRE,
reducing the device’s size compared to conventional three-
reference-electrode devices. Also, the PVB-coated Ag/AgCl
microfilament electrode had better stability and a lower base-
line than the conventional Ag/AgCl electrode. For wearable
devices, smaller testing volumes and stable electrical signals

are vital for safety and prolonged sensing in biological envi-
ronments.

For in vitro ion sensing, a two-electrode system com-
prising Na+, K+, or Ca2+ MSEs and a reference electrode
(Fig. 5a)was validated separately. The step signals for in vitro
experiments in Fig. 5 were tested by replacing the samples
with different concentrations. To avoid introducing addi-
tional noise interference, data recording was paused for 60 s
when changing samples. The data sampling rate for all open-
circuit potential signals was 10 Hz. Figure 5b shows that
the PVB-coated Ag/AgCl microfilament electrode not only
possessed good stability (Fig. S8 in Supplementary Informa-
tion) but also exhibited a low signal background in DI water
or different concentrations of Cl− salt solutions. Therefore,
choosing a PVB-coated Ag/AgCl microfilament electrode as
a reference electrode for MMEC devices was more accurate
and stable than an Ag/AgCl microfilament electrode.

Because the K+ concentration in the human body ranges
from 2.7 to 5.5 mmol/L [28, 42], K+ was tested in KCl
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Fig. 4 Comparison of the Na+ sensing performance of planar, micro-
filament, and spot electrodes. Schematic diagram of the a planar,
b microfilament, and c spot electrodes. d Comparison of the area
of the planar, microfilament, and spot electrodes. e Potentiometric
signals were measured by three Na+ planar electrodes in different
concentrations of NaCl solution, and the linear relationship curve
was between the potentiometric signal and the logarithm of Na+ con-
centration. f Potentiometric signals were measured by three Na+ MSEs
in different concentrations of NaCl solution, and the linear relationship
curve was between the potentiometric signal and the logarithm of Na+

concentration. g Potentiometric signals were measured by three Na+

spot electrodes in different concentrations of NaCl solution, and the
linear relationship curve was between the potentiometric signal and the
logarithm ofNa+ concentration. h Sensing performance of Na+ MSE on
Days 1, 3, 7, and 14. iSEMimages of untreatedNa+ MSE. jSEMimages
of Na+ MSE after 12 h of immersion in a stirred solution. k SEM images
of Na+ MSE at 12 h after implantation in excised tissue. For the fourth
column of (e)–(g), data are represented as mean±standard deviation
(n=3). MSE: microfilament sensing electrode; SEM: scanning electron
microscopy; PI: polyimide; mM: mmol/L

solutions of 2–32 mmol/L (Fig. 5c). In Fig. 5c1, the poten-
tiometric signal of KCl aqueous solutions with different
concentrations was detected by K+ MSE of the MMEC
device by changing the solution every 50 s. There was a

clear linear relationship between the potentiometric signal
and the logarithm of K+ concentration as the KCl solution
concentration increased from 2 to 32 mmol/L (Fig. 5c2).
The slope of the linear relationship was 36.7 mV/decade,
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Fig. 5 Performance ofMSE for detection of K+, Ca2+, and Na+ concen-
trations.aSchematic diagramof the two-electrodepotentiometric signal
detection system. b Potentiometric signals of the homemade microfila-
ment Ag/AgCl electrode and microfilament Ag/AgCl/PVB electrode as
working electrodes in (1) DI water and (2) 1, 10, and 100 mmol/L NaCl
solutionswhen the reference electrodewas a commercialAg/AgCl elec-
trode. c Potentiometric signal detection performance of K+ MSE: (1)
potential response of K+ MSE in 2, 4, 8, 16, and 32 mmol/L K+ solu-
tions; (2) concentration–potential curve of K+ MSE in 2–32 mmol/L
K+ solutions; (3) evaluation of anti-interference performance of K+

sensors. Here, 0.5 mmol/L CaCl2, 2 mmol/L KCl, 10 mmol/L NaCl,
0.5 mmol/L MgCl2, and 0.5 mmol/L CaCl2 were added to the aqueous
solution in sequence. d Potentiometric signal detection performance
of Ca2+ MSE: (1) potential response of Ca2+ sensor in 0.5, 1, 1.5, 2,
2.5, 3, and 4 mmol/L Ca2+ solutions; (2) concentration–potential curve

of Ca2+ MSE in 0.5–4 mmol/L Ca2+ solutions; (3) evaluation of anti-
interference performance of Ca2+ sensors. Here, 0.5 mmol/L MgCl2,
0.5 mmol/L CaCl2, 10 mmol/L NaCl, 2 mmol/L KCl, and 0.5 mmol/L
MgCl2 were added to the aqueous solution in sequence. e Potentiomet-
ric signal detection performance of Na+ MSE: (1) potential response of
Na+ sensor in 10, 20, 40, 80, and 160 mmol/L K+ solutions; (2) concen-
tration–potential curve of Na+ MSE in 10–160 mmol/L Na+ solutions;
(3) interference immunity assessment ofNa+ sensors. Here, 0.5mmol/L
CaCl2, 10 mmol/L NaCl, 2 mmol/L KCl, 0.5 mmol/L MgCl2, and 0.5
mmol/L CaCl2 were added to the aqueous solution in sequence. Data
recording was suspended for 60 s when the solutions were changed. For
the second column of (c)–(e), data are represented as mean±standard
deviation (n=3). MSE: microfilament sensing electrode; MRE: micro-
filament reference electrode; PVB: polyvinyl butyral; DI: deionized;
mM: mmol/L

and the R2 for K+ was 0.995, indicating the potential of
K+ MSE to quantitatively detect K+ in solution. Figure 5c3

shows the potentiometric signal measured by K+ MSE when
0.5 mmol/L CaCl2, 2 mmol/L KCl, 10 mmol/L NaCl, 0.5
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mmol/L MgCl2, and 0.5 mmol/L CaCl2 were added to DI
water. In anti-interference experiments, different ion concen-
trations were determined based on ion concentration ratios
within the body [43]. K+ MSE showed the most obvious
potentiometric signal for KCl, indicating that the K+ micro-
filament electrode could selectively detect K+ while avoiding
the interference of other ions.

Since the Ca2+ concentration in the human body is
between 1 and 2.75 mmol/L [28, 42], Ca2+ was tested in
CaCl2 aqueous solutions of 0.5–4 mmol/L (Fig. 5d). The
potentiometric signal of the CaCl2 aqueous solution with a
concentration gradient was detected by Ca2+ MSE of the
MMEC device, and the solution was changed every 50 s to
obtain the step signal shown in Fig. 5d1. A linear relation-
ship with a slope of 29.5 mV/decade and an R2 of 0.9999 was
acquired between the potentiometric signal and the logarithm
of Ca2+ concentration as the CaCl2 solution concentration
increased from 0.5 to 4mmol/L (Fig. 5d2). Figure 5d3 shows
potentiometric signals measured by Ca2+ MSE when 0.5
mmol/L MgCl2, 0.5 mmol/L CaCl2, 10 mmol/L NaCl, 2
mmol/LKCl, and 0.5mmol/LMgCl2 were added toDIwater.
Ca2+ MSE showed the most obvious potentiometric signal
for CaCl2, indicating that the Ca2+ microfilament electrode
could selectively detect Ca2+ while avoiding the interference
of other ions (Fig. S9 in Supplementary Information).

Like K+ and Ca2+ MSEs, Na+ MSE of the MMEC device
was tested in different concentrations (10–160 mmol/L)
of NaCl aqueous solutions. The potentiometric signal of
Na+ MSE detecting NaCl aqueous solutions with differ-
ent concentration gradients is shown in Fig. 5e1. A linear
relationship between this potentiometric signal and the log-
arithm of Na+ concentration was obtained with a slope of
41.4 mV/decade and an R2 of 0.9996, as shown in Fig. 5e2.
Figure 5e3 shows the potentiometric signal measured byNa+

MSE when 0.5 mmol/L CaCl2, 10 mmol/L NaCl, 2 mmol/L
KCl, 0.5 mmol/LMgCl2, and 0.5 mmol/L CaCl2 were added
to DI water. The maximum response of Na+ MSE to the
potentiometric signal of Na+ indicated that the Na+ microfil-
ament electrode could selectively detect Na+ while avoiding
the interference of other ions. In summary, in vitro solution
experiments verified the gooddetection performance ofMRE
and K+, Ca2+, and Na+ MSEs in MMEC devices.

To evaluate the monitoring performance of MMEC in ISF
in vivo, MMEC was implanted subcutaneously for in situ
and continuous recording of physiological ion concentra-
tions. The dorsal skin hair of rats was shaved, and rats
were anesthetized and fixed for experimental tests. The dor-
sal skin was poked with a needle, and the flexible MMEC
was implanted into the poked tissue. In vivo K+, Ca2+, and
Na+ concentrationswere recordedwithMMECbymeasuring
potentiometric signals every 15 min. At each recording time
point, the recording of the potentiometric signal lasted 1 min
to allow signal stabilization. To avoid signal crosstalk among

different ions, the recording of different ions was performed
separately using the sharedMRE. The alternate use of shared
electrodes and separated recording were allowed because the
ion concentration fluctuation in vivo was generally at a slow
frequency. The recording lasted for 3 h because prolonged
anesthesia of rats would compromise their health. Na+, K+,
and Ca2+ concentrations in rat blood were highly correlated
with ion concentrations in the tissue fluid. Blood from rat tails
was collected at the beginning and end of the in vivo record-
ing experiment, and blood K+, Ca2+, and Na+ concentrations
were measured using a commercially available automatic
dielectric analyzer. To convert the measured potentiomet-
ric signals into ion concentrations, a standard curve of the
ion concentration versus the potentiometric signal was estab-
lished using a two-point correctionmethod by correlating the
measured ion concentrations in the blood to corresponding
potentiometric signal intensities. With the established stan-
dard curve, the corresponding ion concentration from the
potentiometric signal measured by MMEC in ISF was cal-
culated.

Figures 6a–6c show the in vivo subcutaneous monitor-
ing results of each ion concentration (postcalibration) in
anesthetized rats. The red dots in the figures represent the
reference K+, Ca2+, and Na+ concentrations in the serum at
specific time points, as measured using an automated poten-
tiometric analyzer. The concentration of each of the three
types of ions was measured every 15 min, and each mea-
surement was maintained for 1 min to stabilize the signals.
The inset plots show the 1 min signal stabilization curves
for MMEC sensing of K+, Ca2+, and Na+ at a specific time
point. During the three-hour testing period, K+ concentra-
tion gradually increased from 4.29 to 4.31 mmol/L, Ca2+

concentration increased from 1.24 to 1.25 mmol/L, and Na+

concentration fluctuated from 142 to 147 mmol/L. Result-
ingfluctuations inMMEC-measured ion concentrationswere
likely due to corresponding fluctuations in ion metabolism in
the rat during anesthesia.Alternatively, themeasured ion con-
centrations might also increase or fluctuate gradually due to
the diffusion of subcutaneous ions into the electrode surface
area after MMEC was inserted subcutaneously. The small
fluctuations in the overall ion concentration were within the
normal range. The average MMEC-measured K+, Ca2+, and
Na+ concentrations during the three-hour recording period
were analyzed, as shown in Fig. 6d. This experiment also
verified the potential use of this MMEC device in subcuta-
neous detection applications.

Continuous measurement of K+, Ca2+, and Na+ in the
living brain provided a more comprehensive understanding
of physiological and pathological processes throughout the
brain, as changes in electrical signals in the brain highly
depend on chemical signals, such as neurotransmitters, or
physiological ions. The feasibility of implanting MMEC in
the brain to detect K+, Ca2+, and Na+ concentrations was
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Fig. 6 In vivo continuous ion monitoring in rats using MMEC. a K+

concentrations were detected usingMMECwhen the sensor was buried
subcutaneously on the rat’s back. Red dots in the plot represent the
reference K+ concentrations in the serum. The inset plot shows the 1
min signal stabilization curve for MMEC sensing of K+ at the fourth
data point. b Ca2+ concentrations were detected using MMEC when
the sensor was buried subcutaneously on the rat’s back. Red dots in
the plot represent the reference Ca2+ concentrations in the serum. The
inset plot shows the 1 min signal stabilization curve for MMEC sens-
ing of Ca2+ at the third data point. c Na+ concentrations were detected
using MMEC when the sensor was buried subcutaneously on the rat’s
back. Red dots in the plot represent the reference Na+ concentra-
tions in the serum. The inset plot shows the 1 min signal stabilization
curve for MMEC sensing of Na+ at the fourth data point. d MMEC-
measured average K+, Ca2+, and Na+ concentrations during the 3 h
recording period. The 100% value of K+, Ca2+, and Na+ concentra-
tion was set as 4.32, 1.26, and 150 mmol/L, respectively. e K+, f Ca2+,

and g Na+ concentrations detected using MMEC when the sensor was
buried in the cerebral cortex. h MMEC-measured average K+, Ca2+,
and Na+ concentrations in the brain during the 3 h recording period.
The 100% value of K+, Ca2+, and Na+ concentration was set as 4.32,
1.26, and 150 mmol/L, respectively. i Logic schematics of the MMEC
system. j Eight functional modules of the customized PCB. k PCB
diagram drawn by Altium Designer. l Mobile terminal software inter-
face of theMMEC-based semi-implantable device system.m Integrated
MMEC and customized PCB of the MMEC-based semi-implantable
device system. n Comparison of potentiometric signals collected by
MMEC-based semi-implantable device system andMMEC-based elec-
trochemicalworkstation in the detection of (1)K+, (2) Ca2+, and (3)Na+

in the in vitro solution. MMEC: multiplexed microfilament electrode
cluster; PCB: printed circuit board; mM: mmol/L; UART: Universal
AsynchronousReceiver/Transmitter;ADC: analog-to-digital converter;
MCU: microcontroller unit

evaluated. The scalp hair of rats was shaved, and rats were
anesthetized and fixed. Next, surgical instruments, such as
cranial drill, scalpel, and forceps, were used to dissect the
skull and meningeal layers to expose the cerebral cortex with
a diameter of 2 mm. MMEC was inserted into the cerebral

cortex, andMMEC electrodes of about 1mmwere implanted
in the gray matter. Subsequently, MMEC continuously mon-
itored potentiometric signals associated with K+, Ca2+, and
Na+ concentrations in the cerebral cortex (Fig. 1c) of anes-
thetized rats without electrical stimulation. Potentiometric
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signals were calculated into corresponding K+, Ca2+, and
Na+ concentrations according to the potential–concentration
standard curves obtained from the above in vivo tests. Fig-
ures 6e–6g show that MMEC-recorded ion concentrations in
the brain tissue remained stable during the three-hour testing
period, indicating that K+, Ca2+, and Na+ levels in the brain
tissue remained almost constant under anesthesia. The aver-
age MMEC-measured K+, Ca2+, and Na+ concentrations in
the brain during the three-hour recording period were ana-
lyzed, as shown in Fig. 6h. The intracerebral experiment
validated the possibility of the MMEC system as a promis-
ing tool to monitor ion fluctuations in the brain besides the
conventional method of electrical signal recording.

A customized circuit and terminal were designed to sup-
port the operation of the MMEC device for applications.
Figure 6i shows the logic schematics of the MMEC system,
including the working path of circuit modules. Figures 6j and
6k show the design of PCB, comprising the functional mod-
ules for signal acquisition, processing, and transmission, and
the details of each component are described in Figs. S10–S17
(Supplementary Information). The circuit contained inte-
grated modules such as the MCU and peripheral modules.
The circuit was designed to realize the potentiometric record-
ing of the three ion concentrations and support the signal
processing and control of the whole system. The sensing cir-
cuitmodule comprised three parallel sets of the two-electrode
sensing system capable of separately recording potentiomet-
ric signals of three types of ions. The sensing circuit module
could also transmit signals toMCU after signal amplification
between the input and output terminals. MCU sampled and
converted the analog signals that the sensing circuit mod-
ule transmitted through a 12-bit analog-to-digital converter
to obtain the corresponding digital signals. MCU processed
the data in the digital domain, transmitting them to the
application in real time via a low-power Bluetooth module
for wireless data transmission. The Bluetooth wireless data
transmission served the small portable system to support the
data transmission functions ofMMECdevices. The entire cir-
cuit was powered by an external battery to realize a portable
wearable system. Thewireless data transmission and the cus-
tom development of the corresponding mobile application
resulted in a more complete system, achieving the real-time
display of data collected by the sensor for immediate sig-
nal feedback. Figure 6l shows the mobile terminal software
interface of the MMEC-based semi-implantable device sys-
tem. Figure 6m shows the integratedMMEC and customized
PCB of the MMEC-based semi-implantable device system.
To demonstrate that the as-designed circuit could effec-
tively support the sensing function of MMEC, the response
of MMEC in the detection of K+, Ca2+, and Na+ in the
in vitro solution was tested, where potentiometric signals
were detected using either the designed circuit or the CHI

760E electrochemical workstation (Fig. 6n). For K+ sens-
ing, the K+ concentration in DI water was increased from 0
to 1, 10, and 100 mmol/L. K+ MSE connected to the CHI
760E electrochemical workstation effectively detected the
increased potentiometric signal with increased K+ concen-
tration. K+ MSE connected to PCB could also detect the
increase in potentiometric signal associated with increased
K+ concentration. Signals obtained from PCB recordings
were compared to those obtained from the electrochemi-
cal workstation after baseline calibration. Results showed
a high degree of overlap between the signals recorded by
PCB and those recorded by the electrochemical workstation,
demonstrating that PCB could effectively support K+ MSE.
Similarly, when the Na+ or Ca2+ concentration in the solu-
tion gradually increased from 0 to 1, 10, and 100 mmol/L,
potentiometric signals recordedbyMMECconnected toPCB
also gradually increased and possessed a good overlap with
signals recorded by the electrochemical workstation. These
results demonstrated that the designed PCB could effectively
support MMEC in collecting ion-related potentiometric sig-
nals.

Conclusions

This study developed an integrated MMEC-based semi-
implantable device system capable of recording fluctuations
in K+, Ca2+, and Na+ concentrations in tissue environments
over long periods for health monitoring and early complica-
tion diagnosis. The MMEC-based semi-implantable device
systemwas sensitive to changes inK+,Ca2+, andNa+ concen-
trations and could be used for ionmonitoring in subcutaneous
and intracranial tissues. The small effect of electrode sur-
face area on the potentiometric sensing mechanism suggests
that the use of tiny fiber-like electrodes for potentiometric
sensing is feasible. In vitro studies demonstrated that the
small-volume MMEC-based semi-implantable device sys-
tem provided a wide range of linear responsiveness, good
selectivity, and temporal stability for the three ion indicators.
By monitoring ions in subcutaneous and intracranial tissues
of rats, the MMEC-based semi-implantable device system
could quantify K+, Ca2+, and Na+ concentrations in a pro-
longed and stable manner, demonstrating the potential of the
MMEC system for clinical applications. The above results
demonstrated the potential of a wearable MMEC system to
track ion concentrations in the body over time and monitor
for disease complications. It enables prolonged in vivomoni-
toring and early diagnosis through the optimal integration of
wearable bioelectronics and biocompatible multifunctional
devices. Moreover, it could monitor and diagnose other sys-
temic disease signals using the strategy proposed in this
study, providing a basis for early and precise treatment.
More importantly, the excellent biocompatibility, small size
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of the sensing element, and ease of use of the MMEC-based
semi-implantable device system allow the sensing device to
be used in broader scenarios and sensing areas. This study
demonstrated its potential for in vivo tissue ion detection and
monitoring of other diseases.

Supplementary Information The online version contains supplemen-
tarymaterial available at https://doi.org/10.1007/s42242-023-00262-2.
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