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Monitoring the electrophysiology activity of neurons and
blood calcium signals can enable a better understanding of
disease-related neural system circuits. However, currently,
in situ calcium ion monitoring tools are scarce and exhibit
low integration and limited sensitivity. In this letter, we
propose an implantable probe with an integrated in situ
Ag/AgCl reference electrode (ISA/ARE) that can monitor
action potential (AP) and Ca?* concentrations. The experi-
mental results indicate that the sensitivity of Ca>* sensors can
reach 100.7 mV/decade and their selectivity is excellent in
the presence of interference. The AP of neurons was recorded
using 12 electrophysiology microelectrodes modified with
platinum black, while their reversible potential changes could
be observed with the Ca?* sensor when CaCl, solutions
were repeatedly microinjected into specific regions of the
brain. These results demonstrate that the probe can satisfy the
requirements for synchronous monitoring of electrophysiol-
ogy signals and ion concentrations for further understanding
neural circuits, thereby promoting the development of brain
science.

Introduction

Neuroscience has always been committed to decoding brain
information, helping clinicians to identify the root causes
of many neurological and mental disorders [1-3]. Various
efforts to decipher brain information led to the emergence of
tools, such as silicon neural probes, which can record high-
spatiotemporal-resolution brain activity [4—7]. Although the
number of electrodes for electrophysiology recording has
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been increased considerably, the drawback of most neural
probes is that they can only record a single type of neural
signal.

In addition to electrophysiology signals, brain sends out
numerous biochemical signals, such as those correspond-
ing to Ca®*, K*, Na*, Mg”*, and neurotransmitters [8—10].
The main function of Ca>* in the blood is to stabilize neu-
rons and prevent abnormal discharge activity of membrane
potential; therefore, Ca** can effectively inhibit neural sys-
tem diseases such as seizures [11]. However, implanted
Ca”* imaging devices generally exhibit poor resolution,
necessitate high surgical requirements, and cause substantial
postoperative damage [12, 13]. Therefore, the development
of high-resolution Ca* sensors that can be easily implanted
in the brain is urgently required.

This study presents an implantable probe with an
ISA/ARE for monitoring AP and Ca** concentrations in
the brain. The sensitivity of Ca®* sensors reaches up to
100.7 mV/decade, which is three times that of existing Ca?*
sensors [14]. The experimental results from in vitro and
in vivo investigations demonstrated the capability of the
implantable probe to sense a 12-channel biopotential and
Ca®* concentrations in specific regions. The Ca>* sensors
can be further optimized to achieve higher spatial resolution
and promote brain—computer interface [15] and cross-species
communication [16].

Probe preparation

The schematics and concept of the probe implanted in the
brain area of a mouse are outlined in Fig. 1a. The shanks can
be implanted into specific brain regions of the mouse while
monitoring its neural responses, such as AP and ion con-
centrations. Micro-electrical-mechanical system technology
was used to manufacture the implantable probes in a high-
throughput manner (Fig. 1b). The developed four-inch silicon
wafer with 68 probes is shown in Fig. lc.
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Fig. 1 aDesign of the probe and its application in a mouse. b Fabrication
processes. ¢ Photograph of the wafer. d Ultra-depth-field images of a
single probe. PECVD: plasma-enhanced chemical vapor deposition

A single probe on a wafer was characterized using an
ultra-depth-field microscope (Fig. 1d). The shanks could
carry different electrodes. The two shanks on the left side
of the probe contain four working electrodes for ion sens-
ing (red wireframe), middle two shanks contain 12 circular
microelectrodes for electrophysiology recording (blue wire-
frame), and the rightmost shank contains a rectangular
electrode that acts as an in situ reference electrode (yel-
low wireframe). The four working electrodes (60 pmx
1000 pm) used for the preparation of Ca®* sensors can be
coated with poly(3,4-ethylenedioxythiophene): polystyrene
sulfonate (PEDOT:PSS) to realize ion-to-electron transduc-
tion and modification with Ca?* selective membranes. The
12 circular microelectrodes for electrophysiology record-
ing (diameter: 26 pm) were modified with platinum black
to reduce contact impedance during the measurement. The
rectangular electrode (60 pumx3980 wm) was made into an
ISA/ARE via the constant current method.

Electrode modification
Electrophysiology recording microelectrodes
The cyclic voltammetry curve of the platinum black electrode

exhibits a highly faradic behavior corresponding to a much
larger elliptical shape than that of the bare electrode (Fig. 2a),
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indicating its improved charge storage capacity and transfer.
Compared with the bare electrode, the impedance of the plat-
inum black electrode at 1 kHz decreases by 86%, enhancing
the fidelity of the neural signal recording (Fig. 2b) [17]. The
ultra-depth-field (Fig. 2c) and scanning electron microscopy
images (Fig. 2d) verify the successful modification of the
platinum black electrode.

In situ Ag/AgCl reference electrode

The constant current method is used to prepare the ISA/ARE
[18, 19]. First, the reference electrode is set as the cathode,
and a Ag foil is set as the working electrode; furthermore, a
current density of 10 mA/cm? is applied to them for 20 min.
During the electroplating process, the surface potential of the
reference electrode remains stable at around 1.1 V (Fig. 3a),
and the ultrasonic water bath method ensures the uniform
distribution of Ag* in the solution. Second, the reference
electrode is set as the working electrode and applied with a
current density of 0.4 mA/cm? for 10 min. The platinum
electrode is set as the counter electrode in 1 mol/L KCl
solution. Figure 3b shows that the chlorination voltage is
around 1.4 V. Figure 3c shows the energy-dispersive X-ray
spectroscopy (EDS) layered images of the elements on the
ISA/ARE, where the Ag is shown in red, Cl shown in blue,
and Au shown in green. The atomic percentages of these
three elements are as follows: 52.35% of Ag, 47.36% of Cl,
and 0.28% of Au (Fig. 3d).

Results and discussion
In vitro experiments

The preparation of the Ca>* ion-selective sensor is shown
in Fig. 4a. The electrode surface was coated with a layer of
PEDOQOT:PSS forion—electron conduction, followed by alayer
of calcium ion-selective solution, and was dried overnight to
form a thin film [20-22]. The Ca?* sensor was character-
ized in a CaCl; electrolyte solution and exhibited a linear
response with increasing Ca®* concentration, the sensitiv-
ity of which is 100.7 mV/decade (Fig. 4b). Additionally, the
thin film morphology on the Ca>* sensor surface is shown in
Fig. 4b. To determine the selectivity of Ca®* sensors, inter-
fering analytes (such as Mg?*, K*, and Na*) were added
in a CaCl, electrolyte solution (1 mmol/L). The results in
Fig. 4c show that Ca?* sensors continue to exhibit excellent
selectivity toward the target electrolyte even in the presence
of other interference. Four different Ca?* sensors were used
for experiments to determine the variations in sensors owing
to manufacturing errors. The sensitivity range of the Ca®*
sensor is 80.4-102.8 mV/decade, with a relative standard
deviation of 13.43% (Fig. 4d). The characterization results
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of the Ca®* sensor indicate that it has high sensitivity and
selectivity for chemical detection.

In vivo experiments

The probe is demonstrated to be capable of 12-channel elec-
trophysiology recording of neural activity. The probe was
implemented into the CA1 region of the brain (Fig. 5a), and

. Surface spectrogram
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a local field potential (LFP) reflecting the dynamic flow of
neuronal information in the brain was obtained (Fig. 5b).
The LFP signal is mainly concentrated at low frequencies
(<300 Hz), while the spontaneous spike signal is concen-
trated at high frequencies (>300 Hz) [23, 24]. By performing
high-pass filtering on raw signals above 300 Hz and using
principal component analysis for classification of spikes
(Fig. 5¢), spontaneous spike signals could be obtained. The
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results indicated that the neurons may produce two different
spikes (Fig. 5d). These results demonstrate that the probe can
map spontaneous neural activity in specific brain regions.
We injected 10 wL of CaCl; solution (1 mmol/L) at 2 mm
from the probe implantation point (Fig. 5a). When injec-
tion was repeated, the Ca2* sensor on the probe exhibited
reversible potential changes (Fig. 5e). A significant potential
peak was generated due to an increase in Ca>* concentration
in the tissue fluid of the region. The recovery of potential may
be attributed to the self-regulation ability of the extracellular
environment. In the first two cyclic potentials, 10 pL of
CaCl; solution was injected into the brain area at a uniform
rate within 8 s, demonstrating a peak potential of 0.4 V and
a recovery time of 100 s. In the last two cyclic potentials,
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10 pL of CaCl, solution was injected into the brain area
within 4 s, yielding a peak potential of 0.8 V and recovery
time of 50 s. Therefore, there may be a correlation between
injection speed, potential amplitude, and potential recovery
time. The results obtained indicate that this probe provides
a new method for evaluating the effectiveness of neural
regulation.

The AP measurements and calcium ion sensing were
performed independently. In the future, we intend to stim-
ulate neurons to spontaneously change the concentration of
intracellular and extracellular calcium ions through drugs or
external optics. This will help us to simultaneously record
AP and Ca®* sensing potential.
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Conclusions

In summary, this work presents an implantable probe with
ISA/ARE. Notably, in vitro and in vivo experimental results
demonstrate the capability of the implantable probe to sense a
12-channel biopotential and Ca>* concentrations in specific
regions of the brain. The newly developed probe can help
explore the mechanisms of various neurological diseases.
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