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A Wireless Photometric Probe to Capture Calcium Activities
During Hippocampal Seizures in Freely Moving Mice

Wenxin Zhao, Jiazheng Chen, Lizhu Li, Xinli Song, Wanghan Zhang, Guo Tang,
Haijian Zhang, Xue Cai, Dawid Sheng, Yu Zhao, Xinyue Wang, Kun Li, Lan Yin, He Ding,

Xiaochuan Dai, Changbo Liu,* and Xing Sheng*

Exploring the coding mechanisms of the nervous system and their associated
functions holds great value in neuroscience research. Specifically, monitoring
deep-brain neuronal activities with high specificity and minimal invasiveness is
crucial. In this study, the development and application of a wireless photometric
probe system is presented to monitor calcium (Ca?*) dynamics in the
hippocampus during seizure events in freely moving mice. The probe integrates
thin-film, microscale optoelectronic devices, including a micro light-emitting
diode (micro-LED) and a photo detector, to excite and capture fluorescent
emissions of the genetically encoded Ca’* indicator (GCaMP). Wavelength-
selective optical designs minimize the spectral crosstalk and optimize the
detection of green fluorescence signals. Additionally, a portable, miniaturized
wireless circuit module powers the devices and remotely transmits data.

In vitro experiments validate the probe’s capability to detect fluorescence
signals in both ambient and aqueous environments, while in vivo experiments
reveal its efficacy in capturing Ca>* dynamics during seizure occurrences
provoked by electrical stimulations as well as drug administrations in

the hippocampus of behaving mice. The wireless photometric probe system
developed here offers a promising tool for neuroscience research, particularly
in studying complex behaviors and disease models in freely moving animals.

1. Introduction

The study of brain perception and
regulation has long been a focus of neu-
roscience research. To achieve this goal,
understanding the information coding
rules and modulation mechanisms of
the nervous system is essential.'>] Over
the years, various recording tools, such
as microelectrode arrays,[®®! chemical
sensors,[1%13] and magnetic resonance
imaging,'*'8l have been developed to
monitor neuronal activities. These ap-
proaches primarily capture single-cell
electrophysiology or the collective activity
of neuron groups within a certain spatial
range. To link specific neuronal activity
to behaviors or processes, genetically
encoded fluorescence indicators and
optical recording methods have been
developed for cell-specific monitoring
of neuronal activities.'>?] Through
genetic engineering, fluorescent in-
dicator proteins can be expressed in
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specific neuron populations, being the fluorescent labels after
bonding to the target ions or molecules,[**3! and this provides
a cytological foundation for fluorescence recordings. In particu-
lar, calcium (Ca?*) dynamics is one of the most widely used fluo-
rescence recording modalities to monitor neural activities, based
on monitoring the change of Ca* concentration within cells or
Ca** flow across cell membranes!*>-3] through the variation of
fluorescence intensity.36-*21

In synergy with genetically encoded Ca?* indicators, various
types of fluorescence microscopes have been extensively explored
to record Ca?* dynamics for cultured cells, acute brain slices, and
living animals, 3] while fiber-based photometric systems en-
able the detection of Ca?* signals in the deep brain.*-*®] These
conventional systems rely on tethered instruments, which may
influence animal behaviors and pose constraints in studying
complex social interactions. More recently, researchers have de-
veloped wirelessly operated photometric probes for monitoring
Ca’* fluorescence in freely moving animals and eliminated the
limitations of wired devices.**] Based on microscale optoelec-
tronic devices, these miniaturized probes reduce tissue damage
and successfully monitor the Ca?* dynamics in the deep brain of
mice. Nevertheless, such device systems still hold potential for
further optimization and in-depth explorations in multiple as-
pects: i) State-of-the-art probes are still based on flip-chip bonded
light-emitting diodes (LEDs) and/or photo detectors with thick-
nesses of tens of micrometers. Thin-film devices can be imple-
mented to mitigate the tissue lesion after implantation; ii) Addi-
tional optical designs can be introduced to further minimize the
spectral crosstalk and improve the fluorescence signal quality;
iii) Current infrared LED based data transponders possess lim-
ited communication distance (< 1 m) and data transmission rate
(=50 kbps); iv) More sophisticated animal behavioral paradigms
and disease models can be investigated with these wireless pho-
tometric systems.

In this paper, we develop a wireless photometric probe sys-
tem to monitor Ca?" activities in a mouse seizure model. The
implantable probe integrates thin-film, microscale optoelectronic
devices (a micro-LED and a photo detector) to excite and cap-
ture fluorescence signals of a genetically encoded Ca** fluores-
cence protein (GCaMP). Both the LED and the detector imple-
ment spectral selective filter designs to optimize the signal-to-
noise ratio. A portable, miniaturized circuit supplies power to the
probe, processes and transmits data via a Bluetooth transponder.
We conduct in vitro experiments to evaluate the fluorescence de-
tection capability of the system. Furthermore, we implant these
wireless probes into the hippocampus of mice, capture and quan-
titatively compare real-time Ca?* dynamics during seizure events
induced by electrical or chemical stimuli. With these results, we
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anticipate that such a wireless photometric system will find broad
applications in neuroscience research.

2. Results

2.1. Design, Fabrication, and Optoelectronic Performance of the
Photometric Probe

Figure 1a shows a schematic diagram (left) and an exploded view
(right) of the photometric probe for recording Ca®* fluorescence
in the brain, while Figure 1b presents optical images of a probe.
The key functional optoelectronic components on the probe in-
clude an indium gallium nitride (InGaN) blue micro-LED for op-
tically exciting the genetically encoded Ca?* indicator (GCaMP)
and an indium gallium phosphide (InGaP) photodiode to record
the green fluorescence emission from GCaMP. The fluorescence
signal of GCaMP is Ca**-specific and selective, and not sensitive
to other signals like blood flow and oxygenation. Tables S1 and
S2 (Supporting Information) provide detailed epitaxial structures
of the InGaN blue LED and the InGaP detector originally grown
on single-crystalline sapphire and gallium arsenide (GaAs) sub-
strates, respectively. Compared to previously reported photomet-
ric probe involving detectors made of GaAs,*! the InGaP detec-
tor we use here has two advantages: i) The InGaP diode has a
bandgap of #1.9 eV, which is large than that of silicon (Si) (~1.1
eV) and GaAs (~1.4 eV), so it has a smaller dark current than
GaAs detectors with a similar size; ii) Compared to the GaAs de-
tector, the InGaP detector only has a 100 nm thick GaAs con-
tact layer, so it contains less arsenide (As) element and has less
toxicity. Through photolithographic patterning, epitaxial liftoff
and transfer printing,>'-3! fully formed freestanding, thin-film
InGaN micro-LEDs and InGaP detectors (lateral dimensions of
125 x 180 um? and overall thicknesses of 7.3 and 2.8 um, re-
spectively) are integrated onto flexible polyimide (PI) based probe
substrates.

Figure 1c shows the current-voltage (I-V) characteristic
curve and an image (inset) of an illuminating blue micro-LED.
Although the emission spectrum of this micro-LED is chosen to
reasonably overlap with the excitation of GCaMP (Figure le), its
long-wavelength tail extending to the green range (>500 nm) will
mix with the GCaMP emission spectrum and cannot be distin-
guished by the detector. Therefore, here we design and fabricate a
thin-film short-pass filter (SP495) and transfer it onto the micro-
LED.P* Figure 1d plots the measured transmission spectrum of
the SP495 filter, which presents a sharp cutoff at 495 nm. Such a
filter design markedly removes the green part of the LED emis-
sion above 495 nm, while the remaining LED emission is still
capable of exciting GCaMP (Figure 1le). Within the tissue, this
spectral portion below 495 nm mixes with the green fluorescence
of GCaMP and should be further blocked before entering the
detector. Therefore, the detector is coated with a band-selective
filter (ABS473),[“>%] which has strong absorbance around
473 nm and greatly minimizes the interference of the LED
emission (Figure 1f). With the ABS473 filter, the InGaP detector
exhibits prominently reduced external quantum efficiency (EQE)
around 473 nm (emission from the blue LED), while maintaining
high response from 500 to 600 nm that covers the fluorescence
emission of GCaMP (Figure 1g; Figure S1, Supporting Infor-
mation). Figure 1h shows I-V curves of a coated detector
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Figure 1. Schemes, images, and properties of the implantable photometric probe for calcium (Ca?*) fluorescence detection, as well as thin-film mi-
croscale optoelectrical devices. a) Schematic diagram (left) and exploded view (right) of the photometric probe operating in the brain. The probe struc-
ture incorporates an InGaN blue LED with a short-pass filter, an InGaP photo detector with a blue-absorbing dye filter, both of which are transferred
to a PI substrate. b) Top-view photographs of a probe. c) Current-voltage (I-V) characteristic curve and microscopic image (inset) of the blue LED.
d) Transmission spectrum of the short-pass filter (SP495) applied to the LED. e) Emission spectra of the LED with (dark blue) and without (light blue)
the short-pass filter, along with the excitation spectrum of GCaMP (green dashed line). f) Transmission spectrum of the dye filter (ABS473). g) External
quantum efficiency (EQE) spectrum of the detector with the dye filter, along with the emission spectra of the blue LED and GCaMP6. h) I-V curves of
the detector under illumination at 530 nm (power density 0, 1.6, 2.9, and 4.0 mW cm™~2, from top to bottom).

responding to various illumination intensities (from 0
to 40 mW cm72) at 530 nm. We observe that the de-
tector has an open-circuit voltage of ~1.0 V, and its
photogenerated current is linearly related to the light
power, which can be exploited for green fluorescence
detection.

2.2. In Vitro Performance of the Photometric System

We establish a circuit module to wirelessly control the im-
plantable photometric probe, and Figure 2a presents the de-
signed circuit block diagram. The wireless system consists of
two main components: an implantable probe to excite and de-
tect Ca?* fluorescence in the brain, and an extracranial battery-
powered Bluetooth module for wireless transmission. Com-
pared to previously reported photometric probe based on IR
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data transmission,[*>>% Bluetooth communication is more ad-
vantageous in multiple aspects: i) Its extended operational range
enables greater freedom of animal movement while maintain-
ing robust connection stability; ii) The theoretical maximum
data rate of 2 Mbps (with practical throughput typically of
~100 kbps)P*®! effectively meets the high sampling requirements
imposed by advanced fluorescent indicators (e.g., jGCaMP8f,
7 =6.6 + 1.0 ms®’)) during complex neural activity studies, high-
resolution recordings, or multi-subject experiments (requiring
~70 kbps throughput if monitoring 3 objects with 16-bit reso-
lution and 10 samples per characteristic peak); iii) Bluetooth Low
Energy (BLE) mode ensures prolonged operational duration. To
optimize wireless performance, a ceramic antenna is integrated
into the printed circuit board (PCB). The implemented wireless
module achieves a stable connection at a distance up to 5 m with
a sustained data throughput of 6 kbps, fulfilling our require-
ments for data acquisition. Figure 2b shows a photograph of a
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probe powered by a wireless circuit. The schematic diagram of
the wireless control module and the layout of the designed PCB
are shown in Figures S2 and S3 (Supporting Information). The
PCB has a mass of 1.1 g and dimensions of 17.5 X 14.3 mm?.
The lithium (Li) battery weighs 1.3 g with a charge capacity of 60
mAh and provides continuous operation for at least 6 h.

We conduct in vitro experiments in ambient and aqueous envi-
ronments to evaluate the detection capability of the wireless pho-
tometric system. Shown in Figure 2c, a collimated beam gener-
ated from a power-tunable green LED is incident on a photomet-
ric probe, and its intensity is simultaneously measured by a com-
mercial optical power meter. The detector on the probe captures
the photons and generates photocurrents, which are amplified
and converted into photo-voltage signals by the circuit module.
Figure 2d shows that the measured photo voltage and the inci-
dent light intensity exhibit a linear relationship. We then assess
the probe performance in an aqueous calcium chloride (CaCl,)
(500 pmol L7!) solution containing calcein with different concen-
trations (0-400 umol L~!) (Figure 2e). When Ca®* is present in the
solution, calcein exhibits strong green fluorescence when excited
by the blue LED, and its excitation and emission spectra are sim-
ilar to those of GCaMP.3¢%8] Figure 2f shows the photo voltage
measured from the wireless probe as a function of the calcein
concentration. The output signal is linearly proportional to the
calcein concentration at a low level (<200 umol L~') and gradu-
ally saturates at an increased calcein level. We further evaluate the
system’s detection capability by adjusting Ca?* concentrations
(from 0 to 50 umol L7!) in a calcein solution (50 pmol L=, pH
13) (Figure 2g). As the Ca?* level increases, the output signal in-
creases, presents a saturation trend at ~50 umol L™! (Figure 2h).
We also compare photo responses for probes with different filter
configurations (Figure 2i). Among different designs, the probe
with both SP495 and ABS473 filters manifests the highest flu-
orescence response (AF/F,), validating the efficacy of the filter
design.

2.3. In Vivo Experiments of the Photometric System

We implant the wireless photometric probe into the deep brain
of mice and assess its fluorescence detection capability in vivo
(Figure 3a). Comparison of motion trajectory for mice with and
without the wireless module (Figure S4, Supporting Informa-
tion) shows that the system does not interfere with the ani-
mal’s locomotive behavior. A photometric probe is inserted in the
mouse hippocampus along with a tungsten wire-based stimula-
tion electrode,®3! with the 3D scheme presented in Figure 3b. The
stimulation electrode generates biphasic pulses (current 0.4 mA,
pulse width 1 ms, duty cycle 50%, frequency 60 Hz, duration 1 s)
in the CA1 region to provoke seizure activities, while the photo-
metric probe can be inserted into the ipsilateral or contralateral

www.small-methods.com

CA3 region for Ca’* detection. Approximately one month prior
to the probe implantation, adeno-associated viruses (AAVs) car-
rying Ca?* fluorescent protein-related (jGCaMP7b) genes are in-
jected into CA3 (Figure 3c). Figure 3d presents a fluorescence im-
age of the brain slice showing the expression of jGCaMP7b and
the probe trajectory 4 days post-probe implantation. Figure 3e
illustrates the schematic diagram of wireless Ca?* fluorescence
recording in mice with kindling (electrical stimulation) induced
seizure. Connected to a freely moving mouse, a pulse genera-
tor (TECHMAN BL-420S) stimulates CA1 by kindling and pro-
vokes epileptic activities, while the wireless photometric system
dynamically records and transmits Ca?* fluorescence data to a
computer during seizure events. Figure S5 (Supporting Informa-
tion) shows the immunohistochemistry results (GFAP and Ibal)
of mouse brain slices on day 1 and day 21 after the probe implan-
tation. The recorded lesion areas have a size of ~200 ym (simi-
lar to the probe width), indicating that the probe produces mini-
mal inflammation response and no noticeable displacement after
chronic implantation.

2.4. In Vivo Ca?* Recording During Seizure Activities

We apply the photometric probe to capture in vivo Ca?* dynam-
ics during hippocampal seizures in mice. In clinical practice,
mesial temporal lobe epilepsy is the most common seizure dis-
order, and its pathological basis is related to the asymmetric pat-
tern of hippocampal neuron loss within the endfolium (hilus
and CA3) and CA1.1°%1 Research indicates that activation of pyra-
midal neurons in CA1 can reliably induce generalized seizures
in non-epileptic mice.l’) In our experiments, the stimulation
electrode is implanted into CA1, while the photometric probe
is positioned either in the ipsilateral or the contralateral CA3
(Figure 4a). Figure 4b presents continuously monitored Ca**
fluorescent signals in the ipsilateral (left) and the contralateral
(right) CA3 during sequential kindling over multiple trials. We
extract Ca®* signals from two minutes before the first kindling to
five minutes after several kindlings, and perform statistical anal-
ysis to identify differences and similarities in the collected sig-
nals between the two conditions. After each kindling, a strong
Ca** fluorescence spike (AF/F, > 0.2) always occurs in both
the ipsilateral and the contralateral CA3. Figure 4c displays av-
eraged Ca’* spikes responding to kindlings. These strong Ca?*
responses are likely to be associated with the enhanced neural
activities provoked by kindling.[®'-%*] We quantitatively compare
Ca?* responses upon kindlings in the ipsilateral and the con-
tralateral CA3, in terms of their signal latencies and magnitudes.
After kindling, peaks of Ca?* spikes appear at almost the same
time (latency 30—60 s) in the ipsilateral and the contralateral CA3
after kindling (Figure 4d). By contrast, peak values for Ca?* spikes

Figure 2. Circuit design and performance of the wireless photometric system. a) Block diagram of the wireless system, comprised of a battery-powered
Bluetooth module and an implantable probe. b) Image of a probe powered by a wireless circuit. c¢) Schematic diagram (left) and photograph (right)
showing the experimental setup for testing the system. d) Photo response (output voltage) of the wireless system measured under 530 nm illumination.
e) Photos showing fluorescent detection by the probe immersed in aqueous CaCl, (500 umol L™) solutions containing calcein with different concen-
trations (from 0 to 400 umol L™). f) Photo response of the wireless system as a function of the calcein concentration. g) Photo showing fluorescent
detection by the probe immersed in the aqueous calcein (50 umol/L) solution. h) Photo response of the wireless system as a function of the Ca?*
concentration (the solution pH is adjusted to 13). i) Relative Ca?* fluorescence intensity change (AF/F,) detected by probes (each line is the result from
3 individual tests in n = 3 probes) with the shortpass filter (SP495) on the LED and dye filter (ABS473) on the detector (red curve), with only ABS473
filter (blue curve) and without filters (black curve). The baseline signal (Fy) is the photo signal captured when the Ca** concentration is 0.
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Figure 3. Experimental paradigm of in vivo Ca?* fluorescence recording with the wireless photometric probe. a) Photograph of a freely behaving mouse
carrying the wireless module. b) 3D scheme of a mouse brain implanted with a stimulating electrode and a photometric probe in the ipsilateral hip-
pocampus (CA1 and CA3, respectively). c) Schematic illustration of the probe implanted in CA3 expressing jGCaMP7b. d) Fluorescence image show-
ing immunohistochemical staining of nuclei (DAPI, blue) and neurons expressing Ca?* fluorescence (JGCaMP7b, green) after probe implantation for
4 days. Lesion areas are outlined by red dashed lines. e) Schematic diagram showing wireless Ca?* fluorescence recording in mice with kindling (electrical

stimulation) induced seizure.

collected ipsilaterally are significantly higher than those recorded
contralaterally (Figure 4e).

For comparison, we perform similar experiments for mice
with EGFP expression in the hippocampus, which also ex-
hibits green fluorescence under blue excitation but indepen-
dent of local Ca?* variations (Figure S6a, Supporting Infor-
mation). Upon kindling, our photometric probes do not cap-
ture any obvious fluorescence fluctuations in either the ip-
silateral or the contralateral CA3 of these animals (Figure
S6b, Supporting Information). These stable output signals col-
lected from EGFP-expressing animals also reveal that electri-
cal stimulations impose negligible artefacts on the photometric
probe.

Besides electrical stimulations, drug administrations can also
induce seizure activities in various animal models.®*’] In
Figure 5a, we record Ca’* signals in the hippocampus (CA3) after
intraperitoneally injecting kainic acid (KA) in mice. As a repre-
sentative trial, Figure 5b presents continuously monitored Ca?*

Small Methods 2026, 10, €00470
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fluorescence collected for ~1 h following KA administration. Un-
like kindling-provoked seizures, KA-induced seizure events oc-
cur more randomly and sparsely. 10 individual Ca?* spikes taken
from 5 mice are averaged and shown in Figure 5c. These spikes
exhibit patterns with durations and amplitudes similar to those
elicited by kindlings, most likely due to the fact that they repre-
sent synchronized activities from a cluster of neurons in the same
brain region (CA3).

3. Discussion

In summary, we develop a wireless photometric probe system
to capture fluorescence signals in the brain and demonstrate
its ability to detect Ca?* dynamics associated with seizure ac-
tivities in behaving mice. Compared to fiber-based photometric
systems,[**®] our implantable probe design supports wireless
control and integrates microscale optoelectronic devices on the
probe to reduce the system’s complexity. Furthermore, our probe
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Figure 4. In vivo Ca®* fluorescence recording in the hippocampus (CA3) of mice under electrical stimulation. a) 2D, horizontal-view schematics show-
ing the positions of the photometric probe (CA3) and the stimulation electrode (CA1) implanted in the ipsilateral (left) and the contralateral (right)
hippocampus of mice. b) Continuously monitored Ca?* fluorescence in the ipsilateral (left) and the contralateral (right) CA3 during sequential kindling
over multiple trials. c) Averaged Ca?* fluorescence spikes responding to kindling in the CA1 recorded in the ipsilateral (left, from 15 individual trials in
n = 3 mice) and the contralateral (right, from 15 individual trials in n = 5 mice) CA3. The solid lines and shaded areas indicate the mean and s.e.m.,
respectively. d) Comparison of the latency time from kindling in CA1 to reaching the Ca?* fluorescence peaks recorded in the ipsilateral hippocampus
and the contralateral CA3. e) Comparison of Ca?* fluorescence peak values recorded in the ipsilateral hippocampus and the contralateral CA3. For (d)
and (e), one-way ANOVA and LSD post-hoc comparison are performed, n.s. p > 0.05, “* p < 0.001. Values are represented as mean =+ s.e.m.
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Figure 5. In vivo Ca®* fluorescence recording in the hippocampus (CA3) of mice with seizure induced by medication. a) Schematic diagram showing
the seizure model established by injecting kainic acid (KA) into the abdomen of a mouse. b) Continuously monitored Ca?* fluorescence in CA3 after KA
administration. c) Averaged Ca®* fluorescence spikes associated with seizure occurrence following KA administration (10 individual trials from n =5
mice). The solid lines and shaded areas indicate the mean and s.e.m., respectively.

implements thin-film micro-LEDs and detectors other than thick
chips reported in previously reported photometric probes,!**°]
while spectral-selective filter designs enhance the signal-to-noise
ratio. Additionally, Bluetooth modules provide extended com-
munication range and improved data transmission rates. Apart
from hippocampus, the probe can be designed to approach many
other deep brain regions and investigate corresponding cell-
specific Ca?* activities. Although the system’s utility is verified
in a seizure model involving a single animal, in the future, its
capability will be expanded to multiple animals whose Ca?* activ-
ities can be simultaneously collected by correctly setting up the
corresponding addressable Bluetooth modules.[*3! Furthermore,
the cooperation of our wireless photometric probe with a camera-
based behavioral monitoring system would facilitate the study of
more sophisticated social interactions, such as grooming, hier-
archies, aggression, courtship, and sexual behaviors.>%-72] Inte-
grated arrays of microscale devices and probes can be designed
and fabricated to capture neural signals in multiple nuclei and
regions.!”>”7% We envision that these strategies of device implants
and system implementations will find widespread applications in
neuroscience research.

4. Experimental Section

Photometric Probe Fabrication: The photometric probe is fabricated by
integrating microscale optoelectronic devices through metallization and
insulating processes. The probe’s detailed structure consists of (from bot-
tom to top) a flexible double-sided copper (Cu)-coated polyimide (PI)
substrate (18 um Cu/25 um PI/18 um Cu), an indium gallium nitride
(InGaN)-based blue-emitting micro-LED (125 um X 185 um X 7 um), a
thin-film shortpass filter (SP495, designed and fabricated by Shenyang
Academy of Instrumentation Science CO., LTD.) (150 um x 220 um
X 6.6 um), an indium gallium phosphate (InGaP)-based photodetector
(140 um X 195 um X 7 um), and a dye filter composed of a mixture of 1
wt.% ABS473 dye and 99 wt.% epoxy SU8-3005 (spin-coated at 500 rpm for
5 s and 3000 rpm for 30 s) (160 pum x 220 um X 5 um). Photolithography
and transfer technologies are employed during the fabrication process.
The probe’s shape is defined using laser milling. To enhance insulation
and waterproofness, layers of polydimethylsiloxane (PDMS) and Parylene
C are coated onto the surface. The detailed fabrication process for these
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optoelectronic devices is described in the Supporting Information and the
previous works.[3254]

Devices Characterization: Current—voltage (I-V) characteristic curves
of the micro-LED and the photodetector are measured by a Keithley 2400
sourcemeter. Transmission spectra of the short-pass filter and the dye fil-
ter are measured by the spectrophotometer Cary5000. LED irradiances and
external quantum efficiencies (EQE) of the detector are measured using a
spectroradiometer with an integrating sphere (LabSphere Inc.). An exter-
nal LED lamp (M530L4-C1, Thorlabs) is also used to test the detector’s
photo response, and it is powered by a Keysight E363 1A triple-output DC
power supply.

Wireless Circuit Design: A customized circuit module is designed to
support the photometric probe operation. The circuit can be divided into
four parts: the microcontroller unit (MCU) module, the power supply mod-
ule, the LED driver module, and the trans-impedance amplifier module. An
nRF52832 chip is chosen as the MCU to control the whole circuit, and the
Bluetooth wireless communication function of it provides a wireless mod-
ulation method for the photometric system. A built-in analog-to-digital
converter (ADC) on the circuit collects the output signal with a sampling
rate of 10 Hz. A rechargeable lithium-ion battery with a capacity of 60 mAh
and a voltage regulator chip (NCP161) form the power supply module with
a stable output voltage of 3.6 V. The micro-LED on the probe is driven by
a constant-current chip (LTC3212), with its output current set to 0.4 mA
through an external resistor. This configuration yields an optical power out-
put of 10 uW for the LED when the filter is implemented, compared to
40 pW for the LED without a filter. An OPA391 operational amplifier is ap-
plied to set up the trans-impedance amplifier module, converting the pho-
tocurrent into voltage signals, and the amplifier gain is set to be 50 MQ
through a resistor. The Bluetooth communication system consists of the
wireless module as the Bluetooth slave circuit and a dedicated develop-
ment board (IK-52832DK, Acmemcu) as the Bluetooth master circuit. The
master circuit is interfaced with a computer system, enabling operational
control of the fluorescence monitoring system via a specifically designed
Graphical User Interface (GUI) software application. Video data for ani-
mals is analyzed using DeepLabCut, with only tracking points exhibiting a
likelihood score > 0.85 retained for plotting.

Animal Preparation: Animal care and all experiments are in accor-
dance with the institutional guidelines of Tsinghua University, with pro-
tocols approved by the Institutional Animal Care and Use Committee
(IACUC). All animals are socially housed in a 12 h/12 h (7 am — 7 pm)
light/dark cycle, with food and water ad alibitum. Male B6) mice aged
at 9 weeks are used to conduct fluorescent detection tests, by injecting
of AAV2/9-hSyn-jGCaMP7b-WPRE-pA virus (2 X 10'2/500 nL) or AAV2/8-
hSyn-EGFP-WPRE-pA virus (3 X 10'2/500 nL) into the hippocampus (CA3:
AP = —1.80 mm, ML = —1.86 mm, DV = —-2.25 mm).
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Stereotaxic Surgery: One month after the jGCaMP7b virus injection,
the photometric probe and the stimulation electrode are implanted into
the mouse brain. Avertin (280 mgperkg body weight) is injected as
an anesthetic before the surgery on a mouse. About 5 min after the
anesthetization, place the mouse onto the stereotaxic apparatus, prepar-
ing for the surgery. Shave the scalp and level the skull before drilling two
holes (with a diameter of ~0.5 mm) in the skull. To collect the fluorescent
signals, the photometric probe will be implanted where the jGCaMP7b
virus is injected (CA3). After the probe implantation, use dental cement
(Super Bond) to fix it. Around 10 min later, implant an acicular tungsten
electrode (catalogue no. 796 000, A-M Systems) to CA1 (AP = —2.90 mm,
ML = —=3.00 mm, DV = —3.20 mm) to induce the mouse seizure. Fi-
nally, dental cement is applied to fix the electrode and cover the exposed
skull.

Immunohistochemistry: At 4 or 6 days following the stereotaxic
surgery, the experimental mice are sacrificed with an overdose of Avertin
and transcardially perfused with phosphate buffer solution (PBS) and 4%
paraformaldehyde (PFA). The brains are then fixed in 4% PFA for 4 h and
30% sucrose for 24 h, and 40-um-thick coronal sections are prepared by
a cryostat (RWD FS800A). After rinsing the brain slice with PBS, dye the
slice and seal the sample for observation. DAPI Sigma D9542 is used
for the nucleus dyeing, and it is diluted by 1:10 000 with PBS before ap-
plying. Fluorescence-preserving mounting medium (IH0252, LEAGENE)
is used as the mounting solution when encapsulating the brain slice.
The brain slices are imaged through the Olympus IXplore spinning disk
microscope.

To compare the difference of the probe tip position at day 1 and day
21 after the stereotaxic surgery, after the perfusion and slicing step, the
brain slices are washed for three 5-min sessions with PBS (1x, 4 °C) be-
fore being incubated in a sodium citrate solution (0.01mol L1 in H,0)
for antigen retrieval. The slices are washed again for three 5-min sessions,
incubated in a blocking solution, permeabilized (0.3% Triton X-100 and
5% normal goat serum (Servicebio) in PBS) for 1h at room temperature,
and washed again for three 5-min sessions. Then the slices are first in-
cubated in PBST (1x PBS with 0.3% Triton X-100) with primary antibodies
overnight at 4 °C for astrocytes (anti-GFAP mouse mAb, GB12090, 1:1000,
Servicebio) and microglia (anti-IBA-1 rabbit pAb, GB11105, Servicebio).
The slices are then washed with PBS and incubated with secondary an-
tibodies for 1 h at room temperature (Alexa Fluor 488-conjugated Goat
Anti-Rabbit 1gG, GB25303, 1:1000, Servicebio; Cy3 conjugated Goat Anti-
mouse |gG, GB21301, 1:1000, Servicebio) followed by DAPI (1:1000,
Sigma-Aldrich) for 20 min. After staining, the slices are mounted with
a glass coverslip and Fluoromount-G (0100-01, SouthernBiotech) before
imaging.

Statistical Analysis: The fluorescence signal change is quantified as
AF/[Fy, where F; represents the baseline fluorescence response. For
in vitro measurements, Fy was determined at 0 CaZ*t concentration,
with AF calculated as the difference between measured fluorescence
(F) and Fy. In vivo experiments defined F, as the average response
from 2 min pre-kindling to 5 min post-kindling, with AF similarly de-
rived. Data are presented as mean + s.e.m. In vitro Ca** fluorescence
changes (AF/F,) were obtained from three independent replicates (n =
3 probes per condition). For in vivo recordings, kindling-evoked Ca®*
fluorescence spikes responding to kindling in the CA1 were analyzed
from 15 trials in n = 3 mice (ipsilateral CA3) and 15 trials in n =
5 mice (contralateral CA3). Statistical comparisons of both response
latency (kindling-to-peak) and peak amplitude between ipsilateral hip-
pocampal and contralateral CA3 recordings were performed using one-
way ANOVA with LSD post-hoc tests, with significance thresholds set at
*p < 0.001 and n.s. (not significant) for p > 0.05. All analyses were
conducted using Origin 2019b (64-bit version), with values reported as
mean * s.e.m.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Device fabrication

The detailed structure of our proposed photometric probe involves (from bottom to
top): a flexible double side copper (Cu) coated polyimide (PI) (18 ym Cu /25 um PI/
18 um Cu) substrate, an indium gallium nitride (InGaN) based blue emitting
micro-LED (size: 125 pm x 185 um x 7 um), a thin-film shortpass filter (SP495) (size:
150 um > 220 um x 6.6 um), an indium gallium phosphate (InGaP) based
photodetector (size: 140 um x 195 um x 7 um), a dye filter made from a mixture of 1
wt% ABS473 dye and 99 wt% epoxy SU8-3005 (500 rpm/ 5 s, 4000 rpm/ 30 s) (size:

160 pm >*220 pm %5 pm).

A detailed description of the fabrication of implantable fluorescent photometric probe

in detail:

Micro-LED fabrication

The fabrication of the thin-film micro-LEDs follow the procedure outlined in our
previous work. The structure is grown on sapphire substrates using metalorganic
chemical vapor deposition (MOCVD). Freestanding micro-LEDs are obtained
through laser lift-off using a KrF excimer laser (248 nm). Polydimethylsiloxane
(PDMS)-based stamps are employed to transfer the released micro-LEDs onto the

sample substrates.



Reference: Li, L. et al. Heterogeneous Integration of Microscale GaN Light-Emitting
Diodes and Their Electrical, Optical, and Thermal Characteristics on Flexible

Substrates. Advanced Materials Technologies 3, 1700239 (2018).

Photodetector fabrication

The InGaP based photodetector structure is grown on gallium arsenide (GaAs)
substrates via metalorganic chemical vapor deposition (MOCVD). The epitaxial
structure of the wafer is displayed in Table S1. The material of each layer from top to
bottom: a layer of 500 nm n-type (Alo.7Gag.3)oslnosP filter (Si-doped, 2 <108 cm™3), a
layer of 10 nm n-type GaAs contact (Si-doped, > 6 x10'® cm™), a layer of 30 nm
n-type InosAlo2sGao 2sP window (Si-doped, 5 %10 cm), a layer of 100 nm n-type
InosGaosP emitter (Si-doped, 2 %108 cm3), a layer of 1 um p-type InosGaosP base
(Zn-doped, 3 <10 cm™), a layer of 100 nm p-type InosGaosP back-surface field
(BSF) (Mg-doped, 2 x 10'® cm?), a layer of 100 nm p-type GaAs contact
(Mg-doped, >5 %10 cm™), a layer of 1 pm p-type InosGaosP support (Mg-doped,
2 %10 cm™®) and a layer of 500 nm undoped AlogsGaoosAs sacrificial on a GaAs

substrate.

A description of the fabrication of the photodetectors in detail:
1. Clean up the epitaxial wafer with acetone, isopropyl alcohol (IPA), and deinoized
(DI) water.

2. Dehydrate at 110 <C for 10 min.



10.

11.

12.

13.

Spin coat positive photoresist (PR) (SPR220-v3.0, Microchem, 500 rpm / 6 s,
3000 rpm / 30 s), and soft-bake at 110 <C for 1.5 min.

Expose PR with a UV lithography machine (URE-2000/25, IOE CAS) with a dose
of 150 mJ/cm? through a chrome mask, post-bake at 110 <C for 1.5 min.

Develop PR in an aqueous base developer (AZ300 MIF) for 1 min. Shake it at 20
seconds after the sample is placed in. Rinse with DI water and hard-back at
110 <C for 30 min.

Etch the 500 nm (Alo.7Gao.3)o5InosP filter layer with a mixture of HzPO4 and HCI
(1: 1 by volume) for 9 s, and shake to remove bubbles. Rinse with DI water.

Etch the 10 nm GaAs layer with a mixture of HsPO4, H2O2, and H20 (3 : 1: 25 by
volume) for 20 s and rinse with DI water.

Remove the PR with acetone, rinse with IPA and DI water.

Dehydrate at 110 <C for 10 min.

Spin coat positive photoresist (PR) (SPR220-v3.0, Microchem, 500 rpm / 6 s,
3000 rpm / 30 s), and soft-bake at 110 <C for 1.5 min.

Expose PR with a UV lithography machine (URE-2000/25, IOE CAS) with a dose
of 150 mJ/cm? through a chrome mask, post-bake at 110 <C for 1.5 min.

Develop PR in an aqueous base developer (AZ300 MIF) for 1 min. Shake it at 20
seconds after the sample is placed in. Rinse with DI water and hard-back at
110 <C for 30 min.

Etch the 30 nm n-type InosAlo2sGao2sP window layer, the 100 nm n-type

InosGaosP emitter layer, the 1 um p-type InosGaosP base and the 100 nm p-type



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

InosGaosP BSF layer with a concentrated solution of HCI for ~20 s and rinse with
DI water.

Remove the PR with acetone, rinse with IPA and DI water.

Dehydrate at 110 <C for 10 min.

Spin coat negative photoresist (NR) (AZ nLOF 2070, MicroChemicals, 500 rpm 6
s, 3000 rpm 30 s) and soft-bake at 110 <C for 2 min.

Expose NR with a UV lithography machine (URE-2000/25, IOE CAS) with a
dose of 45 mJ/cm? through a chrome mask, post-bake at 110 <C for 1 min..
Develop NR in an aqueous base developer (AZ300 MIF) for 1 min. Shake it at 50
seconds after the sample is placed in. Rinse with DI water.

Sputter 6 nm / 200 nm of Cr / Au as electrodes.

Lift-off in acetone, and clean the sample with acetone, IPA and DI water.
Dehydrate at 110 <C for 10 min.

Pattern PR (SPR220-v3.0, Microchem).

Etch the 100 nm p-type GaAs contact layer with a mixture of HzPOs, H202, and
H20 (3: 1: 25 by volume) for ~40 s and rinse with DI water.

Etch the 1 um p-type IngsGagsP support layer with a mixture of concentrated HCI
solution and anhydrous ethanol (10 : 1 by volume) for ~60 s until the surface
becomes clean.

Remove the PR with acetone, rinse with IPA and DI water.

Dehydrate at 110 <C for 10 min.

Pattern PR (SPR220-v3.0, Microchem).



28. Etch the 500 nm undoped Alo.osGao.osAs sacrificial layer with a mixture of HF

solution and H2O (1 : 10 by volume) for ~2.5 h and rinse with DI water.

Thin-film filter fabrication

The thin-film filters are custom shortpass filters (SP495). The shape is defined by
femtosecond laser-cutting (800 nm, Ti-sapphire laser system, Coherent Inc.). The
GaAs substrate of the filter is removed after laser cutting in a solution of NH4sOH,
H20, and H20 (1 : 1 : 2 by volume) for approximately 8 hours. At last, PDMS-based
stamps (Sylgard 184 from Dow Corning) are employed to transfer the released filters

onto the sample substrates.

Reference: Liu, C. et al. High Performance, Biocompatible Dielectric Thin - Film

Optical Filters Integrated with Flexible Substrates and Microscale Optoelectronic

Devices. Advanced Optical Materials 6, 1800146 (2018).

Substrate preparation

1. Cut the copper-clad PI substrate (18 um Cu /25 pm PI/ 18 pum Cu, DuPont) into a
size of 1.5 1.8 cm?.

2. Cut the glass chip into a size of 2 x2.5 cm?.

3. Prepare poly(dimethylsiloxane) (PDMS, Sylgard 184, pre-polymer : curing agent
= 10:1, by weight) as adhesive.

4. Clean up the glass chip with acetone, IPA, and DI water.



10.

11.

Dehydrate at 110 <C for 10 min.
Spin coat PDMS onto the glass chips (500 rpm 6 s, 3000 rpm 30 s), and soft-bake

at 110 <C for ~35s.
Laminate PI substrate on the glass and bake up at 110 <C for 30 min.

Clean up the sample with acetone, IPA, and DI water.

Dehydrate at 110 <C for 10 min.

Spin cast 8 pm thick polyimide (YDPI-102, YiDun New Material Suzhou, 500
rpm 9 s, 3000 rpm 30 s) to form an insulating film.
Bake up the sample at 80 <C, 130 <C, 180 <C and 230 <T respectively. The first

three temperature steps last for 1 h, and the last temperature step lasts for 2 h.

Marker formation

12.

13.

14.

15.

16.

17.

18.

Clean up the sample with acetone, IPA, and DI water.
Dehydrate at 110 <C for 10 min.
Spin coat NR (AZ nLOF 2070, MicroChemicals, 500 rpm 6 s, 3000 rpm 30 s) and

soft-bake at 110 °C for 2 min.

Pattern the devices position marker through UV lithography with a dose of 45
mJ/cm?, and post-bake at 110 <C for 1 min.
Develop in an aqueous base developer (AZ300 MIF) for 1 min. Shake it at 50

seconds after the sample is placed in. Rinse with DI water.

Sputter 50 nm Al.

Lift-off in acetone, and clean the sample with acetone, IPA and DI water

Micro-LED transfer

19.

Clean up the sample with acetone, IPA, and DI water.



20.

21.

22.

23.

24,

25.

Dehydrate at 110 <C for 10 min.

Expose the sample to ultraviolet induced ozone (UV Ozone) for 15 min.

Spin coat SU8-3005 epoxy (500 rpm > 9 s, 3000 rpm x 30 s) and soft-bake at
110 <C for ~10s.

Transfer print the blue micro-LED onto the sample with PDMS stamps.

Expose the sample with UV lithography machine with a dose of 150 mJ/cm?, and
post-bake at 65 <C for 1 min and 95 <C for 3 min.

Hard bake at 110 <C for 30 min.

Micro-LED encapsulation

26.

217.

28.

29.

30.

31.

Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <C for
10 min.

Expose the sample under UV ozone for 15 min.

Spin coat SU8-3005 epoxy onto the sample (500 rpm x 9 s, 3000 rpm x 30 S)
and soft-bake at 65 <C for 1 min and 95 <C for 3 min.

Expose the electrodes on the LED by UV lithography with a dose of 150 mJ/cm?,
and post-bake at 65 <C for 1 min and 95 <C for 3 min.

Develop in propylene glycol monomethyl ether acetate (PGMEA) for 2.5 min and
rinse with IPA.

Hard bake at 110 <C for 30 min.

Micro-LED metallization




32.

33.

34.

35.

36.

37.

Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <C for
10 min.

Spin coat AZ nLOF 2070 photoresist (500 rpm 9 s, 3000 rpm 30 s) and soft-bake
at 110 <C for 2 min.

Pattern the conducting wires by UV lithography with a dose of 45 mJ/cm?, and

post-bake at 110 <C for 1 min.

Develop in an aqueous base developer (AZ300 MIF) for 1 min. Shake it for 50

seconds after the sample is placed in. Rinse with DI water.

Deposit 10 nm Cr /600 nm Cu / 200 nm Au as the conducting wires.

Lift-off in acetone, and clean the sample with acetone, IPA and DI water.

Thin-film filter transfer

38.

39.

40.

41.

42.

43.

44,

Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <C for
10 min.

Expose the sample under UV ozone for 15 min.

Spin coat SU8-3005 epoxy (500 rpm 9 s, 3000 rpm 30 s) and soft-bake at 110 <C
for ~10ss.

Transfer print the thin-film filter onto the sample with PDMS stamps.

Expose the contact pads of LED by UV lithography with a dose of 150 mJ/cm?,
and post-bake at 65 <C for 1 min and 95 <C for 3 min.

Develop in PGMEA for 2.5 min and rinse with IPA.

Hard bake at 110 <C for 30 min.



Insulating laver formation

45.

46.

47.

48.

49,

50.

Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <C for
10 min.

Expose the sample under UV ozone for 15 min.

Spin coat SU8-3005 epoxy onto the sample (500 rpm 9 s, 3000 rpm 30 s) and
soft-bake at 65 <C for 1 min and 95 <C for 3 min.

Pattern SU8-3005 epoxy to expose contact pads of LED by UV lithography with a
dose of 150 mJ/cm?, and post-bake at 65 <T for 1 min and 95 <T for 3 min.
Develop in PGMEA for 2.5 min and rinse with IPA.

Hard bake at 110 <C for 30 min.

Micro photodetector transfer

51.

52.

53.

54,

55.

56.

S7.

Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <C for
10 min.

Expose the micro-probes under UV ozone for 15 min.

Spin coat SU8-3005 epoxy onto the sample (500 rpm 9 s, 3000 rpm 30 s) and
bake up the sample at 110 <C for around 10 s.

Transfer print the micro photodetector from the source GaAs wafer onto the
sample with PDMS stamps.

Pattern SU8-3005 epoxy to expose contact pads of LED by UV lithography with a
dose of 150 mJ/cm?, and post-bake at 65 <T for 1 min and 95 <T for 3 min.
Develop in PGMEA for 2.5 min and rinse with IPA.

Hard bake at 110 <C for 30 min.



Micro-LED encapsulation

58. Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <C for
10 min.

59. Expose the micro-probes under UV ozone for 15 min.

60. Spin coat SU8-3005 epoxy onto the sample (500 rpm 9 s, 3000 rpm 30 s) and
soft-bake at 65 <C for 1 min and 95 <C for 3 min.

61. Pattern SU8-3005 epoxy to expose contact pads of LED and electrodes on
photodetector by UV lithography with a dose of 150 mJ/cm?, and post-bake at
65 <C for 1 min and 95 <C for 3 min.

62. Develop in PGMEA for 2.5 min and rinse with IPA.

63. Hard bake at 110 <C for 30 min.

Micro photodetector metallization

64. Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <C for
10 min.

65. Spin coat AZ nLOF 2070 photoresist (500 rpm 9 s, 3000 rpm 30 s) and soft-bake
at 110 <C for 2 min.

66. Pattern the conducting wires by UV lithography with a dose of 45 mJ/cm?, and
post-bake at 110 <C for 1 min.

67. Develop in an aqueous base developer (AZ300 MIF) for 1 min. Shake it at 50

seconds after the sample is placed in. Rinse with DI water.
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68. Deposit 10 nm Cr /600 nm Cu /200 nm Au as the conducting wires.

69. Lift-off in acetone, and clean the sample with acetone, IPA and DI water.

Dye filter formation

70. Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <TC for
10 min.

71. Expose the micro-probes under UV ozone for 15 min.

72. Spin coat mixture of ABS473 dye and SU8-3005 epoxy onto the sample (500 rpm
95, 3000 rpm 30 s) and soft-bake at 65 <T for 1 min and 95 <C for 3 min.

73. Pattern SU8-3005 epoxy to expose contact pads of LED and photodetector by UV
lithography with a dose of 300 mJ/cm?, and post-bake at 65 <C for 1 min and
95 <C for 3 min.

74. Develop in PGMEA for 2.5 min and rinse with IPA.

75. Hard bake at 110 <C for 30 min.

Encapsulation of the sample

76. Clean up the sample with acetone, IPA, and DI water and dehydrate at 110 <C for
10 min.

77. Expose the micro-probes under UV ozone for 15 min.

78. Spin coat SU8-3005 epoxy onto the sample (500 rpm 9 s, 3000 rpm 30 s) and

soft-bake at 65 <T for 1 min and 95 <C for 3 min.
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79. Pattern SU8-3005 epoxy to expose contact pads of LED and photodetector by UV
lithography with a dose of 150 mJ/cm?, and post-bake at 65 <C for 1 min and
95 <C for 3 min.

80. Develop in PGMEA for 2.5 min and rinse with IPA.

81. Hard bake at 110 <C for 30 min.

Laser milling

82. Use laser milling to cut the PI film into photometric probe shape (LPKF
ProtoLaser U4, 365 nm; 1000 Hz, 0.5 W, 50 repeats + 1 W, 100 repeats + 2W, 40

repeats).

Device encapsulation

83. Expose the photometric probe under UV ozone for 15 min.
84. Dip coat the probe with PDMS.
85. Bake the probe in 75 <C for 2 h.

86. Coat the probe with a layer of parylene C (17 um, Specialty Coating Systems).
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Figure S1
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Figure S1. EQE of an InGaP detector with and without the dye filter coating.
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Figure S2. Schematic diagram of the wireless control module.




Figure S3
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Figure S3. Layout of the designed printed circuit board. a) front view and b) back view.



Figure S4
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Figure S4. Recorded trajectories for the freely moving mouse a) with and b) without the

wireless module in the test arena for 5 min (arena size: 40 cm x 40 cm).



Figure S5
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Figure S5. Immunohistochemical staining of astrocytes (GFAP) and activated microglia
(Ibal) for brain slices with the probe after 1 day and 21 days implantation. Green: GFAP;
Red: Ibal; Blue: DAPI.



Figure S6
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Figure S6. In vivo Ca?* fluorescence recording in the hippocampus (CA3) of mice with
EGFP expression under electrical stimulation.
immunohistochemical staining of nuclei (DAPI, blue) and neurons expressing EGFP (green)
after probe implantation for 6 days. Lesion areas are outlined by red dashed lines. b)
Averaged Ca?* fluorescence spikes responding to kindling in the CA1l recorded in the
ipsilateral (left, from 10 individual trials in n = 1 mice) and the contralateral (right, from 10
individual trials in n = 2 mice) CA3. The solid lines and shaded areas indicate the mean and

s.e.m., respectively.
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Table S1

materials thickness (nm)

ITO 230

p+ GaN 120
Electron blocking layer 20

MQWs 130

Strained layers 300

n+ GaN 3000

u GaN 3500
sapphire substrate -

Table S1. Epitaxial structure of the InGaN blue LED wafer.



Table S2

materials

thickness (nm)

doping (cm-)

dopant

n+ (Alg ;,Gay 3)05INg 5P filter 500 2el8 Si
n+ GaAs contact 10 >6el8 Si

N+ Ing sAl 5Gag -5P window 30 5e18 Si
n+ Iny sGa, ;P emitter 100 2el8 Si

p- InysGa, ;P base 1000 3el6 Zn

p+ InysGag sP BSF 100 2el8 Mg

p+ GaAs contact 100 >5e18 Mg

p+ Iny5Ga, 5P support 1000 2el8 Mg
Aly o5Gag gsAs sacrificial 500 - -

GaAs substrate

Table S2. Epitaxial structure of the InGaP detector wafer.
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