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Abstract: Cerebral organoids derived from human induced pluripotent stem cells
(iPSCs) have emerged as powerful in vitro models for studying human brain develop-
ment and neurological disorders. Understanding the electrophysiological properties of
these organoids is crucial for evaluating their functional maturity and potential applica-
tions. However, the differentiation and maturation of stem cells into cerebral organoids is a
long, slow, and error-prone process. Hence, it is vitally crucial to establish a non-invasive
method of monitoring the process over a long period of time. In this study, a planar micro-
electrode array (MEA) with platinum (Pt) black electroplating is designed to monitor the
electrophysiological activities and pharmacological responses of cerebral organoids using
an external neural signal acquisition system interfaced with the MEA. The planar MEA
with Pt black electroplating has a significantly reduced electrode impedance and exhibits
a robust capability for the real-time detection of spontaneous neural activities, including
extracellular spikes and local field potentials. Distinct electrophysiological signal strengths
in cerebral organoids were observed at early and late developmental stages. Further phar-
macological stimulations showed that 30 mM KCl would induce a marked increase in spike
rate, indicating an enhancement of neuronal depolarization and an elevation of network
excitability. This robust response to KCl stimulation in mature networks serves as a reliable
indicator of neural maturity in cerebral organoids and underscores the platform’s potential
for drug screening applications. This work highlights the integration of MEA technology
with cerebral organoids, offering a powerful platform for real-time electrophysiological
monitoring. It provides new insights into the functional maturation of neural networks and
establishes a reliable system for drug screening and disease modeling, facilitating future
research into human brain physiology and pathology.

Keywords: microelectrode array; electrophysiological activities; cerebral organoids;
Pt black

1. Introduction
Due to the practical and ethical constraints associated with direct research on the

human brain, along with the limitations imposed by interspecies differences in animal
models, in vitro models utilizing human cells have emerged as a compelling alterna-
tive for investigating neuronal circuitry, neurotoxicity, neurological disorders, and brain
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development [1–3]. Advancements in the understanding of human brain development
increasingly rely on biosystems generated from three-dimensional (3D) neural cultures,
including cortical spheroids, organoids, and assembloids [4–7]. These 3D structures are cul-
tured in vitro from induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs)
and effectively simulate the developmental processes of the human brain and various
neuronal subtypes [8,9].

The cerebral organoids developed as models for neural development represent a
significant advancement in the field of brain research [10,11]. These structures overcome
the limitations of traditional 2D neural cultures such as the lack of supporting cell types
and spatial structure, offering a closer approximation of the complexity of the human
brain [12,13]. The advent of cerebral organoids not only provides a novel platform for
studying the fundamental biology of the nervous system but also demonstrates significant
potential for modeling complex neurological diseases, such as Alzheimer’s disease, Parkin-
son’s disease, and autism [14–16]. Despite their remarkable potential, challenges including
reproducibility, long-term viability, and accuracy in terms of simulating advanced brain
regions remain focal points for the ongoing research [17–19]. These challenges highlight the
critical role of electrophysiological characterization in assessing the functional maturity of
cerebral organoids. Unlike molecular or structural analyses, electrophysiological-biosensor
directly evaluates neural activity and connectivity through synaptic potentials generated by
neurons, providing essential insights into the dynamic functionality of organoid-derived
neural networks [20].

As electrophysiological studies facilitate the observation of spontaneous firing and
synchronized activities of neurons, providing valuable insights into the complex neural
circuits within the brain, accurate monitoring of the electrophysiological characteristics
of these 3D organoids can enhance the understanding of the interactions involved in the
development of the nervous system, as well as the evolution and origins of abnormal behav-
iors and disease conditions. At present, the electrophysiological assessment for organoids
is still challenging, mainly focused on obtaining stable signal stability in the organoid’s
complex 3D structure and achieving high spatial resolution to capture fine-scale neural
interactions, which are crucial for advancing the fidelity of organoid-based neural models.
Microelectrode arrays (MEA) have emerged as a powerful tool for electrophysiological mon-
itoring of neuronal activity [21], offering several advantages over conventional techniques
like patch-clamp and calcium imaging. Unlike patch-clamp, which is labor-intensive and
limited to single-cell recordings [22,23], MEA allows for high-throughput, multi-channel
monitoring of neural networks. While calcium imaging provides valuable insights into
neural activity [24,25], it lacks the temporal resolution required to detect action potentials.
In contrast, MEA can capture both spontaneous firing and synchronized activity, providing
a more comprehensive view of network function. However, challenges remain in signal
stability and sensitivity, particularly in complex 3D environments.

The clinical relevance of MEA technology is vast, with applications in neurological
disease modeling, high-throughput drug screening, and even brain–computer interface
development [26]. MEA provides an invaluable platform for studying neurological dis-
orders, offering real-time insights into disease progression and the effects of therapeutic
compounds. Furthermore, the integration of MEA with organ-on-a-chip systems could rev-
olutionize disease modeling and drug screening, enabling the simultaneous monitoring of
multiple organ systems and providing more accurate, physiologically relevant data. Limita-
tions in both sensitivity and signal stability, especially in long-term recordings and complex
environments, still persist. Although some studies have demonstrated the potential of
high-throughput MEA for monitoring neural activity in cerebral organoids [27], enhanc-
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ing the accuracy and stability of signal detection remains a critical focus for advancing
this technology.

Different methods have been attempted to solve the above problem in electrophys-
iological assessment for organoids, and Pt black electroplating on the electrode surface
is found to be effective in cardiac recording and electrical stimulation in rodents, which
would significantly reduce electrode impedance and increase the contact area between the
electrode and neurons, thereby improving the capture efficiency of neural signals [28,29].
As a porous form of platinum, Pt black’s rough and irregular morphology further enhances
the interface between the electrode and neural tissue, providing more contact points for
neurons. Moreover, Pt black has been widely documented for its excellent biocompatibility
with neuronal cultures. Studies have shown that Pt black-coated electrodes promote stable
neuronal adhesion and do not exhibit toxicity, supporting the long-term survival and
electrical activity of neurons in cell culture [30]. This improvement is particularly vital
for monitoring neuronal activities over extended periods, such as in studies assessing the
effects of drugs on the electrophysiological activity of cerebral organoids. However, the
application of Pt black electroplating on planar MEA for the electrophysiological signal
acquisition of cerebral organoids remains largely unexplored.

In this study, the temporal evolution of neural network activities in cerebral organoids
is investigated by comparing electrophysiological recordings obtained at two distinct stages
of day 40 and day 180. To enhance the stability and sensitivity of these signals, a 32-channel
planar MEA featuring Pt black electroplating is developed. Based on this platform, the
electrophysiological activities of human iPSC-derived cerebral organoids were systemat-
ically analyzed, focusing on spontaneous neural activities and responses to neuroactive
drugs. Specifically, the effects of 30 mM potassium chloride (KCl) on neuronal network
activities were investigated, and real-time changes in spike rates and depolarization were
recorded. By comparing the neural activities recorded at these developmental stages, our
study underscores the progressive maturation of neural networks in cerebral organoids,
emphasizing the significance of electrophysiological assessment in understanding this
developmental trajectory. Furthermore, the observed robust response to KCl stimulation
in mature networks serves as an indicator of cerebral organoid maturity, highlighting
this model’s potential for drug screening applications. This work not only confirms the
functional maturity of cerebral organoids but also emphasizes the potential of this platform
for conducting drug screening and modeling neurological diseases.

2. Materials and Methods
2.1. Design and Fabrication of the MEA

The manufacturing process of the MEA is illustrated in Figure 1a. It consists of the
following steps: The process began with the cleaning of a 300-micron-thick glass wafer
using acetone, alcohol, and water, successively. Then, a 50 W oxygen plasma treatment was
performed on the wafer for 1 min. The LOR5B photoresist was spin-coated at 4000 rpm
and baked at 150 ◦C for 3 min. After cooling to room temperature, AZ5206 photoresist was
immediately spin-coated at 4000 rpm, followed by a 2 min bake at 100 ◦C. The photoresist
was then exposed to 365 nm UV light at a dose of 100 mJ/cm2, and the pattern of the
electrode point array, wires, and contact pads was developed using AZ 300MIF developer
for 20 s. A 5/50 nm thick chromium–gold (Cr/Au) layer was deposited on the wafer
using magnetron sputtering, followed by a lift-off process in NMP to define the metal
patterns. Next, a 550 nm thick silicon nitride (Si3N4) insulating layer was deposited over
the substrate using the plasma-enhanced chemical vapor deposition (PECVD) method at
130 ◦C. AZ5214 photoresist was then spin-coated at 4000 rpm and baked at 100 ◦C for
3 min. The wafer was exposed to 365 nm UV light at a dose of 40 mJ/cm2, followed by
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a reverse bake at 100 ◦C for 2 min. A flood exposure to 365 nm UV light at 650 mJ/cm2

was subsequently performed, and the AZ 300MIF developer was used for 22 s to form the
protective layer. Finally, reactive ion etching (RIE) was conducted using CF4, argon, and
oxygen gases at 180 W for approximately 3 min to expose the electrode points and contact
pads on the MEA. The design layout of the 32-channel planar MEA is shown in Figure 1b.
Each electrode has a diameter of 50 µm, with a 200 µm inter-electrode spacing, covering
a total area of 1 mm2 with 32 channels. These design parameters were chosen to strike
a balance between spatial resolution and sensitivity, optimizing the capture of both local
and network-level neuronal activity in the cerebral organoid. An optical microscope image
of the fabricated MEA (Figure 1c) confirms the accurate implementation of this layout,
demonstrating the precise alignment of electrode points and contact pads.
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Figure 1. Fabrication process flow and experimental images of the MEA: (a) fabrication process
flow of the MEA; (b) the design layout for MEA positioning sites, where the numbers indicate
the corresponding channel positions used for electrophysiological signal acquisition; (c) optical
microscope image of the fabricated MEA; (d) optical microscope image of the recording electrodes
before Pt black deposition; (e) optical microscope image of the recording electrodes after Pt black
deposition; (f) photograph of the assembled MEA system.

2.2. Cell Culture

Human induced pluripotent stem cells (iPSCs) sourced from the National Collection
of Authenticated Cell Cultures in Shanghai, China (specifically DYR0100) were utilized
to facilitate the differentiation into cerebral lineages. The process of inducing cerebral



Biosensors 2025, 15, 173 5 of 15

organoids was conducted using the STEMdiff™ Cerebral Organoid Kit (Catalog# 08,570 and
08571) available from STEMCELL Technologies in Vancouver, British Columbia, Canada,
following the established protocol meticulously outlined by the manufacturer. To initiate
the differentiation process, the iPSCs were initially cultured to form embryoid bodies
(EBs) at a density of 9000 cells per well within a 96-well low-attachment U-bottom plate,
commencing on day 0. To promote the formation of EBs, further additions of 100 µL of EB
formation medium were made to each well on day 2 and day 4. The actual induction phase
began on day 5. By day 7, with the observation of dense centers and radial translucent bands
within the EBs, the next step involved embedding the EBs in Matrigel (354277, sourced from
Corning, NY, USA) and placing them on a shaker while introducing an expansion medium.
On day 10, an assessment of the expansion was conducted; if a significant neuroepithelium
formation was noted, identifiable by the budding on the surface of the organoids, the
medium was then substituted with the maturation medium. Throughout the maturation
phase, media exchanges were performed every two days, and the culture was sustained on
a shaker for a minimum of 10 days to ensure appropriate development.

2.3. Assembly of the MEA System

The MEA system consists of three distinct layers, as shown in Figure S1a. The top layer
is a 12 mm-diameter glass ring serving as a culture chamber. The middle layer is a printed
circuit board (PCB) that connects to the underlying MEA, ensuring proper electrical signal
transmission (Figure S1c). This PCB has connectors compatible with external amplifiers
used for electrophysiological data acquisition. The bottom layer consists of a custom-
designed 32-channel planar MEA to detect and record the electrical signals. The three
layers are bonded together using polydimethylsiloxane (PDMS), which is applied carefully
along the edges to seal the structure.

2.4. Pt Black Electrochemical Deposition

The electrochemical deposition of Pt black was carried out using the IM6ex electro-
chemical workstation (ZAHNER elektrik, Kronach, Germany), along with THALES-XT
software (version 3.1.2) for current-controlled electrodeposition. A two-electrode configu-
ration was adopted where the Pt wire served as the anodic electrode, and the homemade
MEA was the cathode electrode. The precursor solution for deposition was 0.8 wt% chloro-
platinic acid. A current density of 0.5 mA/cm2 was applied for 5 to 8 min to achieve
Pt black deposition onto the surface of the homemade MEA. The optical microscope
images of the microelectrode MEA before and after Pt black deposition are shown in
Figure 1d and 1e, respectively.

2.5. Electrochemical Impedance

Electrochemical impedance spectroscopy studies were performed with an impedance
measurement unit (IM6ex, ZAHNER elektrik, Germany). A standard three-electrode
configuration was used for the electrochemical impedance measurements, wherein the
homemade MEA, a Pt wire electrode and a standard Ag/AgCl electrode are employed as
the working electrode, the counter electrode and the reference electrode, respectively. To
ensure statistical validity, no fewer than three frequency sweeps were conducted for each
assessment with frequencies ranging from 1 MHz to 1 Hz. All experiments were carried
out in a 1× PBS solution at a temperature of 25 ◦C.

2.6. Sterilization Procedures

The MEA system underwent a sterilization process to ensure contamination-free
operation. Initially, the entire assembly, comprising the glass ring, PCB, and MEA, was
subjected to guarantee thorough decontamination. Subsequently, the system was exposed
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to ultraviolet (UV) light for 30 min to eliminate any residual surface contaminants. Prior to
use, the glass ring chamber is filled with DMEM/F12 medium and incubated at 37 ◦C for
30 min to establish a stable environment for the cerebral organoid experiments.

2.7. Electrophysiological Recordings

Electrophysiological activities from the organoid samples were recorded using the
Blackrock CerePlex Direct voltage amplifier connected to a 32-channel Blackrock µDigital
headstage. The connection between the amplifier and the equipment was established
through a custom-designed PCB. To minimize electrical noise, the culture medium of the
organoid samples was grounded. A sampling rate of 30,000 samples per second was utilized
to ensure high-resolution data collection. Furthermore, a bandpass filter (Butterworth,
4th order) was applied to meet the analysis requirements.

2.8. Drug Testing

Cerebral organoids were cultured in a neural maturation medium, and 30 mM KCl
was utilized in the drug testing. Baseline recordings were obtained both before and after
the administration of drugs. The drugs were introduced into the culture system via a
micropipette. After each test, the samples were rinsed for three times with DPBS to
eliminate any residual compounds. Electrophysiological recordings were conducted over a
5 min period after KCl administration. For consistency, subsequent analysis focused on
the spike rate during this initial minute following stimulation, which was compared to
baseline conditions. The spike rate was quantified as the number of spikes detected within
this 1 min window.

2.9. Statistical Analysis

All the data are presented as the means ± standard deviations for at least three
repeats. The data were subjected to statistical analysis using a student’s t-test. p < 0.05 was
considered statistically significant.

3. Results
3.1. Impedance Evaluation of the MEA

Electrochemical impedance measurements were carried out to evaluate the perfor-
mance of the 32-channel planar MEA before and after the deposition of Pt black. Figure 2a
illustrates the impedance magnitude before and after Pt black deposition. Figure 2b demon-
strates that at a frequency of 1 kHz, the impedance significantly decreased by more than
tenfold following Pt black deposition, from 24,117.35 ± 1770.29 (SE, Standard Error) Ω to
1840.38 ± 43.90 (SE) Ω (t = 12.58, p < 0.001). This reduction is attributed to the increased
effective surface area provided by the Pt black, which enhances charge transfer at the
electrode interface, improving the electrode’s sensitivity for neural signal detection. Fur-
thermore, Figure 2c shows the phase response before and after Pt black deposition. A
notable shift in the phase was observed at low frequencies, indicating enhanced capacitive
coupling following Pt black modification. The phase shifted from −60.55 ± 0.57 (SE)◦ to
−28.50 ± 1.75 (SE)◦ (t = 49.07, p < 0.001), further confirming the improvement in electrode
performance post-modification, as illustrated in Figure 2d.
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Figure 2. Modification and characterization of the MEA: (a) electrochemical impedance spectroscopy
(EIS) of the recording MEA sites before modification with Pt black; (b) an average impedance of
32 sites at 1 kHz decreased from 24,117.35 ± 1770.29 (SE) Ω to 1840.38 ± 43.90 (SE) Ω (t = 12.58,
p < 0.001); (c) phase distribution characterization of the recording sites before modification with
Pt black; (d) average phase of 32 sites at 1 kHz changed from −60.55 ± 0.57 (SE)◦ to −28.50 ± 1.75 (SE)◦

(t = 49.07, p < 0.001). Statistical analysis was performed using paired t-test.

3.2. Organoid Development

The development of cerebral organoids from hiPSCs was achieved using a stepwise
differentiation protocol facilitated by the STEMdiff™ Cerebral Organoid Kit, and the
timeline for cerebral organoid differentiation from hiPSC is shown in Figure 3a. The process
began with forming EBs on day 0, cultured in low-attachment U-bottom plates to promote
aggregation and spherical morphology. By day 5, the EBs exhibited increased cellular
density and formed organized structures, marking the onset of neural induction. On day
7, the EBs demonstrated distinctive morphological changes, including dense centers and
peripheral radial translucent bands, indicative of neural differentiation. These structures
were embedded in Matrigel to provide a 3D extracellular matrix environment supporting
further development. Organoids were then cultured on an orbital shaker in an expansion
medium to facilitate uniform nutrient and oxygen distribution. By day 10, neuroepithelial
formations with budding structures were observed on the organoid surfaces, signaling
the successful establishment of neural lineage differentiation. At this stage, the medium
was transitioned to a maturation medium to support the development of complex neural
architecture. Medium exchanges were conducted every two days, and the organoids were
maintained on the shaker to ensure consistent growth. The maturation phase extended
for at least 30 additional days, during which the cerebral organoids acquired advanced
structural features, including cortical-like regions. This approach generated organoids
capable of recapitulating early human brain development, providing a suitable model for
downstream analysis and experimental applications (Figure 3b).

To further characterize the neural differentiation and maturity of the cerebral
organoids, immunofluorescence staining for symbolic neuronal proteins was conducted at
approximately day 70, representing an intermediate time point to capture the structural
characteristics during the transition from early-stage progenitor activity to more mature
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neural organization. The presence of early-stage differentiating neurons was assessed
using the expression of neuronal precursor marker, the Doublecortin (DCX) protein, which
showed green fluorescence indicating the presence of early-stage differentiating neurons
(Figure 4a, red). Neural progenitor cells were identified by the expression of the SRY-box
transcription factor 2 (SOX2) protein, which was primarily localized in the peripheral
regions of the organoids, reflecting the undifferentiated stem cell population (Figure 4b,
purple). The presence of differentiated cortical neurons was assessed by the expression
of T-box brain transcription factor 1 (TBR1), which was detected in the deeper layers of
the organoids, indicating the successful differentiation of cortical-like neurons (Figure 4c,
green). These findings confirm the establishment of organized neural structures within the
cerebral organoids and highlight their applicability for subsequent electrophysiological
assessment using the MEA platform, as well as their potential for studying complex brain
development and disease models.
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Figure 4. Immunofluorescence characterizations of cerebral organoids on day 70 of differentiation:
(a) DCX expression (green) marking neuronal precursor cells, with DAPI (blue) counterstain-
ing for nuclear visualization; (b) SOX2 expression (red) indicates neural progenitor cells, with
DAPI (blue) counterstaining highlighting cell nuclei in the peripheral regions of the organoids;
(c) TBR1 expression (green) in differentiated cortical neurons, with DAPI (blue), counterstaining
to visualize cell nuclei, highlighting deep-layer cortical neurons within the organoid structure.
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3.3. Electrophysiological Activity Recordings

Cerebral organoids differentiated for 40 and 180 days were transferred to the custom-
designed planar MEA for electrophysiological recordings. Each recording was performed
for 5 min, with a sampling rate of 30 kHz. During signal acquisition, a 250 Hz low-pass
filter was applied to preprocess the data and suppress high-frequency noise. Figure 5a
shows that on day 40, no significant electrophysiological signals were detected, indicating
that the neural networks within the organoids had not yet matured to a functional stage. In
contrast, on day 180 (Figure 5b), spontaneous neural activity was successfully recorded,
reflecting the functional maturation of neural networks. These findings are consistent
with previous studies demonstrating that spontaneous neural activity arises in cerebral
organoids as their neural networks mature during differentiation [27]. To account for
any batch-to-batch variability, we ensured the consistency of measurements by using
organoids from the same batch, and the data were analyzed statistically to confirm that
differences observed between the D40 and the D180 stages were significant. Spiking
activity was detected across multiple channels, reflecting the functional electrophysiological
properties of the organoids. Meanwhile, bright-field imaging in Figure 5c,d suggests
that compared with day 40, the cerebral organoid on day 180 had grown significantly
in size. On day 180, representative extracellular waveforms demonstrated characteristic
spike shapes (Figure 5e), with amplitudes ranging from −200 µV to 50 µV and durations
of approximately 4 ms. Raster plots of active electrodes revealed isolated spikes and
propagating events indicative of neuronal connectivity (Figure 5f). The average spike rate
across 32 channels was 0.178 spikes per second, highlighting stable neural firing patterns.
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Figure 5. MEA recordings of cerebral organoid electrical activity: (a) representative electrophysiolog-
ical recording from cerebral organoids on day 40; (b) representative electrophysiological recording
from cerebral organoids on day 180; (c) optical microscopy image of cerebral organoids cultured
on MEA systems on day 40; (d) optical microscopy image of cerebral organoids cultured on MEA
systems on day 180; (e) representative overlaid spike waveforms captured from active channels on
day 180; (f) raster plot illustrating spike distribution across active channels within 5 min on day 180.

These findings underscore the maturation of neural networks in cerebral organoids at
later developmental stages and validate the MEA platform’s capability for stable, real-time
monitoring of spontaneous electrophysiological activity.



Biosensors 2025, 15, 173 10 of 15

3.4. Drug Effects on Cerebral Organoids

On day 180, we introduced 30 mM KCl stimulation to further investigate the pharma-
cological response of the mature neural networks. This stimulation induced a significant
increase in spike rate, demonstrating robust depolarization and activation of the neural
network, further supporting the maturation of the organoid model. To ensure that the
recorded signals truly reflect neuronal responses rather than impedance changes caused
by KCl on the electrode surface, we first assessed baseline stability by recording sponta-
neous activity from cerebral organoids prior to KCl stimulation. This provided a reliable
reference for distinguishing neuronal activity from potential artifacts. We also observed
a clear increase in firing rate across multiple channels, with distinct and heterogeneous
spike patterns, which are characteristic of neuronal depolarization rather than uniform
fluctuations caused by impedance changes. To minimize potential noise from organoid
movement or displacement during recording, we ensured that the organoids were firmly
attached to the culture substrate, and the culture medium was carefully stabilized to avoid
flow-induced disturbances. In Figure 6a, we present representative raw voltage traces from
six selected channels, illustrating the electrophysiological response under three conditions:
untreated, 30 mM KCl stimulation, and washout. Prior to KCl administration, the average
spike rate across all channels was 0.133 spikes per second. After introducing KCl, the spike
rate significantly increased to 2.4 spikes per second, indicating a robust activation of the
neural network within the organoids. Statistical analysis using a paired t-test (assuming
equal variances) revealed a significant difference between the pre- and post-KCl spike rates,
with a t-statistic of 3.825 (Figure 6b, p < 0.001). These results demonstrate the functional
maturity of cerebral organoids on day 180 and highlight the responsiveness of mature
networks to KCl stimulation. The significant increase in neural activity induced by KCl
underscores the potential of this system for studying network excitability and exploring
its applications in pharmacological research. In Figure S4, raw voltage traces from three
selected channels on day 40 and day 180 show no response to KCl on day 40, further
supporting the maturation of the neural network by day 180.
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Figure 6. Pharmacological response of cerebral organoids at late stage: (a) raw voltage traces from
six representative channels, showing the electrophysiological response under untreated, 30 mM KCl
stimulation, and washout conditions; (b) spike rate comparison across all 32 channels within 1 min
before and after KCl administration demonstrates a significant increase in neural activity, confirming
the robust activation of the neural network.

4. Discussion
This study presents the application of a custom planar MEA enhanced with Pt black

electroplating to assess the electrophysiological activity in human pluripotent stem cell-
derived cerebral organoids. We observed spontaneous neural activity and pharmacological
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responses through real-time electrophysiological monitoring, highlighting the neural con-
nectivity and functional maturity achieved in these organoids. The Pt black coating signifi-
cantly improved signal sensitivity and stability by reducing impedance, enabling reliable
and high-resolution neuro electrical recordings. Compared to prior studies, our findings
demonstrate the effectiveness of advanced electrode modifications, aligning with advance-
ments in MEA technologies aimed at optimizing long-term neural recordings (Table 1).
Our study further revealed significant insights into the response of cerebral organoids to
pharmacological stimuli. The administration of 30 mM KCl induced a substantial increase
in spike rate, indicative of enhanced neural activity due to depolarization. This finding
aligns with typical neuronal behavior observed in in vitro models and provides strong
evidence of the functional maturity of the cerebral organoid [11,31]. These pharmacological
responses not only validate the organoid model’s ability to mimic physiological changes
but also highlight its potential for modeling neurodevelopmental processes and studying
disease mechanisms. The consistent neural firing and responsiveness to external stimuli
position cerebral organoids as a promising platform for exploring dynamic neural network
activity and testing pharmacological compounds. Although molecular validation via qPCR
analysis was not included in this study, incorporating such analyses in future work would
complement the electrophysiological data by providing insights into neural differentiation
and maturation at the molecular level. Previous studies have shown that combining qPCR
with electrophysiological measurements enhances the understanding of functional matu-
ration in organoid models [32,33]. Future integration of qPCR could further validate the
progression of neural network formation and maturation, strengthening our findings.

Despite these promising findings, several limitations of this study still need to be
addressed. Although the planar MEA configuration was effective for initial electro-
physiological analysis, it lacked the spatial resolution to fully characterize the complex
3D interactions within the organoids. Despite these promising findings, several limitations
of this study still need to be addressed. Although the planar MEA configuration was
effective for initial electrophysiological analysis, it lacked the spatial resolution to fully
characterize the complex 3D interactions within the organoids. Moreover, the analysis of
network connectivity and burst patterns, which are essential for assessing the functional
maturation of organoid networks, remains challenging due to these spatial and temporal
constraints. The current system has provided valuable insights into neural network activity
over extended periods, which is an important step toward evaluating the maturation of
cerebral organoid networks. However, maintaining consistent, high-quality signals over
long durations remains a challenge and an area for further optimization. Future studies will
focus on improving the sustainability and robustness of the electrophysiological signals
to better capture the long-term development of organoid networks and their responses
to pharmacological stimuli. Such advancements will provide deeper insights into the
evolution and maturation of cerebral organoids and help enhance their potential for neuro-
logical disease modeling and drug screening. These limitations may hinder the accurate
representation of in vivo-like neural dynamics. To address these issues, future studies
should consider extending the recording duration to explore long-term neural develop-
ment and stability, providing deeper insights into the maturation processes of cerebral
organoids. Enhancing the spatial resolution of MEA designs would enable more precise
mapping of fine-scale neural network interactions. Moreover, integrating advanced compu-
tational methods, such as machine learning algorithms, could facilitate deeper analysis of
complex neural activity patterns and support applications in brain–computer interfaces
and biohybrid systems [34,35]. Finally, combining cerebral organoid models with other
technologies, such as 3D electrode arrays or organ-on-a-chip platforms, may provide a
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more comprehensive understanding of organoid behavior and improve their translational
potential for neurological research [36,37].

In conclusion, this study establishes a foundational approach for the electrophys-
iological investigation of cerebral organoids, providing a sensitive and stable platform
for neural activity analysis. By addressing current limitations and exploring new techno-
logical integrations, cerebral organoids hold great promise as models for understanding
human brain function, studying neurodevelopmental disorders, and advancing drug
discovery efforts.

Table 1. Comparison of electrophysiological techniques: custom Pt black MEA, CMOS–MEA, flexible
MEA, and traditional planar MEA.

Technology Number of Channels Applications Impedance (1 kHz) Reference

CMOS–MEA 4096 Neuronal networks 300 kΩ [38]
Flexible MEA 16 In vivo brain tissue 60 kΩ [39]
Planar MEA 16 Astrocytic cultures Not Available [40]

Custom MEA 32 Organoids 2 kΩ This work

5. Conclusions
This study successfully demonstrated the use of a custom 32-channel planar MEA with

Pt black coating to capture and analyze the electrophysiological activity of human pluripo-
tent stem cell-derived cerebral organoids. The enhanced MEA significantly improved
signal sensitivity and stability, enabling reliable detection of spontaneous neural activity
and pharmacological responses. By comparing recordings from cerebral organoids on day
40 and day 180, we observed a clear progression in neural network maturation. While no
significant electrophysiological activity was detected on day 40, robust spontaneous spiking
activity on day 180 indicated the development of functional neural networks. These results
underscore the temporal evolution of neural network activity during organoid maturation.
The observed increase in spike rates following KCl administration further validated the
responsiveness and functional maturity of the cerebral organoids on day 180, demonstrat-
ing the utility of KCl-induced depolarization as a method to probe network excitability.
This highlights the potential of this platform for investigating dynamic neural network
activity and pharmacological responses, offering a valuable tool for neurodevelopmental
research and drug testing. These findings emphasize the utility of MEA technology for
investigating in vitro neural network dynamics and the applicability of cerebral organoids
in neurodevelopmental research and pharmacological testing. This research also presents
a new experimental platform that combines advanced electrophysiological monitoring
with the study of 3D organoid models, offering new insights into neural network function,
drug response, and disease modeling. However, while the planar MEA configuration
effectively captures surface-level neural activity, it cannot fully represent the 3D electro-
physiological dynamics of cerebral organoids, limiting its capacity to reflect the spatial
complexity of neural networks. Moreover, the relative positioning of organoids and the
planar MEA is not fixed. Over time, organoids may drift within the culture system, leading
to variability in recording sites and potential inconsistencies in region-specific data during
longitudinal studies. To address these challenges, future research should focus on stabiliz-
ing the organoid–MEA interface to ensure consistent recording conditions. Improvements
in spatial resolution, electrode coverage, and advanced computational approaches, such
as machine learning for signal analysis, are also critical. These advancements could en-
hance the accuracy and reliability of electrophysiological studies, strengthening the role of
cerebral organoids in modeling complex neural networks, studying neurodevelopmental
disorders, and advancing drug screening applications.
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Future research should address these limitations by extending recording durations to
study long-term organoid development, improving the spatial resolution of electrode ar-
rays, and integrating advanced computational approaches such as machine learning. Such
advancements could expand the applications of cerebral organoids in modeling neurode-
velopmental disorders, exploring brain–computer interfaces, and developing biohybrid
systems, ultimately enhancing their role in translational neuroscience research.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/bios15030173/s1, Figure S1. Schematic diagram of MEA
system: (a) schematic diagram of the three-layer structure of the MEA system; (b) schematic diagram
of the signal output interface (A79024-001); (c) PCB layout diagram; Figure S2. SEM images of Pt black
electroplated surface: (a) SEM image of the electrode surface after Pt black electroplating, showing
increased surface roughness; (b) SEM image of the electrode surface before Pt black electroplating,
exhibiting a smoother surface; Figure S3. Statistical comparison of Diameter at D40 and D180 of
cerebral organoid development; Figure S4. Raw voltage traces from three channels following 30 mM
KCl stimulation at D40 and D180 of cerebral organoids development.
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