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Abstract
The complexity and intricacy of the brain, which is composed of billions of neurons, pose significant challenges to its study. 
Understanding neural connections and communication at the single-cell level is crucial for unraveling the brain’s functions. 
This study presents a novel strategy that utilizes magnetic nanoparticles (MNPs) and magnetic fields to manipulate neurons, 
thereby creating customized small-scale neural circuits for studying neural connections. To establish the feasibility of this 
approach, the effects of MNPs on neurons were initially investigated, demonstrating their low toxicity. Subsequently, a micro‐
magnet array (MMA) chip was employed to manipulate the neurons, facilitating their precise arrangement on the electrodes. 
Over several days, the neurons extended their axons and established connections with neighboring cells, forming small-scale 
circular neural circuits. These artificially engineered circuits offer a simplified and controlled environment for studying neu‐
ral networks in contrast to naturally occurring biological networks. Furthermore, electrophysiological recordings were con‐
ducted to investigate the connections between the manipulated neurons. This study introduces a customized small-scale neu‐
ral circuit platform with electrode-specific recording and stimulating capabilities, enabling the study of neuron-to-neuron in‐
teractions at the single-cell level. By leveraging MNPs and an MMA chip, this research offers a powerful tool for studying 
neural connections and advancing our understanding of the brain’s intricate workings.
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1　Introduction

Understanding how individual neurons connect in the human 
brain is a challenging task due to the complexity of the 
brain and the limited microscopic technologies for in vivo 
studies [1]. However, advancements in bioengineering and 
electrophysiology have provided more reproducible methods 
for studying neural networks in vitro, offering insights into 
their fundamental characteristics and mechanisms [2, 3]. In 
vitro neural network models enable researchers to examine 
the intricate processes of neural circuit formation and neuron 
culture and observe their connectivity and activities under 
controlled conditions [4]. These models shed light on circuit 
assembly, synaptic pruning, and the establishment of func‐
tional connections. Notably, in the 1990s, in vitro circuits of 
three individual mollusk Lymnaea neurons demonstrated the 
simplest yet most sophisticated examples of in vitro single-
neuron circuit functions [5]. Moreover, in vitro neural cir‐
cuits provide a simplified and controlled environment for 
studying the fundamental principles of neural function [6]. 
In vitro neural circuits offer insights into information pro‐
cessing, the generation of action potential (AP) patterns, and 
their contributions to specific brain functions [7]. Research 
has shown that two-dimensional neural circuits with distinct 
segments and designated connections hold promise for ana‐
lyzing network activities in vitro [8, 9].

In addition to advancing the understanding of neural net‐
works, in vitro neural circuits have significant implications 
for modeling and studying neurological disorders [10]. Using 
patient-derived cells or organoids, researchers can recreate 
disease-specific circuitry and observe abnormal activity pat‐
terns or dysfunctions [11]. This approach provides an oppor‐
tunity to investigate the mechanisms underlying develop‐
mental brain malfunctions, neurological damage, and neuro‐
degenerative disorders. Various disease models, including 
Alzheimer’s disease [12], Parkinson’s disease [13], and amyo‐
trophic lateral sclerosis [14], have been established using 
brain-organoid tissue cultures. Furthermore, in vitro neural 
circuits are crucial testing grounds for developing neuropros‐
thetic devices and brain–machine interfaces [15]. By inter‐
facing with cultured neural circuits, researchers can explore 
the bidirectional communication between artificial devices 
and neurons, paving the way for advanced prosthetics, neural 
implants, and brain-controlled technologies [16]. Intrigu‐
ingly, research has demonstrated that in vitro neural circuits 
can execute sequential game tasks, showcasing the ability 
of neural cultures to self-organize activities in a goal-
directed manner and validating the “free energy principle” 
theory [17].

Despite the progress in neural network modeling in vitro, 
previous models have been limited in their ability to study the 
intricate details of neural connections due to their complexity 
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and randomness [18]. This study proposes a novel approach 
that focuses on single-cell studies, offering several advan‐
tages over traditional Petri dish cell cultures. Single-cell 
studies provide high-throughput capacity, simpler interac‐
tion models, and the potential to reveal individual differ‐
ences [19]. Various techniques have emerged for manipulat‐
ing cells, such as dielectrophoresis (DEP) [20], magnetic 
fields [21–23], acoustic waves [24], and on-chip microstruc‐
tures [25]. Although DEP has been used to capture two types 
of cells in one microchamber for studying cell interactions, 
it is unsuitable for neurons because of the potential damage 
caused by electrical fields [26]. Magnetic fields combined 
with magnetic nanoparticles (MNPs) offer a promising av‐
enue for single-cell manipulation due to the low toxicity to 
cells [27, 28]. Biocompatible MNPs [29], particularly iron 
oxide (FeO) nanoparticles with sizes on the order of tens of 
nanometers, have been extensively investigated in neurosci‐
ence for neuron labeling and imaging [30], neurite regenera‐
tion and guidance [31], and single-cell manipulation [32].

This study presents a novel approach for manipulating indi‐
vidual neurons on a micromagnet array (MMA) chip using 
magnetic fields. The magnetic manipulation system com‐
prises a medium reservoir, an MMA chip, and a magnetic 
field generator (Fig. 1a). Each electrode captures an individual 
neuron, forming a specific-shaped neural circuit (Fig. 1b). 
Magnetic force and potential were utilized to induce MNPs 
into neurons, rendering them superparamagnetic and ame‐
nable to manipulation in a magnetic field (Fig. 1c). Neural 
signals were recorded from stimulated neurons as input and 
other neurons within the circuit as output using a neural 
signal recording system with a printed circuit board (PCB) 
adaptor (Fig. 1d). In addition, the interactions between neu‐
rons and MNPs were investigated by observing the responses 
of human stem-cell-induced cortical neurons to different types 

of MNPs. The effects on neuron viability, neuromorphol‐
ogy, and electrophysiology were assessed using both bovine 
serum albumin (BSA)-polyethylene glycol (PEG)-coated and 
uncoated MNPs. These findings have promising implica‐
tions for the utilization of MNPs in neuron biology research 
and clinical treatments for brain disorders.

2　Materials and methods

2.1　Principle of cell manipulation based on 
the magnetic field

Figure 1c illustrates the principle of magnetized neurons 
driven by the magnetic field and captured by micromagnet 
electrodes. Normally, neural cells are not subjected to any 
force in a magnetic field. However, when cells are magne‐
tized with MNPs, they have superparamagnetic properties 
and are subjected to a magnetic force Fm under the action 
of a magnetic field, as shown in Eq. (1):

Fm = (m∇) B = μ0(m∇) H = 1
2 μ0 χV∇H2, (1)

where B is the magnetic flux density, m is the magnetic mo‐
ment of the cell, χ is the magnetic susceptibility of the cell, 
V is the volume of the cell, and H = B/μ0 is the magnetic 
field strength. Meanwhile, the cell has magnetic potential 
energy Um, as shown in Eq. (2):

Um = −μ0mH = − 1
2 μ0 χVH2. (2)

Therefore, the cell is attracted to the cobalt (Co) electrode, 
where the local magnetic field strength is maximized and the 
magnetic potential energy is the lowest.

Fig. 1  Synthetic diagram of customized neural circuits using magnetic single-cell manipulation. (a) Components of the MMA system. (b) Pro‐
cess of building a specific-shaped neural circuit. (c) Principle of magnetic single-cell manipulation. (d) Neural signal recording by a commercial 
recording system with a PCB adaptor
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2.2　MNP fabrication and characterization

The FeO cores were synthesized according to the methodol‐
ogy described in Ref. [33], resulting in nanoparticles with 
an average size of approximately 20 nm. The synthesis pro‐
cess involved the coprecipitation of ferrous (Fe2+) and fer‐
ric (Fe3+) ions in an alkaline solution. Specifically, 24.3 g 
FeCl3·6H2O and 16.7 g FeSO4·7H2O were dissolved in 
200 mL deionized (DI) water under a nitrogen atmosphere 
and heated to 75 °C. Subsequently, a total of 45 mL of 25% 
(volume fraction) ammonia solution was gradually added to 
the vigorously stirred mixture. After 1 h reaction, the solu‐
tion was cooled to room temperature, and the particles were 
collected using a magnet, washed with DI water five times, 
and dispersed in DI water.

To modify the nanoparticles with PEG, methoxy-PEG-
silane with a molecular weight of 5000 was obtained from 
Nanoeast Biotech Co., Ltd. (Nanjing, China). MNPs were 
washed twice in ethanol, centrifuged, and dried at 110 °C 
for 1 h, followed by overnight vacuum-drying. Next, 15 mg 
of dried nanoparticles were dispersed in 5 mL toluene con‐
taining 3 mmol/L methoxy-PEG-silane. The mixture was 
vortex-mixed, sonicated, and incubated at 60 °C for 4 h. 
The resulting suspension was centrifuged, and the precipi‐
tates were sonicated in toluene for 10 min and washed with 
toluene and ethanol before vacuum-drying.

For the subsequent modification with BSA, a 1% (0.01 g/mL) 
BSA solution dissolved in phosphate-buffered saline (PBS) 
was prepared. This BSA solution was mixed with the nanopar‐
ticle solution at a volume ratio of 1:5 and vigorously stirred 
for 1 h at room temperature. To simulate the in vivo envi‐
ronment, the PEG-MNP and BSA-PEG-MNP suspensions 
were incubated in a 37 °C incubator for 1 week. Afterward, 
after drying at room temperature, the samples were dispersed 
on a copper grid for transmission electron microscopy (TEM) 
observation. PEG-MNPs agglomerated and adhered to each 
other after 1 week, whereas MNPs modified with BSA re‐
tained their individual, well-defined particle morphology. 
The average diameter of MNPs was approximately 20 nm, 
as measured using ImageJ.

2.3　Neural stem cell culture

Human neurons were derived from human-induced pluripo‐
tent stem cells (hiPSCs) using the neural induction protocol 
provided by STEMCELL Technologies (Shanghai, China). 
Initially, hiPSCs were induced into neural progenitor cells 
(NPCs) using the STEMdiff ™  SMADi Neural Induction 
Kit (Catalog No. 08581). NPCs were then differentiated 
into neural cells using the STEMdiff ™  Forebrain Neuron 
Differentiation Basal Medium (Catalog No. 08601). Neural 
maturation and functionality were induced using the STEM‐
diff™  Neuron Maturation Kit (Catalog No. 08510).

The iPSC line utilized in this study was commercially ac‐
quired from Sanqi Biological, Inc. (Shenzhen, China).

2.4　Immunostaining

For the fixation of neurons, 4% paraformaldehyde (PFA) was 
used to treat the cells for 10 min. Subsequently, the neurons 
were permeabilized using 0.3% Triton X-100 in PBS for 
30 min. To prevent nonspecific binding, the cells were blocked 
overnight at 4 °C in a solution containing PBS with 3% BSA 
and 0.1% Triton X-100. For the incubation process, primary 
antibodies were added to the block solution, and the mixture 
was incubated at room temperature for 2 h. Similarly, second‐
ary antibodies were subjected to the same conditions and in‐
cubated for 1 h. Lastly, to seal the coverslips, the stained 
sample was mounted with Fluoromount™ Aqueous Mount‐
ing Medium. In the experiment, microtubule associated pro‐
tein 2 (MAP2, 1: 100; Cell Signaling Technology, USA) 
and TAU (1: 1000; Cell Signaling Technology) were uti‐
lized as specific markers for the neurons. Additionally, 4′,6-
diamidino-2-phenylindole (DAPI; 1:500; Invitrogen, USA) 
was applied as a standard marker for cell nuclei.

2.5　Neuron manipulation with a magnetic 
field

A desktop magnetic field generator was custom-designed 
and purchased from Tinduan Industry (Shanghai, China), 
which could be placed under the microscope (Fig. S1 in the 
supplementary information). It contained five electromagnets, 
two in the x-direction, two in the y-direction, and one in the 
z-direction, which could be controlled independently. The 
accompanying current source was used to apply the current. 
The actual magnetic field in the chip area was measured and 
calibrated every time before the experiments using a mag‐
netic flux meter. To prevent neural deposition on the ground 
electrodes, which would disturb the signal recording, small 
droplets (approximately 20 μL) of the neuron-MNP combi‐
nation were first dripped on the working electrode area. 
Then, the magnetic field was applied to manipulate the cells 
by generating external forces from different directions to 
trigger neuron movements, pushing them to settle onto the 
designated electrodes and adhere for 24 h at 37 °C. The cor‐
responding culture media were then added.

2.6　Fabrication of the MMA chip

The MMA chip was fabricated by standard lithography and 
the lift-off technique (Fig. S2a in the supplementary infor‐
mation). Briefly, a layer of photoresist AZ1518 (Merck, 
Germany) was spin-coated on the indium tin oxide (ITO) 
glass and patterned by lithography. An acid solution con‐
taining 16% (volume fraction) HCl and 3% (volume fraction) 
HNO3 was used to etch the ITO. The excess photoresist was 
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removed using acetone. Another layer of the photoresist was 
patterned using the same steps. A layer of 100 nm Co was 
added, and the redundant Co was removed with acetone to 
complete the lift-off step. Finally, a thin photoresist was pat‐
terned using the same steps as the insulating layer.

The medium reservoir was fabricated using a reverse mold 
of polydimethylsiloxane (PDMS) (Fig. S2b in the supple‐
mentary information). A cylindrical void mold was designed 
and fabricated by a three-dimensional printer, and PDMS was 
poured into the mold. After overnight curing, the PDMS 
was demolded to obtain the reservoir. The MMA chip and 
reservoir were cleaned by plasma treatment simultaneously 
and gently fixed together.

2.7　Fabrication and characterization of poly
(3,4-ethylenedioxythiophene)-poly
(styrenesulfonate) (PEDOT:PSS) coatings

To coat the microelectrodes, the standard electroplating pro‐
cess was employed, which can be summarized as follows: 
(1) Preparation of the PEDOT:PSS electrolyte: A mixture of 
20 mmol/L PEDOT (Klamar, Shanghai, China) and PSS 
(Klamar) at 0.4% (4 g/L) was prepared in DI water. (2) Clean‐
ing the MMA chip: The MMA chip was cleaned using ac‐
etone, followed by oxygen plasma treatment to ensure a clean 
surface. (3) Connection of microelectrode pads: Platinum 
(Pt) wires were connected to the microelectrode pads using 
conducting resin, establishing electrical contact. (4) Electro‐
plating setup: The working electrode (Pt) was attached to 
the cathode, and the sample to be coated was connected to 
the anode for electroplating. (5) Deposition of PEDOT:PSS:
PEDOT:PSS deposition was carried out for 10 min at 2 V. 
Note that the voltage should not exceed 3 V to prevent de‐
lamination of the ITO electrodes. To assess the impedance 
of the microelectrodes before and after PEDOT: PSS coat‐
ing, an Intan RHX recording and stimulation system (Intan 
Technologies, Los Angeles, CA, USA) was used. The elec‐
trodes were immersed in 1× PBS solution, and the imped‐
ance measurements were performed at 1 kHz.

2.8　Neural viability, neuromorphology, and 
electrophysiology monitoring

Neural viability was assessed using a commercially avail‐
able calcein acetoxymethyl ester (calcein-AM)/propidium 
iodide (PI) staining kit (Solarbio, Beijing, China). The fol‐
lowing procedure was employed: First, the culture medium 
was carefully aspirated, and the neurons were gently washed 
with PBS thrice. Subsequently, a staining solution was pre‐
pared and added to the culture dish. The neurons were incu‐
bated at 37 °C for 15 min and observed under a fluorescence 
microscope. The resulting data were quantified using ImageJ 
and manually verified.

To monitor the neuromorphology of neurons over an 
extended period, the Incucyte Live-Cell Analysis System 
(Sartorius, Göttingen, Germany) was utilized. Neurons were 
cultured within the system, with or without nanoparticles, 
and imaged at 30-min intervals. The Incucyte equipment 
captured images of the neurons and the corresponding neu‐
rites and somas. The accompanying software facilitated the 
data collection and analysis of the neurite length and soma 
characteristics.

For recording and analyzing neural activity, the Axion 
Maestro Pro system (Axion BioSystems, Atlanta, GA, USA), 
a commercial neural signal recording system, was employed. 
Neurons were cultured on a custom-designed microelec‐
trode array (MEA) 24-well plate, which included 16 elec‐
trodes per well. This MEA plate was inserted into the Axion 
system, enabling the capture and analysis of various neural 
events, such as spikes and bursts.

2.9　TEM imaging

For TEM imaging, the neuron samples were fixed with 2% 
glutaraldehyde and 2% PFA in 0.1 mol/L sodium cacodylate 
buffer for 30 min and washed in ice-cold 0.1 mol/L sodium 
cacodylate buffer thrice. Next, cells were postfixed in re‐
duced 1% osmium tetroxide in cacodylate buffer for 1 h and 
rinsed with 0.1 mol/L sodium cacodylate buffer thrice. After 
washing with DI water thrice, cells were stained with 1% 
uranyl acetate in DI water for 1  h. Next, cells were rinsed 
with DI water, dehydrated with a graded ethanol series, and 
infiltrated with Durcupan ACM resin. Finally, ultrathin sec‐
tions were prepared, and TEM images were acquired with 
TEM (Talos L120C G2; Thermo Scientific, Massachusetts, 
USA) at 120 kV.

2.10　Scanning electron microscopy (SEM) 
imaging

To prepare the SEM sample for analysis, the following 
steps were undertaken: Neurons were initially fixed in a 
solution containing 2.5% glutaraldehyde and 2% PFA ob‐
tained from Yuanye Biotechnology (Shanghai, China). The 
fixation process was carried out at 4 °C for 1 h. The fixed 
sample was washed thrice using 0.1 mol/L phosphate buffer 
(PB) at pH 7.3 to remove any excess fixative. Subsequently, 
the neurons underwent a secondary fixation by immersing 
them in 1% osmium tetroxide (dissolved in 0.1 mol/L PB) 
on ice for 1 h. After the secondary fixation, the sample was 
gently washed thrice with DI water to eliminate the residual 
osmic acid. To facilitate SEM analysis, the sample was de‐
hydrated using a gradient of alcohol concentrations, begin‐
ning with 30% alcohol and gradually increasing to 95%. This 
was followed by three subsequent dehydration steps using 
100% alcohol. To ensure complete dryness, the dehydrated 
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sample was subjected to a critical point drying process, 
which involved replacing the alcohol with a suitable drying 
medium while preserving the sample’s structure. Finally, a 
thin layer of gold (approximately 5 nm thick) was deposited 
onto the sample surface. This gold coating served to en‐
hance the sample’s conductivity and optimize imaging dur‐
ing SEM analysis.

2.11　Energy-dispersive spectrometry (EDS) 
analysis

EDS is an advanced microbeam analytical technique that 
meticulously identifies and quantifies the elemental compo‐
sition within a sample. This process is accomplished by me‐
ticulously measuring the X-ray energies emanating from the 
interaction between an electron beam and the sample mate‐
rial, thereby unraveling the type and content of the constitu‐
ent elements. In the context of MNP analysis, a simple 
sample preparation protocol was adopted. Specifically, a 
20 μL droplet, containing 20 μg/mL MNPs, was dispersed 
onto a silicon (Si) wafer. This assembly was subsequently 
subjected to a thermal treatment at 40 °C for 30 min, facili‐
tating the evaporation of the solvent and ensuring a stable, 
dried sample for analysis. To further enhance the electrical 
conductivity of the surface, a uniform layer of 5 nm Pt was 
carefully deposited, fostering optimal conditions for subse‐
quent analysis. The prepared sample was initially visualized 
under SEM, enabling the selection of a region densely popu‐
lated with MNPs. This region was subjected to rigorous ex‐
amination using the EDS probe, which provided a compre‐
hensive elemental fingerprint of MNPs.

2.12　Acquisition and analysis of neural 
signals

The connectivity between the MMA chip in this study and 
the commercial system was established using a custom-
designed PCB. This PCB facilitated the seamless integra‐
tion and communication between the MMA chip and the 
commercial system. Data acquisition was performed using 
the neural spike setting, employing a gain of 1000× and a 
bandpass filter from 0.2 to 4.0 kHz. These settings ensured 
optimal signal capture and reduced noise interference during 
data collection. For spike detection and analysis, the AxIS 
software was employed. The spikes were identified as sig‐
nals with amplitudes exceeding a threshold of 6 standard de‐
viations (SDs) from the mean noise level. In contrast, bursts 
were defined as a minimum of five consecutive spikes with a 
maximum interspike interval of 100 ms. By implementing 
these methodologies, the connection between the MMA 
chip and the commercial system was effectively established, 
enabling precise data collection and analysis.

3　Results

3.1　Characterization of MNPs and neurons

MNPs were synthesized using the coprecipitation method as 
described above. To improve the long-term dispersion and 
reduce potential neurotoxicity, MNPs were coated with PEG 
and BSA. The morphology of uncoated MNPs was observed 
using TEM (Fig. 2a), and the dispersion of the particles is 
depicted in Fig. 2b. Results showed that these nanoparticles 
had a uniform shape, good dispersion, and a particle size of 
approximately 20 nm. To further examine the composition 
of these particles, a combination of SEM and EDS analyses 
was employed. This technique was used to examine the 
types and elemental composition within the microregion of 
MNP-treated neurons, as depicted in Fig. 2c. Due to the 
sample preparation steps, some impurities were introduced 
during sample preparation, such as Pt (coating material) and 
Si (substrate), resulting in a decreased mass fraction of Fe 
and O. The atomic number ratio could be calculated from 
the results, which is Fe:O=3:4.3, indicating the structure of 
the nanoparticles.

The attainment of neural maturity and functionality holds 
paramount significance in the intricate process of neural net‐
work formation and signaling. Emerging evidence from 
various studies underscores the intellectual prowess and 
heightened activity exhibited by human nerve cells com‐
pared to their murine counterparts [17]. To enhance the con‐
struction of sophisticated neural networks, a pioneering 
approach was undertaken to derive human neurons from 
hiPSCs, thereby harnessing the unique capabilities of the 
human neural lineage. The successful maturation of these 
neurons was meticulously validated through immunostain‐
ing procedures targeting key markers such as TAU, DAPI, 
and MAP2, as depicted in Fig. 2d.

3.2　Interaction between MNPs and neurons

Before manipulating neurons with magnetic fields, it is nec‐
essary to magnetize the neurons using MNPs. The effects of 
these MNPs on neurons were studied using SEM to observe 
the surface of neurons treated with 20 μg/mL MNPs and 
untreated neurons (Figs. 3a and 3b). Neurons exposed to 
MNPs exhibited an increased presence of the secreted mate‐
rial on their surfaces compared to normal cultured neurons, 
suggesting that adding MNPs may stimulate the secretion of 
exosomes in neurons. Furthermore, TEM was employed to 
examine the cross-sections of the neurons, revealing the in‐
ternal presence of MNPs within the vesicles (Fig. 3c), indi‐
cating that MNPs were not only absorbed on the surface of 
the neurons but also internalized by living neurons. To 
quantify the presence of MNPs within the neurons, a square 
area was selected and further analyzed by EDS, as shown in 
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Figs. 3d and 3e. Results revealed a mass fraction of 2.09% 
for Fe, providing further evidence of successful MNP endo‐
cytosis in neurons.

Next, a comprehensive study was conducted to assess the 
influence of MNPs on neurons in terms of viability, neuro‐
morphology, and electrophysiology. Neural viability was 
evaluated 24 h after the addition of MNPs using the calcein-
AM/PI staining kit as described above, as shown in Fig. S3 
(supplementary information). Neurons cultured without MNPs 
exhibited viability of >90% in the control group, as illus‐
trated in Fig. 4a. However, the addition of 10 μg/mL un‐
coated MNPs resulted in significant damage to the neurons, 
reducing their viability to <30% rapidly. In contrast, using 
BSA-PEG-coated MNPs, neural viability increased signifi‐
cantly, indicating the favorable biocompatibility of these modi‐
fied MNPs. To examine the effect of MNPs on neurites, the 
average neurite length per cell body was evaluated using the 
Incucyte Live-Cell Analysis System (Fig. S4 in the supple‐
mentary information). Specifically, somas were represented 
by pink dots, whereas neurites were depicted as yellow lines. 
Considering the balance between neural viability and manipu‐
lation efficiency, a concentration of 20 μg/mL was used. 
Neurons treated with BSA-PEG-coated MNPs exhibited a 
decrease in the average neurite length per cell body com‐
pared to untreated neurons (control group) (Fig. 4b), indicat‐
ing an impairment in neural morphological development. 
However, within subsequent hours, the neurites displayed 

renewed extension, similar to the control group, suggesting 
that the side effects are relatively minor.

To monitor neural activity, neurons were monitored using 
a signal recording system for 30 min every 3 d. Spike rates 
were counted to demonstrate the neural activity, which com‐
menced on day in vitro (DIV) 12 and reached its peak around 
DIV 27 (Fig. 4c). Figure 4d displays fragments of the origi‐
nal signals from neurons, untreated (left) and treated with 
MNPs, on DIV 27. The accompanying software was uti‐
lized to detect spikes and bursts, defining spikes as signals 
exceeding 6 SDs of the mean noise level and bursts as a 
minimum of 5 spikes with a maximum interspike interval of 
100 ms. The raster plot of spikes in Fig. 4e demonstrates 
the recording of spontaneous activity in neurons treated 
with different types of MNPs during a 1-min interval on 
DIV 27. The addition of BSA-PEG-coated MNPs only 
slightly decreased the neural activity, indicating the low 
neurotoxicity of these MNPs. To assess the long-term stabil‐
ity of the coated MNPs within neurons and in biological 
media, a 24-h culture of neurons with MNPs was followed 
by regular fresh medium changes every 2 d for 2 weeks. 
Subsequently, the neurons were dissociated and disrupted by 
suspension in water under vigorous vibration. The resulting 
solution was thoroughly mixed, and a droplet was placed on 
a copper wire mesh for TEM observation, as illustrated in 
Fig. S5 (supplementary information). Although some organic 
matter was observed to be attached, the shape of MNPs 

Fig. 2  Characterization of MNPs and neurons. (a) TEM imaging of synthesized MNPs. (b) Statistical diameter results of MNPs, demonstrating 
that the average diameter is 19.47 nm, with a uniform shape and good dispersion. (c) EDS analysis results of MNPs for element validation. The 
mass fractions of Fe and O are 12.89% and 5.28%, respectively, demonstrating that the atomic number ratio is 3∶4.3. (d) Immunostaining of neu‐
rons with TAU, DAPI, and MAP2 to demonstrate their maturation
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Fig. 4  Influence of MNPs on neurons. (a) Statistical results of neural viability after 24 h addition of MNPs. (b) Neural morphological study by 
calculating neurite length per cell body. MNPs were added at 24 h at 20 μg/mL. (c) Electrophysiological study of neurons treated and untreated 
with MNPs by recording the spike rate every 3 d. (d) Fragments of original signals from neurons, untreated (left) and treated (right) with MNPs, 
on DIV 27. (e) Raster plot of spikes from neurons, untreated (electrodes 1–16) and treated (electrodes 17–32) with MNPs, on DIV 27. Data in 
(a, c) are expressed as mean±standard deviation (n=5)

Fig. 3  Interaction between MNPs and neurons. (a) SEM imaging of normal cultured neurons, showing the smooth surface of neurons. (b) Neurons 
treated with MNPs by SEM, showing a great increase in secreted exosomes. (c) Cross-section of neurons treated with MNPs by TEM, showing 
the existence of vesicles containing MNPs. (d) SEM image of neurons with MNPs, where the area in the black frame was selected and scanned 
by EDS, to quantitatively analyze MNPs in neurons. (e) EDS results of the selected area in (d), showing that the mass fraction of Fe is 2.09%
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remained clear and stable, indicating their enduring stability 
within neurons over an extended period.

3.3　Cell manipulation on the MMA chip

Figure 5a shows the microelectrode-MMA design, where 
the working electrodes are aligned with the ground electrode 
in proximity (Fig. S6 in the supplementary information). 
The MMA comprises eight ITO electrodes, each featuring a 
central micromagnet. The ITO electrodes serve for neural 
recording, whereas the Co electrodes enable cell manipula‐
tion. To enhance the electrode biocompatibility and reduce 
the impedance, a surface coating of PEDOT:PSS was em‐
ployed (Fig. 5b). This coating resulted in a decrease in the 
electrode impedance from about 57.8 kΩ to about 10 kΩ, 
which was sustained for >2 weeks (Fig. 5c; Fig. S7 in the 
supplementary information). Additionally, the microelec‐
trodes were magnetized by placing the chip on a 4-kG (1 G=
0.0001 T) permanent magnet overnight. Subsequently, a 
PDMS medium reservoir was bonded to the MMA after 
plasma treatment, and neurons containing MNPs were intro‐
duced into the reservoir. The device was then positioned on 

a magnetic field generator, where the neurons were manipu‐
lated by the magnetic field. The entire device and operation 
process were observed under a microscope (Olympus, Japan), 
as depicted in Fig. S8 (supplementary information). To pre‐
vent the demagnetization of the micromagnets, the applied 
field strength was kept at <100 G. To determine the optimal 
concentration for neural manipulation, the neurons were sub‐
jected to a horizontal magnetic field of 100 G. As the con‐
centration of MNP treatment increased, the speed of neural 
movement also increased, as demonstrated in Fig. 5d. Cells 
treated with the same MNP concentration exhibited variable 
speeds based on the number of attached MNPs. Conse‐
quently, the error bars in the data were substantial. Neurons 
that appeared slightly darker possessed more attached MNPs 
and exhibited greater mobility. To balance cell viability and 
manipulation efficiency, 20 μg/mL MNPs were determined 
and utilized in subsequent experiments.

To identify the optimal magnetic field parameters, various 
field strengths and angles were explored using high-density 
MMAs (Fig. 5e). The capture efficiency, defined as the total 
number of captured cells divided by the total number of cells 
present 30 s after applying the magnetic field, was evaluated 

Fig. 5  MMA chip fabrication and single-cell manipulation. (a) MMA electrode design imaged by optical microscopy (left) and SEM (right). 
(b) Electroplating of PEDOT:PSS on electrodes with different electroplating times. (c) Decrease of electrode impedance after PEDOT:PSS coat‐
ing with different electroplating times. (d) Speed of neural movement under 100 G magnetic field, with different concentrations of MNP treat‐
ments. (e) Neural manipulation test on high-density MMAs for pilot study to find the best parameter for cell manipulation. (f) Capture efficiency 
under different angles and amplitudes of magnetic flux density. (g) Single-cell manipulation on two different MMAs. (h) Establishment of two 
different neural circuits on MMA. 1 G=0.0001 T. Data in (c, d) are expressed as mean±standard deviation (n=5)
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(Fig. 5f). Based on these data, the optimal replenishment 
parameters were found to be approximately 70 G with a 
− 30° angle. Excessive magnetic field strength that led to 
rapid cell movement could result in replenishment failure. 
However, a negative angle allowed the cells to slide or roll 
along the underside of the chip, facilitating capture, whereas 
a positive angle pulled the cells away from the electrode. 
The specific optimal parameters depended on factors such 
as cell size, magnetization, and environmental conditions, 
and required minor adjustments. Once all electrodes suc‐
cessfully captured an individual cell, the horizontal mag‐
netic field was removed, leaving only the vertical magnetic 
field, and the cell adhered to the wall for 5 min to strengthen 
the connection (Fig. 5g). Subsequently, the chips were slowly 
placed in the incubator and left undisturbed for 1 h, and 
1 mL culture medium was gradually added along the tank 
wall. After a few days of culturing, the cells established 
connections with each other, forming neural circuits, as de‐
picted in Fig. 5h. Due to cell migration, some cell bodies ex‐
hibited slight displacement from the electrodes.

3.4　Neural activity recording

Conductive silver glue was employed to establish the con‐
nection between the MMA chip and the custom-designed 
PCB, which facilitated the recording of electrical signals 
using the instrument, as illustrated in Fig. S9 (supplementary 
information). The PCB had the capacity to accommodate two 
chips simultaneously, thereby enhancing the efficiency of 
neural recording. To ensure the reliable formation of neural 
circuits, stimulation was performed at different positions 
within the circuit while APs were recorded from DIV 18 to 
27. In the absence of stimulation, spontaneous axonal signal 
propagation was scarcely detectable. This could be attrib‐
uted to the differentiation and culture conditions of stem 
cell-induced forebrain neurons [34] and the sparse distribu‐
tion of individual neurons, which might contribute to the ab‐
sence of spontaneous APs.

Mild stimulation was conducted at electrode 1 (Fig. 6a), 
and AP propagation was recorded at electrodes 2 and 3. The 
average peak-to-peak amplitude of the triggered APs was 
25 and 19 μV at electrodes 2 and 3, respectively. Because 
the presence of stimulated spikes can serve as a criterion for 
neural activity [15], stimulation was also introduced at the 
other two electrodes. When stimulation was applied at elec‐
trode 2 (Fig. 6b), the average peak-to-peak amplitude of the 
triggered APs was 25 and 22 μV at electrodes 1 and 3, re‐
spectively. Similarly, when stimulation was introduced at 
electrode 3 (Fig. 6c), the average peak-to-peak amplitude of 
the triggered APs was 27 and 22 μV at electrodes 1 and 2, 
respectively. Notably, minimal time lapses were observed 
among the three APs of the neurons, regardless of the posi‐
tion of the stimulation, suggesting that individual neurons 

establish physical and functional junctions, exhibiting re‐
sponsiveness to stimulation and efficient AP propagation.

4　Discussion

In this study, magnetically driven MNPs were employed to 
manipulate individual neurons, demonstrating their potential 
for morphological and functional connectivity. The mag‐
netic microrobot manipulation system utilized in this study 
offered advantages such as reproducibility, low cytotoxicity, 
and high accuracy in neural connection. Building upon the 
previous study that utilized electric fields for cell manipula‐
tion and yielded similar results [26], the magnetic microro‐
bot manipulation system was designed and optimized in this 
study, including biotechnology parameters such as biocom‐
patible coatings for magnetic beads and rearrangement of 
electrode arrays on the chip. These optimizations aimed to 
enhance neural connections. To improve the biocompatibil‐
ity of the magnetic microrobots in neuron analysis, Fe3O4 
nanoparticles were coated with dual coatings of BSA and 
PEG. This approach not only improved dispersion in the 
cell culture medium but also increased biocompatibility and 
reduced cytotoxicity. Using this method, individual neurons 
were successfully manipulated while preserving their neural 
morphology, cell viability, and electrophysiological functions. 
These findings indicated that neurons in an MNP solution 
retained their viability but showed susceptibility to MNPs, 
highlighting potential side effects that should be considered 
in the clinical use of MNPs in therapies. This technique dif‐
fers from single-cell isolation or microinjector methods, as 
it can be directly performed in the cell culture environment 
with a shorter operation time window. By coculturing with 
neurons, the magnetic microrobots can be wirelessly con‐
trolled using an external magnetic field, eliminating the ex‐
posure of cells and culture medium to the external atmo‐
sphere and significantly improving cell viability.

The proposed MNP manipulation system holds promise 
as a reliable and safer tool for designing in vitro neural cir‐
cuits. Using specifically designed chip electrodes and circuits, 
it is possible to establish specific neural circuits and enable the 
formation and connection of individual neural processes [35]. 
The control system for the magnetic field, as an integral 
part of the robotic system, plays a crucial role in the precise 
manipulation of nanosized microrobots and the formation 
of single-neuron connections or artificial neural networks 
(ANNs). Future research should evaluate whether next-
generation magnetic microrobots can directly screen and con‐
nect cells based on biochemical factors such as neural types 
(e.g., neurons expressing specific receptors or antibodies) and 
cell viability. Additionally, determining the optimal inten‐
sity of the external magnetic field will be crucial for achiev‐
ing stability in neural networks.
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The limitations of Si chips, including high energy consump‐
tion and heating issues, have prompted researchers to seek 
alternative computing approaches. By replacing electronic 
components with neurons, the computational capabilities of 
the chips can be significantly enhanced. Neurons offer inher‐
ent parallel processing abilities, enabling the simultaneous 
analysis of multiple inputs and rapid decision-making. In‐
spired by the brain’s resource allocation mechanisms, 
neurons’ energy-efficient operation holds promise for reduc‐
ing power consumption and heat generation. However, inte‐
grating neurons into the chip design presents challenges, 
including developing effective interfaces, ensuring long-
term stability, and optimizing scalability. Overcoming these 
hurdles will pave the way for the realization of highly effi‐
cient and powerful neuron-based computing devices, revolu‐
tionizing the field of computation.

Although the electrophysiological signals detected in this 
study are relatively weak, several limitations may have influ‐
enced the recording of neural activity signals on the MMA. 

The sparse density of cultured neurons after using magneti‐
cally driven MNPs to manipulate individual neurons may have 
hindered the recording of spontaneous APs. Shortening the 
operation time window and optimizing the culture medium 
(e.g., by adding potassium ions) may improve AP signals. The 
spontaneous shifting of neurons tethered to the electrodes 
could also lead to inaccurate electrophysiological recordings. 
Furthermore, differences in the electrode quality and imped‐
ance may result in varying response levels of the cells [36].

Although iPSC-derived neurons were used in this study, 
future investigations should focus on manipulating primary 
neurons, as previous studies have successfully manipulated 
primary neurons such as olfactory receptor neurons [37] 
and rat hippocampus primary neurons [38]. This method 
opens possibilities for single-cell neuron manipulation and 
electrophysiological detection, serving as a potential foun‐
dation for advanced controllable in vitro ANN models. 
Moreover, introducing controllable magnetic nanoscale mi‐
crorobots may enable the reconstruction of more complex 

Fig. 6  Electrophysiological stimulation and recording of the neural circuit. (a) Stimulate electrode 1 and record at electrodes 2 and 3. (b) Stimu‐
late electrode 2 and record at electrodes 1 and 3. (c) Stimulate electrode 3 and record at electrodes 1 and 2
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ANNs. With input and output, researchers can even accom‐
plish simple functions by training the neural networks. The 
authors envision that this magnetic microrobot manipulation 
system can be applied in other research fields, involving 
tumor cell migration/invasion studies, organoid-derived drug 
screening, and precision-medicine platforms.

Supplementary Information  The online version contains supplemen‐
tary material available at https://doi.org/10.1631/bdm.2400372.
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