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A B S T R A C T   

Micropillars have emerged as promising tools for a wide range of biological applications, while the influence of 
magnetic fields on cell behavior regulation has been increasingly recognized. However, the combined effect of 
micropillars and magnetic fields on cell behaviors remains poorly understood. In this study, we investigated the 
responses of H9c2 cells to ultramicromagnetic micropillar arrays using NdFeB as the tuned magnetic particles. 
We conducted a comparative analysis between PDMS micropillars and NdFeB/PDMS micropillars to assess their 
impact on cell function. Our results revealed that H9c2 cells exhibited significantly enhanced proliferation and 
notable cytoskeletal rearrangements on the ultramicromagnetic micropillars, surpassing the effects observed 
with pure PDMS micropillars. Immunostaining further indicated that cells cultured on ultramicromagnetic 
micropillars displayed heightened contractility compared to those on PDMS micropillars. Remarkably, the 
ultramicromagnetic micropillars also demonstrated the ability to decrease reactive oxygen species (ROS) levels, 
thereby preventing F-actin degeneration. Consequently, this study introduces ultramicromagnetic micropillars as 
a novel tool for the regulation and detection of cell behaviors, thus paving the way for advanced investigations in 
tissue engineering, single-cell analysis, and the development of flexible sensors for cellular-level studies.   

1. Introduction 

The extracellular matrix (ECM) and its interactions play a vital role 
in determining the morphology and behavior of cells, including cell 
proliferation, metabolism, adhesion, and migration [1]. Numerous fac
tors present in ECM, including its structure, stiffness, and many soluble 
factors, can directly influence cellular function and phenotype [2,3]. 
Cells have the remarkable ability to detect the forces exerted by the 
ECM’s structure and convert them into intracellular biochemical signals 
that regulate the cytoskeleton and gene expression [4]. In recent times, 
scientists have been exploring various geometries such as mushrooms, 
nanowires, nanopillars, microtube and micropillars [5–8], as well as 
different materials and fabrication techniques. Additionally, they have 
also been studying a wide range of cellular models to gain insights into 
the interactions between cells and the aforementioned microenviron
ments (i.e., geometries and materials). The modulation of microscopic 
and nano-morphology of material surfaces has been shown to be an 

extremely powerful tool for regulating cell morphology and function. In 
a study, the utilization of porous microtubes was found to expedite 
neurite growth, facilitate the direction of neuronal connections, and 
establish a robust platform for advancing therapeutic interventions and 
deepening our comprehension of neural networks [9]. HEK-293 cells 
cultured on high aspect ratio polythiophene pillars displayed a 
remarkable alteration in the cell morphology and enhanced membrane 
capacitance. Notably, there were no detrimental impacts observed on 
cell proliferation and primary neurons also had well electrophysiology 
properties and synapse number [5]. The effects of micro- and 
nano-pattern surfaces on a variety of cell functions have also been 
studied including epithelial–mesenchymal transition (EMT) of cancer 
cells [10], tumor-like aggregation and branching of glial cells [11], 
directional alignment of neurons [12,13], as well as adhesion and 
migration of fibroblasts [14]. Three-dimensional (3D) culture environ
ments exhibit better cell morphologies than 2D surfaces. The researchers 
delved into various geometric, specifically, they focused on vertically 
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aligned 3D pillar structures that were fabricated using lithography 
techniques. These structures were evaluated for their suitability in a 
broad range of biological applications [15]. Some studies revealed that 
the micropillar structures induced self-deformation of cell nuclei, ulti
mately influencing their proliferation and adhesion capabilities 
[16–18]. 

As an external, non-invasive physical stimulation, the static magnetic 
field (SMF) has been shown to impact cell function in various ways. For 
instance, it has been reported to affect the proliferation of 3T3-E1 [19], 
as well as the proliferation and osteogenic differentiation of mesen
chymal stem cells (MSCs) [20–22]. SMF has also been linked to 
increased proliferative activity of neural progenitor cells (NPCs) [23], 
and the adhesion and growth of cells [24,25]. The most likely mecha
nism is mechanotransduction, which converts the persistently weak 
magnetic forces acting on cells into internal biochemical signals. There 
are four different categories of magnetic field strength SMF, including 
weak (<1 mT, i.e. ultramicromagnetic), moderate (1 mT–1 T), strong 
(1–5 T), and ultrastrong (>5 T) [23]. Given the aforementioned sce
nario, numerous magnetic materials featuring diverse magnetic field 
strengths designed for cell usage have been developed in recent years 
[19,23,25,26]. As these materials possess intrinsic magnetic properties 
which can augment cell proliferation and adhesion, thereby presenting 
promising potential applications in the realm of cell biology. Across 
numerous academic domains, a common assumption has been that the 
energies linked to weak magnetic fields (WMF) are too trivial to hold 
biological significance. Nevertheless, several studies have reported that 
WMF can, in fact, impact biological systems in diverse ways. WMF (100 
μΤ) can reduce the apoptosis, proliferation and necrosis of rat kidney 
cells, but increase these in astrocytes cells [27]. It was also found that 
WMFs (200 μΤ) can alter stem cell proliferation and differentiation 
through ROS accumulation and heat shock protein 70 expression [28]. 
Additionally, a separate study has indicated a slight increase in oxidative 
stress associated with weak SMF (WSMF) (0–600 μΤ) exposure, while 
concentrations of superoxide and NO decrease [29]. However, there has 
been limited research conducted on the effects of WSMF on cell cultures, 
leaving the precise mechanisms by which WSMF (<1 mT, i.e., ultra
micromagnetic) interacts with cells largely unknown. For the first time, 
we combined the ultramicromagnetic field with the micropillar struc
ture to explore the role of the ultramicromagnetic field in the interaction 
between cells and substrate morphology. 

Therefore, in this study, the primary objective is to investigate the 
influence of magnetic 3D structures on cell function with WSMF. We 
have embedded sufficient NdFeB particles into PDMS to fabricate a 
novel magnetic micropillar array. These micropillars were then 
magnetized using a magnetizer to transform each one into a tiny 

permanent magnet with WSMF of approximately 80 μT. Cardiovascular 
disease ranks among the foremost global health concerns. Car
diomyocytes, as the pivotal muscle cells responsible for heart ventricular 
contraction and relaxation, hold paramount importance. Consequently, 
comprehending the mechanical and physical attributes of car
diomyocytes assumes critical significance. Adhesion of cells to the 
sensor surface can affect the contractility of cardiomyocytes [30]. 
Moreover, the three-dimensional microenvironment plays a pivotal role 
in governing the maturation response of cardiomyocytes induced by 
their surroundings [6,31]. Thus, in our investigation, we employed 
H9c2 cardiomyoblasts as the subject of study to explore the effects of the 
magnetic micropillars on the cells. We first explored the impact of WSMF 
combined with topography on the biological behavior of H9c2 cells. The 
results showed that the micropillar substrates induced the morpholog
ical change and nuclear deformation in H9c2 cells. Ultramicromagnetic 
micropillars have been found to enhance cell proliferation, adhesion, 
and cytoskeleton remodeling, compared to the pure PDMS micropillars. 

2. Materials and methods 

2.1. Fabrication of magnetic micropillar arrays 

A silicone female template for casting micropillar array substrates 
was fabricated by Deep Silicon Etching. PDMS, curing agent and NdFeB 
were mixed at a 10:1:10 ratio. The mixture was degassed under vacuum 
for ~5 min and was cast onto the silicon mold. Then, the excess of 
mixture on the surface has been wiped to observe the cells growing on 
the micropillars by optical microscope. Then, a normal PDMS solution 
was poured over the template and degassed under a vacuum for ~5 min. 
The whole device was cured at 80 ◦C for 2 h. A micropillar array sub
strate was then peeled away from the template. The micropillar array 
substrate was finally magnetized by a commercial magnetizer (MA- 
3030, Jiu Juok, Shenzhen, China) under a constant magnetic field of ~3 
T to obtain the magnetic micropillars. In this study, the pillar diameter D 
was 5 μm, and their length L was 10 μm. The center-to-center spacing of 
the pillars was 15 μm (Fig. 1). 

2.2. Cell culture 

H9c2 rat cardiomyoblasts were purchased from MINGZHOUBIO 
(B164546, Ningbo, China) and cultured on micropillar arrays with 
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, USA) containing 
10 % fetal bovine serum (FBS, Gibco, USA) Glutamine (2 mM), penicillin 
(100 units/mL), and streptomycin (0.1 mg/mL) at 37 ◦C in a humidified 
5 % CO2 incubator. Before culturing cells, micropillar plates were UV- 

Fig. 1. Ultramicromagnetic micropillar arrays as substrates of H9c2 cells. Schematic representation of magnetic micropillar-fabrication process.  
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sterilized for 1 h and incubated with the 10 μg/mL Fibronectin (F8180, 
Solarbio, Beijing, China) for 1 h. The H9c2 cells were then plated on flat, 
PDMS-Pillar and NdFeB/PDMS-Pillar groups at a density of 5 × 105 

cells/well, respectively. 

2.3. Reactive oxygen species (ROS) levels in vitro 

H9c2 cells were cultured on the different micropillar groups and flat 
substrate for 48 h, respectively. Then, cellular ROS levels were detected 
using a DCFDA-Cellular ROS Detection Assay Kit (CA1410, Solarbio, 
Beijing, China). According to the instructions of the manufacturer, 10 
μM 2′,7′-dichlorofluorescin diacetate (DCFDA) was added at 37 ◦C for 30 
min, and fluorescence was measured using an inverted fluorescence 
microscope (Olympus, Japan) and Flow cytometer (Miltenyi, MACS
Quant, Germany). 

2.4. Cell viability and proliferation analysis 

Cell viability was checked after 48h culture on the micropillars using 
LIVE/DEAD Cell Imaging Kit (R37601, Invitrogen, USA) by inverted 
fluorescence microscope. CCK-8 Assay Kit (CA1210, Solarbio, Beijing, 
China) was used to examine the cell proliferation assay. 

2.5. Staining of cells and morphological observations 

A warm phosphate-buffered saline (PBS) solution was used to wash 
cells. Then the cells on the micropillar with or without micropillar arrays 
were fixed in 4 % paraformaldehyde for 15 min and permeabilized with 
0.3 % v/v Triton X-100 with 1 % bovine serum albumin (BSA) for 
another 30 min. In order to label the filamentous actin (F-actin), we 
incubated the cells with 1 μg/mL Phalloidin-FITC (CA1620, Solarbio, 
Beijing, China) at room temperature for 30 min. We labeled cell nuclei 
with 4′,6-diamidino-2-phenylindole (DAPI) (S2110, Solarbio, Beijing, 
China) for 5 min. All samples were imaged using a Zeiss LSM 710 
confocal microscope. 

2.6. Immunofluorescence staining 

After 48 h culture in the growth medium, PBS solution was used to 
wash cells. Then, cells on the micropillar with or without micropillar 
arrays were fixed in 4 % paraformaldehyde for 15 min and per
meabilized with 0.3 % v/v Triton X-100 with 1 % bovine serum albumin 
(BSA) for another 30 min. For immunostaining of α-actinin and Con
nexin 43, the cells were incubated with 1:1000 diluted primary antibody 
of mouse monoclonal anti-α-actinin (#69758, Cell Signaling Technol
ogy, USA) and Rabbit monoclonal anti- Connexin 43 (#3512, Cell 
Signaling Technology, USA) at 4 ◦C overnight. After thoroughly rinsed 
with PBS, the cells were further treated with secondary antibody Alexa 

Fig. 2. Characteristics of ultramicromagnetic micropillar. (a) SEM images of the magnetic micropillar arrays (Scale bar, 100 μm) and the (b) PDMS/NdFeB 
micropillars and PDMS micropillars (Scale bar, 10 μm). (c) Hysteresis loop of PDMS/NdFeB micropillars with PDMS substrate and (d) PDMS/NdFeB bulk composite. 
(e) The magnetic field of magnetic micropillar arrays measured by Hall sensor. The first 30s is no-load, and the second 30s is to put the magnetic micropillar arrays on 
the sensor (f) Simulation results of the ultramicromagnetic field distribution around the magnetic micropillar arrays. 
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Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 555-conju
gated goat anti-rabbit IgG (#4480, #4413, Cell Signaling Technology, 
USA) diluted by 1:1000, and incubated at room temperature for 1 h. 
Moreover, nuclei were labeled as described in the above section. All 
samples were imaged using a Zeiss LSM 710 confocal microscope. 

2.7. ProteinSimple capillary electrophoresis immunoassay 

ProteinSimple capillary-based immunoassay (Jess system, Pro
teinSimple, San Jose, CA) is an automated capillary size separation and 
nanoimmunoassay system that incorporates and automates the entire 
protein separation and detection process using homemade antigens. 
According to the manufacturer’s protocol, the samples were mixed with 
the fluorescent 5 × master mix (ProteinSimple) and then heated at 95 ◦C 
for 5 min. Boiled samples, biotinylated protein ladder, blocking buffer, 
primary antibodies, ProteinSimple horseradish peroxidase-conjugated 
anti-rabbit or anti-mouse secondary antibodies, luminol-peroxide and 
wash buffer were loaded into the designated wells plate (12–230 kDa 
Pre-filled Plates with Split Buffer, ProteinSimple). The α-actinin primary 
antibodies were diluted at 1:50. The plates and capillary cartridges were 
loaded into the instrument. Digital images were analyzed using Compass 
for SW software. 

2.8. The formula of four shape descriptors in cell nuclei 

Circularity or Roundness is a measure of how closely the shape of 
an object approaches that of a perfect circle. It is calculated as the ratio 
of the area of an object to the area of a circle with the same perimeter. 
This value equals 1 for a circular object and less than 1 for others. Aspect 
ratio is a measure of how elongated or flattened an object is. It is 
calculated as the ratio of the maximum length to the minimum length of 
an object. This value equals 1 for a square or circular object and greater 
than 1 for an elliptical or rectangular object. Solidity is a measure of 
how convex or concave an object is. It is calculated as the ratio of the 
area of an object to the area of its convex hull. This value equals 1 for a 
convex polygon or circle and less than 1 for others. 

2.9. Statistical analysis 

All experiments were performed with at least three replicates per 
group. The data shown are representative of these experiments and are 
presented as the mean ± SD. Statistical differences were analyzed using 
a t-test. Statistical analysis was conducted using GraphPad Prism 7.0 
software, and statistical significance was declared as *p < 0.05, **p <
0.01 and ***p < 0.001 vs Flat group, #p < 0.05, ##p < 0.01 vs PDMS- 

Pillar group. 

3. Results 

3.1. Fabrication and characterization of PDMS/NdFeB-pillar 

The PDMS/NdFeB-Pillar were fabricated on PDMS films for high 
transparency to facilitate observing the cells growing on the micropillars 
by optical microscope. The finer details of the micropillars were clearly 
displayed through SEM. Some representative images of the micropillar 
array are shown in Fig. 2a and b. The images demonstrated that 
micropillars have a diameter of 5 μm, spacing of 15 μm, and height of 10 
μm. The dimensions of the micropillars were confirmed to be appro
priate for cells to grow on the pillar surface, as shown in Fig. 3a, d for the 
inverted microscope bright field and SEM images of H9c2 cells on the 
micropillar array. 

Due to the large coercive field and remanence strength of NdFeB and 
the biocompatibility of PDMS, NdFeB particles and PDMS were mixed to 
realize the flexible magnets that can be used in biomedicine [32,33]. The 
M − H curve of the PDMS/NdFeB-Pillar (Fig. 2c) and PDMS/NdFeB 
composites (Fig. 2d) were measured by a physical property measure
ment system (PPMS) (see Fig. S1 of the samples for the hysteresis 
measurement). Regarding with the magnetic particle concentrations, we 
have explored the cell proliferation after 48h cell culture on different 
substrates. We found that different ratio (1:1 or 1:2) of PDMS: NdFeB 
micropillar had no significant difference in cell proliferation (Fig. S2). 
However, the higher NdFeB ratio (1:2) would increase the micropillar 
elastic modulus (Fig. S2 of the elastic modulus formula), which was not 
conducive to mold perfusion. Thus lead to the great difficulty on tem
plate demolding and cannot maintain pillar structures, therefore a 1:1 
ratio of NdFeB to PDMS was selected in this study. In order to determine 
the specific magnetic field range of the micropillars, the Hall element is 
used to detect the magnetic field of the PDMS/NdFeB-Pillar. As shown in 
Fig. 2e, (see Fig. S3 of the Hall element detection method), the magnetic 
field is approximately 80 μT. Fig. 2f also shows the simulation results of 
the magnetic field distribution around the PDMS/NdFeB-Pillar (see 
Method S1 of simulation method). 

3.2. The morphology and growth of H9c2 cells on an ultramicromagnetic 
micropillar array 

Morphology is an important index for cell growth. H9c2 cells adhere 
to flat culture plates forming a monolayer of tightly compact cells that 
indicates healthy (Fig. 3d). Flat and micropillar arrayed substrates could 
maintain both the normal growth and adhesion of cells. Fig. 3a compares 

Fig. 3. The morphology and growth of H9c2 Cells on the micropillar arrays and flat substrates. (a) The image of cell morphology and number changes along with the 
time on different substrates under bright field (Scale bar, 200 μm). (b) After 48h culture on different substrates, the viability of H9c2 determined by LIVE/DEAD kit, 
live (green), dead (red) (Scale bar, 200 μm). (c) H9c2 cell proliferation curve detected by CCK-8 kit. Each group started with the same number of cells. (d) SEM 
images and schematic diagram of H9c2 cells growing on the micropillars and flat substrates (Scale bar, 20 μm). 
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Fig. 4. Nuclear responses of H9c2 cells grown on the micropillar arrays and flat substrates. (a) Representative confocal fluorescence micrographs of nuclei in blue of 
H9c2 cells with various grown substrates at 48h culture time respectively. Comparisons of parameters (b) circularity, (c) axis ratio, (d) roundness, and (e) solidity; (N 
= 100); **P < 0.01, ***P < 0.001 vs Flat. ##p < 0.01 vs PDMS-Pillar. 
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time-dependent morphological changes in H9c2 cells grown on a flat 
substrate and two types of micropillar arrays (i.e., PDMS/NdFeB-Pillar 
and pure PDMS-Pillar). While H9c2 cells grown on a flat substrate 
formed clusters of cells with a spindle-to-stellate-shaped morphology 
when cultured for a long time, those grown on micropillar arrays 
became markedly elongated and smaller. The morphology of cells grown 
on micropillar arrays exhibited distortion, the cell adhesive area was 
reduced, and the micropillars were stirred by the close connection be
tween the cells and the micropillars. The morphology of cell growth on 
the flat and micropillar substrates observed by SEM was shown in 
Fig. 3d. 

There was no significant cell death (red) in each group indicating 
that the PDMS/NdFeB-Pillar array possesses great biocompatibility 
(Fig. 3b). To further evaluate the effects of different substrate 
morphology on cell proliferation and viability, we compared the pro
liferation of cells grown in each group. H9c2 cells were cultured in flat 
and micropillar plates for 72 h, and it was found that there was a sig
nificant difference in cell proliferation between the flat group and 
micropillar arrays (Fig. 3c). It is noteworthy that magnetic PDMS/ 
NdFeB-Pillars can positively modify cell proliferation compared to 
PDMS-Pillars. 

Consistent with the above, static magnetic fields can ameliorate cell 
proliferation even in the presence of ultramicromagnetic fields (<0.1 
mT). 

3.3. Micropillar array leading to self-deformation of cell nuclei 

The micropillar arrays were reported to deform nuclei, the largest 
and stiffest organelle in a cell, which plays a vital role in regulating cell 
behavior [34,35]. The H9c2 cells cultured on flat and micropillars 
substrates were fluorescently stained to investigate the nuclear re
sponses. As shown in Fig. 4a, the representative confocal fluorescence 
images presented the nuclei (blue) of the cells which were cultured for 
48h in a growth medium. Cells grown on the micropillar exhibited 
obvious nuclear deformation compared to the flat substrates. The 
quantitative analysis of the nucleus shape distortions was calculated by 
the following shape descriptors: circularity, roundness, solidity, and 
aspect ratio and these four descriptors are dimensionless (Table 1). The 

related results were presented in Fig. 4 b-e. Circularity is a measure of 
how close a cell nucleus to a perfect circle; circularity of 1.0 indicates a 
perfect circle whereas the value approaches 0.0 means an increasingly 
elongated shape. The circularity values were around 0.90 in cells 
cultured on the flat substrates. On the micropillar array, however, 
circularity values were substantially lower and close to 0.70 indicating 
the cell nuclei deformed severely. Compared with the flat group, the 
micropillar groups with or without a WSMF had lower roundness, so
lidity and higher aspect ratio. These data confirmed that the micropillar 
induced the deformation of the cell nuclei, and the WSMF did not pro
vide obvious effects on the cell nuclei deformation induced by the 
topography in macroscopic scales. 

3.4. Biophysical characteristics of H9c2 cells grown on micropillar arrays 

Cell adhesion and contractility are important biophysical states of 
the cell. To explore the biophysical properties of the cells grown on 
ultramicromagnetic micropillars, we first performed a trypsin-induced 
deadhesion assay-an excellent tool for exploring cell biophysical prop
erties, as shown in Fig. 5. For the deadhesion experiment, the cells were 
incubated with trypsin–EDTA. The cells were imaged at intervals of 10 s 
until the cells became round and detached (see Fig. S4 of the detailed 
instructions). As shown in Fig. 5a–c, the cells grown on the flat sub
strates took less time to shrink and detach than those on micropillars. 
The temporal change of the normalized cell area was fitted with the 
Boltzmann sigmoidal equation, which yielded time constants x0 
(cell–substrate adhesion) and dx (contractility) (Fig. 5d). The calculated 
parameters were shown in Fig. 5e. The longer x0 meant the stronger cell 
adhesion, and the shorter dx, illustrated the higher contractility. Thus, 
these data suggested that the cells cultured on the micropillar array 
obtained stronger adhesion and less contractility compared to those 
cultured on the flat plate. Although all the data indicating that weak 
magnetic fields do not appear to significantly affect cell biophysical 
properties on a macroscopic scale (which may not be sensitive enough to 
reflect the influence of ultramicromagnetic fields), such as cell adhesion 
and nuclei deformation. We further explored the effects of the ultra
micromagnetic micropillar arrays on the detailed biochemical proper
ties of H9c2 cells. 

Table 1 
The formula of four shape descriptors and hypothetical distortions in undeformed. 
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Fig. 5. Deadhesion dynamics of H9c2 cells on flat, PDMS-Pillar and PDMS/NdFeB-Pillar substrates. (a, b, c) Images of deadhesion of the H9c2 cells on (a) flat, (b) 
PDMS-Pillar and (c) PDMS/NdFeB-Pillar surfaces (Scale bar, 50 μm). Red dotted lines indicate the area of the cells at different time. Scale bar: 50 μm. (d) Data 
analysis using Boltzmann sigmoid equation. (e) Normalized area of the representative cells on flat and micropillar surfaces as a function of time. Data were fit to a 
Boltzmann sigmoidal curve. The x0 and dx values of representative curve are in the table of (e). (f) Violin plots of x0 on flat and micropillar array (N = 8). *P < 0.05, 
***P < 0.001 vs Flat. 

Fig. 6. The cytoskeleton of H9c2 Cells on flat, PDMS-Pillar and PDMS/NdFeB-Pillar. (a, b, c) Representative confocal microscopic images of H9c2 cells after 48 h 
culture on (a) flat, (b) PDMS-Pillar and (c) PDMS/NdFeB-Pillar (Scale bar, 100 μm). F-actin (green) and cell nuclei (blue) were visualized through fluorescent 
staining. (d) Fluorescence micrographs captured by scanning along the Z direction were used to construct cell 3d reconstruction. (e) The mean fluorescence intensity 
of F-action in H9c2 cells seeded for 48 h, on flat, PDMS-Pillar and PDMS/NdFeB-Pillar. **P < 0.01 vs Flat. #p < 0.05 vs PDMS-Pillar. (f) SEM image and schematic 
illustration of elongated and arranged actin stress fibers on flat and micropillar arrays (Scale bar, 20 μm). 
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3.5. The cytoskeleton changes of H9c2 cells on ultramicromagnetic 
micropillar arrays 

The deadhesion dynamics highly depends on the structure and me
chanics of the intracellular cytoskeleton. Actin is a family of abundant 
and highly conserved cytoskeletal proteins in all eukaryotic cells [36]. 
Thus, the cytoskeleton of respective groups were observed after seeding 

for 48h by stained the F-actin with phalloidin-FITC in Fig. 6a-c. It was 
found that the area of the cells on the micropillar substrates decreased 
substantially compared to the flat substrate. The results showed that the 
area of cells on the micropillar substrate decreased significantly 
compared with that on the flat, and the shape of cells changed signifi
cantly, becoming slenderer and presented thickness enhancement in Z 
direction, the micropillars appear imprinted into the cytoskeleton. 

Fig. 7. The Expression of α-actinin, and Connexin 43 in Cells on flat, PDMS-Pillar and PDMS/NdFeB-Pillar. (a, b, c) Representative confocal microscopic images of 
H9c2 cells after 48 h culture on (a) flat, (b) PDMS-Pillar and (c) PDMS/NdFeB-Pillar (Scale bar, 100 μm). α-actinin (green), Connexin 43 (red) and cell nuclei (blue) 
were visualized through immunofluorescent staining. (d, e) The mean fluorescence intensity of α-actinin (d) and Connexin 43 (e) in H9c2 cells seeded for 48 h, on 
flat, PDMS-Pillar and PDMS/NdFeB-Pillar. **P < 0.01 vs Flat. ##p < 0.01 vs PDMS-Pillar. (f) α-actinin and Connexin43 protein levels determined by capillary 
electrophoresis immunoassay. 

Fig. 8. The ROS level in Cells on flat, PDMS-Pillar and PDMS/NdFeB-Pillar. (a, b) Representative confocal microscopic image of H9c2 cells loaded with DCFH-DA for 
30 min (Scale bar, 200 μm), DCF fluorescence intensity was measured by (b) flow cytometry. (c) The mean fluorescence intensity of ROS in H9c2 cells seeded for 48 
h, on flat, PDMS-Pillar and PDMS/NdFeB-Pillar. ***P < 0.001 vs Flat. ###p < 0.001 vs PDMS-Pillar. 
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Unlike cells that grown on the flat adhering to each other, the bound
aries between cells on micropillars were more obvious, which was more 
suitable for single cell research. The F-actin fluorescent intensity 
increased at the top of the micropillars. Moreover, the actin stress fibers 
of cells on the micropillar were aligned diagonally parallel to the gaps, 
while the cells on the flat had random orientation stress fibers (Fig. 6f), 
indicating that the cells rearranged cytoskeleton to fit the shape of the 
micropillar arrays. Compared to the well-defined filaments in cells 
grown on flat, H9c2 cells deformed on micropillar arrays displayed a 
quite diffuse actin network. We also carried out z-stack 3D scanning of 
the F-actin of H9c2 cells cultured on the micropillar arrays and flat plate, 
and restored cell growth morphology on the micropillar array by 3D 
reconstruction (see Method S2 of the 3D reconstruction method). The 
degree of red color indicates flatness, and the lighter the red color, the 
greater the thickness in the z-axis direction of cell growth. As shown in 
Fig. 6d, cells growing on ultramicromagnetic micropillars were more 
stereoscopic than those on PDMS micropillars. The mean fluorescence 
intensity of F-actin in cells grown on magnetic micropillar was relatively 
higher than those on pure PDMS micropillar, as shown in Fig. 6e. These 
data suggested that ultramicromagnetic fields could mitigate the 
degradation of the cytoskeleton protein (F-actin) caused by micropillars. 

3.6. The expression of α-actinin, and Connexin-43 in cells on 
ultramicromagnetic micropillar arrays 

We evaluated the differences in cardiac marker expressions to 
investigate the effects of ultramicromagnetic micropillar on the function 
of H9c2 cells by measuring connexin-43 (Cx43) and cardiac α-sarco
meric actinin (α-actinin). Cx43 is the most ubiquitously expressed gap 
junction protein to facilitate cell-cell communication. α-actinin is the 
cardiac-specific contractile protein involved in the actin-myosin 
contraction complex. As shown in Fig. 7a–c, α-actinin and Cx43 were 
downregulated in micropillar groups compared to that in the flat group. 
Ultramicromagnetic micropillar showed more α-actinin expression than 
pure PDMS-Pillar (Fig. 7d). The same results were obtained by capillary- 
based immunoassay (Fig. 7f). These data suggested that ultra
micromagnetic micropillars ameliorate the contractility of H9c2 cells 
compared to pure PDMS micropillars. As opposed to the uniform dis
tribution on the flat substrates, Cx43 on the micropillars accumulated at 
the top of the pillar. The communication between adjacent muscle cells 
is mainly carried out by Cx43. Our results indicated reduced cell–cell 
interactions in micropillar culture conditions manifested through the 
low expression of Cx43. Micropillars can separate cells and allow them 
to grow relatively independently, enabling the study of single cells. 

3.7. The ROS production in cells on ultramicromagnetic micropillar array 

ROS act as an important physiological signaling molecule in cell 
proliferation, differentiation, and motility [37]. It has been recognized 
as crucial regulators of actin dynamics [38]. Therefore, we have detec
ted ROS levels in cells grown on flat and micropillar substrates by using a 
DCFH-DA fluorescent probe. The results showed that the cells grown on 
the micropillar had higher ROS levels than those on the flat substrates. 
However, the production of ROS in the ultramicromagnetic micropillar 
group was significantly reduced than that in the PDMS micropillar 
(Fig. 8a). ROS produced by cells growing on different substrates were 
quantitatively analyzed by Flow cytometer, and the results were 
consistent with those obtained by fluorescence microscopy (Fig. 8b and 
c). These data indicated that micropillars induced F-actin depolymer
ization is associated with ROS levels, and ultramicromagnetic micro
pillars can significantly reduce the production of ROS to facilitate cell 
growth and proliferation. 

4. Discussion 

Cells can sense and respond to substrate topography, which can 

significantly affect cellular biological function [8,17,39]. In this study, 
we have investigated the biophysical and biochemical characteristics 
tuning of H9c2 cells grown on ultramicromagnetic micropillars. We 
found that ultramicromagnetic micropillars can modify the biochemical 
characteristics of cells induced by topography but not the biophysical 
characteristics (which due to the macroscopic scale parameters may not 
be sensitive enough to reflect the influence of ultramicromagnetic 
fields). The H9c2 cells grown on micropillars exhibited elongated 
morphology, reduced cell proliferation, deformed nuclei, increased 
adhesion and decreased cell cytoskeletal. However, cells grown on 
ultramicromagnetic micropillars revealed ameliorative cell proliferation 
and augmented cell cytoskeletal, compared to PDMS micropillar arrays 
substrate. These phenomena can be attributed to the effects of the 
ultramicromagnetic fields. Some data confirmed the WMF can alter cell 
systems and functions [29,40]. Alanna et al. suggested that WMF 
exposure can alter new tissue formation as a potential therapeutic tool 
[28]. The NdFeB/PDMS ultramicromagnetic micropillar we fabricated 
can greatly weaken the inhibition of the substrate morphology on cell 
proliferation, which makes surface-like implants more biocompatible 
and more suitable for long-term function in the human body. We 
observed that micropillars lead to cytoskeletal remodeling, which can be 
further improved by ultramicromagnetic micropillars. Additionally, we 
have presented the expression of α-actinin and Cx43, which played a 
critical role in cell contraction and cell-cell communication. The results 
showed that the ultramicromagnetic micropillar could improve 
decreased expression of α-actinin induced by the micropillar arrays. The 
α-actinin most acts as cross-linking F-actin and anchoring F-actin to the 
cytomembrane for cell-cell and cell-matrix junction [41]. Therefore, the 
effect of ultramicromagnetic field on cells is mainly reflected in facili
tating communication between cells. Cells growing on the micropillar 
structure are in a relatively independent state, and the connections be
tween cells are reduced, but this phenomenon can be improved by the 
increased expression of the cytoskeletal proteins modified with the 
ultramicromagnetic micropillar field. The problem of reduced intercel
lular communication caused by normal micropillars can be solved by 
dynamic ultramicromagnetic micropillars tuning (such as micropillar 
dimensions and NdFeB particle concentrations). The nucleation, poly
merization, branching, and crosslinking of actin filament are highly 
regulated by extracellular and intracellular signal [42]. Actin itself is 
susceptible to oxidation by ROS and affects its function [43]. To un
derstand the mechanism that how the ultramicromagnetic micropillar 
affected cytoskeletal remodeling, we observed their ROS levels respec
tively, as ROS overloading has been associated with F-actin degradation 
[44,45]. Based on the results of the flow cytometry analysis, it was 
observed that ultramicromagnetic micropillars had the ability to 
ameliorate the ROS level induced by micropillars and promoted the 
polymerization of F-actin. Actin oxidation causes decreased inter-actin 
contacts leading to F-actin disassembly [36]. The resulting actin 
monomers recombine more slowly, and fragment more easily once 
reassembled [46]. ROS have the capacity to induce modifications in 
protein function (extracellular signal-regulated kinase, nuclear factor 
kappa B, phosphatidylinositol-3 kinase/protein kinase B pathway et al. 
[47]), as well as structural alterations, thereby exerting influence over a 
plethora of signaling cascades. Upon stimulation of the relevant re
ceptors and ligands, various downstream effector proteins are activated, 
consequently governing cellular growth, apoptosis, and proliferation 
[48]. The accumulation of excess ROS is detrimental for the cell growth 
and survival, as it leads to damage to cellular membranes, proteins, and 
DNA, ultimately impairing cell behavior [49]. Consistent with the re
sults of previous studies, our study shows that ultramicromagnetic field ( 
≈ 80 μT) can change in cell behavior when applied to micropillar sub
strates, with its primary effect being reflected in the reduction of ROS 
levels and alterations in the expression of biological molecules. 

The discernible influence exerted by magnetic micropillars upon 
cells primarily stems from the static magnetic field (SMF) they generate. 
The extent of alignment observed in cell structures when subjected to an 
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SMF may be associated with the intracellular composition. Diamagnetic 
anisotropy of intracellular components is the most common factor for 
the cell orientation. Structures characterized by regular arrangements, 
such as cell membranes and cytoskeletons, exhibit pronounced anisot
ropy in their shape, consequently generating diamagnetic anisotropy. 
Within this context, the cytoskeleton, protein distribution (as actin fil
aments) [50–52], experience torques, subsequently leading to alter
ations in cell morphology [53]. In our study, the magnetic micropillars 
were found to modulate F-actin disturbances induced by these micro
pillars through the static magnetic field. It is noteworthy that one of the 
recognized mechanisms underlying the action of static magnetic fields 
(SMF) in biological systems is the formation of free radical pairs [54,55]. 
Exposure to a magnetic field induces electrons to transition into singlet 
or triplet states, contingent upon the type, strength, and orientation of 
the magnetic field. This transition results in varying concentrations of 
ROS [55]. In accordance with existing literature, our results align with 
the observation that cells cultured on magnetic micropillars exhibit 
reduced ROS production in comparison to cells grown on PDMS 
micropillars. 

The ultramicromagnetic micropillar also provides a great tool for 
understanding how cardiac cells interact with the 3D environment. The 
results of the three-dimensional reconstruction showed that the cells 
grown on the micropillars had the higher height rather than tiled on the 
flat substrate. A simple strategy has been proposed to enable hiPSCs to 
form a large number of organoids in situ on micropillar arrays without 
cumbersome manual procedures [56,57]. That means when the ultra
micromagnetic micropillar arrays with the function of promoting cell 
proliferation and differentiation are applied to organoids, the potential 
efficiency of generating 3D organoids will be greatly improved. The 
rapid development of single-cell technology has accelerated the dis
covery of many biological disciplines [58]. Micropillars have the ability 
to induce distinct boundaries between cells, making them ideal for 
single-cell research. This approach can be further enhanced by 
combining it with single-cell sequencing techniques such as 
Microwell-seq [59]. 

The essence of the magnetic micropillar array is composed of small 
magnets arranged in order, which can be used for mechanical research 
of cells by applying non-invasive mechanical stimulation to cells with an 
external magnetic field. Upon application of an external magnetic field, 
cells cultivated on an array comprising both magnetic and non-magnetic 
micropillars experience forces generated by the deflected magnetic pil
lars. Concurrently, non-magnetic pillars respond by deflecting in 
response to cellular traction. This setup serves as a valuable platform for 
investigating cellular responses when situated on micropillars [60]. Due 

to its response to external magnetic fields, magnetic micropillars can be 
applied to drug delivery, droplet manipulation, cellular probe, and 
various functional surfaces [61]. Magnetic micropillar arrays can be 
flexibly programmed and reprogrammed into various local states by 
simply reading a matrix of binary digits. This versatility extends to ap
plications ranging from microscale letters and millimeter-scale QR codes 
to Chinese characters, promising advancements in various forms of 
digital mechanical metasurfaces [62,63]. While magnetic micropillars 
have made significant strides, certain challenges still impede their full 
integration into the biomedical field. Future research should continue to 
explore their applications in drug delivery, human-computer interac
tion, biosensors, and other pertinent domains. 

The magnetic micropillars functioned as flexible magnets for 
capturing micro-scaled 3D morphology, which can be integrated with 
Faraday’s law of induction [64], thereby enabling them to operate as 
sensors capable of detecting signals produced by cellular behavior. It is 
worth noting that the ultramicromagnetic micropillars are not limited to 
specific sizing and spacing requirements. The effect of magnetic field on 
a cell depends on the cell type and the strength of the magnetic field 
[52]. In terms of cell proliferation, it is apparent that the magnetic field 
exerts a more pronounced influence on HeLa cells in comparison to its 
impact on H9c2 cells. However, when considering cell morphology, the 
micropillar size utilized in this study seems to have a lesser effect on the 
morphology of HeLa cells when contrasted with its impact on H9c2 cells. 
It’s important to emphasize that the effect of a magnetic field on a given 
cell is contingent upon both the cell type and the strength of the mag
netic field. Moreover, the distinct sizes of magnetic micropillars, 
designed to align with the respective cell sizes, potentially generate 
varying magnetic fields, thereby eliciting divergent effects on the cells 
(Fig. S5). In fact, micropillar dimensions can be dynamically adjusted 
based on the shape and properties of the cells they interact with, 
demonstrating their immense potential for a wide range of applications. 

5. Conclusion 

In this study, ultramicromagnetic micropillar arrays were fabricated 
with PDMS and NdFeB particles by molding from silicon wafers. Our 
investigation revealed the profound influence of these micropillars on 
the behavior of H9c2 cells, particularly when combined with an ultra
micromagnetic field. Cells cultured on micropillars measuring 5 μm in 
diameter, 10 μm in length, and spaced 15 μm apart displayed distinct 
characteristics, including nucleus deformation, enhanced adhesion, and 
reduced cytoskeletal structure. Furthermore, the presence of the 
micropillar array resulted in a decrease in cytoskeletal organization, 

Fig. 9. Schematic illustrations of cell response to the coupling of static ultramicromagnetic field with micropillar substrate. Cells cultured on micropillars displayed 
distinct characteristics, including nucleus deformation, enhanced adhesion, reduced cytoskeletal structure (F-actin and α-actinin), and elevated levels of ROS. By 
harnessing the ultramicromagnetic static field, it has been found that ultramicromagnetic micropillars can mitigate these negative effects. 
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attributed to elevated levels of ROS (Fig. 9). However, by harnessing the 
ultramicromagnetic static field, magnetic micropillars were found to 
mitigate these effects. These findings underscore the potential of mag
netic micropillars in providing a suitable 3D microenvironment and 
precise magnetic stimulation for cells. Consequently, they represent a 
promising tool for detecting and modulating cellular behaviors, with 
broad applications in tissue engineering and the development of flexible 
sensors for in vitro cellular studies. 
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