
YALE JOURNAL OF BIOLOGY AND MEDICINE 96 (2023), pp.527-547.

Review

Advances in Regulating Cellular Behavior 
Using Micropatterns
Yizhou Lia,b, Wenli Jianga, Xintong Zhoua, Yicen Longa, Yujia Suna, Ye Zenga,*, and Xinghong 
Yaoc,*

aInstitute of Biomedical Engineering, West China School of Basic Medical Sciences and Forensic Medicine, Sichuan University, 
Chengdu, P.R. China; bState Key Laboratory of Oral Diseases & National Center for Stomatology & National Clinical Research 
Center for Oral Diseases, West China Hospital of Stomatology, Sichuan University, Chengdu, P.R. China; cRadiation Oncology 
Key Laboratory of Sichuan Province, Department of Radiotherapy, Sichuan Clinical Research Center for Cancer, Sichuan Cancer 
Hospital and Institute, Sichuan Cancer Center, Affiliated Cancer Hospital of University of Electronic Science and Technology of 
China, Chengdu, P.R. China

Micropatterns, characterized as distinct physical microstructures or chemical adhesion matrices on 
substance surfaces, have emerged as a powerful tool for manipulating cellular activity. By creating specific 
extracellular matrix microenvironments, micropatterns can influence various cell behaviors, including 
orientation, proliferation, migration, and differentiation. This review provides a comprehensive overview 
of the latest advancements in the use of micropatterns for cell behavior regulation. It discusses the 
influence of micropattern morphology and coating on cell behavior and the underlying mechanisms. It also 
highlights future research directions in this field, aiming to inspire new investigations in materials medicine, 
regenerative medicine, and tissue engineering. The review underscores the potential of micropatterns as 
a novel approach for controlling cell behavior, which could pave the way for breakthroughs in various 
biomedical applications.
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INTRODUCTION

Cells maintain extensive connections to their extra-
cellular matrix (ECM) microenvironment, and their be-
haviors can be modulated by a variety of physical, chem-
ical, and mechanical stimuli present in their surroundings 

[1-12]. The heightened sensitivity of cells to the mechan-
ical and biochemical properties of their external micro-
environment highlights the inadequacy of conventional 
cell culture platforms, underscoring the need for culture 
models with enhanced physiological relevance [13,14].

Micropatterning, a microfabrication technique that 
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amalgamates surface chemistry and materials science, 
is employed to create micro/nanoscale morphologies on 
material surface or utilize specific chemicals to form spe-
cific patterns to control the shape, size, and arrangement 
of cell adhesion. This advanced technology facilitates 
research in tissue engineering, regenerative medicine, 
and biosensors [15]. Micropatterned material can mimic 
physical and chemical signals of in situ cells, providing 
inspiration for using micropatterning to modulate cell be-
havior. Harrison [16] first identified the influence of solid 
substrates on cell morphology and movement. In 1964, 
Curtis et al. [17] pioneered the active use of physical fac-
tors to modulate cellular behavior. In 1967, Cater et al. 
[18] applied techniques from electronics to confine single 
cells to diminutive adhesion islands, which were utilized 
to decipher cell behavior. In recent years, researchers 
have employed various methods such as soft lithogra-
phy and microcontact printing to construct the desired 
micropatterns [19-22], achieving regulations of various 
cellular behaviors including cell orientation, migration, 
and polarity [21,23-26].

In this review, we categorize micropatterns based on 
the commonalities and disparities in their construction 
methods. We then focus on reviewing eight aspects of 

cell behavior regulated by micropatterns (Figure 1), with 
the aim of providing valuable insights for subsequent re-
searchers in this field.

Classification of Micropattern
Different types of micropatterns elicit varying al-

terations in cellular functions, making the selection of 
an appropriate micropattern crucial when studying cell 
function. There are two primary types of micropatterning 
approaches to stimulate cell growth (Figure 2): physical 
micropatterning, which constructs topological micro-
structures to confine cell adhesion and growth to specific 
structures, and chemical micropatterning, where light-in-
duced protein molecules are adsorbed to form specific 
patterns, thus inducing cell growth on these specific 
patterns.

Physical Micropatterning
Physical micropatterning primarily involves the 

formation of micro-pits and micro-grooves of varying 
shapes and sizes on the surface of matrix materials such 
as polydimethylsiloxane (PDMS) and hydrogels. This re-
stricts cell growth spatially and guides cells to extend in 

Figure 1. Overview of Cellular Responses to Micropatterning. Micropatterns are categorized into physical and 
chemical micropatterning techniques, both of which have the capacity to modulate various aspects of cellular behavior. 
These include alterations in cell morphology, orientation, proliferation, apoptosis, migration, polarity, and differentiation.
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the intended direction [27,28]. Physical micropatterns are 
currently constructed in two main ways: directly micro-
pattern the material to form a specific morphology, such 
as using femtosecond laser etching to create nanotextured 
micropatterns on polyimide artificial lens surfaces [29], 
and indirect preparation of micropatterns using soft li-
thography. The latter method uses the SU-8 photoresist 
obtained by UV lithography as the master mold, with the 
micropatterned mold obtained after casting and hot plate 
curing using PDMS [30]. The master mold and the sub-
strate material can be adapted to the experimental needs, 
such as using nickel molds to shape micro-patterns on the 
thermoplastic polyurethane surface [31]. Additionally, 
micro-slots and micro-pits can be docked and bonded to 
form three-dimensional physical microstructures, offer-
ing the possibility of three-dimensional cell research [32].

Chemical Micropatterning
Chemical micropatterning involves the precise ma-

nipulation of cell alignment and protein adsorption by 
constructing adhesive coatings of various shapes on sub-
strate materials. There are two commonly used methods 

for fabricating chemical micropatterns.
The first method is referred to as light-induced mo-

lecular adsorption of proteins (LIMAP). It involves cov-
ering the substrate material surface with a layer of pho-
toreactive material, such as polyvinyl alcohol (PVA), and 
adding a photoinitiator. A predesigned photomask is then 
applied, and specific areas of the coating are degraded us-
ing UV light irradiation. The adhesion protein selectively 
adheres to the areas degraded by UV light, resulting in 
the formation of an adhesion micropattern with a specific 
pattern [33-35].

The second method is microcontact printing. This 
method involves preparing a PDMS elastic stamp with 
a desired shape using soft lithography. The stamp is then 
coated with the desired protein composition and pressed 
onto a substrate to transfer the desired chemical pattern 
[36,37].

Researchers are currently exploring the combination 
of physical microstructures and chemical adhesion tex-
tures. For instance, they have been preparing polyethylene 
glycol (PEG) hydrogel microislands and modifying them 
with cell adhesion arginine-glycine-aspartate (RGD) li-

Figure 2. Methods for Fabricating Micropatterns. There are several methods employed for micropattern fabrication, 
including: (a) Direct Physical Micropatterning: This technique involves creating micropatterns directly on a substrate 
using methods such as lasers. (b) Soft Lithography: Soft lithography is a physical micropatterning method that begins 
with forming a specific shape of SU-8 photoresist as a master mold by exposing it to UV light through a mask. The 
micropatterned mold is then obtained by casting with PDMS and curing with a hot plate. (c) LIMAP (Light-Induced 
Molecular Adsorption Patterning): LIMAP is a chemical micropatterning technique used for protein adhesion. It involves 
degrading specific shapes of anti-fouling coatings through UV light exposure in the presence of photoinitiators. (d) 
Microcontact Printing: This chemical micropatterning method entails coating a layer of adherent proteins on a pre-
prepared PDMS mold, which is then imprinted onto a substrate, resulting in protein micropatterning on the substrate.
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terns, Puliafito et al. [47] designed an optically controlled 
micropillar array named Poly-DR1M, constructed from 
azopolymers, with a squared cross-section of 4 µm × 4 
µm, a height of 1.3 µm, and pillar spacings of 5 µm, 7 µm, 
9 µm, and 11 µm where each micropillar can be dynami-
cally elongated based on the polarization direction of the 
laser, creating a real-time adjustable anisotropic surface. 
These changes in surface topography induced alignment 
responses in MDA‐MB‐231 cells, Madin-Darby canine 
kidney (MDCK), and actin filaments, guided by the cues 
provided by the micropatterns.

The aforementioned patterns are all in the microme-
ter scale. However, at the nanometer scale, micropatterns 
such as nanoscale-oriented liquid crystal lattices can also 
induce cell alignment [48].

Investigations into micropatterning have extended 
beyond cellular morphology to encompass the effects on 
nuclear morphology, attracting the attention of numerous 
researchers. For instance, in the case of bone marrow 
mesenchymal stem cells (BMSCs) cultivated on arrays 
of poly(lactic-co-glycolic acid) (PLGA) micropillars 
with spacing smaller than that of the cell nucleus (eg, 6 
μm), the nucleus undergoes a notable and rapid phase of 
self-deformation followed by a slower phase of partial 
restitution of morphology. This restitution phase is con-
tingent upon cytoskeletal function. This phenomenon has 
been examined across various cell types and has revealed 
nuclear size and cell-type dependencies. The distorted 
nuclei resulting from these micropatterns lead to chro-
mosome repositioning and alterations in gene expression 
[49-52].

Chemical micropatterning: Sun et al. [53] developed 
gold stripe micropatterns (20 µm in width, inter-stripe 
distance from 5 to 80 µm) on a PEG hydrogel surface and 
seeded 3T3 cells. They observed that as the inter-stripe 
distance increased, the orientational order parameter, the 
ratio of long to short axes of a cell, and the occupation 
fraction of cells on stripes increased gradually, while 
the individual cell spreading area decreased. Salick et 
al. [54] employed microcontact printing to fabricate fi-
bronectin and matrigel-coated square micropatterns with 
varying widths (15-115 μm) and aspect ratios (1:1-11:1). 
Their findings indicated that cardiomyocytes exhibited 
more pronounced aligned growth on micropatterns with 
narrow widths (ranging from 30 to 80 μm). The aspect 
ratio of cells was influenced by the diverse aspect ra-
tios of the micropatterns, with cells elongating as the 
micropattern aspect ratio increased [55]. Employing the 
concept of dynamics, Vignaud et al. [56] used a tightly 
focused pulsed laser to degrade PEG coatings, enabling 
fibronectin adhesion and introducing new micropatterns 
composed of different arrangements of 300 nm diameter 
dots of adherent coatings alongside existing coatings, 
forming various shapes such as “I” and “V”. They ob-

gands to create peptide micro/nanopatterns and generate 
composite micropatterns [38]. With advancements in 
chemistry and materials science, new methods are being 
developed, such as using ultrathin metal microstencils 
(UTmS), mild UV light and biocompatible bioconjuga-
tion chemistries, the patterning of low-molecular-weight 
ligands, and the utilization of hydrogels with photopat-
terned single-stranded DNA features for cell adhesion. 
These emerging techniques provide powerful tools for 
studying cell-material interactions at both the molecular 
and cellular levels [39-41].

MODULATING CELLULAR BEHAVIOR BY 
MICROPATTERNING

Micropatterning exerts a significant influence on a 
spectrum of cellular behaviors, including cell morphol-
ogy and orientation, proliferation and apoptosis, migra-
tion, polarity, and differentiation. The impacts of physical 
micropatterning and chemical micropatterning on cell 
behaviors are summarized in Table 1 and Table 2, respec-
tively.

Cell Morphology and Orientation
Cell morphology serves as a potent indicator of 

changes in cell function, phenotype, and signaling status 
[42]. The morphology and alignment of cells play critical 
roles in cytoskeletal reorganization, membrane protein 
translocation, nuclear gene expression, ECM remodel-
ing, and tissue regeneration [43]. Studies have shown that 
cells can markedly elongate and align along the direction 
of micropatterns when cultivated in microgrooves/pits or 
on coated surfaces with analogous shapes. This alignment 
is observed not only in cell morphology but also in actin 
fibers and microtubules.

Physical micropatterning: Matthew W. Hagen et 
al. [44] prepared grooved polyurethane micropatterns 
ranging from 3-14 μm and seeded them with endothelial 
colony-forming cells (ECFCs). They observed significant 
alignment of cells with the angle of the micropattern at 
all spacings conditions, along with alignment of actin fi-
bers and microtubules. In a study conducted by Park et al. 
[45], flexible poly(L-lactide-co-ε-caprolactone) (PLCL) 
was utilized to create 3D tubular structures for culturing 
neural cells. These structures were formed by rolling 
PLCL sheets with microgrooves of varying dimensions 
(ridge width × ridge height × groove width): 10 μm × 10 
μm × 20 μm, 50 μm × 30 μm × 30 μm, and 100 μm × 50 
μm × 30 μm. Neural cells exhibited significant elongation 
and alignment within these 3D micropatterns, as did the 
cytoskeleton. Recent studies have further revealed that 
only longer actin filaments are associated with changes 
in morphology [46].

To achieve dynamic changes in physical micropat-
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Table 1. Summary of Cell Behaviors Controlled by Physical Micropatterns
Cell Behavior Shape Materials Dimension Cell Details in Effect Ref
Morphology 
and 
Orientation

Grooves Polyurethane 3-14 μm peak-to-peak 
distance

ECFCs Alignment 
of cells and 
cytoskeleton at 
all spacings.

[44]

Grooves PLCL ridge width × ridge 
height × groove width: 
10 μm × 10 μm × 20 μm, 
50 μm × 30 μm × 30 μm, 
100 μm × 50 μm × 30 μm

PC12 cells Elongation 
and alignment 
of cells and 
cytoskeleton.

[45]

Micropillar 
Array

Poly-DR1M 4 µm × 4 µm squared 
cross-section, 1.3 
µm height, and pillar 
spacings of 5, 7, 9, 
and 11 µm

MDA-
MB-231 
and MDCK

Cells and actin 
filaments align in 
response to the 
micropatterns.

[47]

Micropillar 
Arrays 

PLGA 3 μm width, 6 μm 
spacing, heights from 
0.2 μm to 5 μm, 6 μm 
or 7μm. 

MSCs Nuclear 
deformation 
observed in 
response to 
micropatterns.

[49-
52]

Proliferation 
and Apoptosis

Equilateral 
triangular 
pores

Silicon 3–20 μm long sides NIH-3T3 Cell proliferation 
rate decreases 
with decreasing 
micropore size.

[62]

Hexagon Nanofiber/
Hydrogel core–
shell

500 μm, layer spacing 
15-18 μm

HUVECs Micropatterns 
promote cell 
proliferation and 
vascular network 
formation.

[63]

Micropillar 
Arrays 

PLGA 3 µm width, 6 µm 
spacing, 6 µm height

HeLa, 
HepG2, 
MC3T3-E1, 
and 
NIH3T3

Cell nuclei 
exhibit 
irregularities 
in shape and 
reduced size and 
proliferation.

[67]

Migration Planar Zone; 
Micropillar 
Arrays; 
Micropits 
Arrays

PDMS 4 mm in diameter; 
200 μm length, 200 
μm width, and 500 μm 
height; curvatures from 
0.02 to 0.002 μm-1 
and depths of 10, 60, 
100, and 200 μm 

ECs, 
VSMCs

Interface 
characteristics 
influence cell 
traversal.

[76]

Grooves ORMOCOMP 3-75 μm widths, 0.5-
5.0° divergence angles

NIH-3T3 Narrower 
grooves slow 
cell migration 
speed.

[77]

Double-Pit 
of Square, 
Circles, 
Rectangles, 
Triangles, 
and 
Rhombuses

PLL-PEG 27.2-42.3 μm edge 
lengths

MDA-
MB-231

Micropatterns 
affect cell 
occupancy rates.

[78]
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Microwells PDMS 40, 25, 10 μm diameter MSCs Cell movement 
influenced by 
microwell size 
and tensile force.

[80]

Grooves, 
Ridges, 
Pores

PDMS the top layer features 
2 μm grooves with 2 
μm ridges, the middle 
layer comprises 14 μm 
deep pores, and the 
bottom layer consists 
of 30 μm wide and 15 
μm deep grooves.

EBV-
positive 
NPC43 
cells

Microgroove 
morphology 
influences cell 
adhesion and 
traversal.

[81]

Differentiation Micro- and 
Nano-Hybrid 
Surface

Hydroxyapatite nano-rod with diameter 
of 70–100 nm, 
quadrate concave-
convex surface with 
width and the space 
between the convex of 
28 μm and 24 μm

MSCs Structure 
promotes 
osteogenic 
differentiation.

[104]

Micropillar 
Arrays

PLGA 3 µm width, 6 µm 
spacing, and ranging 
0.8-6.4 µm heights

MSCs Higher 
micropillars 
tend towards 
osteogenic 
differentiation.

[105]

Concentric 
Circular 
Microgrooves

Polycaprolactone 200 μm diameter, and 
20 μm width

RAW264.7 Concentric 
circular grooves 
inhibit osteoclast 
differentiation.

[106]

Grooves PDMS 10 μm width, and 3 or 
10 μm depth

hPSCs Microgroove 
morphology 
induces neuronal 
differentiation.

[107]

Cylindrical 
and Circular 
Micropores

PEG inner post diameter 
ranges from 50 to 250 
µm, the outer diameter 
of 400 µm

BMEL 9A1 
cells

Circular 
micropores 
promote biliary 
differentiation.

[109]

Grooves PDMS 100 and 200 μm 
widths

hESCs Grooves 
promote 
myogenic 
differentiation.

[110]

served that hTERT-RPE1 cells changed their morphology 
in response to these micropatterns, with the actin fibers 
network underwent remodeling to support these cellular 
changes.

This behavior is not limited to two-dimensional (2D) 
culture. In one study, researchers created fibronectin 
stripe micropatterns (10 × 10 μm, width × spacing) on 
2.5D convex and concave surfaces (curvatures between κ 
= 1/2500 and κ = 1/125 μm–1) and found that both myo-
fibroblasts and vascular endothelial cells (ECs) adhering 
to the protein stripes displayed alignment along the stripe 
[57]. Micropatterns in 3D have also been shown to influ-
ence cellular arrangement. Karzbrun et al. [58] found that 
laminin micropatterns with different widths significantly 
affected the morphology of the neural tube derived from 

human pluripotent stem cells (hPSCs). The width of the 
neural plate exhibited a linear relationship with the size 
of the micropattern. Micropatterns with a width of 150 
μm resulted in a u-shaped neural fold with a single central 
hinge point, while wider micropatterns (>150 μm) carried 
two lateral hinges.

In both physical and chemical micropatterning, cells 
and their nucleus adapt their morphology to match the 
shape of the micropatterns, resulting in improved spread-
ing and adhesion. The process can be dynamically regu-
lated, allowing for dynamic changes in cell morphology. 
Specifically, narrower micropatterns have been shown to 
induce more pronounced cell elongation and alignment.
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sizes, ranging from 10 µm to 100 µm in diameter. They 
observed cell proliferation and found that the size of the 
adhesion region had a direct correlation with cell prolif-
eration. Specifically, larger adhesion regions resulted in 
better cell proliferation.

Moreover, the shape of the micropattern markedly 
impacts the rate of cell proliferation. By utilizing mi-
crocontact printing techniques to restrict osteoblasts to 
microislands coated with fibronectin of specific shapes 
(eg, rectangular, triangular, square, and round) with an 
area of 900 µm2, it was observed that the proliferation 
rate of osteoblasts increased sequentially [69]. Subse-
quent work revealed that changes in cell shape led to 
alterations in nuclear morphology, which in turn altered 
the gene expression of IP3R1 and SERCA2, resulting in 
different intracellular calcium transient patterns, which 
were instrumental in determining the proliferation rate of 
osteoblasts [69].

Similar to proliferation, both the size and shape of 
the micropatterns exert a substantial influence on apop-
tosis. Wu et al. [70] cultured HUVECs on fibronectin 
strips of different widths (15, 30, and 60 μm) and ob-
served the highest rate of apoptosis on the 15 μm strip, 
with rates decreasing progressively with each increase in 
strip width. When fluid shear stress (FSS, 12 ± 4 dyn/
cm2) was applied parallel to fibronectin strips, HUVECs 
demonstrated enhanced cell elongation, stress fibers and 
phosphorylated adherents spot kinase (p-FAK), alongside 
decreased constraints on apoptosis induction. Their study 
implies that apoptosis can be regulated by alterations in 
ECM patterning, anisotropic cell morphology, and me-
chanical forces.

Yan et al. [71] examined the relationship between 
apoptosis and the area of RGD circular microislands 
(ranging from 4 μm to 100 μm in diameter) and defined 
the smallest area (A*) at which cells did not undergo 
apoptosis. They found that A* was cell type-dependent 
and associated with adhesion capacity. For instance, A* 
was greater for BMSCs than for MC3T3-E1 and less than 
for NIH3T3 cells.

Jiao et al. [72] used photolithography to create cir-
cular silicon wafer patterns surrounded by non-adhesive 
comb polymers with different roundness (circularities of 
1 and 0.1) and size (314, 628, 1256, or 2512 μm2), as well 
as circles with rectangular branches, to examine the ef-
fect of ECM morphology on the differentiation of MSCs. 
Their results showed that MSCs grown on micropatterns 
with larger areas and less roundness exhibited increased 
osteogenesis rates, whereas MSCs confined to smaller 
areas tended towards apoptosis. Cells displaying high 
apoptotic levels showed reduced osteogenesis, a process 
regulated by the yes-associated protein (YAP) pathway. 
Building upon this, Jiao et al. [73] further investigated 
the combined effect of FSS (0.5 or 0.8 Pa) and micropat-

Cell Proliferation and Apoptosis
Aberrations in cell arrest and proliferation during the 

cell cycle are pivotal contributors to the pathogenesis of 
a plethora of diseases, including cancers and neurodegen-
erative diseases [59]. Apoptosis, an integral process in or-
gan development and cell homeostasis, is often implicat-
ed in several diseases, such as developmental disorders 
and cancers, when its regulation is impaired [60]. Given 
the ability of micropatterns to affect fine morphology, it 
provokes the question of whether morphological alter-
ations can impact cell proliferation and apoptosis.

Physical micropatterning: The rate of cell prolifera-
tion is not only related to the size of the micropattern but 
also intimately associated with its shape. For instance, 
human mesenchymal stem cells (MSCs) grown on pat-
terned polystyrene substrates exhibit slower metabolism 
and a reduced rate of proliferation compared to their 
counterparts grown on unpatterned surfaces [61]. Also, 
mouse embryonic fibroblasts (NIH-3T3) grown in trian-
gular micropores on silicon surfaces ranging from 3-20 
μm displayed a decline in cell proliferation rate as the 
micropore size decreased, possibly due to decrease in 
mechanical stress and lower expression of F-actin [62].

Certain specific morphologies or shapes of micropat-
terns have also been associated with cell proliferation. For 
instance, the multilayered hexagonal nanofiber/hydrogel 
core–shell structure within micropatterned scaffolds (with 
a diameter of approximately 500 μm and layer spacing of 
15-18 μm) that have been shown to effectively promote 
the proliferation of human umbilical vein endothelial 
cells (HUVECs) and the formation of vascular networks 
[63]. Bionics offers an effective strategy for constructing 
micropatterns that promote cell proliferation. Leaf vein-
like structure [64], teak wood leaf-like structure [65], and 
the natural skin-like structure [66] have been shown to 
enhance the rate of cell proliferation and induce tissue 
regeneration and wound healing.

Furthermore, micropatterning has been shown to in-
fluence the shape and size of the cell nucleus, consequent-
ly impacting cell proliferation. Ruili et al. [67] conducted 
experiments involving four different cell types, including 
HeLa, HepG2, MC3T3-E1, and NIH3T3, cultured on 
PLGA micropillars with a width of 3 µm, spacing of 6 
µm, and height of 6 µm. There findings revealed that the 
nuclei of HeLa and MC3T3-E1 cells experienced irregu-
larities in shape and reduction in size. This was accompa-
nied by a decrease in chromatin density and a subsequent 
reduction in proliferative capacity.

Chemical micropatterning: The size of the adhesion 
region provided by chemical micropatterns also plays a 
role in cell proliferation. Yao et al. [68] conducted experi-
ments using various cell types including progenitor cells, 
stem cells, and cancer cells, and exposed them to gold 
rounded microislands modified with RGD of different 
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triangles, and rhombuses, have equivalent areas to the 
squares. In this setup, MDA-MB-231 cells had freedom of 
movement within the two micro-pits, and cell migration 
was evaluated based on the occupancy rate. The results 
demonstrated that for identical or anisotropic connected 
micro-pits, the occupancy rate of cells was solely affected 
by the area of the micro-pit, with larger areas promoting 
higher occupancy rates. Conversely, in anisotropic mi-
cro-pits such as triangles and rhombuses, the possibility 
of occupancy varied based on the polarization of cells.

By developing a Chemo-mechanical model and 
simulations, Fang et al. [79] found that cell migration 
patterns, including flowing chain, suspended propagating 
bridge, and rotating vortex, were modulated by micropat-
terned substrates and were dependent on the strength of 
force-cell adhesion and force-contraction feedback.

Yingning et al. [80] designed a quasi-3D PDMS plat-
form consisting of large (40 μm in diameter), medium (25 
μm in diameter), and small (10 μm in diameter) microw-
ells, each consisting of an array of micropillars arranged 
in a ring. This platform permitted cyclic stretching to 
study cell behavior. They discovered that hMSCs primar-
ily moved perpendicular to the tensile force’s direction 
under the cyclic tensile force influence. Compared with 
the state without tensile force, hMSCs cultured in me-
dium and small microwells exhibited slower movement, 
while those cultured in large microwells and on flat sur-
faces moved faster.

In terms of cell migration on 3D patterns, Liu et 
al. [81] designed a 3D PDMS platform to mimic ECM 
containing blood vessels for studying tumor metastasis. 
The platform is composed of three layers: the top layer 
features 2 μm grooves with 2 μm ridges, the middle layer 
comprises 14 μm deep pores, and the bottom layer con-
sists of 30 μm wide and 15 μm deep grooves. Their results 
showed that EBV-positive NPC43 cells located closer to 
the sidewalls of the microgrooves had a larger adhesion 
area and were more able to cross the pores. They also 
found that pore shape and size affected the likelihood of 
cells traversing the pore, with deeper grooves allowing 
more cells to pass and shallower grooves hindering it.

Chemical micropatterning: Compared to physical 
micropatterning, chemical micropatterning has been less 
frequently employed in the exploration of cell migration. 
One notable study by Kushiro et al. [82] utilized micro-
patterns (20 μm in width and 80 μm in length) composed 
of droplet-shaped fibronectin island coatings (3 μm at 
the tip and 20 μm at the blunt end of the width of the 
teardrop) to investigate cell migration behavior. The dis-
tances between the non-adhesive gaps ranged from 0 to 
10 μm. They discovered that MCF-10A epithelial cells 
consistently moved in the direction that allowed for the 
formation of lateral lamellar pseudopods. Moreover, 
they found that closer distances between micropatterns 

terning on apoptosis. They discovered that a larger ad-
hesion area and branch-like patterning reduced apoptosis 
and promoted osteogenesis in MSCs, independent of the 
intensity of FSS loading. Conversely, they found that FSS 
upregulated both osteogenesis and apoptosis, irrespective 
of area and roundness.

Based on the above studies, it is evident that smaller 
micropatterns are associated with lower cell proliferation 
rates, regardless of whether they are physical or chemical 
micropatterns. While the influence of shape on cell pro-
liferation has been demonstrated, the optimal shape that 
promotes proliferation remains unclear. It is plausible to 
explore bionic approaches to micropattern design as a 
potential avenue for further investigation.

Regarding apoptosis, smaller patterns or narrower 
strip widths were found to remarkably increase apop-
tosis rates. Furthermore, the application of FSS to cells 
confined within micropatterns has been shown to further 
enhance apoptosis rates.

Cell Migration
Cell migration, a complex and comprehensive pro-

cess, plays an indispensable role in embryonic develop-
ment, wound healing, ossification, immunity, and most 
notably, in the invasion of cancer cells [74,75].

Physical micropatterning: Wang et al. [76] estab-
lished a cell migration model using a micropatterned 
PDMS biochip. This biochip consisted of three regions: 
a planar cell seeding zone (4mm in diameter), a cell mi-
gration control zone consisting of an array of micro-pil-
lars (200 μm in length, 200 μm in width, and 500 μm in 
height), and a cell migration zone with an array of mi-
cro-pits (width ranging from 50 to 500 μm, representing 
curvatures from 0.02 to 0.002 μm-1 and depths of 10, 60, 
100, and 200 μm). By analyzing the proportion of ECs 
and vascular smooth muscle cells (VSMCs) occupying 
the micro-pits at different time points, they assessed the 
difficulty of cell migration in specific micro-pits. Their 
results showed that the interface with a greater the depth 
or width, or lower curvature, posed a more significant 
challenge for cell traversal. Furthermore, they discerned 
that the different responses of cells to different interfaces 
depended on cell geometry and the cytoskeleton.

Yoon et al. [77] explored the migration speed and di-
rection of NIH-3T3 cells using micropatterns composed 
of ORMOCOMP polymer with varying widths (ranging 
from 3 to 75 μm) and divergence angles (ranging from 
0.5 to 5.0°) and found that the narrower the width, the 
slower the migration speed, and cells exhibited a tenden-
cy to move towards larger divergence angles.

Fink et al. [78] took a double-pit poly-L-lysine-
PEG (PLL-PEG) micropattern to study cell migration. 
Square micropatterns featured edge lengths of 27.2-42.3 
μm, while other shapes, including circles, rectangles, 
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patterns (500 μm in diameter) to study the polarity of hP-
SCs and found a position-dependent polarity difference 
between cells at the edge and the center, manifested as 
variations in gene expression and biological function. 
By adjusting the size of circular micropattern, the ratio 
of marginal to central cells can be altered, which in turn 
influences the ratio of polarized spinal cord-like organs 
(pSCOs) on the dorsal/ventral side [88].

Lee et al. [89] used teardrop-shaped fibronectin mi-
croislands (with diameters of 1 μm, 3 μm and 5 μm, as 
well as fully FN-covered teardrop micropatterns) to study 
the polarity of mouse embryonic fibroblasts, finding that 
cells spread faster on larger microislands. Adjustments to 
the teardrop-shaped microislands, making them larger at 
either end, resulted in cells preferentially spreading to the 
larger area of the microislands, with more focal adhesions 
being formed. They further demonstrated that geometri-
cal cues guided intracellular polarization, determining 
directional cell migration through localized activation of 
Cdc4, with lamin A/C playing a crucial mediating role.

Wan et al. [90,91] used circular ring fibronectin 
micropatterns (with an inner diameter of 250 μm and a 
200 μm distance between the inner and outer boundaries) 
to study cellular chirality in 11 different cell types. They 
observed that cellular chirality was dependent on cell 
phenotype rather than adhesion pattern and that chirality 
formation was related to the mechanism of cell migra-
tion at the border and was dependent on the function of 
the actin skeleton. They also found that ECs exhibited 
a clockwise or rightward chirality on the micropatterns, 
and the cytoplasmic center was also polarized to the right 
of the nucleus-centrosome axis. Further studies revealed 
that this property is associated with the permeability of 
ECs and the activation of protein kinase C [92].

Chirality of brain microvascular ECs has also been 
studied using RGD-coated micropattern stripes, revealing 
a negative chiral bias on micropatterns with widths of 10 
~ 400 μm, with the most pronounced negative bias on 100 
μm wide micropattern [93].

Costa et al. [94] used teardrop-like RGD or argi-
nine-glycine-glutamate (RGE) micropatterns of different 
lengths (short drop measuring 150 μm × 100 μm, long 
drop measuring 200 μm × 80 μm) to study the polarity 
of canine kidney cells (MDCK). They found that a larger 
proportion of MDCK cells were highly polarized at the 
tip of the teardrop, and the number of polarized cells in 
the longer teardrop pattern was significantly higher than 
in the short teardrop. They also found that E-cadherin and 
microtubules played a key role in the formation of cell 
polarity.

In addition, the use of micropatterns for studying 
cell polarization and its related mechanisms have be-
come an effective approach. Researchers have identified 
microtubule detyrosination [95] and the localization of 

enhanced the propensity for migration. To optimize cell 
movement, a combination of droplet-shaped micropat-
terns, which could regulate direction more effectively, 
and strip-shaped micropatterns, which better controlled 
speed, was utilized [83].

Xiang et al. [84] prepared three types of RGD mi-
crostripes on the PEG surface, including straight mi-
crostripes with widths ranging from 4 to 100 μm, wavy 
microstripes with a width of 20 μm and arc radius of 20, 
50, and 150 μm, and combinatory microstripe pairs with a 
width of 20 μm and an arc radius ranging from 50 to 400 
μm. They discovered that cells migrated along the guid-
ance of these microstripes, with the cells moving more 
quickly on linear microstripes featuring approximately 
20 μm width and an arc radius of 150 μm. The also inves-
tigated potential left-right asymmetric deviation in cell 
migration, finding that for primary rat MSCs, the counter-
clockwise migration speed was higher than the clockwise 
migration speed. However, no left-right asymmetric bias 
was observed for NIH3T3 and HeLa cells.

Overall, while physical micropatterning is more 
commonly employed for studying cell migration due to 
the richer spatial cues it provides in the 2.5D or 3D con-
text, planar chemical micropatterns have also been inves-
tigated. Micropatterns have been found to influence both 
the speed and direction of cell migration, which are cru-
cial aspects of this cellular process. Specifically, greater 
depth, width, and reduced curvature have been observed 
to decrease the rate of cell migration. Additionally, larger 
dispersion angles and the use of adhesion proteins have 
been shown to enhance the propensity for cell migration. 
Special phenomena such as left-right asymmetric during 
cell migration have also been of interest for investigation.

Cell Polarization
Polarity is a fundamental aspect of an organism, in-

fluencing cell growth, the development of structures, and 
differential responses to external stimuli. In multicellular 
organisms, cell polarity also governs intercellular commu-
nication, pattern formation, and cellular properties. Any 
abnormalities in polarity are lined to various pathological 
processes [85,86]. Cell polarity can be divided into sin-
gle-cell polarity and collective cell polarity. The former 
encompasses asymmetry in cell morphology, cytoskele-
ton, organelles, focal adhesion, and spreading direction, 
while the latter involves the directional arrangement and 
directional migration of multiple cells. Depending on the 
orientation, cell polarity can be categorized as left-right 
polarity, anterior-posterior polarity, and apical-basal po-
larity, all of which can be influenced by micropatterning.

For cell polarity studies, chemically coated micro-
patterns are primarily utilized, with the pattern shape 
varying according to the objectives of the study.

Kim et al. [87] employed circular Matrigel micro-
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microgrooves (with an external diameter of 200 μm and 
a width of 20 μm) to simulate the concentric structure of 
bone blocks under 2D conditions [106]. They found that 
concentric circular grooves significantly inhibited the 
differentiation of osteoblastic progenitors (RAW264.7) to 
osteoclasts compared with parallel-aligned linear micro-
grooves.

Hsu et al. [107] seeded hPSCs on PDMS micro-
grooves (10 μm in width, with depths of either 3 or 10 
μm) and found that microgroove morphology can down-
regulate the Notch signaling pathway and induce differ-
entiation toward neuronal lineage. In a high-throughput 
study investigating the effects of more than 2,000 differ-
ent shapes of polystyrene (PS) micropatterns on human 
epidermal stem cell differentiation, it was found that 
micropattern preventing cell spreading favored differen-
tiation. Irregular topographies promoted differentiation in 
spreading cells, while high coverage favored differentia-
tion in round cells. Actin polymerization and actomyosin 
contraction were identified as key factors influencing 
how various micropatterns either promoted or inhibited 
differentiation [108].

Berg et al. [109] established cylindrical and circu-
lar PEG micropore platforms (with inner post diameter 
ranging from 50 to 250 µm and an outer diameter of 400 
µm), finding that circular micropores were more effective 
in promoting biliary differentiation of hepatic progenitor 
cells than cylindrical ones. Human embryonic-derived 
mesodermal progenitors exhibited strong myogenic dif-
ferentiation in the striated PDMS microgrooves (with 
widths of 100 µm and 200 µm) [110].

Chemical micropatterning: Certain micropatterns, 
although prepared using techniques like LIMAP or mi-
crocontact printing, have been shown to regulate cell fate 
through mechanical cues. For instance, Piroli et al. [111] 
constructed circular, T- and Y-shaped fibronectin micro-
patterned coatings and found that cells on circular pat-
terns exhibited mixed osteogenic and adipogenic differ-
entiation. Both T- and Y-shapes increased the proportion 
of osteogenic differentiation, with the Y-shape having a 
more significant effect.

Yang et al. [112] prepared circular polystyrene mi-
cropatterns of different sizes (diameters of 20, 40, 60, and 
80 µm) to provide MSCs with varying spreading areas, 
and found that cells with larger spreading areas had a 
higher degree of osteogenic differentiation and main-
tained a longer differentiation phenotype. Similar find-
ings were reported by Rong et al. [113], who concluded 
that larger cell size correlated with a greater inclination 
toward osteogenic differentiation.

Luo et al. [114] produced UV functionalized TiO2 na-
norods micropattern in various configurations, including 
concentric, linear, honeycomb-like, square, and gem-like 
stripes (each with a width of 30 µm) and demonstrated 

Nucleus-Golgi axis [96] as factors associated with cell 
polarization.

Among the various shapes of chemical micropat-
terns, solid circles, concentric rings, and teardrops are 
the most commonly used. Solid circles primarily exhibit 
polarity differences within the interior and at the edges, 
whereas concentric rings display polarity variations due 
to differences in position and width, resulting in vary-
ing chirality. Unlike the symmetrical patterns described 
above, teardrop chemical micropatterns have been em-
ployed by researchers specifically for their asymmetry. In 
this case, cells exhibit stronger polarization at the tip of 
the teardrop pattern and tend to move towards the blunt 
end. These polarity or chirality differences are primarily 
attributed to the asymmetric distribution of actin and fo-
cal adhesions.

It is worth noting that UV light is sometimes used 
in the fabrication of certain chemical micropatterns by 
LIMAP. However, it has been observed that UV light can 
alter the stiffness of the substrate [97,98], and substrate 
stiffness has been demonstrated to influence cell polar-
ity [99,100]. This introduces an additional variable that 
may impact the accuracy of conclusions drawn from such 
studies.

Cell Differentiation
Stem cells form the foundation of regenerative med-

icine and tissue engineering, with the regulation of stem 
cell fate having significant implications for cancer treat-
ment [101,102]. Micropatterns featuring varying shapes 
have been widely employed to investigate the differentia-
tion of various stem cells, particularly MSCs.

Physical micropatterning: Numerous studies have 
highlighted the role of biophysical cues in guiding cell 
differentiation [103]. Zhao et al. [104] engineered a 
hybrid micro- and nano-scale hydroxyapatite surface 
structure on bioceramics, combining nano-rods with 
diameters of 70–100 nm and micro-patterned quadrate 
concave-convex surfaces with widths and spacings of 28 
μm and 24 μm, respectively, to mimic the bone matrix. 
They discovered that this structure enhanced the osteo-
genic differentiation of MSCs compared to structures 
composed of either micron or nano elements alone. The 
differentiation was associated with integrins, the BMP2 
pathway, and intercellular communication.

Xiangnan et al. [105] established arrays of PLGA 
micropillars with a width of 3 µm, a spacing of 6 µm, 
and heights ranging from 0.8 to 6.4 µm, and found that 
MSCs cultured on taller micropillars exhibited a more 
pronounced reduction in cytoskeletal tension, nuclear 
changes, and a tendency towards osteogenic differenti-
ation.

Apart from MSCs, researchers have also fabricated 
polycaprolactone surfaces featuring concentric circular 
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face.
Padiolleau et al. [122] used a similar approach to 

study MSCs, besides they used a combination of RGD, 
BMP-2, and OGP to shape square (with a length of 25, 
50 and 100 µm and a gap of 9, 15.5 and 17 µm), rectan-
gular (with a length of 50, a width of 25 µm, and a gap 
of 12.5 µm) and hexagonal (with a length of 88 µm, a 
width of 76.2 µm, and a gap of 19 µm) patterns. They 
used RUNX2 and Colla1 as markers and found that all 
sizes, shapes, and protein combinations of the patterns 
promoted osteogenic differentiation.

Additionally, it has also been suggested that the ef-
fect of chemical composition on cell differentiation may 
be indirect. Bin et al. [123] seeded MSCs on surfaces 
coated with alkanethiols featuring one of four functional 
end groups (−CH3, −OH, −COOH, and −NH2). Neutral 
surfaces (-CH3 and -OH) adsorbed fewer proteins from 
the cell culture medium, leading to reduced cell spread-
ing and a higher degree of chondrogenic differentiation 
than charged surfaces (-COOH and -NH2). However, 
when the cells were restricted to an extended region of 
the same size (squares of side lengths of 30 or 60 µm), 
the type of functional group had no significant effect on 
cell differentiation.

In summary, the studies suggest that micropatterns 
with smaller roundness, larger aspect ratio, longer pe-
rimeter, more branches, larger spreading area, stronger 
restrictions, and increased intercellular contacts tend to 
promote the osteogenic differentiation of MSCs. Micro-
patterns that mimic the growth microenvironment can in-
duce the differentiation of stem cells towards specific cell 
types within that microenvironment. Furthermore, the 
inclusion of pro-adhesion molecules like RGD or E-cad-
herin within micropatterns has been shown to effectively 
enhance the osteogenic differentiation of MSCs.

It is worth noting that UV light exposure can alter 
the stiffness of the matrix, which has been demonstrat-
ed to influence cell differentiation [124,125]. Moreover, 
some studies have employed titanium dioxide (TiO2) as 
a substrate. Nevertheless, it has been observed that the 
stiffness and other mechanical properties of cells may be 
altered when they grow on TiO2 surfaces subsequent to 
UV irradiation [126,127]. The precise impact of these 
alterations on cell differentiation remains unclear and 
requires further investigation.

Other Cellular Biological Activities
Beyond the cellular behaviors discussed above, mi-

cropatterns have been found to influence a range of other 
cellular behaviors, including cell secretion [128,129], cell 
adhesion [130,131], intercellular communication [132], 
dedifferentiation [133], and gene transfection efficiency 
[134-136]. The underlying mechanisms of these behav-
iors and their relationship with micropatterns warrant 

that linear stripes could effectively activate the YAP path-
way and induce osteogenic differentiation of MSCs.

Xiang et al. [115] restricted MSCs to rectangular 
RGD micropatterns with different aspect ratios (each 
with the same area of 900 µm2; aspect ratios of 1, 2, and 
8) and found that the degree of lipogenic differentiation 
progressively decreased with increasing aspect ratio, with 
optimal osteogenic differentiation achieved at an aspect 
ratio of 2. Cellular tension associated with Rho-associat-
ed kinase (ROCK) pathway played a role in this phenom-
enon. Furthermore, Rong et al. [116] maintained cells at a 
fixed aspect ratio of 1 (with the same area of 900 µm2) but 
varied their shapes through micropatterning, finding that 
rounded shapes were more likely to promote adipogenic 
differentiation, whereas star-shapes were more inclined 
to promote osteogenic differentiation, possibly due to the 
fact that rounded cells have a smaller perimeter compared 
to star-shaped ones.

Jo et al. [117] confined hPSCs to micropatterned is-
lands of different sizes (ranging from 500 to 1000 µm in 
diameter) and confirmed that the colony size of hPSCs 
can affect the differentiation efficiency of human primor-
dial germ cells-like cells. Investigating the differentiation 
of multicellular colonies, Jian et al. [118] connected 
circular RGD microislands, each with a diameter of 30 
μm, to control the number of cells and the extent of cell 
contact. Their findings indicated that increased cell-cell 
contacts promoted differentiation, whether toward osteo-
genic or lipogenic lineages. Further research confirmed 
that hypoxic conditions promoted chondrogenic differen-
tiation of MSCs on adherent microdomains more effec-
tively than normoxic conditions, even when the degree of 
cell-cell contact remained constant [119].

In addition to purely mechanical signals such as 
shape and size, the chemical composition of micropat-
terned coatings can also influence cell differentiation. For 
instance, Barlian et al. [120] found that 1000 µm strips 
made with RGD-containing spidroin promoted chondro-
genic differentiation of human Wharton’s jelly MSCs 
(hWJ-MSCs) with increased expression of both SOX9 
and type 2 collagen.

Saux et al. [121] prepared monofunctional striated 
surfaces with either RGD or E-cadherin and bifunctional 
surfaces with both RGD and E-cadherin spaced apart and 
with different stripes widths (ranging from 5 to 150 µm). 
When MSCs were seeded on these surfaces, they found 
that the E-cadherin monofunctional surface showed less 
osteogenic differentiation compared to the mono- and 
bi-functional surfaces with RGD, demonstrating the crit-
ical role of RGD in osteogenic differentiation. They also 
found that narrower stripes promoted osteogenic differ-
entiation on the E-cadherin monofunctional surface. This 
promotion was not evident on the RGD monofunctional 
surface but was more significant on the bifunctional sur-
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[144], and regulate the energy metabolism and cellular 
contractility of vascular smooth muscle cells [145].

In summary, the influence of micropatterns on cellu-
lar behaviors and function presents a broad and rich field 
for future research.

CONCLUSIONS AND OUTLOOK

Our manuscript offers a comprehensive summary 

further investigation.
Micropatterns can also impact the unique behaviors 

of certain cell types. For instance, in immune cells, mi-
cropatterns can regulate the phenotype of macrophages 
[137,138] and modulate T-cell activation [139]. In the 
case of neuronal cells, micropatterning can stimulate 
peripheral nerve morphogenesis [140] and enhance pe-
ripheral nerve regeneration [141-143]. Moreover, micro-
patterns can control the fusion of osteoclast precursors 

Figure 3. Mechanisms Underlying Micropatterning-Mediated Regulation of Cell Behavior. Micropatterning can 
influence cell behavior through various mechanisms, including: Integrin Signaling: Integrins sense mechanical signals 
from external micropatterns and recruit proteins like Talin and vinculin, thereby regulating F-actin assembly. This leads 
to cytoskeletal remodeling and consequent changes in cell behavior. Focal Adhesion Kinase (FAK) and Rho-associated 
kinase (ROCK) Pathway: Integrins transmit mechanical signals to FAK, which activates the ROCK signaling pathway. 
This pathway further regulates F-actin dynamics, impacting cell behavior. FAK can also activate the BMP2 signaling 
pathway, influencing gene expression through p-Smad phosphorylation. LATS1/2 Activation: F-actin’s influence extends 
to the activation of LATS1/2, which governs the phosphorylation of YAP/TAZ. This phosphorylation determines whether 
YAP enters the nucleus and binds to TEAD, ultimately affecting gene expression. The LINC complex and Lamin also 
play pivotal roles in this process. Notch Signaling: Micropatterning can also modulate cell behavior through the Notch 
signaling pathway. Notch activation results in the production of Notch intracellular domain (NICD), which can bind to 
DNA binding protein RBP-J (also known as CSL or CBF1) to regulate gene expression. These intricate mechanisms 
collectively contribute to the regulation of various cellular behaviors in response to micropatterns, providing a deeper 
understanding of the cellular responses observed in micropatterning experiments.



Li et al.: Micropatterns and cell fate542

Indeed, micropatterns have proven to be powerful 
tools for influencing cellular behaviors, but there is a no-
table gap in understanding the underlying mechanisms of 
how these patterns exert their effects. While many studies 
have focused on the cellular responses to micropatterns, 
there is a need for deeper exploration into the mechanistic 
pathways involved (Figure 3).

Current research has primarily delved into the mech-
anotransduction of physical micropatterns and the YAP 
pathway as an example. Integrins, for instance, serve 
as sensors of mechanical signals from external physical 
micropatterns, triggering a cascade of events that in-
volve proteins like Talin and vinculin, leading to F-ac-
tin assembly and cytoskeletal remodeling. This, in turn, 
affects cell behavior. Integrins also transmit mechanical 
signals to FAK, activating the ROCK signaling pathway, 
which further regulates F-actin dynamics. The activation 
of LATS1/2 by F-actin influences the phosphorylation 
of YAP and transcriptional coactivator with PDZ-bind-
ing motif (TAZ), determining whether YAP enters the 
nucleus to bind to transcriptional enhanced associate 
domain (TEAD) and ultimately affect gene expression. 
The Linker of Nucleoskeleton and Cytoskeleton (LINC)
complex and Lamin also play crucial roles in this process 
[149-151].

In addition to the YAP signaling pathway, other stud-
ies have revealed that micropatterning can influence cell 
behavior through pathways such as BMP2 and Notch, 
with some interactions noted between Notch and YAP 
[152-154]. However, there remains a wealth of signal-
ing pathways and mechanisms yet to be discovered by 
researchers in the context of micropatterning.

Addressing this research gap represents an exciting 
and promising direction for future investigations. Un-
raveling these mechanisms could further illuminate the 
pathways of cellular behavior regulation. Micropatterns, 
in this context, serve not only as tools for behavior reg-
ulation but also as invaluable probes for studying these 
mechanisms [90,92]. The challenge for future research-
ers is to harness these tools effectively for mechanistic 
studies.
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