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osteogenesis: destiny decision
made by mechanical properties of biomaterials

Ting Su, Mimi Xu, Feng Lu* and Qiang Chang *

Regenerative medicine affords an effective approach for restoring defect-associated diseases, and

biomaterials play a pivotal role as cell niches to support the cell behavior and decide the destiny of cell

differentiation. Except for chemical inducers, mechanical properties such as stiffness, pore size and

topography of biomaterials play a crucial role in the regulation of cell behaviors and functions. Stiffness

may determine the adipogenesis or osteogenesis of mesenchymal stem cells (MSCs) via the

translocation of yes-associated protein (YAP) and the transcriptional coactivator with a PDZ-binding

motif (TAZ). External forces transmit through cytoskeleton reorientation to assist nuclear deformation

and molecule transport, meanwhile, signal pathways including the Hippo, FAK/RhoA/ROCK, and Wnt/b-

catenin have been evidenced to participate in the mechanotransduction. Different pore sizes not only

tailor the scaffold stiffness but also conform to the requirements of cell migration and vessels in-growth.

Topography guides cell geometry along with mobility and determines the cell fate ascribed to micro/

nano-scale contact. Herein, we highlight the recent progress in exploring the regulation mechanism by

the physical properties of biomaterials, which might lead to more innovative regenerative strategies for

adipose or bone tissue repair.
1 Introduction

Regeneration has aroused human enthusiasm for much of
recorded history and has become one of the most important
projects in life science. The isolation techniques of stem cells
from human tissues and the discovery of various differentiation
inducers place articial tissue and organs within the realm of
possibility. The development and advancement of multifarious
biomimetic materials bridge the gap between stem cells and
fully functional tissue yet a single mesh of cells on 2D plates is
too simple to be considered motile tissue. At present, deci-
phering the mechanism of stem cell proliferation and differ-
entiation may replenish our arms arsenal against tissue defect-
associated diseases, such as traumatic disgurement, tumor
removal, osteoporosis, arthritis, diabetes ulcers, and neurode-
generative diseases, etc.1

MSCs are broblast-like or spindle-shaped pluripotent stem
cells derived from bonemarrow, adipose tissue, brain, synovium,
and umbilical cord blood, ranking among the dominating seed
cells in tissue engineering.2 Though MSCs with different origins
demonstrate slightly various characteristics, over 95% of the cells
must express CD105, CD73, and CD90, and with differentiation
potential towards at least three different lineages such as
adipocytes, osteoblasts, and chondrocytes.3 Osteogenesis or adi-
pogenesis is always the bifurcated yet the fascinating fate
ry, Nanfang Hospital, Southern Medical
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determination of MSCs. The differentiation of stem cells is
a highly synergistic procedure including two steps, namely
lineage commitment andmaturation. Multitudes of studies have
revealed that critical signaling pathways, such as transforming
growth factor-beta (TGFb)/bone morphogenic protein (BMP)
signaling, wingless-type MMTV integration site (Wnt)/b-catenin
signaling, Notch, and Hedgehogs signaling, have been involved
in the determination of MSCs differentiation.4

BMPs, are members of the transforming growth factor-
b (TGF-b) superfamily. However, the concentration and type of
BMPs display diverse effects on differentiation lineages in
MSCs.5 MSCs are committed to preadipocytes when induced by
bone morphogenic protein-4 (BMP-4). Then, the preadipocytes
activate peroxisome proliferator-activated receptor gamma
(PPARg), CCAAT/enhancer-binding proteins (C/EBPs) and
downstream early-adipogenesis biomarkers such as fatty acid-
binding protein-2 (AP2), and glucose transporter-4 (GLUT4).
With differentiation continuing, adiponectin, leptin, adipose
triacylglyceride lipase (ATGL), lipoprotein lipase (LPL), and high
level of perilipin-1 are expressed, known as indicators of
maturation.6 The activation of Hedgehog signaling inhibits the
expression of adipogenic differentiation markers by reducing
the expression of C/EBPa.7

A high concentration of BMP2 has been proved osteoinductive
in the C3H10T1/2 mesenchymal cell line.8 Activated BMP2 also
interacts with another classical osteogenic Wnt/b-catenin
signaling.9 Wnt/b-catenin signaling is essential in cell fate
determination and proliferation and starts osteogenesis by
RSC Adv., 2022, 12, 24501–24510 | 24501
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Fig. 1 Physical cues including stiffness, pore size and topology
manipulate the differential tendency of stem cells. Stiffness is a vital
characteristic of scaffolds and three signaling pathways participated in
regulating mechanical transduction from the outside to the nucleus
inside. Generally, due to the loose structure of adipose tissue, adipo-
genesis tends to occur in the matrix with small stiffness, high porosity
and contractile characteristics. In contrast, osteogenesis can be
induced with a matrix with large stiffness, suitable pore size and an
aligned environment.
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stimulating the expression of transcription factor runt-related
transcription factor 2 (RUNX2).10 RUNX2 is the master factor
that regulates multiple steps throughout the osteoblast
commitment. The level of RUNX2 peaks early in the process,
inducing robust proliferation and expression of collagen, bro-
nectin, and transforming growth factor-b (TGF-b) receptor 1. In
the further maturation, decreased RUNX2 activates downstream
osterix and the expression of collagen type 1 alpha 1 chain
(COL1A1) as a component of ECM and alkaline phosphatase
(ALP) to mature the ECM. The process of matrix mineralization
occurs with the expression of osteocalcin (OCN), osteopontin
(OPN), osteonectin (ONN), and bone sialoprotein (BSP).11

Conventional tools for manipulating stem cell behaviors
mainly rely on the special media or particular chemical inducers
to arouse the pivotal signaling pathways branch in natural
embryonic differentiation. Insulin and glucocorticoid are domi-
nant ingredients in adipogenic culture medium to induce stable
lipogenesis from preadipocytes.12 Fibroblast growth factors (FGF),
hepatocyte growth factor (HGF), and VEGF are commonly used in
adipose tissue engineering,13–15 while parathyroid hormone,
estrogen, TGF-b, and osteogenic growth peptides are utilized to
induce bone regeneration.16,17 However, investigation on physical
cues, especially biomechanics, lends insights into the intricate
signal transduction mechanisms between cells and the extracel-
lular environment. All cells can actively sense and respond to
external forces through a process called mechanical transduction,
and exterior mechanical cues are then translated to interior
biochemical signals within the cell to manipulate cell behaviors.18

The mechanical properties diversify the microenvironment via
physical agents such as stiffness, elasticity, porosity, and topology,
which inuence the cellular contractility cell, adherent
morphology, and nal differentiation.19 For example, the wise
choice for the scaffold stiffness did more with less in the lineage
commitment of mesenchymal stem cells (MSCs).20 Stiff substrates
encourage cell movement, while so hydrogels attenuate the
synthesis of cytoskeletal protein and lead to the spherical shape of
stem cells;21 larger pore sizes are conducive to vascularization,22

and prefabricated grating patterns help with cell alignment.23

Biomaterials are of profound importance in instructing stem
cell behaviors and functions by satisfying supportive structure,
interactive microenvironment, and inductive bio-cues. It is well
known that under physiological conditions, stem cells can release
cellular chemicals and exchange substances in and out of cells to
remodel an external environment in favor of different lineages.24

In order to harness the precise outcomes of cell behaviors in
tissue engineering, intense efforts have been made to regulate the
mechanical properties of biomaterials that include but are not
limited to stiffness, pore size, and topography. By reviewing the
recent progress of mechanical cues in manipulating the differ-
entiation of MSCs, we would like to expatiate the underlying
mechanisms and shed light on the signicance of mechanical
cues in regeneration medicine (Fig. 1).

2 Stiffness

Stiffness, also called rigidity, is an extensive and elementary
property of the solid object, representing the resistance ability
24502 | RSC Adv., 2022, 12, 24501–24510
of materials towards deformation under external force.18 In
material mechanics, although many derived terms have been
used under certain circumstances like elastic modulus/Young's
modulus, compress modulus, and shear modulus, in essence,
stiffness obeys the classical equation which is measured as load
divided by deformation. When speaking to the biological
context, the surrounding matrix exerts mechanical forces on
cells and generates deformation, which is attributed to the
stiffness of the extracellular matrix (ECM). The ECM is
a collection of intricately interlocking collagens, brillar colla-
gens and glycoproteins.25 The deposition, remodeling, and
crosslinking of ECM composition determine the characteristic
biomechanics of different cells. Hence, the stiffness of bioge-
netic tissue, from the soest blood to the most solid bone, can
vary from 0.1 kPa to 2 GPa (Fig. 2).26 For better simulation the
intrinsic tissuemicroenvironment, natural proteins or synthetic
polymers are modulated by the subtle deployment of compo-
nents, concentrations, and fabrication methods. Hydrogels like
collagen and hyaluronic acid are usually so materials with
stiffness under 800 Pa, whilst the addition of brin stiffens the
hydrogels to 5 kPa. For the commonest polyethylene glycol
(PEG) gels, the stiffness can be varied from 200 Pa to 2 GPa by
tuning the crosslinking density. The aforementioned materials
are frequently applied in so adipose tissue regeneration. On
the contrary, hard materials (over 10 kPa) like alginate, poly-
caprolactone (PCL), polylactic acid and polydimethylsiloxane
(PDMS) are more suitable in cartilage/bone tissue engi-
neering.27,28 The appropriate adjustment of scaffold stiffness
makes a great difference in leading stem cells to scheduled
differentiation. Young et al. applied decellularized lipoaspirate
with 0.03% polyacrylamide to fabricate gels (with Young's
modulus of 2 kPa, close to 3–4 kPa of human adipose tissue),
where adipose-derived stem cells (ADSCs) preferred lipid accu-
mulation.29 So substrates also help to maintain the pluripo-
tency of MSCs. MSCs cultured on so substrates (1.5 kPa versus
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Young's modulus of different tissues and materials for scaffold
fabrication. Brain, fat, and skin represent the soft tissue in bodies and
share a similar stiffness range with the majority of natural polymers.
Cartilage and bone are hard tissues and require substrates with stiff-
ness over 100 kPa.
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15 kPa PDMS) presented decreased focal adhesion maturation,
stress ber content and nuclear stretching but enhanced the
expression of pluripotency-related genes.30 Thriving studies
have attempted to illuminate the involved mechanism about
how the stiffness plays such a critical role in manipulating stem
cell behaviors.
Fig. 3 The signaling pathways and regulation mechanism of matrix
stiffness. Matrix stiffness activates mechanoresponsive signaling
pathways through integrins, focal adhesion and transmembrane
proteins. Pathways such as the Hippo, FAK/RhoA/ROCK and Wnt/b-
catenin participate in the transduction of biophysical stimuli, through
which YAP/TAZ plays critical roles in translating mechanical cues into
genetic information by nuclear translocation.
2.1 The YAP/TAZ-related signaling pathways

Yes-associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ) are two homologous transcriptional co-
activator proteins that shuttle between the cytoplasm (inactive
state) and nuclei (active state) to regulate target gene expression.31

The YAP/TAZ-relative signaling pathways are broadly divided into
two categories, namely the Hippo-dependent and the Hippo-
independent. YAP and TAZ are paralog proteins but YAP
contains a PDZ-binding motif (PDZ-BM) in its C-terminus, and
a proline-rich region in its N-terminus, which are absent in TAZ.
Moreover, YAP protein contains a Tea Domain Transcription
Factor (TEAD) binding domain, which facilitates the promoter
binding.32 The Hippo pathway is considered an important
inhibited signal in regulating cell proliferation, apoptosis, and
stem cell self-renewal.33 In a general explanation, the upstream
adhesion junction senses the inhibition signals, transduces to a-
catenin and phosphorylates STE20 family protein kinases MST1/
2 and the following large tumor suppressor proteins (Lats1/2).
The activated Lats1/2 phosphorylates the serine residues in
YAP/TAZ, leaving them to interact with cytoskeleton protein 14-3-
3 and degradation.34 When the Hippo signaling is switched to
‘OFF’, YAP/TAZ enters the nucleus, and forms the functional
transcriptional complexes with various transcriptional factors
such as the TEAD family, Runx2, PPARg, Smads, and p73 to
regulate proliferation, migration, differentiation, antiapoptosis,
and morphology (Fig. 3).35 In vertebrates, the upstream infor-
mation includes apical–basal polarity, planar cell polarity (PCP),
mechanical stress and G-protein-coupled receptor (GPCR)
signaling, and actin cytoskeleton.36 With recent progress, YAP/
TAZ are recognized as core mechanical force transducer factors
of cytoskeletal organization, which contribute to the intricate
© 2022 The Author(s). Published by the Royal Society of Chemistry
regulation of cell reaction to the physiochemical cues from the
extracellular matrix.37 Scaffolds with different elasticity moduli
input different mechanical stresses, yielding either positive or
negative signals. Dupont et al. built culture conditions with
stiffness varying from 0.7 to 40 kPa by bronectin-coated acryl-
amide hydrogels and found that YAP/TAZ were predominantly
cytoplasmic on so substrates and became a nuclear subset on
harder substrates. Furthermore, by the knockdown of YAP/TAZ,
adipogenesis of MSCs was achieved on stiff substrates.38 Fibro-
nectin is a critically important ECM protein and was used to
provide sequences for binding with cells via surface markers like
integrins and heparin.39 Instead, overexpressed intranuclear TAZ
could bind to RUNX2 and execute robust osteogenic procedures
in adipose-derived MSCs.40 However, once the Hippo pathway is
turned ‘ON’, MST1/2 stimulates the generation of PPARg and
salvador homolog 1 (SAV1) compound, which helps to phos-
phorylate TAZ and impairs the nuclear translocation of YAP/TAZ.
Since TAZ will silence PPARg, the cytoplasmic location of YAP/
TAZ enhances the adipogenic process.41

In addition to the Hippo pathway, Wnt/b-catenin signaling
also participates in YAP/TAZ regulation. In cytoplasm, b-catenin
and YAP/TAZ are bound with a destructive complex and ready for
degradation. When membrane receptors Frizzled/LRP 5/6
recognize the secretion of Wnt glycoprotein, disheveled (Dvl) is
activated to dissolve the destructive complex and release b-cat-
enin and YAP/TAZ. The phosphorylated b-catenin bridges YAP/
TAZ to its ubiquitin ligase b-TrCP, while free b-catenin impairs
the degradation of YAP/TAZ.42,43 The remaining b-catenin can
interact with E-cadherin and consists of adhesive bands. Other-
wise, b-catenin is transported into the nucleus by RAC1, where it
RSC Adv., 2022, 12, 24501–24510 | 24503
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Fig. 4 Nuclear deformation and YAP translocation. (A) The mecha-
nism of how nucleus deformation influences the differentiation. In
contrast to the soft matrix, more focal adhesions were formed on the
hard matrix and transduced force to deform the nucleus and nucle-
opores, which may facilitate YAP transport. (B) SEM showed the
increased nucleopore size when exposed to the stiff matrix. The ratio
of nucleus/cytoplasm of YAP proteins was also significantly increased
as compared to the soft matrix. (Reprinted from ref. 63 with permission
from Elsevier, copyright 2017). (C) LIV increased the cell area of MSCs.
(D) Osteogenic genes were promoted in the early passage but
declined in the late passage of MSCs; via LIV treatment, SA-bgal
positive cells were significantly lower when compared to LP.
(Reprinted from ref. 68 with permission from Springer Nature, copy-
right 2020).
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binds to the T-cell factor/lymphocyte enhancer factor (LEF/TCF)
and initiates the transcription of c-myc, cyclin-D and Runx2.44

2.2 The integrins/FAK/RhoA/ROCK signaling

Integrins are a family of transmembrane heterodimers of non-
covalently associated a and b subunits.45 It has been reported
that 24 different integrins have been identied in vertebrates,
comprised of 18 a and 8 b subunits.46 Each integrin demon-
strates a similar shape that resembles a large “head” on two
“legs”, with the head including the sites for ligand binding and
subunit association.47 Intracellular proteins, such as talin and
kindlin, bind to the cytoplasmic face of integrins to trigger
a transformation to the activated state, which recruits the
assembly of dynamic integrin adhesion complexes, namely
focal adhesions (FAs).48 FAs mediate the connection between
outside signaling and the cytoskeleton, with the assistance of
proteins like vinculin, paxillin, focal adhesion kinase (FAK), and
integrin-linked kinase (ILK).49 ILK acts as an adaptor protein at
focal adhesion and was found to be a phosphorylase of GSK-3b
and Akt.50,51 Mice lacking functional ILK exhibited reduced
trabecular bone mass, together with impaired F-actin organi-
zation and downregulation of BMP/Smad and Wnt/b-catenin
signalling pathways.52 FAK deciency in mice also led to the
downregulation of Wnt/b-catenin signaling and decreased
osteoblast number.53 It is obvious that FAs play an important
role in mediating cell morphology, migration and
differentiation.

Substrate stiffness can directly activate integrin b1 and FAK,
which accelerates FAs maturation.54 Via FAs, extracellular forces
can be transmitted to the cytoskeleton and relative signaling
pathways. FAK is elevated with increasing stiffness and trans-
duces external forces to the myosin cytoskeleton by inducing
the downstream GTP-bound small GTPases (RhoA).55 For one
thing, RhoA continues to activate mDia to enhance F-actin
polymerization. For another, RhoA phosphorylates rho-
associated protein kinase (ROCK). Two ROCK isoforms
(ROCK1 and ROCK2) play distinctive roles in cell motility and
mechanotransduction. ROCK1 phosphorylates the myosin
regulatory light chain (MRLC) and generated traction force,
while ROCK2 phosphorylates colin and stimulates the
formation of actin bundles to regulate the cytoskeletal remod-
eling.56 On a so PDMS matrix, the expression of RhoA and
ROCK1/2 decreases in chondrocytes,57 while the activation of
cytoskeleton-related adhesion proteins and cascades of paxillin,
FAK, PKC, and RhoA were detected in osteoclasts on the stiffer
PDMS substrates.58 RhoA/ROCK can not only respond to matrix
stiffness but also act as intermediary molecules to mediate the
cellular localization of YAP/TAZ. MSCs cultured in big bro-
nectin pattern have been found to entail the activation of the
RhoA/ROCK signaling pathway and stimulate the formation of
actin bundles, stress bres and tensile actomyosin structures,
which act as signals of the nuclear translocation of YAP/TAZ.38

2.3 Nuclear deformation

The cytoskeleton is composed of lamentous actin, interme-
diate laments and microtubules and acts as a mechanical
24504 | RSC Adv., 2022, 12, 24501–24510
linker of plasma membranes, organelle membranes and
nucleus membranes.59 During the force transduction, talin, the
linker of the nucleoskeleton and cytoskeleton (LINC) complex
exerts an indispensable effect in coupling ECM, focal adhe-
sions, cytoskeleton, and nucleoskeleton. Integrins bind ligands
on the extracellular side, whereas talin couples integrin recep-
tors to the actin cytoskeleton.60 Talin unfolds and leads to focal
adhesion and stress ber formation.61 The LINC complex, as the
name indicates, mechanically couples the nucleus to cyto-
plasmic stress bers.62 Elosegui-Artola et al. also conrmed the
importance of talin unfolding and LINC complex in delivering
forces to the nucleus and driving YAP translocation.63 How did
forces inuence nucleus and even gene expression? By
comparing the size of nuclear pores, they discovered that nuclei
on stiff substrates showed a atter geometry with greater size of
nuclear pores than on so substrates, which increased nuclear
pore permeability and facilitated YAP nuclear import (Fig. 4A
and B). The cellular ability to sense the environment and
transmit forces into the nucleus eventually affects the pheno-
typic endpoints of MSCs.

On the other hand, nuclear deformation brings the alteration
of chromosomal conformations, changes in genetic information,
and even nuclear envelope rupture.64 The chromatin dynamics
within the nucleus are also mediated by the cytoskeleton and
nucleoskeleton.65 Nuclear levels of histone deacetylase 3 were
higher when actomyosin contractility was inhibited.66 Besides,
the disruption of the chromatin structure can decrease broblast
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Pore sizes of scaffolds regulate cell movement and fluid
penetration. (A) The classification of pore sizes and the optimal ranges
for tissue regeneration. (B) Gelatin scaffold made with pore sizes from
400 mm to 800 mm, and better distribution and value of lipid staining
were seen in the 800 mm group. (Reprinted from ref. 73 with
permission from Wiley, copyright 2020). (C) PCL scaffolds with pore
sizes ranging from 50 mm to 400 mm, and the 100 mm to 200 mmgroup
exhibited the best osteogenic gene expression. (Reprinted from ref. 70
with permission from Frontiers, copyright 2021). (D) MSCs cultured in
different matrixes made from alginates showed different morphol-
ogies. (Reprinted from ref. 82 with permission from Elsevier, copyright
2017). (E) Pore sizes of gelatin-based scaffolds determined whether
MSCs would gather or expand. (Reprinted from ref. 84 with permission
from American Chemical Society, copyright 2019).
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mechanosensitivity and impair the nuclear anisotropy under
extrinsic forces.67 Then, it is likely to utilize mechanical cues
integrated with nuclear geometry and chromatin remodelling to
manipulate gene expression and cell differentiation. It has been
reported that regular low-intensity vibration (LIV) protects the
early osteogenic and late adipogenic ability of aging MSCs and
the recovery of oxidative reductase-related proteins, which indi-
cated that mechanically induced genetic changes have been
stored in the nuclei (Fig. 4C and D).68 The novel mechanism
converts force into the importing of nuclear molecules and may
inuence the nucleocytoplasmic shuttling of any protein.
However, whether the nuclear deformation induced by specic
mechanic signals corresponds with particular molecules shut-
tling or interacts with mechanosensitive transcriptional regula-
tors remains to be uncovered.

3 Pore size

Pores are the interconnected spaces of the bulk that are not
occupied by solid materials but by gases, liquids, or even other
microscopic particles. Pore size is the basic morphological
property of porous materials, and the concomitant term
porosity is dened as the percentage of void space in a solid.69

Pores come in a variety of sizes to address diverse applications
(Fig. 5A). According to the IUPAC denition, pores with an
internal width of less than 2 nm are referred to as micropores,
those with a width between 2 to 50 nm as mesopores, and those
larger than 50 nm are called macropores. If biomaterials
constitute, metaphorically speaking, the beams of a house, then
the crisscross pores provide room for cell motility and facilitate
intercellular communication. For the cultivation of stem cells
with different origins, choices of scaffold pore sizes were
different. Based on polycaprolactone (PCL) scaffolds with
various pore sizes, Han et al. found that chondrocytes are
suitable for 100 and 200 mm, BMSCs for 200 mm, and tendon
stem cells for 200 and 300 mm (Fig. 5C).70 Even for the same
stem cell seeds, distinct pore sizes may imply different differ-
ential endpoints.71 Generally, compact and hard tissues like
bone and skin require smaller pore sizes while the regeneration
of cartilage and fat prefers scaffolds with larger pore sizes.
When it comes to tissue engineering and regeneration, the
optimal pore size should be consistent with the sizes of the
initial cell morphing along with the eventual tissue. The
minimal pore size is considered to be approximately 100 mm
due to cell size, migration and transportation requirements.71

The activities of neurogliocytes and broblasts are ensured in
such pores, yet 100–300 mm is recommended for osteoblasts
and 200–400 mm for the growth of cartilage and vasculariza-
tion.72 Adipose tissue engineering requires adequate pore size
due to the fragility of adipocytes and the high demand for
oxygen and blood supply. Adipogenic differentiation of MSCs
seemed feasible in scaffolds within the pore size range of 200–
600 mm, yet the largest pores proved to achieve the best adipo-
genesis.73 Beyond the primary concern of tissue volume, the
relationship between pore size and other mechanical proper-
ties, and the effect of crosstalk along with synergistic effects on
cell behaviors should also be taken into consideration.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.1 Pore size tailors stiffness

There comes a general agreement that bulk porosity is nega-
tively correlated to stiffness. With particular raw materials,
a larger pore size sacrices the portion of solid materials, yields
greater porosity, and results in weaker scaffold rigidity. As we
elaborated before, scaffold stiffness renders signicant physical
cues to determine stem cell fate, which offers pore size access to
indirectly regulate cellular functions through tailoring scaffold
stiffness. Pore sizes vary considerably based on the method of
fabrication. Slat leaching is used to generate scaffolds with
chosen pore sizes ranging from 500 to 600 mm.74 Electrospun
scaffolds had considerably smaller pore sizes (6–70 mm) and
slightly lower porosity.75 With higher pressure pore-foaming
agents, the average pore size of elastin hydrogels increased
from 3.9 mm to 79.8 mm, yielding a compression modulus
change from 18.8 to 8.6 kPa.76 When the printed Gel-MA scaf-
fold achieved an increase in pore size from 400 to 800 mm, the
compressive modulus signicantly declined from 892 to 124
Pa.73 The introduction of engineered porosity allows the
stiffness-to-weight ratio to optimize the desired mechanical
properties. However, the present methods to fabricate porous
hydrogels suffer from a deciency of pore size and delicate
structure. 3D print provides another strategy to precisely control
RSC Adv., 2022, 12, 24501–24510 | 24505
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the geometry and mechanical structure to create macroporous
and multifunctional materials.77 For instance, PCL scaffolds
were made with pore sizes of 215, 320 and 500 mm via fused
deposition modelling. Among them, the 215 mm group exhibi-
ted the greatest tensile and compressive moduli, and nally
improved the efficiency of MSCs at the aspect of proliferation
and ECM deposition.69 Similarly, pore sizes larger than 200 mm
were proved to support adipogenic differentiation from MSCs,
better inltration of cells and homogeneous distribution of
lipid droplets were observed when the scaffold stiffness
declined with the pore size being augmented (Fig. 5B).73
3.2 Pore size affects adhesion and penetration

Pore size that is approximate or slightly greater than cell
diameter was proved to benet initial cell attachment to
a scaffold and lay a foundation for the subsequent cell migra-
tion and proliferation. Scaffolds with small pores (50 mm)
provided more support and showed increased initial cell
adhesion but restricted cell proliferation, while bigger pore
sizes provided enough space for cell migration and cross-talks
but led to weak mechanical strength (Fig. 5C).70 Osteoblasts in
collagen–glycosaminoglycan scaffold with small pore size
proliferated signicantly on the rst two days but the advantage
was lost aer 7 day culture,78 which was speculated that because
of the morphogenesis of cells, a larger pore size allows space for
cell attachment and proliferation in addition to the optimal
diffusion of nutrients and vessels in-growth. MSCs cultured in
big bronectin islands showed cell spreading and stress bre
formation, which constitutes a mechanotransduction system of
cell migration.38 Macroporous scaffolds were also accompanied
by outstanding swelling properties,69 indicating feasible
medium inltration, substance exchange and signal trans-
mission through the interconnected holes. Therefore, ASCs and
the vascular endothelium prefer macroporous scaffolds with
pore sizes of over 400 mm.79 On the contrary, in PCL layers with
a pore size of 750 nm, ossication markers and microvessel
markers were detected, and transcriptome sequencing revealed
the activation of the HIF1a/FAK axis.22

Apart from the multi-lineage differentiation function, MSCs
are also acknowledged for remarkable paracrine action. A diver-
sity of cytokines like IGF, FGF, PDGF, VEGF, ILs and MMPs are
secreted to manipulate cell behaviors and inuence tissue orga-
nization.80 The exosomes of MSCs have been proved to exert
properties of neuroprotection, cardiac repair and anti-inam-
mation.81 An interconnected macroporous structure permits
better interstitial uid penetration and may render promoted
paracrine action. Qazi et al. used alginates to fabricate nano-
porous hydrogels (mean pore size: 5 nm) and macroporous
scaffolds (mean pore size: 122 mm) sharing similar mean stiffness
values of�20 kPa.82 MSCs were allowed to spread and contact on
the scaffolds and exhibited the striking elevation of growth factor
secretion (Fig. 5D). Intriguingly, they found that macrostructures
promoted cell migration but hindered myotube formation, and
in-depth investigation revealed the effect of N-cadherin that
promotes cell–cell adhesion. For chondrocytes with relatively
small size and stronger adhesion, smaller pore size seemed to
24506 | RSC Adv., 2022, 12, 24501–24510
promote cell movement and proliferation.83 In another study,
Qazi and his colleagues printed collagen scaffolds with pore sizes
distributed from about 200 mm to 382 mm. Smaller pores
hampered cell inltration, large ones caused cells to ow through
the scaffolds and medium pores helped MSCs to aggregate and
enhanced the angiogenic factors paracrine secretion (Fig. 5E).84

The optimal pore size is not “the bigger, the better” and should
be wisely selected for different cells and target tissues.
4 Topology

Topology is the study of dots and lines by dissolving shapes and
spaces. Topological materials preserve the shape under
stretching or squeezing.26 Yet, in biomaterials engineering,
topology is usually referred to as the macro-geometry and
micro-surface features of the scaffolds.85 Efforts in designing
and manufacturing scaffolds with topological structure serve to
recapitulate the topographic heterogeneity of native tissues. For
example, muscles, vessels, nerves, and tendons shared
a homeomorphic microtubular structure. Hwangbo et al.
designed a uniaxially aligned microtubular collagen scaffold,
the so-called lotus-like structure, to induce aligned myoblasts
distribution and signicant myogenesis (Fig. 6A).23 Adipose
tissue, in contrast, features loose connective tissue consisting of
adipocytes lled with large globules of lipid and surrounded by
ber networks. Therefore, it is reasonable to construct a round,
porous, and contractile environment for adipose tissue regen-
eration. By the use of micropatterned substrates, cell shape can
be tightly controlled at the micro-and nanometer scale in vitro.
Kilian et al., have already proved that MSCs planted on circular
media represent the promoted expression of adipogenesis
markers as compared to that on the holly leaf shape (Fig. 6B).86

With the assistance of so lithography and photo-
polymerization, researchers can carve sophisticated structures
like microgrooves, nanodots, ridges, etc. on scaffold surfaces.87

Meanwhile, a growing number of studies make the effort to
probe the hidden mechanism behind topological regulation.
4.1 Contact guidance

Extracellular physical cues are continuously sensed and trans-
mitted to the nuclei via mechanotransduction networks. This
interaction between cells and the anisotropic environment fuels
a cellular orientation response, viz. cellular organization.
Cellular organization affects the microarchitecture of tissues
and induces contact guidance, a phenomenon where cells are
inclined to migrate along the direction of anisotropy (Fig. 6C).88

As a concrete manifestation, cells seeded on a substrate with
a gradient of stiffness migrated from the so towards the stiff
side or aligned with the boundary to avoid the so substrate.89

In addition, cells on stiffer substrates exhibited more elongated
and spread geometry.90 Contact guidance is considered
a symbol of recognition between cell morphology and matrix
topographies. In the study of myogenic differentiation on
patterned polystyrene, myoblasts showed a tendency toward
alignment and elongation along the length of the grating
patterns.91 According to the morphometric analysis of cells and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Topology determines the differential orientation of MSCs
through micropatterns. (A) A lotus-like PVA/PCL scaffold induced the
linear alignment of C2C12 cells. (Reprinted from ref. 23 with permis-
sion from American Chemical Society, copyright 2020). (B) MSCs
planted on circular media showed the tendency for adipogenesis,
while a holly leaf shape enhanced osteogenesis. (Reprinted from ref.
86 with permission from PNAS, copyright 2010). (C) The theory of
entropy morphology increase for explaining the alignment of cells
near the borders. (D) The osteogenic/adipogenic axis of a single MSC
can be regulated by micropatterns. Circular and star shapes respec-
tively supported the optimal adipogenic and osteogenic differentia-
tions. (E) When cultured on micro-grooved PLGA with different w/
d ratios, the alignment degrees of myotubes generated from C2C12
cells were different. The W100D50 group showed maximum align-
ment. (Reprinted from ref. 97 with permission from American Chem-
ical Society, copyright 2021). (F) MSCs are inclined to express
adipogenic genes while incubated in a restrained cubic scaffold,
whereas the cylindrical and rectangular respectively facilitated the
osteogenic and neurogenic differentiation.
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the stress-ber arrangements on bronectin striped substrates,
broblasts were aligned when stripe widths were smaller than
cell sizes, whilst cell shapes uctuated on larger stripe widths.88

It was proposed that cells tend to rotate and wander to achieve
the maximization of morphological entropy. Nonetheless, the
spatial constraint keeps the cells in line with the edges.

The reconstruction of topological features generally occurs
together with the introduction of polymeric coatings. Synthetic
materials that have outstanding merits like manufacturability,
easy modication, and tuneable physical properties, yet confront
the problem of biocompatibility, are syntheticmaterials endowed
with bioactive molecules, such as ligands for adhesion receptors,
functional parts of natural growth factors, or synthetic regula-
tors.92 Adhesive Arg-Gly-Asp (RGD) peptides are probably the
most widely used and their effectiveness to promote cell adhe-
sion has been veried on different substrates.93Wong et al. found
that high RGD tethered mobility delayed the early adhesion and
spreading of MSCs, leading to compromised osteogenic differ-
entiation, possibly due to additional time and effort for cells to
develop a mechanical response, thereby delaying the maturation
of FAs and activation of subsequent mechanotransduction sig-
nalling. In contrast, MSCs cultured on substrates with restricted
RGD tethered mobility showed signicantly better adhesion,
spreading, and osteogenic differentiation.94
© 2022 The Author(s). Published by the Royal Society of Chemistry
4.2 Contact transduction

Due to the micro- and nano-patterning techniques, elaborate
engineered platforms are produced to conne cells to specic
shapes and investigate cell behaviors at the individual scale.
The initial physical contact between cells and scaffolds induces
integrin assembly, and the follow-up focal adhesion formation
transduces the biophysical cues into downstream cytoplasmic
b-catenin accumulation and the resultant nuclear trans-
location.95 With shape constraint by micropatterns, contact
brings cell deformation, and it seems that the aspect ratios of
micropatterns play a key role in stem cell differentiation
(Fig. 6D).96 Osteoblasts cultured in PLGA microgrooves with the
highest width/depth ratio were discovered to exhibit robust
myogenic differentiation and integrin-mediated FAK signaling
activation (Fig. 6E).97 Similarly, scaffolds with cubic pores
promoted the gene expression of adipogenesis and chondro-
genesis, when MSCs in cylindrical pores expressed osteogenic
markers (Fig. 6F).98 Muneekaew et al. applied this method to
other differentiation and further corroborated its generality.
They discovered that umbilical cord-derived MSCs cultured on
rectangular collagen micropatterns showed neurogenic differ-
entiation while the square ones induced adipogenesis
(Fig. 6F).99 The mechanism of morphology-derived differentia-
tion could be attributed to the interactions of F-actin, integrin,
and extracellular environment, which transform physical cues
into chemical cascades and thus changes in gene expression.
5 Conclusions

Engineering stem cell culture systems offer an opportunity for
the rapid progress of regenerative medicine. With an in-depth
understanding of how the extracellular environment interacts
with cell behaviors, scaffolds that capture and recapitulate in in
vivo environments are a core factor for a satisfying outcome. In
this article, we emphasize the outstanding effect of mechanical
properties, mainly stiffness, pore size and topography, on stem
cell mobility, functions and eventually the tissue differential
endpoints. Stiffness plays a fundamental role in translating other
mechanical cues and transducing mechanic force to nuclear,
where the YAP/TAZ location, focal adhesion-related actin func-
tion, and nuclear deformation caused molecules to come into
play. Pore sizes indirectly alter the mechanical strength of scaf-
folds and directly affect cell adhesion and material exchange.
Topology is an emerging realm that has earned much expecta-
tion. The contact between cells and scaffolds transmits intriguing
direction by conning cell/nucleus geometry and guiding adhe-
sion and migration. All mechanical cues are united in the
mechanotransduction system driven through information
recognition by integrins, signaling cascades transmitted by
molecules, gene expression launched by transcription factors,
and deformation mediated by cytoskeleton arrangement.

However, many puzzles remain to be unveiled. For example,
whether any membrane protein has participated in recognizing
mechanic cues, and if a direct correspondence exists between
specic information input and gene expression output. Besides,
other mechanical signals like viscoelasticity, uid ow and
RSC Adv., 2022, 12, 24501–24510 | 24507

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02841g


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
1/

8/
20

25
 4

:1
5:

43
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
tension are not expatiated here because these signals indirectly
or synergistically function with the mentioned three and
specic signaling pathways remain unclear. Sonam et al. have
found that when uid shear stress was applied, MSCs seeded on
1 mm wells underwent osteogenesis, whereas those on 2 mm
gratings remained multipotent.100 The application of shear
stress and contractile topography resulted in increased intra-
cellular tension of MSCs and inuenced the engagement of
actin microlaments and nally cell proliferation and
differentiation.

Last but not least, not only stem cells can sense the
mechanical signals of the environment, but also ECM can
receive the intrinsic signals from the cell niche and extrinsic
signals from other tissue. Scaffolds that canmodulate their own
properties to respond to environmental changes have great
prospects aer transplanting in living bodies. Understanding
the interactions between environment mechanics and cell
behaviors also provides novel insight for coping with progres-
sive cancer, brosis and other diseases highly associated with
ECM properties. Animal models have been extensively used in
obesity research, yet dietary, genetic, and chemical modica-
tions limit their applicability to human translation.101 The in-
depth investigation of mechanical cues in controlling differ-
entiation of pluripotent stem cells may pave the road to broader
research in adipose tissue regeneration or obesity-related
diseases.
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