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ARTICLE INFO ABSTRACT
Keywords: Cell-matrix interactions play a critical role in tissue repair and regeneration. With gradual uncovering of sub-
Substrate stiffness strate mechanical characteristics that can affect cell-matrix interactions, much progress has been made to unravel

Cellular response
Cell-matrix interaction
Mechanobiology
Tissue engineering

substrate stiffness-mediated cellular response as well as its underlying mechanisms. Yet, as a part of cell-matrix
interaction biology, this field remains in its infancy, and the detailed molecular mechanisms are still elusive
regarding scaffold-modulated tissue regeneration. This review provides an overview of recent progress in the
area of the substrate stiffness-mediated cellular responses, including 1) the physical determination of substrate
stiffness on cell fate and tissue development; 2) the current exploited approaches to manipulate the stiffness of
scaffolds; 3) the progress of recent researches to reveal the role of substrate stiffness in cellular responses in some
representative tissue-engineered regeneration varying from stiff tissue to soft tissue. This article aims to provide
an up-to-date overview of cell mechanobiology research in substrate stiffness mediated cellular response and
tissue regeneration with insightful information to facilitate interdisciplinary knowledge transfer and enable the
establishment of prognostic markers for the design of suitable biomaterials.

membrane-bound receptors (Fig. 1A) [2]. This complex array of extra-
cellular signals then initiates intracellular signaling cascades and ulti-
mately converts them into cellular responses, including migration,
proliferation, and differentiation. Cells, in turn, exert forces on the
scaffolds and remodel their structure throughout tissue regeneration,
adaptation, and disease processes [2]. Therefore, understanding the
interplay between ECM and cellular responses is fundamental for
advancing the engineered substrates via mimicking the targeted tissue
ECM’s properties to actively manipulate cell behaviors and guide tissue
regeneration and repair.

As a nonlinear, viscoelastic and anisotropic object, native tissue
commonly exhibits complex mechanical properties in which their me-
chanical behaviors depend on the amount, direction as well as the time
of applied deformation [3]. However, to quantify the mechanical
properties practicably and provide the guidance to prepare biomimetic
scaffolds, tissues are often assumed to be linear, elastic, and isotropic
solids. In this simplified case, three moduli including elastic modulus,
shear modulus, and bulk modulus are widely used to define the

1. Introduction

The extracellular matrix is a characteristic network-structured
extracellular space that provides mechanical support for cell growth,
tissue development, and buffering of body exercise load. The complex
milieu (e.g., biochemical composition and biophysical cues) of ECM
widely vary from brain to calcified bone in the body, and the sur-
rounding cells constantly sense and process the complex milieu to make
decisions of their fate through cell-ECM interactions [1]. As an arisen
subset of regenerative medicine, the tissue engineering approach uti-
lizing cells as the building block and providing scaffold to guide cell
growth and matrix synthesis has gained increasing attention for
rebuilding damaged tissues through biomimetic strategies. As discussed
in the recent reviews, when placed or recruited into scaffolds, cells can
sense properties of the mechanical cues (e.g., stiffness, contractility,
surface pattern, and dimensionality) that usually act in concert with
other physicochemical and biochemical properties through cell
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Abbreviations

2D two-dimensional

3D three-dimensional

AFM Atomic force microscopy

ALP alkaline phosphatase

ATP adenosine triphosphate

BG bioactive glass

BMP4 bone morphogenetic protein 4

CNT carbon nanotube

DHT dehydrothermal treatment

DRG dorsal root ganglion

ECs endothelial cells

ECM extracellular matrix

EDC 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide
hydrochloride

ERK extracellular signal-regulated kinase

FAs focal adhesions

FAK focal adhesion kinase

GAG glycosaminoglycans

GelMA  gelatin methacrylate

GTA glutaraldehyde

HA hyaluronic acid

HAp hydroxylapatite

H>0, hydrogen peroxide

HPA hydroxyphenylpropionic acid

HRP horseradish peroxidase

ICAM-1 intercellular cell adhesion molecule-1

IL-1B interleukin-1f

iPSCs induced pluripotent stem cells

LINC linkers of the nucleoskeleton and cytoskeleton complex

MeHA  methacrylated hyaluronic acid

MIF macrophage migration inhibitory factor

MLC myosin light chain

MSC mesenchymal stem cell

NHS N-succinic anhydride

NPCs neural progenitor cells

NSCs neural stem cells

PCL polycaprolactone

PDLSC  periodontal ligament stem cells

PDMS  polydimethylsiloxane

PEG polyethylene glycol

PEGDA PEG diacrylate

PGS poly(glycerol sebacate)

PLLA poly(i-lactide)

PPF-co-POSS poly(propylene fumarate)-co-polyhedral oligomeric
silsesquioxane

PVA polyvinyl alcohol

RGD arginine-glycine-aspartic acid

ROCK  Rho-associated kinase

SBF simulated body fluid

SMCs smooth muscle cells

TAZ transcriptional coactivator with PDZ-binding motif

TNFa tumor necrosis factor-a

Tyr tyramine

uv ultraviolet radiation

YAP Yes associated protein

mechanical properties of tissues or scaffolds [4]. Stiffness, the extent to
resist deformation in response to an applied force, is regarded as the
rigidity of substrate. In the field of mechanobiology, substrate stiffness
was performed generally to refer to the material moduli [3,4]. A general
literature survey of the development of tissue engineering approaches to
study cell-ECM interactions indicates that substrate stiffness has been
highlighted as a key determinant of cell fate during the last few decades
[5]. In 1997, polyacrylamide matrix was used for investigating the
relationship between substrate stiffness and cellular responses of fibro-
blasts and epithelial cells lines [6]. Later on, other similar studies were
reported on hydrogel [7], sponge [8], or fibrous substrates [3] in order
to establish the strategies of fabricating various engineered scaffolds
with controllable stiffness and thus to explore mechanical feedback to
many other cell types, including stem cells. These studies add to a
growing body of evidence that substrate stiffness-mediated cellular
behavior can obviously regulate the matrix microenvironment and
mechanical homeostatic actions in multiple scales from large tissue
modification to cellular signaling pathway regulation. For instance,
engineered scaffolds with overly stiffness, on the one hand, hinder bone
regeneration through the stress shielding phenomenon [9]. On the other
hand, cells within substrates sense the surrounding matrix stiffness and
transduce the mechanical signals into physiological responses involving
cell growth and differentiation. Such cognizance inspires us to speculate
that substrates with matched stiffness in the defective tissue favor for
tissue reconstruction. Regrettably, to date, limited progress has been
made to regulate substrate stiffness without the change of other char-
acteristics that are essential for fibrillar ECM functions. It indicates that
appropriate biomimetic scaffolds that imitate biophysical and
biochemical cues with a solely emphasis on tunable stiffness remain
relatively underexplored, much less known are the pathways by which
the cells sense the mechanical signal and translate them into biochem-
ical mechanisms, as well as unveiling the initiated molecular
mechanisms.
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Overall, the rational design of functional scaffolds necessitates a high
throughput understanding of key cellular decisions, a complete picture
of the cellular mechanochemical pathways, and associated downstream
signaling pathways in response to substrate stiffness. Based on the cur-
rent knowledge and emerging research in the field, this review sum-
marized the exploited studies that have been performed to explore the
substrate stiffness-mediated cellular responses, aiming to provide
comprehensive and effective mechanobiology information of cell-matrix
interactions for tissue engineering. Three parts were mainly reviewed:
Firstly, we introduced ECM of different stiffness used in tissue regen-
eration and how they act as an instructive cue to influence cell fate.
Then, the latest advances of engineering-based approaches to achieve
the controllable modulation of scaffold stiffness for the study of cellular
decision-making are discussed. Finally, this review highlighted the
research progress of substrate stiffness-mediated cellular responses in
representative tissues. Biomaterial-based scaffolds are more than
fundamental research platforms for studying cellular responses and
underlying molecular mechanisms but could also be used for uncovering
the role of substrate stiffness in physiological and pathological pro-
cesses. We hope this review could provide insightful information and
contribute to the future development of biomaterial-based scaffolds in
regenerative medicine.

2. Substrate stiffness physically determines cell fate and tissue
development

As the housing environment of cells, ECM transmits external me-
chanical loads and internal mechanical stimulation to resident cells and
guides their fate through modulating cell growth and differentiation.
Meanwhile, cells could constantly change the composition and macro-
molecular network structure by secreting matrix components and matrix
metalloproteinases or exerting mechanical forces to regulate the type
and arrangement of macromolecules in ECM (Fig. 1B), thus contributing
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to the variety of tissue stiffness differing from the soft brain to the stiff
cortical bone [10,11]. Increased studies have confirmed the significant
role of matrix stiffness (including native ECM and engineered substrates)
in affecting cellular decisions and tissue development via tissue engi-
neering approaches. This section demonstrated the structural compo-
nents and corresponding architecture of native ECM, the
mechanobiological mechanisms of cells-substrate interaction, and the
strategies to design scaffolds with desired mechanical parameters.

2.1. Unique stiffness attribute of native ECM

The ECM is a complex and highly dynamic network-structured
extracellular space in which the molecular composition and matrix
pliability are modulated by the resident cells [12]. Attributing to the
intrinsic properties of ECM constituent molecules and their exclusive
self-assembled hierarchical architecture (Fig. 2A), ECM stiffness (or
measured as Young’s Modulus) presents widely diverse spanning from
the brain (1-3 kPa) [10,11] to muscle (23-42 kPa) [13], blood vessel
(1.16-860 MPa) [14], tendon (136-820 MPa) [15], or bone (15-40 GPa)
[16] (Fig. 2B).

The chemical composition and the hierarchical architecture are
decisive for ECM’s stiffness. From the aspect of chemical composition,
ECM is mainly composed of two main classes of macromolecules: fibrous
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proteins (e.g., collagen, elastin, fibronectin, and laminin) and pro-
teoglycans, with plentiful ECM-binding enzymes as cross-linkers.
Fibrous proteins constitute the fibrous component of ECM, serving for
energy storage, to provide tensile strength and adhesive sites for cells
attachment; while viscous proteoglycans fill the interstitial space of
fibrous architecture in the form of hydrated gel, acting as an energy
absorber, to endow ECM with functions in buffering and bearing the
external force [14,15]. As the most abundant structural fibrous protein,
collagen is the basic building block of ECM architecture and widely
distributes in the hierarchical structural elements to provide the tensile
strength of ECM. Meanwhile, elastic proteins (e.g., elastin) and pro-
teoglycans give ECM superior elasticity. The variation in the content of
these structural fibrous proteins lays the groundwork for tissues of
specific stiffness. For example, the enrichment of fibrillar collagens and
mineralized inorganic component with less elastic elements contributes
to the supreme rigidity of bone tissues and help to maintain physio-
logical locomotion and load-bearing capacity [17]. For the tendon that
connects muscle and bone, certain elastic components of elastin and
other glycoproteins within collagen give it excellent elasticity to stretch
and retract along the longitudinal direction [18]. The enrichment of
elastin in the fibrous ECM is also crucial for blood vessels to sustain the
tensional forces exerted by the blood flow [5]. Structurally, the upper
level of hierarchical architecture is another determinant in the variation
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Fig. 1. Cell-matrix interactions: (A) Representation of matrix mechanical cues, namely, matrix stiffness, external dynamic force, surface pattern, and matrix
dimensionality, have been shown to affect numerous cellular behaviors through cell membrane-bound receptors that call FAs; (B) Cartoon depicting the interaction
between ECM and surrounding cells, including matrix-mediated cell responses and cell-mediated matrix remodeling.
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Fig. 2. Unique stiffness attribute of each native ECM: (A) composition and self-assembled hierarchical architecture of ECM to each specific tissue; (B) elastic moduli
of ECM presenting widely diverse spanning from the brain to bone; (C) example of the heterogeneity of substrate stiffness showed in different regions of bone ECM.

of ECM stiffness. Collagen fibers in tendon present an undulating hier-
archical anisotropic architecture and thus imbue unique mechanical
characteristics of substrate to experience highly complicated loading
patterns [19]; In contrast, as the continuous membrane that encloses the
brain and the spinal cord, the collagen fibers of dura mater are arranged
irregularly within tissue and sustain the low modulus (< 1 MPa) [15].

Thus, the characteristics of ECM composition and self-assembled
hierarchical architecture lead to the unique stiffness attribute of a spe-
cific tissue. Moreover, heterogeneity extends to substrate stiffness in
different regions, even in the same tissue or organ. For instance, the
stiffness of bone ECM rises from spongy regions to compact regions or
decreases and then increases from bone to surrounding arteries (Fig. 2C)
[17].

2.2. Cell mechanobiological responses to substrate

Cells constantly sense their microenvironment and make adjust-
ments over time to control cell function and tissue remodeling. With
growing importance attached to the cell-matrix interaction in tissue
remodeling, cell mechanobiology has also witnessed rapid development
and underpinned scientific advances in the scaffold design strategies
that recapitulate the critical cues to guide tissue regeneration via tissue
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engineering approaches. It is now widely accepted that cells (from stem
cells to mature cells) can sense and respond to the substrate stiffness by
three steps: mechanosensation, mechanotransduction, and downstream
mechanoresponses (Fig. 3) [3]. Briefly, when cells first contact the
substrate surface, large protein complexes called FAs are formed to
tether the cell cytoskeleton (e.g., integrins) to the substrate (e.g., ligands)
[20]. Then the physical signals of the microenvironment are sensed and
transduced into biochemical signals, activating subsequent changes in
cell behaviors, including cell morphology, growth, differentiation, and
death [3].

Mechanosensation is recognized as the initiating event of cell-
substrate interaction (Fig. 3®). Extracellular signal-regulated kinases
(e.g., FAK and Rho) play a crucial role in the mechanosensory chain
[21], while substrate geometry and polarity could also influence this
process within cells. FAs are nanoscaled mechanosensors located on cell
membranes that could anchor the contractile cytoskeleton to the sub-
strate through the tripeptide sequence RGD [21] and mediate the bidi-
rectional cell-matrix signaling from inside and outside of cells [22]. The
formation of cell-adhesion sites requires a space of less than 73 nm for
the extracellular ligands to bind to clustered RGD peptides [22]. Besides,
evidence revealed that the size of the formed sites would increase in a
stiffness-dependent manner [23]. Compared to the 2D
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Fig. 3. Schematic illustration of cell
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microenvironment, the mechanosensing pathways in the 3D substrates
are even more complex because cells in the 3D microenvironment pull
and push substrate from any direction to gauge the stiffness [24].
However, the influence of the 3D microenvironment provided by bio-
mimetic scaffolds on the resident cells is poorly considered in cell-based
or in situ tissue regeneration studies due to its complexity.

Once cells sense the substrate features, including stiffness, a diverse
set of structural motifs begin conformational change over a range of
mechanical stimulation. They undergo a host of biochemical pathways
such as the force-induced exposure of otherwise cryptic peptide se-
quences, the opening of mechanosensitive ion channels, or receptor-
ligand interactions responses, known as mechanotransduction
(Fig. 3@-®) [25]. The cytoskeleton, propagating deep into the cyto-
plasm and linking the cell nucleus to the substrate, is confirmed to
transmit the sensed mechanical signals from the substrate to the nucleus
by actin polymerization and microtubule assembly [26]. Alteration of
enzymes activity is another common pathway that transduces mechan-
ical signals into biochemical signals by directly regulating protein
conformational changes. For instance, the increased substrate stiffness
can promote ATP hydrolysis that moves along the actin filaments and
microtubules to generate energy for the contractile forces of cells on the
substrate [27]. Then, the sensed signals are transmitted to the nucleus
via the LINC complex, lamins, and other proteins such as
lamina-associated polypeptides 2 [22]. These propagated mechanical
signals will regulate the expression of genes and the related nuclear
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protein. Another pathway of the sensed mechanical signals transmitting
through the cytoplasm to the nucleus is the structural modification of
cytoplasmic proteins, such as YAP and transcriptional coactivators TAZ,
which are then shuttling to the nucleus to regulate gene expression and
control cell behaviors [28]. Furthermore, the change of conductive state
of mechanosensitive ion channels also transduces mechanical signals
into biochemical signals, such as the increased open of ion channels at
high tensions in response to the stiff substrate [29]. Notably, some
focal-contact proteins releasing from the adhesion sites, such as paxillin
and vinculin, can serve as cell signaling molecules if the receptor-ligand
interactions fail on the substrate [30]. Overall, the mechanotransduction
process is in a position- and time-dependent manner in cells [22].
Lastly, during mechanotransduction, gene and protein expression
changes initiate the adaptive cellular responses, including cell growth,
differentiation, and death [3]. These responsive processes are known as
mechanoresponse (Fig. 3@). The cytoskeleton is a dynamic structure
that provides 3D support to cells and is responsible for cell functions. In
response to the substrate stiffness, cells can alter their internal cyto-
skeleton to reinforce and reorganize the cell and then activate various
intracellular signaling pathways to govern cell fate for tissue growth
[22]. Usually, early cell responses occur on a second to minute timescale
[25]. Then they activate actin filament extension, recruit myosin mol-
ecules (the mediator of cell contraction), and upregulate the production
of ECM proteins through stimulating the release of paracrine growth
factors or directly triggering gene expressions of an intracellular
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signaling pathway [31]. Under exceptional circumstances, cells will lose
their cellular responses to substrate stiffness if they contact other cells
and the cell-cell binding overwrites the cell-matrix mechanobiological
signaling [32]. Previous studies have shown that cell-cell interactions
coordinated by specific protein complexes such as adherent junctions
allow mechanical forces to propagate across tissue cells, which indicates
the pivotal role of cell-cell interactions in cell mechanobiological re-
sponses to the substrate [22]. Besides, the substrate stiffness regulates
gap junctions formed from two cellular hemi-channels composed of
connexin proteins (membrane proteins). They protrude through the cell
membrane and connect the cytoplasm of adjacent cells to permit the
movement of small molecules, followed by the activation of an intra-
cellular signaling cascade in response to substrate stiffness [33].

2.3. Stiffness as a crucial physical cue to design tissue-engineered
substrate

The unique attribute of native ECM stiffness and the clarified
mechanobiological pathways indicates the key role of substrate stiffness
in driving a variety of instructions to cells via cell-matrix interactions.
Commonly, the balance between the internal forces generated by cyto-
skeleton tension and substrate stiffness is required to maintain the shape
and anatomical localization of cells [34], thus resulting in a more
spreading area of cells on a stiffer substrate [35]. Furthermore, the
substrate stiffness matched that of native ECM from neural to bone tis-
sues leads stem cells to express typical precursor genes of the cell lineage
found in those respective tissues. Other circumstances include neuron
preference on soft matrix surface, whereas fibroblasts grow better on the
rigid matrix surface [36]. Such results revealed the crucial role of sub-
strate stiffness in designing biomimetic engineered substrates from the
microscale aspect.

At the macroscale, substrate stiffness supports physiological activ-
ities, including the physiological loads and the ability to prevent the
rupture of tissues. The macroscopic mechanical anisotropy lends a
unique function to load-bearing tissues. As shown in the tendon, the
aligned fibrous architecture of ECM supports tensile loads through
allowing energy storage and dissipation to transmit force along the
tendon during motion such as walking and running, thus decreasing the
overall energy commanded in daily exercise [37]. Similar protection
mechanisms against large continual strain have also been reported in the
vascular system. Due to the axially aligned fibrous architecture, a small
hysteresis of arteries, existing in each cardiac cycle, can effectively
maintain stable blood pressure through fairly low-energy dissipation,
thus preventing the resonation of the reflected pressure waves in the
vasculature [38]. Certainly, alteration of the distinct stiffness of native
tissues is correlated with cancerous growth and tissues lesions.
Over-secretion of structural proteins by cells in pathophysiological set-
tings can display local alteration of tissue stiffness and then stimulate the
chain reaction of tissue pathological changes. For example, tumor pro-
gression resulting from the secretion of enzymes and cytokines by
infiltrated immune cells could alter ECM architecture, promote fibrosis,
and enhance matrix stiffness. The enhanced ECM stiffness in the tumor
microenvironment, in turn, promoted tumor cell survival and growth,
thus affected the malignant transition of cells and the formation of
metastasis [39,40]. Fibrosis following a myocardial infarction, gliosis
after a cerebrovascular insult, and collagen deposition after epithelial
disruption are all related to the elevated local mechanical microenvi-
ronment of normal tissues [41], while osteoporosis associating with
reduced ECM stiffness was characterized by impaired bone micro-
architecture, which easily leads to bone fragility and proneness to
fracture [42].

In summary, substrate stiffness is a crucial physical cue in both
controlling cell fate at the microscale and remodeling tissues at the
macroscale. The ability to accurately emulate the natural features of
ECM is essential for designing biomimetic scaffolds and physiologically
relevant platforms to study tissue development and pathology [3]. It
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necessitates a thorough examination of the cellular mechanobiological
responses to substrate stiffness and the mechanisms underlying physi-
ological activities and pathological disorders, thereby providing new
insights into the development of tissue-engineered substitutes to
improve their function and decrease potential side effects in tissue
regeneration. Else, given the different responses of cells to substrate
stiffness among various tissues, it remains unclear why some cells nor-
mally require a rigid surface for growth, whereas others thrive on soft
surfaces. It would be interesting to exploit the unknown mechanism via
tissue engineering approaches and go beyond empirical approaches to
the rational design of engineering systems to control tissue development
through well-defined in vitro systems with controllable stiffness.

3. Strategies to tune the stiffness of engineering-based
substrates

With increased awareness of the role of substrate stiffness in regu-
lating cell behavior, numerous engineering substrates with controllable
parameters have been developed (Table 1). Over the past few decades,
strategies to regulate substrate stiffness could be classified into four
major groups: controlling crosslink density, incorporating additional
constituents, designing architecture using fabrication approaches, and
adjusting molecular interactions (Fig. 4). This section introduced the
recent studies of scaffold fabrication technologies for tunable stiffness.

3.1. Controlling the crosslink density of substrates for tunable stiffness

Crosslinks hold the different polymer chains together via substantial
entanglement in the polymeric network of the crosslinked substrate,
which helps to avoid the dissolution of hydrophilic polymer chains into
the aqueous phase. Hydrogels that present excellent water-absorbing
capacity is a typical example. The substrate stiffness can be controlled
effectively by regulating the degree of intermolecular substantial
entanglement [58]. Substantial entanglement in networks is divided
into physical or chemical crosslinks based on the type of bonds between
the polymer chains (Fig. 5) [7]. The design of hydrogels with tunable
stiffness via controlling crosslinking density would be described and
discussed in the following section.

3.1.1. Control of physical crosslink density

Physical crosslink (i.e., reversible interaction) is useful to construct
self-healing and mechanically dynamic shear-thinning hydrogels [58].
In physically crosslinked hydrogels, the molecular entanglements
include but are not limited to ionic crosslinks, hydrogen bonds, elec-
trostatic interactions, as well as host-guest or antigen-antibody pairs
(Fig. 5A).

Regulating ionic crosslink density (e.g., alginate-Ca®" [59], kappa
carrageenan-K™ [60], and pectin—Fe3+ network [61]) is an effective
crosslinking mode to adjust substrate stiffness. Alginate is a well-known
example that consists of a-L-guluronate blocks (G-blocks) and p-p-man-
nuronate blocks (M-blocks), in which the carboxylic acids of G-blocks
can interact with divalent cations (e.g., Ca®>*, Mg?", and Ba®") to form a
3D gelatin network [59]. The stiffness of the alginate hydrogels can be
modulated by regulating the overall fraction of G residues, the con-
centration of divalent cations, or the concentration of alginate [59,62].
Due to the special molecular structures, hydrogen bonds could also be
used for controlling substrate stiffness. For example, adenine particles
can generate intermolecular hydrogen bonds of adenine-adenine [63];
the abundant —~OH of tannic acid can form hydrogen bonds with other
macromolecules such as the ether groups of PEG [64]; or the induction
of f-sheet conformation can be implemented to form hydrogen bonds in
natural polymers including collagen and silk fibroin [47,65]. If the
hydrogels are generated based on the opposite charge attributes of two
materials (i.e., polycation and polyanion pairs) or ampholyte (e.g,
ion-pair comonomers), the substrate stiffness can be regulated through
controlling electrostatic interactions via modulating solution pH. It has
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Table 1

Numerous methods to fabricate engineered substrates with controlled stiffness.
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Materials

Scaffold types Mechanical parameter Mechanical range Changed parameter to regulate substrate stiffness Ref.

Natural materials

Alginate Hydrogel Young’s modulus measured by AFM 1.5-19.0 kPa G content and alginate concentration [43]

Gelatin Hydrogel Stiffness measured by rheometer 10-1000 Pa H,0, concentration [44]

HA Hydrogel Compressive modulus measured by static 5.4-11.8 kPa H,0, concentration [45]
material tester

Silk fibroin Hydrogel Compressive modulus measured by mechanical 6.41-63.98 kPa Silk protein concentration [46]
testing system

Collagen Hydrogel Compressive modulus measured by AFM 2-50 kPa EDC/NHS concentration [47]

Synthetic materials

Polyacrylamide  Hydrogel Stiffness measured by nanoindentation 30-665 kPa Acrylamide/bis-acrylamide concentration [48]

PCL Electrospun fibers ~ Tensile modulus measured by universal testing 6.12-33.20 MPa Collector rotation speed [49]
machine

PLLA Electrospun fibers ~ Tensile modulus measured by universal testing 696.90-944.57 Annealing temperature [50]
machine MPa

PEGDA Hydrogel Compressive modulus measured by microstrain 0.31-5.1 kPa Altering the organization of the crosslinking sites using ~ [51]
analyzer allyl-presenting monomer

GelMA Hydrogel Stiffness measured by AFM 3.8-29.9 kPa Degree of methacryloyl functionalization [52]

Composite materials

Collagen-HAp Freeze-dried Compressive modulus measured in uniaxial 60-1000 kPa Mass fraction of HAp [53]

scaffolds compression

PLCL-PLLA Electrospun fibers ~ Young’s modulus measured using universal 14.68-2141.72 Shell-core structure of single fiber [54]
testing machine MPa

Collagen-BG Hydrogel Compressive modulus measured using 37-482 kPa Thickness of carbonated hydroxylapatite coating on [55]
unconfined compressive testing scaffolds

PGS-gelatin Electrospun fibers ~ Tensile modulus measured by universal testing 1.5-54.4 MPa Ratio of PGS to gelatin [56]
machine

PCL-gelatin Electrospun fibers  Stiffness measured by universal testing machine = 223.06-623.33 Coaxial core diameter [57]

kPa

» Physical crosslinking: gentle gelling properties and

»  Ability to modulate the local stiffhess and bulk stiffness

of substrates synchronously; Merits
»  Wide variation of stiffness for substrates that are
fabricated by molecules with hard and soft segments,
-
S &
=) ol
» Inevitably affecting the organization/alignment of the Li i = % 4
polymer-like network: imitations 5¢“ %
> Limited scope of application in which the special )

materials are required for molecular interactions.

»  Ability to provide appropriate porosity for cellular
growth, nutrient transportation, and vascularization;

¥ Simpleness and high effectiveness to control substrate Merits
stiffness

_ biocompatibliy; S ‘ Merits ing crosslink g Limitations  precisely,low mechanical propertes,insiability;
» Chemical crosslinking: variety, casy to control the (\\(\ o €ng,. » Chemical crosslinking: altering the local chemistry, may
substrate stiffness with superior physiological stability. Q,“ "(1 releasing cytotoxic products when metabolized.

Substrate stiffness
regulation

. at®
Signing architec™

A Meri > Ability to provide additional biochemical properties:
9(,. crits > Versatility and adaptability for almost all scaffolds;
A 7 > Operating simply and easy control of the substrate
: ? stiffness.
| 2
=8
S
g
I
2 Limitati > Regulation of substrate stiffness accompanied by the
= 4 5 g
4 Aoy change of chemical properties;
) > Non-synchronous degradation rates resulting in
~ complications such as premature pore collapse.
NON M
%
Rando™
| > Regulation of substrate stifness accompanied by the

> Physical crosslinking: difficulty ta control stiffness

change of scaffold architecture;
» Difficulty to optimum balance between the stiffness
and porosity of substrates for tissue remodeling.

Limitations

Fig. 4. Hallmarks of the current strategies to regulate substrate stiffness.

been confirmed that the substrate stiffness could be directly modulated
via pH by orders of magnitude [66]. Moreover, host-guest and
antigen-antibody pairs could also be used as physical crosslink modes to
control substrate stiffness [67,68]. Different from the above described
physical crosslinks, hydrogels crosslinked by host-guest interaction
show muscle-like fast self-recovery after large deformation through
tuning the kinetics of the host-guest association and dissociation [67],
and hydrogel crosslinked by antigen-antibody interaction can act as an
effective approach to permit drug delivery in response to a specific an-
tigen [68].

Physically crosslinked hydrogels have gained much interest in tissue
engineering applications because of their recognized biocompatibility
and gentle gelling properties. However, their stiffness is difficult to
control precisely due to the uncontrollable crosslinks and unavoidable
influences of surrounding environments, including temperature, ion
concentration, and pH [69]. Besides, physically crosslinked hydrogels
also have other restrictions such as inadequate mechanical properties,
limiting their applications in tissue engineering [65].
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3.1.2. Control of chemical crosslink density

Chemical or ‘permanent’ crosslinks, in which covalent bonds are
formed between polymer chains, have gained more attention from re-
searchers than physical crosslinks due to the variety available and easy
control of the substrate stiffness with superior physiological stability
[70]. The efficiency and attention of chemical crosslinked substrates
have now been shifted to the development of functional alternatives
with higher degrees of complexity, biomimetic extracellular matrices.
According to crosslinking mechanisms, the current frequently used
chemical crosslinks can be classified into hydrosilylation reaction,
addition  polymerization, condensation polymerization, and
enzyme-catalyzed reaction (Fig. 5B).

Hydrosilylation reaction between the vinyl-terminated end groups
and silicon hydride groups to form Si-C bonds is a frequently-used co-
valent crosslinking approach to fabricate substrates with controlled
stiffness as in vitro and in vivo biomaterial models [71,72]. As a typical
representative, PDMS is made up of a base and a curing agent. By
changing the processing conditions (e.g., the curing temperature and
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Fig. 5. Schematics of representative crosslinks for polymer network interactions: (A) physical crosslinks; (B) chemical crosslinks.

time) and the ratio of the base and curing agent, the crosslink density in
PDMS can be regulated to tune substrate stiffness [73]. As a result of the
high protein binding capability for cell growth [71] and transparent
characteristic for easy observation [74], PDMS with controlled stiffness
have been widely used for exploring the cell-matrix interaction and
developed as an effective platform for new diagnostic strategies. Addi-
tion polymerization is another frequently-used covalent crosslinking
method to regulate substrate stiffness. One of the most widely used
substrates aiming to explore cellular responses to substrate stiffness is
polyacrylamide. Given that the crosslinking agent of acrylamide
monomer can be directly crosslinked with bis-acrylamide, poly-
acrylamide stiffness can be varied within 2-665 kPa by changing the
constituent concentration and the proportion of acrylamide in the final
specimen [75,76]. Additionally, acrylamide has also been used as a
functional group to conjugate with polymers for polymerization,
including synthetic polymers (e.g., PEG, PCL) and natural molecules (e.
g, gelatin, alginate, HA) molecules [69,77]. PEGDA is widely used for
systematically exploring cell response to specific alterations in substrate
stiffness because its hydrophilic characteristic permits the defined
investigation without the interference of any bioactive moiety that
conjugated or adsorbed to the substrate [77]. Another substrate that has
been widely used for exploring cell response to substrate stiffness (in
especial 3D cell-laden systems) is GelMA due to its biocompatibility for
cell survival and the mild light-polymerizable ability into hydrogel [78].
Regrettably, the poor mechanical property of GelMA with a modulus
range of 5-180 kPa limits its applications in load-bearing tissues
compared to synthetic materials [52,78]. The chemical crosslink of
functional groups (for instance, -OH, -NHj, and ~COOH) offers other
approaches to tailor substrate stiffness through condensation polymer-
ization [47,65]. This method is mainly performed in natural materials,
including collagen, silk fibroin, and HA [65,79]. Condensation poly-
merization can be broadly classified into ‘zero length’ crosslinkers that
remain not part of the crosslinker structure post-crosslinking and
‘non-zero length’ crosslinkers where some or all of the crosslinker are
incorporated, by their potential to incorporate the crosslinker directly
into substrate materials [80]. The ‘zero length’ crosslinkers mainly
contain EDC/NHS that crosslinks free primary amine groups and
carboxylate anions [81], DHT relying upon dehydration between
carboxyl and amine groups [47], and UV inducing the formation of
radicals for crosslinking within molecules [80]. In contrast, the
‘non-zero length’ crosslinkers include GTA, which forms monomeric or
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oligomeric crosslinks between two amino acid side groups [65], and
genipin, which involves a secondary amide linkage of a free amine via an
Sn2 nucleophilic substitution [80]. For those chemically crosslinked
substrates, the chemical crosslink density can be regulated to varied
substrate stiffness by altering the crosslinker concentration. Neverthe-
less, there is some concern with the potential of condensation poly-
merization. For example, ‘zero length’ crosslinkers may modify the local
chemical structure of natural polymers, resulting in the diminishment of
the availability of essential cell-binding motifs; and ‘non-zero length’
crosslinked substrates may release cytotoxic products when metabo-
lized. Enzyme-mediated oxidation reactions undergo covalent cross-
linking to alter substrate stiffness by using enzyme systems like
tyrosinases, transferases, or lysyl oxidases as catalysts [70]. The ma-
jority of the enzymes involved in the chemical crosslinking are common
to the enzyme-mediated reactions naturally occurring in our body, and
the stiffness can be regulated by modulation of the enzyme activity. The
representative example is that biopolymers with phenol moieties such as
HPA [44], Tyr [45], and dopamine [82] can be performed to form
phenol conjugates using the oxidative coupling under the catalytic ac-
tion of Hy09 and HRP. The independent tuning of stiffness can be
modulated by varying the ratio of HyO2 and HRP [44] or the content of
basal biopolymer [82]. Additionally, enzyme-mediated oxidation reac-
tion has been proven to present several advantages for engineered
substrates, such as the avoidance of unwanted side effects (i.e., toxicity)
that may occur with organic solvents and excellent mildness at normal
physiological conditions that can avoid the possible loss of bioactivity of
natural polymers [70].

In short, an interpenetrating network can be formed successfully as
long as the individual molecule has the ability to provide adequate
reactive groups for multilateral crosslinking. Based on this understand-
ing, alternative methods that modify polymer molecules with reactive
groups have been developed to hold the separate non-interacting mol-
ecules together to form a crosslinking network. For example, using DNA
as a functional crosslinker to modify polymer molecules, the substrate
stiffness could span from ~100 Pa to 30 kPa through the varying length
of crosslinker, monomer concentration, and level of crosslinking [83].

3.2. Incorporating additional constituents into substrates for tunable

stiffness

During the fabrication process of tissue-engineered substrates,
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incorporating additional constituents, including blending substrates
with organic/inorganic fillers [84,85] or modifying substrate via surface
deposition [55,86], has aroused researchers’ attention and been deemed
as another effective strategy to tailor substrate stiffness, attributing to its
ability to simultaneously improve substrate bioactivity and promote
‘healing’ efficiency (Fig. 6). This section discussed the recent studies for
tunable stiffness from the aspect of incorporating additional
constituents.

3.2.1. Inorganic filler reinforcement

Incorporation of inorganic bioactive fillers, including calcium
phosphates [53,87], silicate [88], BG [89], CNT [90], and graphene
[91], into polymeric substrates has been prepared with an emphasis on
the fabrication of hybrid biocomposites with tunable stiffness, as well as
the adjustment of biological performance. As one of the primary com-
ponents of bone ECM, calcium phosphates, mainly in the form of HAp
[53,92], have been widely used as osteoinductive fillers in bone sub-
strates due to their high strength and outstanding osteoconductivity.
CNT has attracted intensive attention attributing to their nanoscale di-
mensions and good acceptance by the biological environment [90].
Recent findings indicated the good biocompatibility of graphene with
exceptional mechanical and electrical properties [93]. However, the
usage of inorganic fillers has two major drawbacks: (1) easy to
agglomerate in substrates, and (2) lack of specific interactions between
the inorganic fillers and based materials, thereby leading to poor
dispersion, compromised mechanical properties, and unfavorable
cellular responses. To improve the effective use of inorganic fillers,
enhancing the interactions between inorganic fillers and substrate ma-
terials in terms of physicochemical properties has carried out extensive
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research. For example, enhancing the hydrophobic-hydrophobic in-
teractions between graphene oxide and silk fibroin via water/-
temperature annealing routines could lead to a 75% increase in Young’s
modulus [94]. Additionally, the introduction of external functional el-
ements is also an effective strategy to enhance the delicate interactions
for expected stiffness, such as coating inorganic fillers with
mussel-inspired polymer [95] or modifying the inorganic nanoparticles
with functional groups [96].

In addition to the above descriptive circumstances, the deposition of
inorganic phase materials on the surface of substrates is another
approach to control substrate stiffness [55,86]. For example, the soaking
of substrates in SBF to uniformly precipitate mineralized layer (ie.,
HAp) over the substrate surface has been frequently studied for its
improved biocompatibility, changed chemistry at the surface, as well as
excellent osteophilic surface to bond with the natural bone after im-
plantation [97]. The stiffness of mineral-coated substrates can be real-
ized through controlling the deposited mineral thickness [55]. To
further enhance the regulated substrate stiffness, a novel composite
polymeric scaffold has been developed by attaching minerals to sub-
strates using an adhesive material polydopamine as a “superglue’’ [86].

3.2.2. Organic filler reinforcement

Similar to the inorganic filler reinforcement, combining two or more
types of polymers in a single scaffold is a convenient strategy to
modulate substrate stiffness and provide additional biochemical prop-
erties to address the specific requirements for tissue regeneration. Usu-
ally, the strength of polymeric substrates can be improved via the
incorporation of stiffer polymer material, while the compliance of the
polymeric substrates can be generally enhanced through incorporating
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Fig. 6. Schematics of the current strategies to tailor substrate stiffness through incorporating additional constituents.
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more elastic polymer material. For example, insoluble elastin addition
could reduce the compressive modulus of collagen scaffolds from 0.32
kPa (pure collagen scaffold) to 0.25 kPa (pure elastin scaffold) [98];
fibrous substrates made of elastomeric PGS and incorporated into
gelatin scaffolds have a wide tensile modulus range of ~1.5-54.4 MPa
[56]. However, inhomogeneous mixtures and phase separation gener-
ally occur when poor compatibility exists between components, and
their non-synchronous degradation rates could result in complications
such as premature pore collapse [99]. Thus, a new type of hybrid system,
in which the components are the same materials, has been formed (such
as by incorporating silk particles in a regenerated silk substrate [100]).
Additionally, enhancing the interaction in substrate components can
also avoid homogeneous mixtures, thereby improving the stiffness range
of substrates [101].

Coating substrates with a thin layer of polymer is also an alternative
method to tune substrate stiffness. Recently, much effort has been made
to directly coat polymeric material on ceramic substrates to fill the
existed cracks of substrate microstructure, thus reducing brittleness
through lowering the chance of crack propagation under load [102]. An
example is that multiple silk coatings (5-7 times) on ceramic substrates
have a significant 6-fold increase in compressive strength compared to
non-coating substrates [102]. Furthermore, coating synthetic polymeric
substrates with biocompatible polymers can also change the physico-
chemical properties for cell attachment and subsequent biological
functions in addition to the substrate stiffness. More interesting, coaxial
electrospinning has been developed recently to control the stiffness of
biomimetic micro/nano-fibrous substrates that comprise an outer shell
material and an inner core material that can be adjusted independently
without altering the substrate surface chemistry and topological struc-
ture [103]. However, physical modification of polymers has insufficient
stability and can easily be shed from the based matrix under physio-
logical environments. Chemical modification has been investigated to
cover those shortages. For instance, the surface modification of BG with
PLLA by diisocyanate could avoid the phase separation phenomenon
and adjust the tensile modulus ranging within ~2-3.0 GPa [104]. This
method has been developed to tailor the substrate stiffness without
significant changes of substrate microstructure such as morphology,
porosity, pore size, and pore interconnectivity [105,106]. Furthermore,
an inorganic and organic mixture could also be used for regulating
substrate stiffness.

3.2.3. Other fillers reinforcement

Incorporating nanofiber into substrates has been developed as a
novel strategy to adjust substrate stiffness, especially in a ‘nano-
composite hydrogel” system similar to native ECM [107]. Increasing the
amounts of incorporated nanofibers into a hydrogel can significantly
increase Young’s modulus of the composite hydrogels. Regrettably, it
simultaneously carries the risk that the incorporated nanofillers may
elicit non-specific responses from surrounding cells [108]. Therefore, 3D
polymeric substrates could act as a structural framework to enhance the
structural integrity and substrate fracture resistance without inadver-
tently influencing cell responses [109]. Just as the endoskeletal system
of vertebrate species, it has evolved to provide structural support and
protection for tissue structures and guide their overall shape [110].
Recently, the reinforcement strategy has been widely used for over-
coming the structural weakness of hydrogels that results in easy
breaking and a high degree of swelling [109].

3.3. Designing substrate architecture using fabrication approaches for
tunable stiffness

In addition to local stiffness, cells also respond to the bulk mechan-
ical properties of surrounding substrates such as tensile and compressive
loading [111]. Since native ECM are accumulated in spatial patterns to
optimize structure-function relationships from the inside out [112],
substrate architecture has been developed as an acute need for the
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design of rational tissue-engineered substrates to modulate the bulk
stiffness of substrates, including porous structure design, structural
compactness control, and fibrous architecture control (Fig. 7).

3.3.1. Porous structure design

Bulk mechanical properties of substrates are affected by the unifor-
mity in pore geometry [116]. The excellent uniformity in defect-free
pore geometry allows for greater protein absorption without compro-
mising mechanical properties. Appropriate porosity and pore sizes are
necessary to provide cells with an adequate biomechanical environment
for cellular influx/growth, nutrient/metabolite transportation, and
blood vessels ingrowth [116]. The respective roles of substrate porosity
in the outcome of the bulk mechanical behavior have been established.
As proved by experiments, together with the outer boundary conditions
defining scaffolds’ inner and outer surfaces, the spatial distribution of
pores within the scaffold can define the local stiffness and mechanically
modulate cues such as molecular gradients via globally defined flow
regimes [117]. With the increase of pores size and substrate porosity, the
substrate strength usually is compromised, indicating that an optimum
balance between the mechanical performance and porosity of substrates
must be achieved to ensure successful long-term tissue remodeling.
Current techniques for attaining porous scaffolds to regulate substrate
stiffness include salt leaching, phase separation, gas foaming, and uni-
directional freeze-casting [118]. Substrate porosity and pore architec-
ture can be easily adjusted by varying the amounts and size of porogens,
controlling phase separation parameters such as oil/water ratio and
temperature, adjusting the depressurization rate in gas foaming, or
regulating cooling rates during unidirectional freeze-casting.

Given the limitations of the above substrate fabrication techniques
that only a few parameters like porosity and pore size can be tuned,
rapid prototyping techniques, including selective laser sintering, fused
deposition modeling, 3D printing, and stereolithography [119], have
been developed due to the ability to control over the whole design of 3D
porous structures. Up to date, these fabrication approaches have been
performed to build a complete database on the correlation between
substrate structure and the corresponding compressive stiffness based on
different structural configurations, such as triply periodic minimal sur-
faces [113], diamond-like architecture [120], and unit cell orientation
[121]. With the increased awareness of the importance of surface cur-
vature in the tissue regeneration rate, porous biomaterials based on
different triply periodic minimal surfaces (minimal surfaces with
“translational symmetries in three independent directions”) have been
generated with unique combinations of topological, structural, and
mechanical properties [113]. Besides, diamond-like architecture was
found to give porous substrates the most controllable results without any
observable substantial volume contractions, as well as the breaking of
the limitation of their mechanical integrity [120]. Furthermore, the
functional correlation in the strut orientation, loading angles, and sub-
strate stiffness was also tested based on the unit cells in different ori-
entations, leading to the elastic modulus of the substrates varied in
3.4-26.3 GPa [121]. However, the studies mentioned above vary mul-
tiple parameters between groups without controlling porosity, which
confounds the effects of every single parameter. Therefore, researchers
explored the influence of angle and offset changes between layers on the
stiffness of the scaffold, while maintaining a constant porosity of the
scaffold [122]. However, the enhancement efficiency of the compressive
stiffness of substrates is usually lower than that in substrates without
controlling porosity, which illustrates the important role of porous
structures in controlling substrate stiffness.

3.3.2. Structural compactness control

Structural compactness is used for tuning substrate stiffness due to its
unique preponderances such as convenience, affordability, and time-
saving. Current strategies for tunable structural compactness mainly
include the variation in the concentrations of the polymer [46] and
plastic compression [123]. Changes in polymer concentration typically
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Fig. 7. Schematics of the current strategies to tailor substrate stiffness through controlling substrate architecture, including designing porous biomaterials with
different unit cells [113], fabricating fibrous scaffolds with different structural compactness [114], and electrospinning scaffolds with different fibrous architec-

ture [115].

translate into an altered mechanical environment of substrates. For
example, modifying silk protein concentration within 1.5-4% under
high-pressure CO; results in hydrogels of variable compressive modulus
ranging from 6.41 kPa to 63.98 kPa while retaining constant key
structural parameters and B-sheet crystallinity [46]. As another alter-
native approach, plastic compression, which involves applying
controlled compressive stress, presents simpleness and high effective-
ness to improve the structural compactness of substrates, especially for
hydrogels such as collagen [123] and fibrin [124]. For example, to
improve the stiffness of highly hydrated collagen gels and inhibit the
cell-mediated contraction of the substrates, plastic compression has
been performed via the progressive reduction of thickness and the sig-
nificant exclusion of water [123]. In combination with the rapid ability
to improve substrate stiffness, this process has no substantial effect on
cell viability within the gels [124]. However, the requirement of
tissue-engineered constructs with widely stiffness range presents sig-
nificant challenges for this process arising from the limitation of
geometrical and architectural space.
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3.3.3. Fibrous architecture control

Fibrous substrates, presenting a biomimetic architecture, have
distinctive structural features compared to hydrogels and sponges. Ac-
cording to the structure-property relationship, the stiffness of fibrous
substrates mainly depends on the properties of individual fiber (e.g.,
fiber diameter and material composition) [125] and the mesh archi-
tecture (e.g., interfiber spacing and relative fiber orientation) [126].
Plenty of researches have demonstrated that the variation of polymer
concentrations or the process parameters of electrospinning (an attrac-
tive strategy to form nano/micro-fibers) could lead to the change of fiber
diameter [115], thus giving rise to the variation of substrate stiffness.
Shell-core structure of single fiber has also been used for controlling the
mechanical properties of individual fiber through changing the mass
fraction and the type of the core material, as described in section 3.2.2.
The stiffness of fibrous substrates can also be tailored, to some extent,
according to the alteration of fibrous architecture, including fiber
orientation [125], fiber intersection density [127], or fiber crimp degree
[128]. Changing the degree of fiber alignment could effectively regulate
the anisotropic stiffness of fibrous substrates. A representative example
is that the rotation speed of the drum-rotating collector can regulate the
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degree of fiber alignment during electrospinning, thereby affecting the
stiffness of both individual fibers and bulk fibrous substrates [125,129].
In general, the modulus of a single fiber decrease with the higher
collection speeds due to the drop in crystallinity at higher uptake rates,
while a higher degree of fiber alignment enhances their bulk modulus
attributing to the increased packing and decreased inter-fiber pore size
[49]. As for constructing soft tissue, a reliable method is needed to
control the inherent bending modulus. For example, the specific
microstructural features that determine the flexural behavior of elec-
trospun substrates could be regulated by the modification of processing
variables (deposition mandrel translated at varying rates) or by the
tuning of secondary fiber populations (introducing stiffer secondary fi-
bers or selective dissolution of part fibers to modify fiber intersection
density) [127]. Given the nonlinear mechanics related to the special
biological functionality in natural tissues, a number of approaches have
been tried to recreate the nonlinear mechanical properties of substrates
for flexibility as well as to prevent over-extension, including the change
of the crimp degree of fibers in which the stress-strain behavior is in
correlation to the crimp degree of fibers [128]. It is noteworthy that
these micro-scaled architecture changes not only affect the bulk stiffness
of substrates but also regulate the morphology and growth of adherent
cells.

3.4. Adjusting molecular interactions of substrates for tunable stiffness

Regulation of substrate stiffness at the molecular level (adjusting
molecular interactions) has become a prevailing method with an
adjusting mechanism partially similar to that in crosslinked hydrogels.
Compared to physical mixing strategies to control substrate stiffness, the
adjustment of molecular interactions exhibits an obvious advantage in
synchronously modulating the local stiffness and bulk stiffness of sub-
strates [130]. Recently, molecular interaction has been developed as a
critical factor to design substrates with tunable stiffness, including
enhancing intermolecular interactions and changing molecular weight
(Fig. 8).

3.4.1. Change of intermolecular interactions

Except for the strategies above, several researchers have proposed
the enhancement of the intermolecular interactions to improve substrate
stiffness. Thermal annealing treatment, in which the selected annealing
temperature is higher than the exothermic crystallization temperature,
has been demonstrated to modulate substrate stiffness via the
enhancement of molecular interactions (e.g., the formation of more
hydrogen bonds by increasing crystallinity) and the introduction of
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inter-fiber bonding without any gross observable and ultrastructural
changes [131]. Annealing processing on a polyelectrolyte complexation
could also promote the conjugation of the oppositely charged polymers,
resulting in the higher tensile modulus [132] or on a protein-based
substrate to enhance the hydrophobic-hydrophobic interaction by
modulating the content of p-sheet domains for tunable stiffness [94].
Inspired by the relationship of B-sheet crystal content and substrate
stiffness, the control of silk-bound water interactions has also been
developed to modulate substrate stiffness by utilizing different drying
rates of the solution. Thus, the enhancement of silk-bound water in-
teractions could maintain a more random coil structure [133]. For
polymers with different secondary structures, the substrate stiffness can
be modulated by regulating the content of different secondary structures
in the polymeric substrates [134]. Given that divalent metal ions can
form ionic bonds with the carboxylic acid groups of polymers, removing
divalent metal ions was found to strengthen the electrostatic in-
teractions between molecules by freeing the carboxylic acid group and
eventually improving the stiffness of the polypeptide hydrogel [135]. In
addition, microthread processing conditions, which extrude dense
scaffolds into microthreads, have also been proved as an effective
strategy to strengthen substrate stiffness [136]. Regrettably, this method
would inevitably decrease the fiber diameter and increase the organ-
ization/alignment of the polymer-like network.

3.4.2. Adjustment of molecular structure

The molecular structure of substrates also plays a key role in sub-
strate stiffness, such as molecular weight [137] and molecular func-
tional groups [138]. In general, an increase in molecular weight of
components brings the decreased stiffness of substrates [137]. Modifi-
cation of molecular functional groups (e.g, grafting with different
functional groups [138]) or regulation of the weight compositions of
hard segments [139] in hybrids elastomer also gives a promising
application for the generation of substrates with tunable stiffness.
However, different molecular functional groups can alter the chemical
composition that guides cellular behavior [138]. Thus, the interest in
concurrently studying scaffolds’ biochemical and mechanical properties
for bioengineering applications will increase if the bioactive functional
groups that can enhance the cellular behavior are chosen to tailor sub-
strate stiffness. More interestingly, to satisfy different stiffness from hard
to soft tissue replacements, a series of copolymers with various weight
compositions of hard and soft segments has been introduced to fabricate
substrates, which demonstrated that the substrate stiffness could vary
significantly from flexible construction to stiff ones along with the in-
crease of hard segment content in molecules [140].
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Fig. 8. Schematics of the current strategies to tailor substrate stiffness through adjusting molecule interactions, such as enhancing intermolecular interactions and

changing molecular weight.
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3.5. Multifactorial adjustment

The stiffness range of substrates is majorly derived from the used
strategies for substrate fabrication. For the needs of tissue engineering
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experiments, multifactorial adjustments combining two or more
methods are proposed. In most cases, the substrates fabricated by the
physical crosslinking methods yield weak mechanical properties in
physiological conditions. Thus, a double-network hydrogel with both

Table 2
Effects of substrate stiffness on cell functions.

Cells Scaffolds Stiffness range Research objectives Results Ref.

Adult cells

MC3T3-E1 Crosslinked PPF-co-POSS 21.4-108.2 MPa  Simultaneously enhancing stiffness and Stiffer substrate enhanced cell functions including [130]
toughness of substrates for bone repair cell attachment, spreading, proliferation,

differentiation, and gene expression.
Bone-derived Collagen-coated 1.46-26.12 kPa To investigate the influence of matrix Osteogenic differentiation did not vary dependingon  [150]
cells polyacrylamide substrate stiffness on differentiated osteogenic cell ~ the substrate stiffness.
lineage of bone-derived cells

Chondrocytes PDMS substrate 1.4-135 kPa To understand the effect of substrate The cytoskeletal tension increased as substrate [151]
stiffness on chondrogenic phenotype and  stiffness decreased. Chondrocyte cultured on soft
its underlying mechanism substrates showed better chondrocyte

functionalization via RhoA/ROCK pathway.
Tenocytes PEG fibers embedded within 53-1300 kPa To observe the effect of fiber stiffness on ~ Changes in the matrix cue influenced catabolic genes ~ [152]
PEG hydrogel tenocyte function in a tendon mimetic in tenocytes, while having minimal effects on tendon
fiber composite hydrogel and homeostatic genes.
SMCs Poly(urethane acrylate) mold ~ 11-1100 MPa To observe the synergistic effects of Stiff substrate triggered the mechanical plasticity of [153]
matrix nanotopography and stiffness on SMCs resulting in a hypercontractile SMC phenotype,
SMCs function as observed in diabetes or hypertension.
ECs PLCL-PLLA aligned fibers 14.68-2141.72 To explore the effect of aligned fiber Stiff fibers exacerbated the disruption of [103]
MPa stiffness on structural and functional endothelium integrity and the inflammation induced
integrity of the oriented ECs activation in the endothelial monolayer.

ECs Polyacrylamide gel 6-50 kPa To explore the effect of substrate stiffness  Stiff substrates change intercellular junction protein [154]
on tension induced by TNFa and localization and degradation, which may counteract
thrombin in endothelial monolayers the inflammation-induced increase in endothelial

monolayer tension through ROCK-mediated
contractility.

Schwann cells Polyacrylamide gel 4.42-12.04 kPa To explore the influence of substrate The best cell adhesion, spreading, migration, and [76]
stiffness on the behavior and functions of ~ viability, as well as cell elongation length were
Schwann cells observed on the 7.45 kPa.

DRG Polyacrylamide hydrogel 3.6-16.5 kPa To explore the effect of substrate stiffness ~ DRGs on the hydrogels with elastic modulus of 5.1 [155]
on DRG functions kPa exhibited highest gene and protein expression of

proliferation marker Epha4, Ntn4, Sema3D and
differentiation marker Unc5B.

Stem cells

Bone MSCs Enzymatic mineralizable 12.9-525.5 kPa To investigate the effect of matrix The mineralized hydrogel with higher stiffness [156]

collagen hydrogel stiffness on osteogenic differentiation of ~ promoted the osteogenic differentiation of MSCs
bone MSCs through inducing cytoskeletal assembly, which then
enhanced the expression and nuclear colocalization
of YAP and RUNX2.

Human MSCs Polyacrylamide hydrogel 1.6-40 kPa To study the effects of matrix elasticity Interplays between cell-matrix and cell-cell [157]
and cell density on human MSCs interactions contributed to MSCs differentiation. The
differentiation promotion of osteogenic differentiation on hard

matrix was mediated through the Ras pathway which
is not sufficient for osteogenesis.

Human MSCs Nanofibrous silk protein 4.8-7.8 GPa To understand the chondrogenic Soft matrix promoted MSCs adopting a rounded [158]

matrix condensation mechanisms morphology with vinculin accumulated and less
stress fibers for cell aggregates. Then the putative
‘perichondrium’-like tissue developed with smooth
and more organized appearance for compact
cartilage histogenesis.

MSCs Electrospun fibers of PCL/ 4.3-6.8 MPa Developing new electrospun nanofibers Soft fibers induced the chondrogenic differentiation [159]

polytetrahydrofuran and to trigger the chondrogenic in vitro and cartilage regeneration in vivo more
collagen differentiation of MSCs and the cartilage efficiently than stiff fibers by specifically blocking
regeneration in vivo the NF-kappa B signaling pathway to suppress
inflammation.

PDLSCs PDMS substrate 6-135 kPa To understand the effect of substrate PDLSC proliferation increased with substrate [160]
stiffness on PDLSCs and its underlying stiffness. Osteogenic differentiation of PDLSCs was
mechanism higher on stiff substrates. Notch pathway markers

were up-regulated in PDLSCs cultured on stiff
substrates.

iPSCs PDMS substrate 3-1700 kPa Using PDMS as a substrate to study EC Substrate compliance guided EC commitment of [161]
commitment of iPSCs by a stepwise iPSCs by enhancing mesoderm induction through
differentiation scheme Wnt/p-catenin signaling.

NSCs Methacrylamide chitosan <1-20 kPa To understand the contribution of NSCs exhibited maximal proliferation on 3.5 kPa [162]

scaffold

substrate stiffness to NSCs differentiation
and proliferation

surfaces. Oligodendrocyte differentiation was
favored on stiffer scaffolds (>7 kPa), but maturation
was best on <1 kPa scaffolds. Astrocyte
differentiation was only observed on <1 and 3.5 kPa
surfaces and represented less than 2% of the total cell
population.
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physical and chemical crosslinking has been developed to enlarge the
mechanical range [141]. Alternatively, polymeric scaffolds with a large
stiffness range can also be fabricated by changing the molecular weight
of polymer and polymer concentration at the same time [7]. Certainly,
multifactorial adjustment, such as modulating molecular weight and
pore geometrical configurations of substrates, not only modulates the
substrate stiffness but also affects the biocompatibility of the substrates
for cell growth [142].

3.6. Substrate stiffness usually coupled with other physicochemical
properties

As historically recognized, strategies to fabricate scaffolds with
controlled substrate stiffness are usually coupled with the change of
other biophysical or biochemical cues such as scaffold ultrastructure and
chemical composition. Although substrate stiffness is identified as an
important cue to regulate cellular responses, it is not the only factor that
affects biologic activity of responding cells. Specifically, the surface
geometries, protein composition, and mechanical strain inherent to
substrates are also the key cues for modulating cell fate/activity and
tissue regeneration [143]. Even more fascinating is the recent work
which suggest that substrate stiffness would be more crucial than ligand
density/peptide affinity of scaffolds for directing the behavior of both
adult cells (e.g., SMCs [144]) and stem cells (e.g, NSCs [145]), whilst
topological cue might be more influential than substrate stiffness cue in
directing the cell morphology [54]. Therefore, it should be more
cautious to implicate what has been observed when it is difficult to
decouple the effects of substrate stiffness from other microenviron-
mental cues on cellular responses.

4. The role of substrate stiffness in material-mediated tissue
regeneration

A key challenge in tissue regeneration is the precise control of cell
behavior using biomimetic substrates [71]. Since one research demon-
strated that 3T3 fibroblasts became less motile while increasing
spreading as substrate stiffness increased [6], substrate
stiffness-mediated cellular responses of different cells have been
explored based on various types of scaffolds (Table 2), indicating the
important role of substrate stiffness in tissue regeneration via affecting
cell behavior and cell fate. As illuminated by extensive studies, softer
surfaces generally enhance cell secretory activity (e.g., higher secretion
of multiple paracrine factors) in vitro versus stiffer ones, whereas stiffer
substrate leads to a higher ability of the cells to generate stress fibers and
to enter the cell cycle, resulting in increased cell traction, spreading, and
proliferation [9,146]. Immune system such as macrophage and adaptive
T cell is also sensitive to the surrounding mechanical cues [147]. In fact,
every scaffold, once implanted in vivo, will elicit a definitive host im-
mune response [148]. Up to date, the macrophage plasticity was found
to exhibit a reciprocal polarization behavior depending on substrate
stiffness [147], and pro-inflammatory response activated by engineered
materials is also likely to contribute to the disrupted tissue remodeling
via regulating the secreted extracellular vesicle of relevant cells [149].
As cellular responses to substrates stiffness vary in different tissues,
developing an appropriate engineered substrate for clinical applications
necessitates a thorough understanding of cell-substrate stiffness re-
lationships. This section focused on the recent development of studies
about cellular response to substrate stiffness in some representative
tissue engineering varying from stiff tissue to soft tissue.

4.1. Bone regeneration: stiffer substrate enhances osteogenic
differentiation in vitro but impairs bone formation in vivo

Bone is probably the hardest human tissue with Young’s Modulus
arranging within 15-40 GPa. Osteoblasts and MSCs are primary cell
types that sense the mechanical stimulations of surrounding substrates
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and respond to them during the overall process of bone regeneration and
remodeling [163]. In in vitro models, several studies have demonstrated
that increasing substrate stiffness could trigger osteogenic commitment
of these cells via TAZ-involved pathways such as Polycystins/TAZ
complex, YAP/TAZ, and MIF-mediated AKT/YAP/Runx2 pathways [50,
164,165]. For example, the stiffer 2D substrate (tensile modulus of ~1.2
GPa) was found to promote the expression of the osteogenic transcrip-
tion factors (e.g., Runx2) significantly and the osteoblast markers (e.g,
ALP) of osteoblasts MC3T3-E1 [130,140]. Given the impairment of
osteoblast-mediated bone formation and additive decrements in bone
mass presenting in mice that lack polycystin-1 and TAZ, Xiao et al. have
demonstrated that the stiffer substrate-guided osteogenic commitment
of MC3T3-E1 was related to the stimulation of the nuclear translocation
of the polycystin-1/TAZ complex at the molecular level [164]. On the
stiff substrate, MSCs also tend to exhibit a polygonal morphology with a
large spreading area, good proliferation [160], and increased expression
of osteogenic differentiation markers through a stiffness-sensing mech-
anism that is mediated by integrin engagement (e.g., oo, B1, and asf;
integrin), myosin-based contraction of the cytoskeleton [156]. Chen
et al. and Hwang et al. have demonstrated that stiffer substrate could
significantly promote the osteogenic differentiation of MSCs via
increasing the nuclear translocation of YAP and TAZ for cytoskeletal
assembly [156,165]. To further illustrate the relevant mechanisms,
Yuan et al. have revealed that MSCs on stiffer substrate could increas-
ingly activate AKT and upregulate expression of YAP target genes and
the Runx2 gene. Inhibiting AKT led to the decreased expression of YAP
and Runx2 and knocking down MIF resulted in the decreased AKT
phosphorylation, indicating the regulated osteogenic differentiation of
MSCs relying on the MIF-mediated AKT/YAP/Runx2 pathway [50].

However, once substrates are implanted in vivo, high-stiffness sub-
strates may impair the reconstruction and the repaired quality of mass
bone defect through suppressing the osteogenic maturation and stimu-
lating pro-inflammatory response [166,167]. Hu and his colleague
showed that the demineralized bone matrix with a high level of elasticity
(~0.67 MPa) could enhance the deposition of collagen fibers and the
positive osteopontin/osteocalcin expression of endogenous cells in rat
subcutaneous implantation experiments, as well as the bone repair of
rabbit femoral condylar defect compared to scaffolds with a compressive
modulus of 26.90, 66.06, and 230.93 MPa [166]. These findings sug-
gested that elastic scaffold could allow cell-mediated contraction and
support a greater level of osteogenic maturation, whereas stiff substrate
may restrain cell contraction from retaining the original substrate
structure, promoting a 2-fold increase of cell number [168]. Addition-
ally, inflammation participates in the remodeling and repair of bones
because it mediates endogenous cell recruitment to the injury site when
substrates are implanted into bone defect sites [105,106]. It was found
that macrophages encapsulated in the high-stiffness matrix were likely
to polarize toward the pro-inflammatory M1 phenotype, thus negatively
affecting the osteogenic differentiation of MSCs [167]. Nevertheless, the
aggregation of blood vessel-like endothelial cells has been verified to be
enhanced in stiffer matrices (37.70 kPa) compared to the softer matrices
(13.00 KkPa) [105]. These results indicate that substrate
stiffness-mediated bone regeneration is associated with scaffold
dimensionality and cell types (e.g., osteoclasts, macrophage, or ECs), but
the exact regulation mechanisms are still elusive and need to be fully
illustrated in future studies. Besides, osteoclasts, a type of
bone-resorbing cells residing in bone tissues, also play a vital role in
bone remodeling like bone resorption. Regrettably, few studies have
been performed to delineate how substrate stiffness affects osteoclast
behavior and the underlying intracellular signaling.

4.2. Cartilage regeneration: elastic substrate prefers to maintain
chondrogenic phenotype in vitro but restricts cell volume expansion leading

to cartilage degradation in vivo

Articular cartilage, a smooth and load-bearing tissue that facilitates
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the transmission of loads to the underlying subchondral bone, has
moderate stiffness and high elasticity [169]. Chondrocytes are primary
cell sources for cartilage remodeling as well as repair. When chon-
drocyte mechanotransduction appears mess, cartilage diseases initiate
accompanied by the variation of cartilage ECM stiffness (e.g., osteoar-
thritis) [170]. It ensures the significant role of substrate stiffness in
biomaterials-manipulated cartilage regeneration. Several studies have
revealed that softer substrate could promote cellular aggregation of
chondrocytes and MSCs and induce them to biosynthesize more chon-
drogenic proteins via RhoA/ROCK pathway and blocking NF-kappa B
signaling pathway in in vitro studies. For example, chondrocytes
cultured on stiff substrates (>16 kPa) displayed a spreading and
polygonal shape with well-established actin fibers resulting in high
cytoskeleton tension. In contrast, soft substrate (6 kPa) could provide
chondrocytes with a proper living circumstance, leading to a small and
round shape with compromised cytoskeleton tension to allow cellular
aggregation and maintain chondrogenic phenotype by more production
of cartilaginous matrix secretion [151,171,172]. Similarly, MSCs could
also adopt a rounded morphology with fewer stress fibers but more
cortical actins on the soft matrix (e.g., elastic moduli of ~10 kPa for
hydrogels, ~10 MPa for fibrous matrix) [45,158], as well as with vin-
culin accumulated on the peripheral parts of MSCs for cell aggregates.
Once the aggregates stabilize and gradually transform from oblong to
roundish, the putative ‘perichondrium’-like tissue shall smoothly
develop into a more organized appearance for compact cartilage histo-
genesis [158]. If the substrate stiffness increases, MSC differentiation
will shift toward fibrous phenotypes that form fibrocartilage [45]. As for
the underlying molecular mechanisms, a softer substrate has been
demonstrated to facilitate the chondrocyte functionalization of chon-
drocytes via RhoA/ROCK pathway [173] while inducing the chondro-
genic differentiation of MSCs through blocking the NF-kappa B signaling
pathway [159].

Nevertheless, after implantation in vivo, softer substrates exhibited
slower relaxation will restrict the cell volume expansion and increase
the secretion of IL-1p, leading to the strong upregulation of genes
associated with cartilage degradation and cell death [174]. For example,
using 3D gelatin hydrogel as a model system, although soft hydrogel
(shear modulus of ~450 Pa) has been proven to promote the chondro-
genic differentiation in vitro, upon ectopic implantation, only the stiffer
one (shear modulus of ~800 Pa) could show superiority in the de novo
formation of cartilage tissue [175]. Interestingly, Arora et al. have
demonstrated that pericellular plasma clot negates the influence of
scaffold stiffness on chondrogenic differentiation, in which chon-
drocytes showed efficient cartilaginous matrix secretion on soft scaffolds
in vitro while cartilaginous matrix secretion of cells was observed in both
soft and stiff scaffolds when the scaffolds were coated with pericellular
plasma clot [172]. Furthermore, given the complex mechanisms of
cartilage regeneration involved in multiple types of cells,
Fernandez-Muinos et al. have demonstrated that softer substrates
(elastic modulus of ~0.1 kPa) could enhance the expression of chon-
drogenic inductor BMP4 in mouse embryonic fibroblasts. However, such
a trend disappeared when the cells were co-cultured with ECs [176].
These findings indicated that good quality cartilage formation is likely to
occur in vivo in scaffolds with certain hardness (higher than the appro-
priate stiffness found in vitro), such as shear modulus of ~800 Pa or
elastic moduli of >10 kPa for hydrogels, elastic moduli of >10 MPa for
fibrous matrix.

4.3. Tendon regeneration: engineered scaffolds with tendon-like stiffness
anisotropy strengthen the tendon repair/remodeling

Tendon is composed of parallel arrangements of tightly packed
collagen fibers that relay muscular forces to the skeletal structure during
movement [18], with stiffness significantly lower than bone but higher
than cartilage with Young’s Modulus ranging from 136 MPa to 820 MPa.
As important tendon cells, the surrounding tenocytes play a critical role
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in receiving and transmitting the mechanical stimuli as biological sig-
nals to regulate tendon remodeling or regeneration [177]. To better
understand the substrate stiffness-mediated tenocytes responses in
engineered scaffolds, Patel et al. developed tendon-mimetic fiber com-
posite hydrogels in which tenocytes are seeded onto discontinuous fibers
with tunable stiffness. Results suggested that changes of the fiber tensile
modulus (53-1300 kPa) could affect the catabolic genes with minimal
impacts on the tendon and homeostatic genes [152]. Given substrate
stiffness-mediated MSC differentiation into tenogenesis, Islam et al.
fabricated collagen sheet substrates with the random topographical
surface while moduli ranged between 0.1 and 100 MPa, which promoted
tendon differentiation of MSCs with stiffer substrates [178]. However,
this does not mean that the progressive increase of substrate stiffness
could translate into the repair with a stiffer or stronger tendon. As
proven by Aurora and his co-workers’ work based on the spring-network
model, engineered substrate with supraphysiologic stiffness could seri-
ously impair the tendon repairs [179] because of the excessive stiff
substrates, in which the shape change and the matrix displacement was
limited in response to mechanical loading, weakened the influence of
substrate mechanical stimulation on cell behaviors in vivo [180]. These
findings suggested that future efforts may strengthen the tendon repair
using engineered scaffolds with tendon-like mechanical properties.

Notably, the cytoskeletons and nuclei of tenocytes are elongated
along the arrangement direction of collagen fibers in the natural tendon
ECM. In such a fundamental context, the effects of substrate stiffness
anisotropy on cell functions were further investigated. Results have
demonstrated that MSCs seeded on substrates with varying anisotropy
stiffness display a dose-dependent upregulation of tendon-related
markers [181]. Furthermore, inspired by the special load-deformation
curve of tendons allowing tissue flexibility while preventing
over-extension, Chao et al. developed microcrimped fibers with the
nonlinear mechanics to mimick this complex mechanical functionality.
They have demonstrated that enhancing the degree of fiber crimp in
fibrous substrates could significantly promote the ligament phenotypic
gene expression of ligament fibroblasts [128]. All results indicated that
good quality tendon repair requires substrates displaying microcrimped
fibrous structure with proper stiffness anisotropy. However, up to date,
the suitable substrate stiffness for tendon regeneration in situ and the
specific underlying signaling/molecular pathways of stiffness-guided
tendon repair remain poorly defined based on the microcrimped fiber
model, because most of the previous efforts focused on the dynamic
mechanical cues-mediated cellular responses. Given the nonnegligible
roles of cell-matrix adhesion molecules (e.g., integrins) and cell-cell
connections (e.g., gap junctions and cadherins) [177], future studies
should focus on whether and how tenocytes interrogate the mechanical
environment via the transmembrane proteins.

4.4. Vascular regeneration: the compliance mismatch of substrates leads
to dysfunctions of SMC and ECs with initiated inflammatory responses

Arteries are elastic tissues that function as elastic storage reservoirs
in the arterial circulation. Vascular cells (e.g., ECs and SMCs) play a
homeostatic role in maintaining the function and long-term patency of
the vessels, mainly attributed to the elastic recoil/contractility of SMCs
alternating layers and the anti-thrombogenic ability of EC monolayer
[182]. Accumulated evidence has revealed that mismatched substrates’
elasticity could simultaneously lead to the dysfunction of both SMCs and
ECs via cytoskeletal organization and then initiate inflammatory re-
sponses during biomaterials-guided vascular regeneration, subsequently
causing intimal hyperplasia or thrombosis. For example, the stiffer
substrate (elastic moduli of ~11 MPa for nanopatterned substrate, ~14
MPa for aligned fibrous matrix) has been proved to promote the exerted
mechanical tension of SMCs to manipulate substrate with the increased
extent of F-actin bundling and the enlarged size of focal adhesions via
MLC phosphorylation and integrin f3-mediated pathways [54,153],
causing cells to assume a proliferative phenotype accompanied by the
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increased secretion of collagen rather than elastin for the disorder of
ECM remodeling [183]. Such stiff substrate-triggered mechanical plas-
ticity of SMCs to hypercontractile phenotype could further result in the
homing of inflammatory cells via upregulation of inflammatory genes
expression [54] or via activating inflammatory NF-xB pathway [153].
Similarly, a stiffer substrate has also been revealed to destroy the
structural integrity of regenerated endothelial monolayer [184],
although it could promote EC proliferation and EC monolayer formation
[103]. The high stiffness of substrates (local elastic moduli of ~14 kPa
for gels) contributes to the increased heterogeneity of stress distribu-
tions in the endothelial monolayer, resulting in the disruption of endo-
thelial cell-cell junctions and the enhancement of monolayer
permeability. Structural damage of the regenerated monolayer conse-
quently could enhance monocyte-EC adhesion and the subsequent in-
flammatory response through ROCK-mediated contractility [154] or
NF-xB activation [185] or the occurrence of
endothelial-to-mesenchymal transition [103]. Considering the more
sensibility of SMCs to surface stiffness and the intrinsic stiffer cyto-
membrane tension of SMCs than ECs [186], an approach should be
proposed to enhance the competitiveness between ECs and SMCs
through modulating a complex surface stiffness of substrates. Nonethe-
less, there remain significant knowledge gaps regarding the underlying
mechanisms that regulate the responses of vascular cells to substrate
stiffness.

To fully elucidate the mechanism by which compliance mismatch
leads to intimal hyperplasia, Post et al. utilized an ex vivo organ culture
model to estimate changes in fluid flow and wall shear stress as a
function of graft compliance. Results demonstrated that low wall shear
stress of low compliance grafts was correlated well with alterations in
SMC markers, ECM status, and inflammatory markers at the distal
anastomoses, supporting the intrinsic link between compliance
mismatch and intimal hyperplasia [187]. Besides, the progression of
vascular remodeling is complicated, and the involved
micro-constituents include EC layer regeneration, vascular SMC
contractility, micro-calcification, graft degradation, inflammatory
response, and constitutive blood equations. For example, considering
the decisive role of platelet-mediated thrombogenesis in vascular
remodeling, Merkle et al. have showed that increasing the substrate
stiffness within 0.25-100 kPa could promote the platelet adhesion and
spreading, relying on the activation of Racl and actomyosin activity
[188]. Thus, the relationships between substrate stiffness and the factors
mentioned above should be well investigated in the future in order to
determine the optimal substrate stiffness for vascular regeneration.

4.5. Nerve regeneration: substrates with nerve-like stiffness stimulate
neurons differentiation, whereas gliocyte mature requires substrate
stiffness 10-times higher than native nerve

Native nerve is one of the softest tissues in the body, whose elastic
modulus is approximately 0.5-1 kPa [11]. Neurons and gliocytes are the
building blocks of the nervous system, and change of the local nerve
stiffness results in a pathological context to guide nerve cells for
degenerative disease and nerve injury [189]. Thus, plenty of studies
have been performed to understand the substrate stiffness-mediated
nerve regeneration based on neuron and gliocyte differentiation. It is
well-known that substrates with nerve-like stiffness prefer promoting
neuronal differentiation by facilitating neurite retraction and main-
taining neuronal phenotype’s intrinsic excitability. Taking DRG as an
example, neurite maturation of DRG could be reduced on various stiffer
substrates (e.g., agarose gels [190], fibrin gels [191], and silk hydrogels
[192]), in which soft substrates expedite axon specification while stiff
materials promote dendrite arborization [193]. The involved mecha-
nism attributes to the soft stiffness-mediated weaker adhesion of neu-
rons that facilitates the neurite retraction. It increases the frequency of
“extension-retraction” events for one neurite reaching a critical length
via the ERK1/2 pathway, resulting in the axon differentiation of neurons
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with one major apical dendrite at one side of the soma and some minor
dendrites appearing from the opposite side [193,194]. On the contrary,
stiffer substrates could enhance the voltage-gated Ca?" channel currents
in neurons with increased synaptic connectivity and excitatory synaptic
transmission, scilicet decreasing the intrinsic excitability of the network
[195]. However, the best behaviors of gliocytes, which support neurons
in the peripheral nervous system through participating in axonal
regeneration and nerve remyelination [196], are observed on substrates
with stiffness higher than nerves. For example, the substrate stiffness (1
kPa) matching that of native nerve could facilitate the neuronal differ-
entiation but restricte the growth of glial cell populations, whereas a
peak level of the astrocytic differentiation has been observed on sub-
strates at 10 kPa [44,79]. In the polyacrylamide gel systems with a
stiffness range of 4.42-12.04 kPa, 7.45 kPa substrate in which the
stiffness is approximately 10 x higher than that of nerves has been
demonstrated to induce the best growth of Schwann cells, as well as their
normal cell shape with appropriate cell elongation length [76].

More interestingly, substrate stiffness-mediated nerve regeneration
depends on the dimensionality of the matrix. For example, Lampe et al.
have demonstrated that the metabolic activity of NPCs was independent
of the stiffness of 2D PEG substrates with a compressive modulus ranging
from ~1 to 300 kPa while the PEG stiffness affected both metabolic and
apoptotic activity in the 3D form [197]. Such differences between 2D
and 3D matrices have been revealed to involve cell-material interactions
relying on integrin o5, 1, 3, and proteins present in focal adhesions
[198]. It indicated that a 3D culture niche can better mimic the in vivo
mechanical environment by mimicking cells’ adhesion points to interact
with the material and cell-cell communication. However, essential in-
formation about cellular interactions in response to substrate stiffness
was provided based on the 2D platform. Nevertheless, the neurite
outgrowth of DRG was still found to show the optimal state in a 3D
environment with compliance similar to that of the native nerve [199].
Together, these studies indicate that neuron differentiation requires the
substrate mechanical property simulating nerve-like stiffness, whereas
gliocyte maturation requires substrate stiffness 10-times higher than
that of native nerve. Such contradictory phenomenon suggests the ne-
cessity to dissect the molecular mechanisms how different stiffnesses
determine different lineage differentiation of neurogenic cells, further
defining the optimal stiffness parameter for directing required nerve
regeneration. Regrettably, these key issues remain ill-defined and
should become the targets of future investigation. Furthermore, sub-
strate stiffness-mediated cellular behaviors may be modulated by other
factors in the nerve regenerative process, such as the cell-cell in-
teractions between neurons and gliocytes, the physical and biochemical
properties of substrates [192]. To facilitate the successful application of
scaffolds in nerve regeneration, a novel method therefore should be
developed to enable fabricating functional substrates that provide a
biophysically and biochemically permissive environment. With this
created permissive environment, a reproducible and native-like neural
network that exhibits the interactions of neurons with gliocytes can be
induced to generate within scaffolds, thus opening a way of the inves-
tigation of substrate stiffness-mediated cellular behaviors.

5. Conclusions and future directions

The tissue mechanical microenvironment where cells are positioned
is determined by the composition and configuration of ECM, as well as
any extrinsic mechanical loading applied to this matrix. Surrounding
cells sense and respond to the mechanical environment with membrane
elements, cytoskeletal components and nucleus acting as putative
mechano-responders. Throughout the previous studies, an inextricable
link emerged between substrates stiffness and cell response, which plays
a significant role in substrate-guided tissue regeneration. Substrate
stiffness can regulate cell behavior and cell fate while cells can also
remodel substrate and manipulate tissue regeneration (Section 2). Fully
understanding the complex mechanical interactions between cells and
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their extracellular matrix not only help to develop tissue engineering
strategies to guide cell fate and tissue regeneration/repair, but also to
facilitate the establishment of tissue engineering-based platforms, which
can be used for observing other biological activities during develop-
mental processes of tissue regeneration after trauma or disease.

First and foremost, given that the preparation of a serious of sub-
strates with tunable stiffness is required to study cell mechanobiology,
recent work involved in the areas such as crosslinking, constituents,
scaffold architecture as well as molecular interactions, was performed to
institute a series of biomaterials and advance the establishment of tissue-
engineered scaffolds with tunable stiffness (Section 3). However, the
strategies to only regulate substrate stiffness are rather limited because
the alteration of matrix stiffness is usually coupled with changes of other
biophysical and biochemical cues such as architecture or surface
chemistry. Fabricating biomimetic materials with only stiffness varia-
tion can therefore contribute to the better understanding of material-
induced tissue regeneration. In addition, the used substrates with
tunable stiffness in most of previous studies (e.g., crosslinked PDMS, PA
or agarose) are lack of adhesive sites for cell adhesion. This may
confound the cell response to substrate stiffness and the obtained sub-
strates are also not suitable for the candidates of implantable bio-
materials for tissue engineering researches. Furthermore, in vivo results
observed in 3D models differ from in vitro models, but it remains a
particular challenge in the reproduction of the complex 3D cellular
mechanical environment in substrates, which need to be addressed in
the future. For instance, the viscoelastic and plastic properties of the
matrix recently have been demonstrated to play important roles in
regulating cellular responses to matrix mechanical properties, which
should also be considered when engineering matrix mechanics for tissue
regeneration. To sum up, the development of novel materials and new
techniques are needed in order to achieve the desired and precise control
over the stiffness of biomimetic 3D fibrillar matrix, together with
satisfactory routes of administration and corresponding cell types.

Although work to observe the substrate stiffness-guided cellular re-
sponses in different types of engineered tissues varying from stiff tissue
to soft tissue has provided clues on how cells sense and respond to
varying stiffness substrates for tissue regeneration (Section 4), the un-
derlying mechanism remains to be fully defined regarding how stiffness-
mediated bioactivities within cells are orchestrated or tuned at different
stages to manipulate tissue regeneration or remodel formed tissues.
Further studies are also required to precisely clarify and grasp the in-
tricacy of this cell-matrix-cell mechanical feedback loop, especially
considering the impact of cell-cell interactions as well. As cell functions
related to cell shape or cell spreading depends on the dimensionality of
matrix, advanced understanding of the influence of 3D substrate stiff-
ness on embedded cells will help to define the mechanical properties of
implantable scaffolds to support cell growth and resist body mechanical
stimulations in vivo. Given the inherently complex of in vivo environment
where intrinsic and extrinsic mechanical cues and other factors (e.g,
surface topology) coexist, future works are appealed for understanding
how cells sense and integrate substrate stiffness with other biophysical
and biochemical signals and how they respond accordingly in vivo dur-
ing dynamic processes. Meanwhile, the progression of substrate
stiffness-mediated tissue regeneration is also complicated and associated
with multiple micro-constituents such as immune response, vasculari-
zation, graft degradation, and matrix remodeling. The current poorly
elucidated relationships between substrate stiffness and the factors
mentioned above also should be considered in future work.
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