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applications, it is important to spatio­
temporally guide the fate of stem cells. 
Stem cell fate depends on the complex 
coeffect of their microenvironmental 
biochemical (e.g., soluble bioactive factors) 
and biophysical (e.g., structural organi­
zation and mechanical factors) cues.[2–6] 
Although the influence of biochemical 
cues has been intensively studied, accu­
mulating evidence has indicated that 
biophysical cues (especially mechanical 
cues varying in a spatiotemporal manner) 
also have crucial impacts on guiding 
stem cell fate (e.g., differentiation).[7–10] 
For instance, stem cell differentiation 
can be directly regulated by the stiff­
ness of the extracellular matrix (ECM), 
which is a highly dynamic structure con­
stantly undergoing remodeling through 
deposition, degradation, or modification 
by surrounding cells.[11,12] Stem cells 
may sense and respond to the dynamic 
changes in ECM stiffness, and this 

dynamic feedback plays an important role in guiding stem 
cell fate.[11,13] Additionally, stem cells can respond to gradient 
stiffness in injured tissues and migrate directionally, which is 
vital to recruit cells for wound healing.[14] Besides ECM stiff­
ness, some stem cells, especially those from musculoskeletal 
and cardiovascular tissues, experience dynamic mechanical 

Stem cells hold great promise for widespread biomedical applications, for 
which stem cell fate needs to be well tailored. Besides biochemical cues, 
accumulating evidence has demonstrated that spatiotemporal biophysical 
cues (especially mechanical cues) imposed by cell microenvironments 
also critically impact on the stem cell fate. As such, various biomaterials, 
especially hydrogels due to their tunable physicochemical properties and 
advanced fabrication approaches, are developed to spatiotemporally manipu-
late biophysical cues in vitro so as to recapitulate the 3D mechanical micro-
environment where stem cells reside in vivo. Here, the main mechanical cues 
that stem cells experience in their native micro environment are summarized. 
Then, recent advances in the design of hydrogel materials with spatiotem-
porally tunable mechanical properties for engineering 3D the spatiotemporal 
mechanical microenvironment of stem cells are highlighted. These in vitro 
engineered spatiotemporal mechanical microenvironments are crucial for 
guiding stem cell fate and their potential biomedical applications are sub-
sequently discussed. Finally, the challenges and future perspectives are 
presented.
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1. Introduction

Stem cells are undifferentiated cells with a capacity for 
self­renewal and differentiation into specialized cell line­
ages, which have found widespread applications in tissue 
engineering and regenerative medicine.[1] In these biomedical 
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loading (e.g., stress or strain) in vivo and respond to the applied 
mechanical stimulation.[15] Stem cells sense these mechanical 
cues and initiate intracellular biochemical responses via mech­
anotransduction pathways, which may play a crucial role in 
guiding their fate decision.[16,17] Thus, it is important to under­
stand the roles of the spatiotemporal mechanical microenviron­
ment in guiding stem cell fate.

Most existing studies on engineering the mechanical micro­
environment of stem cells have been focused on 2D substrates. 
In a typical case, mesenchymal stem cells (MSCs) were seeded 
on polyacrylamide (PAA)­based substrates with different stiff­
ness, resulting in the development of neurocytes, osteoblasts, 
and skeletal muscle cells on soft substrate (0.1–1 kPa), stiff 
substrate (>34 kPa) and substrate with intermediate stiffness 
(8–17 kPa), respectively.[18] However, 2D planar culture cannot 
recapitulate the native 3D cell microenvironment where stem 
cells reside, as reflected by the significantly different behaviors 
of stem cells in 2D and 3D mechanical microenvironments.[19] 
For instance, substrate stiffness affects cell morphology in 2D 
culture, and the changes in cell morphology are needed to 
direct MSC fate in response to substrate stiffness.[20–22] Com­
parably, MSC morphology does not depend on matrix stiff­
ness during the osteogenic differentiation process when cells 
were encapsulated in 3D alginate hydrogels.[23] Depending on 
the matrix dimension, MSCs use different integrin receptors 
(e.g., αv and α5 integrins) to serve as RGD receptors when 
they are cultured in 2D and 3D matrices, respectively, with the 
same RGD density and stiffness.[23] Hence, the formation of 
mechanically mediated α5­integrin–RGD bonds rather than 
MSC morphology is responsible for osteogenic differentia­
tion in 3D.[23,24] Additionally, mechanical stress favors cardiac 
differentiation of cardiovascular progenitors encapsulated 
in 3D collagen hydrogels, whereas 2D conditions promote 
smooth muscle differentiation.[25] Hence, it is vital to evolve 
the study of stem cell fate in response to mechanical cues from 
2D to 3D microenvironment.

To investigate stem cell behaviors in a 3D mechanical micro­
environment, a variety of hydrogel­based culture models have 
been developed owing to the advantageous features of hydro­
gels, including excellent biocompatibility, high water content, 
and controllable physicochemical properties.[24,26] In particular, 
we have recently witnessed a great boom in nano/microen­
gineering technologies, making it feasible to engineer 3D 
stem cell mechanical microenvironments in a spatiotemporal 
manner. For example, various strategies have been developed to 
construct heterogeneous mechanical microenvironments with 
gradient stiffness, such as controllable dipping of a matrix into 
a crosslinkable solution,[27] photopolymerization, or photodeg­
radation with custom­designed masks (gradient darkening or 
sliding masks),[28,29] temperature gradients during the curing 
step[30] and a gradual freezing–thawing method.[31] Additionally, 
the cell mechanical microenvironment can be also dynamically 
controlled by softening or stiffening the microenvironment. 
For instance, tuning the hydrogel degradability[32] or forming a 
void in the hydrogel[7] can lead to hydrogel softening, whereas 
a repolymerization approach[33] and a sequential crosslinking 
strategy[34] have been reported to stiffen hydrogels. These 
approaches provide powerful tools to study how spatiotemporal 
mechanical cues influence stem cell behaviors in vitro.
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Although many original articles and reviews have discussed 
stem cell microenvironments[35–37] or physical cues that stem 
cells experience,[4,38–40] most of these articles focused on the 
effect of physicochemical properties of the material on guiding 
stem cell fate and summarized studies on engineering uni­
form or static mechanical microenvironments. Recently, some 
articles have reviewed the progress on in vitro engineering 
dynamic cell microenvironments due to rapid development 
of reversible hydrogels and stimuli­responsive materials.[41–43] 
However, there is still a lack of a comprehensive review of the 
spatiotemporal changes in stem cell mechanical microenvi­
ronments both in vivo and in vitro, and their effects on stem 
cell fate. Therefore, here, we focus on the aspects of material 
design and engineering approach that can manipulate stem cell 
mechanical microenvironments in a spatiotemporal manner, 
which is a greatly promising area and is the major thrust of 
this review. In detail, we first describe the in vivo spatiotem­
poral mechanical microenvironment of some typical types of 
stem cells. We then systematically introduce recent advances 
in engineering 3D stem cell microenvironments with tunable 
mechanical cues in a spatiotemporal manner. These in vitro 
engineered spatiotemporal mechanical microenvironments are 
crucial for guiding stem cell fate, and their potential biomedical 
applications with focus on stem­cell­based therapy, pathological 
study, tissue engineering, and organoid formation are subse­
quently discussed. Finally, the challenges are highlighted to 
envision future perspectives. Our goals here are to encourage 
and inspire researchers to further understand this emerging 
field, to advance the development of novel biomaterials and 
strategies for engineering 3D stem cell microenvironments 
with spatiotemporally tunable mechanical cues, and to promote 
in vitro stem cell studies as well as their potential applications 
in vivo.

2. Native Spatiotemporal Mechanical 
Microenvironments of Stem Cells

The native stem cell microenvironment consists of stem cell­
adhered supporting cells, soluble bioactive factors, and ECM 
that acts not only as supporting architecture but also as a con­
tainer for cellular signaling biomolecules.[44] ECM comprises 
fibrous structural proteins (e.g., elastin and collagen), adhesive 
proteins (e.g., laminin, fibronectin, vitronectin), and polysac­
charides in the form of glycosoaminoglycan (GAG) and proteo­
glycan, forming a complex 3D network. This network of fibrous 
structural proteins provides resident cells with mechanical 
resistance to tensile and shear stress, while polysaccharides 
are the water­absorbing components in the matrix due to their 
hydrophilic groups and consequently provide resident cells 
with resistance to compressive forces.[45] Adhesive proteins 
enable cell attachment to the matrix via specific receptors such 
as integrins, selectins and syndecan.[46] Integrins provide an 
essential link between the intracellular (e.g., cell cytoskeleton) 
and extracellular milieus and especially serve as crucial mecha­
notransducers, enabling cells to respond to the mechanical 
cues of surrounding matrices.[47]

In the native mechanical microenvironment, ECM, on the 
one hand, serves as a medium and transfers the external stress 

or strain to resident cells. On the other hand, the intrinsic 
mechanical property (e.g., stiffness) of the ECM is considered 
as an important mechanical cue in native mechanical micro­
environment of stem cells. In detail, stem cells anchor onto 
ECM through focal adhesions formed via integrin clustering, 
and the mechanical links between the cellular cytoskeleton and 
focal adhesions allow the cells to generate cytoskeletal tensional 
states via a complicated traction force system.[45] Cytoskeletal 
tensional forces depend on the balance between intracellular 
actomyosin contractility and reaction forces exerted by the 
matrices, and the magnitude of the reaction forces depend 
on the matrix properties, including stiffness and topography 
etc. Cytoskeletal tensional forces are transmitted to the cell 
nucleus via intracellular pathways, and these mechanical cues 
are converted to biochemical responses that may affect stem 
cell fate.[40,48,49] In addition, extracellular forces (e.g., intersti­
tial fluid­induced pressure and shear force) can also dynami­
cally interact with cytoskeletal tensional forces and thus affect 
stem cell fate.[40] Hence, in the following paragraphs, we will 
elaborate on the native spatiotemporal mechanical microenvi­
ronments of some typical stem/progenitor cells.

Embryonic stem cells (ESCs) are able to differentiate into 
all somatic cells through the formation of embryoid bodies 
(EBs).[50,51] The spatial heterogeneity of mechanical forces within 
EBs can directly affect the differentiation of ESCs. Mechanical 
forces are generated within EBs in a 3D microenvironment when 
ESCs grow and differentiate. During the time course of differ­
entiation, ESCs aggregate and EBs increase in size, leading to 
increased cytoskeletal traction force, which—in addition to gene 
regulation—possibly contributes to the initiation of differentia­
tion programs. According to previous studies, when the anisot­
ropy of cytoskeletal traction force is at a low level, ESCs develop 
into endoderm and mesoderm, in particular differentiating into 
neuronal,[52] cardiomyogenic,[53] and hematopoietic[54] lineages. 
In contrast, spatial cytoskeletal traction force at a high level of 
anisotropy mediates ectodermal cell lineage differentiation.[55]

MSCs are also one of the most studied stem cells for their 
high sensitivity to mechanical stimulation. MSCs can be 
obtained from various tissues, including placenta, umbilical 
cord, and adipose tissue, but are mainly obtained from bone 
marrow.[56] Physiologically, the mechanical microenviron­
ment of bone marrow is known to be primarily affected by the 
dynamic shear stress that originates from intramedullary and 
interstitial fluid flow as well as the intramedullary compressive 
stress from the spatiotemporal loading of bones.[57] Therefore, 
such spatiotemporal variations in the mechanical microenviron­
ment of bone marrow due to physiological activity or external 
stimulation may have significant effects on bone mesenchymal 
stem cell (BMSC) fate decisions.[58,59] Actually, accumulating 
evidence has shown that MSCs can respond to diverse dynamic 
mechanical forces (e.g., tensile stress,[60,61] compressive 
stress,[62,63] and shear stress[64,65]) and can be directed into spe­
cific differentiation pathways. For example, cyclic tensile stress 
can induce differentiation of MSCs toward a smooth muscle 
cell phenotype[66] or a myogenic phenotype,[67] whereas cyclic 
compressive loading can lead to upregulated expression of typ­
ical markers of chondrogenic differentiation.[62,68] Furthermore, 
dynamic shear stress derived from the interstitial flow in bone 
marrow is closely correlated with osteogenic differentiation.[69]
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Besides, there are native spatiotemporal mechanical micro­
environments of some other important stem/progenitor cells 
including endothelial progenitor cells (EPCs), valvular interstitial 
cells (VICs), and tendon­derived stem cells (TDSCs) etc., which 
play crucial roles in maintaining physiological functions of cells. 
For instance, EPCs are mobilized form bone marrow to periph­
eral blood. During this process, they experience the shear stress 
originated from dynamical blood flow and tissue fluid flow, which 
induces EPC differentiation into mature endothelial cells and 
thus contributes to angiogenesis in tissues.[70] VICs are the most 
common cell type in heart valves, and their matrix mechanics is 
regarded as a crucial controller of VIC phenotype.[33,71] VICs in 
the matrices with normal elastic modulus are quiescent fibro­
blasts.[72] When the matrix mechanics changes abnormally, 
VICs can be activated to myofibroblasts, exhibiting strong pro­
liferation, cytokine secretion, and matrix remodeling, which 
leads to valve disease.[33,71,73] In addition, TDSCs reside within 
the tendon tissue, which intersperse among collagen fiber 
bundles and align along the long axis of tendon tissue.[74] It is 
widely accepted that TDSCs undergo similar mechanical micro­
environments as the whole tendon tissues. As mechanical load­
bearing tissues, tendons play a vital role in the musculoskeletal 
system by transferring tensile loads from muscle to bone to 
stabilize joints and achieve joint motions. Hence, TDSCs are 
always subjected to a complicated dynamic mechanical micro­
environment (both stretching and compressive loading), with a 
tensile force more prevalent during joint movement.[75] TDSCs 
are mechanoresponsive and alter their biological behaviors in 
response to the mechanical loading conditions.[76] It has been 
reported that appropriate mechanical loading (less than 8% 
strain) can induce differentiation of TDSCs into tenocytes 
and support their normal biological functions, while a large 
mechanical loading (8% strain) directs TDSCs to nontenocyte 
lineages differentiation (adipocytes, chondrocytes, and osteo­
cytes), which leads to tendon pathological change.[77,78] Addi­
tionally, the mechanical microenvironment of TDSCs in tendon 
is not uniform. The region of bone tendon is stiffer than mid 
substance of the tendon, which has been confirmed in a human 
Achilles tendon model.[79]

In addition, in vivo spatiotemporal mechanical micro­
environment may significantly influence wound healing and 
disease progression by guiding migration and regulating dif­
ferentiation of stem cells. For example, MSCs can egress 
from bone marrow, migrate through tissue, and home in on 
an injury site.[80] To direct such migration, local injured tissue 
often shows mechanical heterogeneity (e.g., stiffness gradient). 
It serves as a homing signal that encourages MSCs to prefer­
entially accumulate, while chemical signals are commonly 
implicated. Hence, such a stiffness gradient in injured tissue 
may guide MSC migration (denoted as durotaxis) to ensure that 
the right cells can differentiate in the right place as part of the 
wound healing process.[18,81–83] In addition, damage occurring 
in cardiac tissues activates the differentiation of cardiac fibro­
blasts to myofibroblasts, where the differentiated myofibro­
blasts secrete and excessively accumulate ECM leading to ECM 
stiffening.[84] The stiffened ECM may further accelerate cardiac 
myofibroblast differentiation by enhancing TGF­β1 activation 
through the AT1R pathway, resulting in continuous cardiac 
fibrosis development.[84–86]

3. Mechanical Properties of Hydrogels for 3D 
Stem Cell Culture In Vitro

To recapitulate stem cell behaviors in both physiological 
and pathological conditions, engineering 3D spatiotemporal 
mechanical microenvironments in vitro may help researchers 
to understand how these particular mechanical cues affect stem 
cell fate. In recent, hydrogels mimicking native ECM have been 
developed and tailored for 3D stem cell culture in vitro.[87–89] 
Most studies have investigated the effects of linear elasticity of 
3D hydrogels on stem cell fates, which have been extended to 
nonlinear elasticity and even more recently to viscoelasticity 
of hydrogels. Furthermore, spatial and temporal modulation 
of mechanical properties has also been performed to engineer 
heterogeneous or dynamic stem cell mechanical microenviron­
ments to mimic the spatiotemporal mechanical alterations in 
native ECM. Therefore, the mechanical property of hydrogels is 
a significant aspect of their capability to fulfill the requirements 
of engineering 3D spatiotemporal mechanical microenviron­
ments of stem cells.

3.1. Linear Elasticity

Linear elasticity is characterized by a constant Young’s modulus 
or stiffness that doesn’t change along with the applied stress 
or strain, which is the commonly studied mechanical prop­
erty of hydrogels in cell mechanical microenvironment engi­
neering. The stiffness of hydrogels can usually be controlled 
by the molecular weight of polymers, polymer concentration, 
and crosslinking degree.[90–92] Hence, hydrogels with tun­
able stiffness in a wide range are ideal for engineering 3D cell 
mechanical microenvironments.[93,94] For example, the stiffness 
of softest hydrogel (99.95% water) for 3D stem cell culture is 
only ≈0.1 kPa, while the stiffest cell culture hydrogel system 
has a stiffness of up to ≈200 kPa.[13,45] It has been confirmed 
that the hydrogel with suitable stiffness may support stem 
cell proliferation, main its self­renewal, and even induce stem 
cell differentiation to specific cell lineage.[30,38,80,87,90,95–99] For 
example, human ESCs in hyaluronic acid (HA)­based hydrogels 
of 0.35 kPa[98] and rat neural stem cells (rNSCs) in gelatin­based 
hydrogels ranging from 1.2 to 3.6 kPa[99] could proliferate well at 
their undifferentiated state. In addition, softer hydrogels are in 
favor of differentiation into cell lineages from soft tissues (e.g., 
brain, fat, and muscle), while stiffer hydrogels are beneficial to 
differentiation into cell lineages from hard tissues (e.g., carti­
lage and precalcified bone). As a typical example, murine MSCs 
encapsulated in alginate hydrogels exhibited adipogenesis and 
osteogenesis preferably at 2.5–5 kPa and 11–30 kPa, respec­
tively. Similar results were also observed in RGD­modified aga­
rose or poly(ethylene glycol) (PEG) hydrogels.[23] Besides, some 
other stem/progenitor cell differentiation into various cell line­
ages or maintaining their self­renewal in response to hydrogel 
stiffness in 3D microenvironments are particularly illustrated 
in Figure 1A. It is found that both differentiation of stem cells 
into various cell lineages and maintenance of self­renewal need 
specific a mechanical microenvironment with appropriate stiff­
ness ranges, though it may differ depending on the type of 
stem cells.
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Hydrogels derived from natural polymers including protein­
based (e.g., collagen, gelatin, and silk fibroin etc.) and polysac­
charide­based (e.g., HA, agarose, and alginate etc.) polymers 
are often mechanically weak and with limited control over their 
mechanical properties. For example, the stiffness of self­assem­
bled collagen hydrogel is only ≈1 kPa, which gradually decreases 
due to uncontrollable degradation. Various approaches have been 
developed to improve the stability and mechanical properties of 
these naturally derived hydrogels by incorporating functional 
groups (e.g., tryamine,[90] thiolate,[112] and acrylate[113]) and/or 
adding other components (e.g., gelatin methacrylate (GelMA)/
PEG,[114] HA/PEG,[87] or collagen/PAA[115]). In addition, different 
covalent crosslinking strategies have also been applied. For 
instance, Choi and Kim[116] increased the stiffness of an alginate/
PAA hydrogel via remodeling through secondary crosslinking of 
the polymeric networks in a defined polymer composition.

Compared to naturally derived hydrogels, synthetic poly­
mers such as PEG, PAA, poly(ethylene oxide) (PEO), poly(vinyl 

alcohol) (PVA), and their derivatives have also been utilized to 
fabricate hydrogels for engineering 3D mechanical microen­
vironments of stem cells in vitro.[37,117–119] For these synthetic 
hydrogels, bioactive molecules, including ECM­derived pep­
tides, protein fragments and growth factors, can be readily 
incorporated via functional termini (e.g., hydroxyl, carboxyl, 
and amino) to improve their biocompatibility.[119,120] In addi­
tion, synthetic hydrogels allow rational design of mechanical 
properties (e.g., stiffness) through a well­defined polymer 
chain composition without arousing the immunogenicity­
related concerns that are associated with some naturally derived 
hydrogels.[38]

It is well known that the stiffness of most naturally derived 
hydrogels can be efficiently mediated by changing polymer 
concentration. For example, the stiffness of agarose­based 
hydrogels sensitively responds to the polymer concentration, 
which increases from ≈20 to 100 kPa within a narrow range 
of polymer concentration (Figure 1B­a). In contrast, it seems 

Adv. Mater. 2018, 1705911

Figure 1. The relationship between stem/progenitor cell fate decision and the engineered 3D mechanical microenvironments in vitro. A) Stem/
progenitor cell fate decision in 3D hydrogel microenvironments with specific mechanical properties. (hMSCs: human mesenchymal stem cells; mMSCs: 
murine mesenchymal stem cells, hESCs: human embryonic stem cells; mESCs: murine embryonic stem cells; hADSCs: human adipose-derived stem 
cells; rNSCs: rat neural stem cells; VICs: valvular interstitial cell; CPCs: cardiomyocyte progenitor cells; APCs: adipose progenitor cells). B) Material 
selection diagram: hydrogel stiffness plotted against polymer concentration. Ashby plots describe the possible stiffness ranges of both a) naturally 
derived and b) synthetic hydrogels. The diagram is helpful to provide design guidelines in material selection of polymer hydrogels for engineering 3D 
mechanical microenvironments of stem cells.[7,31,33,90,96,100–111]
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that the stiffness of some synthetic hydrogel, for example, 
PEG­based hydrogel doesn’t strongly depend on the polymer 
concentration, where the variation in hydrogel stiffness is only 
several kilopascals when the polymer concentration increases 
from ≈1% to ≈10% (Figure 1B­b). In Figure 1B, the Ashby plots 
summarize the stiffness ranges of both naturally derived and 
synthetic hydrogels commonly used for engineering 3D stem 
cell mechanical microenvironments in vitro.

3.2. Nonlinear Elasticity

Certain intracellular and extracellular filamentous biopolymer 
hydrogels, including F­actin, collagen, fibrin, and vimentin, 
are known to exhibit nonlinear elasticity as reflected by stress 
stiffening behavior.[121,122] When stress increases beyond a 
critical stress (σc), stiffness increases along with the increase 
in the applied stress. Such a nonlinear mechanical behavior 
has been confirmed to have a great influence on main­
taining tissue integrity, mechanical homeostasis, and wound 
healing.[9,123] It has been reported that the nonlinear elasticity 
of hydrogels may affect the modes of cell migration[124,125] 
and regulate differentiation of stem cells in 3D microenviron­
ments.[9] For instance, human foreskin fibroblasts cultured in 
nonlinear elastic collagen hydrogels exhibited lamellipodia­
based migration, as compared to lobopodia­based migration 
in linear elastic cell­derived matrices.[124,126] Additionally, poly­
isocyanopeptide (PIC)­based hydrogels exhibited a series of 
tunable stress stiffening behaviors, and human MSCs encap­
sulated in these hydrogels differentiated from adipogenic 
to osteogenic lineages when the stress stiffening behaviors 
varied.[9]

3.3. Viscoelasticity

In addition to elasticity, most hydrogels, especially biopolymer­
based hydrogels, show both elastic and viscous properties.[127,128] 
These hydrogels are viscoelastic and often exhibit stress relaxa­
tion (e.g., a decrease in stress in response to constant applied 
strain) or creep (e.g., an increase in strain in response to con­
stantly applied stress) behaviors. The viscous characteristics of 
hydrogels may be attributed to various dissipative events such 
as the unbinding of weak bonds, polymer disentanglement, 
protein unfolding, and molecule slipping. There are several 
factors that influence the viscoelasticity of hydrogels, including 
polymer molecular weight or network chain length,[129,130] 
crosslink type and density,[131] hydrogel composition or con­
centration,[132] and degradation.[133] Recent evidences have 
indicated that hydrogel viscoelasticity significantly affects 
cell spreading, proliferation and differentiation. For example, 
Mooney and co­workers reported that spreading and prolifera­
tion of fibroblasts on alginate­based elastic substrates decreased 
as compared with that on viscoelastic substrates with the same 
initial modulus.[134] Moreover, they found osteogenic differen­
tiation of murine MSCs was enhanced in viscoelastic hydrogels 
with faster stress relaxation.[10] Therefore, hydrogel viscoelas­
ticity should be considered when engineering 3D mechanical 
microenvironment of stem cells.

3.4. Other Mechanical Properties

Some other mechanical properties (e.g., strength) of hydro­
gels should also be considered. Strength represents the ability 
to withstand an applied stress without failure. For example, to 
mimic the mechanical microenvironment of stem cells in carti­
lage or tendon, high mechanical strength is required to ensure 
hydrogel functions without fracturing. Several types of hydro­
gels with high strength have been developed based on various 
principles. For instance, double­network (DS) hydrogels have 
been produced via interpenetrating short or long chain poly­
mers. When DS hydrogels are formed at low polymer concen­
trations (more than 90% water), the elastic modulus is still as 
high as ≈190 kPa, while compressive strength can reach up 
to ≈10 MPa, similar to the mechanical properties of natural 
articular cartilage.[135] Alternatively, homogeneous network 
hydrogels, such as slide ring hydrogels and tetra­arm polymer 
hydrogels, have also been developed to realize high stretcha­
bility due to their particular structural features.[136] Additionally, 
nanocomposite hydrogels with inorganic agents (e.g., carbon 
nanotubes,[137] graphene oxide,[138] or clay[139]) added to the net­
work can effectively achieve high strength. Future studies are 
still needed to explore the potential applications of these hydro­
gels in engineering 3D mechanical microenvironments.

3.5. Hydrogel Material–Stem Cell Interactions in 3D

The interactions between stem cells and materials are funda­
mental to stem cell behaviors including cell migration, differ­
entiation, and self­renewal. As an important factor of the cell 
biophysical environment, mechanical properties of materials 
can largely affect stem cell behaviors at both spatial and time 
scales.[140] Various proteins such as integrins, actin cytoskel­
eton, nuclear lamins, and YAP/TAZ transcription coactivators, 
have been found to mediate matrix stiffness­regulated stem cell 
behaviors.[140,141] A recent interesting work found that when 
cultured on hydrogels with heterogeneous stiffness (minimal 
matrix models of scars), MSCs exhibited less cell­to­cell noise 
of scar­like phenotypes than those cultured on homogeneously 
stiff hydrogels.[142] It was found that NKX2.5 (a strong SMA 
repressor) slowly exited the nucleus of cells cultured on rigid 
hydrogel substrates, which could contribute to bulk­average 
responses. It was also demonstrated that mechanosensitive 
proteins of MSCs, including myosin­IIB, lamin­A and SMA, 
responded to matrix stiffness at different timescales.[142] Fur­
ther work is needed to verify the above findings in 3D.

On the other hand, several excellent recent studies found that 
MSCs showed mechanical memory when sequentially cultured 
in microenvironments of different stiffness.[143,144] Specifically, 
the differentiation and fibrogenesis of MSCs were dependent 
on previous culture time, seeming that MSCs remember their 
past mechanical microenvironments. Such behaviors were 
regulated by intracellular mechanical rheostats such as YAP/
TAZ,[143] NKX2.5,[142] and microRNA­21,[144] where YAP/TAZ 
and NKX2.5 were shown to regulate short­term mechanical 
memory and microRNA­21 was shown to regulate long­term 
mechanical memory. Based on the these findings, soft priming 
of MSCs before cell transplantation has been found to benefit 
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MSC therapy in tissue repair.[144] Considering that stem cells 
in vivo usually experience dynamically changed mechanical 
microenvironments, it will be of particular interest to further 
investigate stem cell mechanical memory in native­like 3D cell 
microenvironments.

Most hydrogels used to mimic the cell microenvironment 
are typically elastic, while many natural extracellular matrices 
are viscoelastic and the interactions between stem cells and 
viscoelastic materials have been seldom investigated. With the 
development of advanced viscoelastic materials and models, the 
principles and mechanisms underlying cell–viscoelastic material 
interactions are uncovering.[145–147] A recent representative work 
demonstrated that faster matrix stress relaxation promoted MSC 
spreading, proliferation, and osteogenic differentiation through 
adhesion­ligand binding, RGD ligand clustering, actomyosin 
contractility, and YAP nuclear localization.[148] It was suggested 
that matrix stress relaxation could account for the effect of matrix 
degradation on stem cell behaviors, considering that MSCs 
in peptide­functionalized PEG hydrogels were found to pro­
teolytically degrade the matrices and locally convert them from 
mechanically elastic to viscoelastic forms.[133] Shenoy and co­
workers[145] combined experimental and theoretical approaches 
and tested different cell types (human MSCs, 3T3 fibroblasts, 
U2OS osteosarcoma line), and found that cell spreading was 
independent of viscosity on stiff substrates, while an optimal 
level of viscosity on soft substrates maximized cell spreading. 
Besides viscosity, the ECM usually undergo nonreversible plastic 
deformation (cells can also show mechanical plasticity[149]) under 
external mechanical loading or cell­induced remodeling, which 
may also contribute to regulate stem cell behaviors.[150]

Recently, Heilshorn and co­workers demonstrated that the 
stemness maintenance of neural progenitor cell was influenced 
by matrix remodeling but not correlated with initial hydrogel 
stiffness.[151] Within elastin­like protein hydrogels, stemness 
was maintained independent of cytoskeletal tension genera­
tion and ligand clustering, but relying on hydrogel degrada­
tion. They employed two additional material systems: physically 
remodelable alginate hydrogels and proteolytically degradable 
PEG hydrogels, to test the generality of their findings. The 
results showed that matrix remodeling regulated cadherin­
mediated cell–cell contact to maintain the stemness of neural 
progenitor cell. It is worth noting that N­cadherin adhesive 
interactions have also been found to modulate MSC percep­
tion of the matrix mechanical properties.[152] These results 
indicate that matrix remodeling ability and cell–cell contact 
are important design parameters for engineering stem cell 
microenvironments.

4. Engineering 3D Spatiotemporal Mechanical 
Microenvironments of Stem Cells In Vitro

A variety of polymers, such as naturally derived polymers and 
synthetic polymers, have been fabricated into hydrogels for 
engineering mechanical microenvironments in vitro (Table 1). 
Generally, there are two primary types of mechanical cues that 
cells experience from hydrogels, including: i) hydrogel stiff­
ness or elasticity (intrinsic mechanical cue) and ii) stress/
strain applied to hydrogels (extrinsic mechanical cue). In the 
following section, we will describe the existing strategies for 
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Table 1. Overview of commonly used polymer hydrogels for engineering mechanical microenvironments in vitro.

Polymers Strategies Mechanical characteristics Spatiotemporal 
modulation

Applications Refs.

Methacrylated alginate Dual-crosslinking (calcium- and 

UV- crosslinking)

Stiffness patterns (checkerboard, 

island, and strip)

Spatial Cell alignment

Complex tissue 

engineering

[153]

PEG monoacrylate (PEGA) Photodegradation Stiffness patterns (regular or 

random; different stiff-to-soft 

ratios)

Spatial Stem cell fate decision

Mechanotransduction 

study

[154]

PAA Controlled hydrogel thickness based on 

topographically defined substrates

Stiffness patterns Spatial Mechanotactic cell 

migration

Tissue engineering

[155]

Matrigel Matrigel–glass interface;

hydrogel–substrate edge effects

Stiffness gradients (Stiffness at 

the Matrigel–glass interface is as 

a function of gel height.)

Spatial Mechanobiology study [156]

PEG dimethacrylate 

(PEGDM)

Mixing two polymer solutions via a 

gradient maker
Stiffness gradients (≈12–306 kPa) Spatial Graded osteogenesis

Mineralized tissue 

gradient

[157]

Collagen and alginate Microfluidics Softer core/stiffer shell structure Spatial Ovarian microtissue 

engineering

[158]

PVA/HA Freezing–thawing method Stiffness gradients (≈20–200 kPa) Spatial Stem cell differentiation

Tissue regeneration

[31]

MeMaHA Michael-type addition reaction and 

proteolytic degradation

Dynamic softening Temporal Stem-cell-based therapy [32]

Alginate dialdehyde/alginate Void formation due to hydrolysis Dynamic softening  

(from 110 to 5 kPa)

Temporal Bone regeneration

Stem-cell-based therapy

[7]
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Polymers Strategies Mechanical characteristics Spatiotemporal 
modulation

Applications Refs.

MeHA Step-wise crosslinking Dynamic stiffening Temporal Tissue development

Wound healing

[34]

Thiolated-HA (SH-HA) Crosslinking with PEG diacrylate 

(PEGDA) with controlled molecular 

weight

Dynamic stiffening  

(from 1.9 to 8.2 kPa)

Temporal Cardiomyocyte 

maturation

Cardiac tissue 

engineering

[112]

PEG-norbornene (PEG-NB) Repolymerization Dynamic stiffening (from 0.24 to 

1.2 kPa or 13 kPa)

Temporal Pathological study of the 

fibrotic diseases

[33]

PEG-NB Tyrosinase-mediated oxidation reaction Dynamic stiffening Temporal Mimicking the process of 

tumor development

[159]

Collagen/alginate Ionic crosslinking or decrosslinking Reversible stiffening or softening Temporal Cell–ECM interaction 

study

[88]

DNA oligomer–PAA DNA oligomer crosslinking or 

decrosslinking

Reversible stiffening or softening Temporal Pathological study  

of the cancer

Tissue engineering

[160]

SH-PVA, PEG-allylether and 

β-cyclodextrin-allylether

Supramolecular “host–guest” 

interactions

Reversible stiffening or softening Temporal Cell fate study [161]

PDPA–PMPC–PDPA triblock 

copolymer

pH response Reversible stiffening or softening Temporal Dynamic cell adhe-

sion–detachment 

manipulation

[162]

PHPMA–PNIPAAm Temperature response Reversible stiffening or softening Temporal Systematic stem cell 

research

[163]

Cys-P4-Cys artificial protein Protein topological entanglement Reversible stiffening or softening Temporal Mimicking the native 

tissues

[164]

Polyprotein 

GB1-R-(GB1-GL5CC-I27-R)2

Ru2+-mediated photocrosslinking;

Redox controlled protein folding–

unfolding switch

Reversible stiffening or softening 

(oxidizing condition: 40 kPa; 

reducing condition: 10 kPa)

Temporal Tissue engineering [165]

HPMA/AKtm/DTT Substrate–enzyme (adenylate kinase, 

ATP) interaction; Substrate-recognition-

mediated conformational change

Reversible stiffening or softening Temporal ECM dynamics capture [166]

PEG-NB Diaphragm pump and pressure 

regulator

Dynamic stretching Temporal Stem cell differentiation

Tissue engineering

[167]

GelMA Polymerization in designed trapezoidal 

molds

Tensile stain gradients  

(linear, parabolic, and exponential 

gradients)

Spatial Mechanobiology study

Complex tissue 

engineering

[168]

GelMA Microfluidics Compressive stain gradients 

(from ≈65% to ≈15%)

Spatial Cellular alignment

Tissue engineering

[169]

Agarose Custom bioreactor Dynamic compression Temporal Chondrogenesis

Cartilage tissue 

engineering

[170]

Alginate Tubular perfusion system Dynamic compression and shear Temporal Chondrogenesis

Cartilage tissue 

engineering

[171]

Polyisocyanopeptide Warming above ≈15 °C to form the 

hydrogel

Stress stiffening (critical stress: 

from ≈9 to 19 Pa)

Temporal Stem cell differentiation

Mechanotransduction 

study

[9]

P(NIPAAm-r-CA)-b-PEO-b-

P(NIPAAm-r-CA)

Physical crosslinking Viscoelasticity Temporal Mechanobiology study [172]

PEG Covalent crosslinking with hydrazone Viscoelasticity Temporal Mechanobiology study [173]

Alginate Ionic crosslinking;

Changing of molecular weight and cross-

linking density; coupling of short PEG 

spacers to the polymer chains

Viscoelasticity

Tunable stress relaxation  

(τ1/2: from ≈1 h to ≈1 min)

Temporal Cell–ECM interaction 

study

Mechanotransduction 

study

Bone tissue engineering

[10]

Table 1. Continued.
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engineering 3D mechanical microenvironments (e.g., linear 
elastic, nonlinear elastic and viscoelastic microenvironments) 
of stem cells, and especially advanced fabrication approaches 
that can spatiotemporally manipulate mechanical cues (e.g., 
spatially heterogeneous or temporally dynamic mechanical 
cues) in 3D stem cell microenvironments in vitro (Figure 2).

4.1. Engineering 3D Spatiotemporal Stiffness 
Microenvironments of Stem Cells

Matrix stiffness is the most common mechanical cue that stem 
cells experience within the ECM,[17] and it is also an impor­
tant mechanical cue that affects stem cell behaviors (e.g., cell 
spreading and differentiation). However, 
another opinion believes that protein teth­
ering on ECM instead of stiffness is essential 
cue to guide stem cell fate. To resolve this dis­
agreement, Ding and co­workers developed 
a well­defined surface patterning technique 
based on RGD nanopatterned PEG hydrogels 
to decouple the effects of matrix stiffness and 
surface chemistry, and illustrated undoubt­
edly that matrix stiffness was a potent regu­
lator of stem cell fate.[176,177] In the following 
section, we mainly focus on the effects of 
various spatiotemporal stiffness cues in 3D 
on guiding stem cell fate.

4.1.1. Engineering Spatially Nonuniform  
Stiffness Microenvironments

Many native tissues are mechanically het­
erogeneous, such as calcific vascular tis­
sues, fibrocartilage, and heart valves.[178–180] 
Mechanical heterogeneity in terms of pat­
terned stiffness or even gradient stiffness 
has a remarkable impact on guiding stem 
cell migration and differentiation, which 
plays important roles in embryonic develop­
ment, wound healing and disease progres­
sion.[181] To mimic the patterned stiffness 
of native tissues in vitro, a photopatterning 

method has been widely used to fabricate photocrosslinkable 
hydrogels with a spatially patterned stiffness through custom­
designed photomasks.[153,182,183] For example, methacrylated 
alginate was used to prepare dual ionic and photocrosslinked 
hydrogels, and the checkerboard, island and strip stiffness pat­
terns were created by using different photomasks to achieve 
precise spatial control over regions that were only calcium­
crosslinked versus dual­crosslinked (Figure 3A).[153] Similarly, 
photodegradable hydrogels combined with a photopatterning 
method is an alternative strategy to achieve stiffness patterns. 
Anseth and co­workers[154] reported a photodegradable 
hydrogel through copolymerizing a photodegradable PEG 
diacrylate (PEGdiPDA) with PEGA. The photolabile crosslinker 
contained two nitrobenzyl ether groups that could be cleaved 
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Figure 2. Engineering 3D spatiotemporal mechanical microenvironments of stem cells in 
vitro. Hydrogel stiffness and the applied mechanical stimulation such as stress/strain are 
regarded as intrinsic and extrinsic mechanical cues, respectively. Particularly, some of these 
mechanical cues exist in a spatiotemporal manner, including spatial gradient (e.g., gradient 
stiffness or stress/strain) and temporal dynamics (e.g., mechanical stiffening or softening, 
stress relaxation).

Polymers Strategies Mechanical characteristics Spatiotemporal 
modulation

Applications Refs.

WW domain (CC43 or 

Nedd4.3 variant)-based 

block copolymer, proline 

peptide-based block 

copolymer

Mixing-induced molecular  

recognition crosslinking;

Design of the frequency of repeated 

association domains per chain and the 

binding strength between association 

domains

Viscoelasticity Temporal Clinical cell encapsula-

tion applications

Stem-cell-based therapy

[174]

Tax-interactive protein-1 

modified triangular trimetric 

CutA protein (CutA-TIP1), 

PDZ-peptide-PEG

Shear stress-dependent reversibility 

of association/decoupling of protein–

peptide-specific interaction

Dynamic viscoelasticity

ω < 0.8 rad s−1, viscoelasticity;

ω > 0.8 rad s−1, viscosity

Temporal Cartilage tissue 

engineering

[175]

Table 1. Continued.
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upon irradiation, resulting in the release of PEG and thereby 
the decrease of hydrogel stiffness in situ. Such PEG­based 
photodegradable hydrogels with regular or random stiffness 
patterns and different stiff­to­soft ratios were fabricated via 
several designed photomasks (Figure 3B). It was observed that 
cell morphology and Yes­associated protein (YAP) activation of 
hMSCs were highly associated with stiffness pattern organi­
zation and stiff­to­soft ratios in these hydrogels. In addition, 
to generate more complex stiffness patterns, PAA hydrogels 
with controlled thickness were polymerized on three different 
topographically defined glass substrates, i.e., “step substrates,” 
“bead substrates,” and “groove substrates” (Figure 3C).[155] 
For each kind of glass substrates, the distance between the 
hydrogel surface and the underlying glass surface varied 
according to the structure of the topographically patterned 
glass substrate, leading to a local change in the height of the 
superficial hydrogel and thus apparent stiffness patterns.

Besides patterned stiffness, several approaches have also 
been developed to generate gradient stiffness in vitro. For 
example, a gradient maker equipped with mixing and stock 
chambers that loading PEGDM solutions with different con­
centrations was used to achieve PEGDM hydrogel­based cell 
microenvironments with gradient stiffness ranging from 12 to 
306 kPa (Figure 4A).[157] Additionally, microfluidics is another 

commonly used method to fabricate hydrogel particles or fibers 
with heterogeneous mechanical properties by varying polymer 
composition and concentration.[158,184,185] For example, a non­
planar microfluidic flow­focusing device was developed for 3D 
culturing of early secondary preantral follicles using a collagen 
core (softer) and an alginate shell (stiffer) to mimic medulla 
and cortex, respectively (Figure 4B).[158] This mechanically 
heterogeneous microenvironment was found to enhance fol­
licle development and ovulation. However, these approaches 
involve complex fabrication procedures or devices, which are 
considered as obstacles and need to be overcome. To con­
struct gradient stiffness microenvironment with a facile fabri­
cation procedure, a PVA/HA hydrogel with gradient stiffness 
(≈20–200 kPa) was generated using a liquid nitrogen (LN2)­con­
tacting gradual freezing­thawing method to engineer a gradient 
stiffness microenvironment (Figure 4C).[31] When the PVA/HA 
aqueous solution contacted the LN2 surface, the bottom side 
(LN2­contacted side) of the solution froze rapidly, and then the 
solution gradually froze along the longitudinal direction to the 
top side during the freezing step, leading to a gradient stiffness 
in PVA/HA hydrogels. It was found that hBMSCs preferred 
stiffness ranges for differentiation into specific cell lineages, 
e.g., ≈20 kPa for nerve cells, ≈40 kPa for muscle cells, ≈80 kPa 
for chondrocytes, and ≈190 kPa for osteoblasts.
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Figure 3. Engineering patterned stiffness microenvironments in vitro. A) Dual-crosslinked hydrogel-based stiffness patterns. a) Schematic of dual-
crosslinked hydrogel fabrication. Calcium-crosslinked hydrogels are prepared using only steps 1–3. Hydrogels with patterned stiffness required the 
use of a photomask and UV light in step 4. b) Fluorescence photomicrographs using methacrylated rhodamine to show stiffness patterns. A) Repro-
duced with permission.[153] Copyright 2015, American Chemical Society. B) Photodegradable hydrogel-based stiffness patterns. a) Chemical structures 
of the photo degradable crosslinker (PEGdiPDA) and PEGA. Acrylate functional groups are labeled in red and the photodegradable nitrobenyzl ether 
is labeled in blue. b) An illustration of hMSCs on patterned stiffness hydrogels with different stiff-to-soft ratios. Black indicates chrome-covered 
areas that will remain stiff, and white squares indicate areas exposed. c) AFM elastic moduli maps of two stiffness patterns. B) Reproduced with 
permission.[154] Copyright 2016, National Academy of Sciences. C) Topographically patterned glass substrate-based stiffness patterns. a) Schematic 
of different designed substrates to generate stiffness patterns by variation in PAA hydrogel height. b) Apparent stiffness Kapp of a “bead substrate,” 
determined by AFM indentation experiments, as a function of gel thickness. Inset: apparent stiffness distribution of the substrate over a bead; the bead 
is indicated by the white broken line. Scale bar: 10 µm. C) Reproduced with permission.[155] Copyright 2012, Wiley-VCH.
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4.1.2. Engineering Dynamic Stiffness Microenvironments

The native cell mechanical microenvironment may dynami­
cally change with time, either soften or stiffen, during tissue 
development, regeneration and pathological processes.[34] 
Therefore, hydrogels with static stiffness cannot fully rep­
resent the dynamic mechanical cues in many native cell 
microenvironments. To overcome this limitation, hydrogels 
with dynamic mechanical properties have been developed 

to mimic mechanical softening or stiffening processes. A 
typical softening system commonly used for engineering 3D 
dynamic mechanical microenvironments is based on biode­
gradable hydrogels.[186] The encapsulated cells can regulate 
the degradation process of these cell­laden biodegradable 
hydrogels. However, this process is challenging to control. 
Recently, modification of polymer chains in hydrogels with 
enzymatically degradable units (e.g., matrix metalloproteinase 
(MMP)­degradable peptides) in combination with a sequential 
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Figure 4. Engineering gradient stiffness microenvironments in vitro. A) Stiffness gradients produced by a gradient maker. a) Schematic illustration of 
the combinatorial platform used to prepare PEGDM hydrogels with gradient stiffness. b) The compressive modulus (dotted blue line) and swelling 
ratio (solid black line) are plotted for the hydrogel at different positions along the gradient. A) Reproduced with permission.[157] Copyright 2010, Elsevier. 
B) Stiffness gradients produced by a microfluidics method. a) Schematic view of the non-planar design of the flow-focusing junction. b) Schematic 
illustration of the in vitro engineered microenvironment of preantral follicles to mimic ovarian microtissue. c) The storage (G′) and loss (G″) moduli 
of two different harder hydrogels, 2% alginate [Alg(2)] and 2% alginate with oxidization [O-alg(2)] for making the shell (cortex). d) The two moduli of 
two different softer hydrogels, 0.5% alginate [Alg(0.5)] and 0.5% collagen [Col(0.5)] for making the core (medulla). B) Reproduced with permission.[158] 
Copyright 2014, Elsevier. C) Stiffness gradients produced by a liquid nitrogen-contacting gradual freezing–thawing method. a) Schematic diagrams 
showing the fabrication procedures. b) Compressive modulus of the PVA/HA hydrogel sections along the longitudinal direction. c) Mechanism of the for-
mation of PVA/HA hydrogel with stiffness gradients. The creation of a stiffness gradient in the PVA/HA hydrogel can be explained by the arisen gradient 
of freezing temperature and time along the longitudinal direction during the freezing step. C) Reproduced with permission.[31] Copyright 2016, Elsevier.
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crosslinking approach has been used to temporally mediate 
hydrogel stiffness by tuning the degradability (Figure 5A).[32] 
For instance, both methacrylate (Me) and maleimide (Ma) 
groups were incorporated into HA polymer chains and then the 
modified HA (MeMaHA) was subjected to multiple crosslinking 
steps to form UV hydrogels and D0 UV hydrogels, respectively. 
UV hydrogels rapidly released HA due to proteolytic degrada­
tion, while D0 UV hydrogels released little HA because of the 
newly formed kinetic chains, resulting in controlled dynamic 
softening of hydrogels. Alternatively, addition of a hydrolys­
able component into hydrogels can also decrease mechanical 
stiffness dynamically (Figure 5B).[7] Alginate dialdehyde­based 
microspheres (as the hydrolysable porogens) were incorpo­
rated into “bulk” alginate hydrogels and then degraded due to 
hydrolysis, leading to the formation of hydrogels with many 
voids. Importantly, the porogen degradation effectively con­
trolled the void formation and subsequent stiffness variation 
(from 110 to 5 kPa) in hydrogels. Rheological analysis indicated 
that the void­forming hydrogels exhibited a porogen density­
dependent decrease in shear modulus. Finally, it was confirmed 
that void­forming hydrogels with a stiffness of 60 kPa could 
best regulate the osteogenesis of the encapsulated MSCs.

In addition to ECM softening, stiffening is another 
dynamic change in ECM mechanical properties that cells 
may encounter in vivo. ECM stiffening may be induced by 
cell contraction or matrix overdeposition, which plays an 

important role in tissue development, fibrosis formation and 
tumor progression.[112,187–189] Hence, a variety of hydrogels have 
been combined with novel strategies to mimic ECM stiffening 
in 3D. For instance, Mabry and Lawrence[33] developed PEG­
based hydrogels with dynamic stiffening properties to study 
the phenotype change of VICs in a 3D microenvironment 
(Figure 6A). Eight­arm PEG­NB was polymerized with adhesive 
peptide and MMP­degradable crosslinking peptide using lithium 
phenyl­2,4,6­trimethylbenzoylphosphinate (LAP) as a photoini­
tiator. VICs were encapsulated in this PEG­based hydrogel (with 
a stiffness of 0.24 kPa) and allowed to spread post encapsula­
tion. Then, the cell­laden hydrogels were immersed and swollen 
in the mixture of 8­arm PEG­NB, 8­arm PEG­thiol (PEGSH) 
and LAP solutions, and subsequently repolymerized in situ to 
increase the hydrogel modulus to 1.2 and 13 kPa, respectively. 
In another example, 8­arm PEG­NB and a peptide linker with 
additional tyrosine residues were used to prepare cell­laden 
hydrogels that can be in situ stiffened by a tyrosinase­mediated 
reaction (Figure 6B).[159] More specifically, the primary hydrogels 
were synthesized by a light­mediated thiol­norbornene polym­
erization of 8­arm PEG­NB and bis­cysteine­bis­tyrosinebearing 
peptide crosslinkers. The pendant tyrosine residues in primary 
hydrogels could be oxidated in the presence of tyrosinase into 
dihydroxyphenylalanine (DOPA), DOPA quinone, and finally 
into DOPA dimer, leading to additional crosslinks and thus stiff­
ening the cell­laden hydrogels in 3D.
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Figure 5. Engineering 3D mechanical softening microenvironments in vitro. A) Hydrogel softening via tuning the degradability. a) Schematic of 
sequential crosslinking of MeMaHA using a primary addition and secondary radical polymerization to create UV and D0 UV hydrogels, respectively. 
b) Degradation of -UV and D0 UV hydrogels. For all time points, the percentage of HA release was greater from UV than D0 UV hydrogels. A) Repro-
duced with permission.[32] Copyright 2013, Nature Publishing Group. B) Hydrogel softening via forming the void. a) Schematic diagram of the strategy 
to create void-forming hydrogels. Porogens (red) and stem cells (green) are coencapsulated into a bulk hydrogel (gray). Pores (white) form within 
the hydrogel due to porogen degradation. b) Confocal micrographs of FITC-labeled porogens (green) within a rhodamine-labeled bulk hydrogel (red). 
c) Relative shear modulus G′ of void-forming hydrogels as a function of volume fraction of porogen. Values of G′ are normalized to the value obtained 
for a standard hydrogel (without porogen) at day 1. B) Reproduced with permission.[7] Copyright 2015, Nature Publishing Group.
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Besides nonreversible mechanical softening or stiffening, 
two strategies have also been developed to engineer 3D 
mechanically reversible microenvironments, including a) 
addition of the chemical reagents to crosslink or decrosslink 
the hydrogels; and b) preparation of the stimulus­responsive 
hydrogels to achieve crosslinking or decrosslinking of the 
hydrogels. For the first strategy, a collagen/alginate hydrogel 
system was created by Gillette et al.[88] In this system, collagen 
was first self­assembled as a stable structural network. By 
introducing Ca2+ or sodium citrate, alginate (acting as a mod­
ulatory element) could be switched between crosslinked and 
decrosslinked states, achieving reversible mechanical stiff­
ening or softening of collagen/alginate hydrogels (Figure 7A). 

In addition, DNA­crosslinked PAA hydrogels were fabricated 
to reversibly switch their mechanical properties by adding 
or removing a DNA oligomer crosslinker (Figure 7B).[160] 
Noncomplementary DNA oligomer sequences with 5′ acry­
dite modifications (SA1 and SA2) were copolymerized with 
acrylamide groups in PAA polymer chains, leading to the 
formation of SA1 and SA2 polymers. When a DNA oligomer 
“linker” (L2) containing a sequence complementary to SA1, 
a sequence complementary to SA2 and a “toehold’’ sequence 
was introduced, it hybridized with SA1 and SA2 polymers, 
forming stiffer PAA­based hydrogels. Once another DNA oli­
gomer sequence (R2) complementary to L2 was added, PAA­
based hydrogels hybridized with the “toehold” to unzip L2 
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Figure 6. Engineering 3D mechanical stiffening microenvironments in vitro. A) Hydrogel stiffening via a light-mediated repolymerization. a) Schematic 
of VIC encapsulation and b) stiffening the cell-laden hydrogel. c) Young’s modulus (E) of soft and stiffened hydrogels. A) Reproduced with permission.[33]  
Copyright 2015, Elsevier. B) Hydrogel stiffening via an enzyme-mediated repolymerization. a) Structure of 8-arm PEG-NB and model bis-cysteine-
bis-tyrosine peptide crosslinker CYGGGYC. b) Light mediated thiol-norbornene photoclick reaction to form primary PEG-based hydrogels. c) Tyrosi-
nase-mediated oxidation of tyrosine into DOPA, DOPA quinone, and DOPA dimer. d) Schematic of tyrosinase-mediated DOPA dimer formation in 
PEG-based hydrogels. B) Reproduced with permission.[159] Copyright 2016, Elsevier.
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from the SA1 and SA2 polymers, forming softer hydrogels. 
Furthermore, Shih and Lin reported a thiol­allylether hydrogel 
that was fabricated via a photo­click reaction of thiolated 
PVA, 4­arm PEG­allylether (PEG4AE) and mono­functional 
β­cyclodextrin­allylether (βCDAE). In situ stiffening/sof­
tening of the hydrogels was reversibly achieved by means of 
CD and adamantane (AD) supramolecular “host–guest” inter­
actions (Figure 7C).[161] In the stiffening process, chemically 
immobilized “host” molecules (βCDAE) interacted with sup­
plied ‘guest’ macromolecules (PEG4AD), leading to increased 
hydrogel crosslinking density and stiffness. If needed, such 
a stiffened hydrogel could be softened thermodynamically or 
through a competitive kinetic binding process. By incubating 
a stiffened hydrogel in solution containing soluble βCD, 
such unmodified βCD competed with immobilized βCD for 
binding to PEG4AD, resulting in a decrease in the hydrogel 
stiffness. Importantly, such a reversible change in hydrogel 
stiffness ranging from several hundreds to a few kilopascals 
was relevant to many cell fate processes.[18]

To achieve reversible mechanical stiffening or softening 
by using the second strategy, novel hydrogels in response 

to external stimuli (e.g., pH or temperature) have been 
developed recently. For example, a pH­responsive ABA tri­
block copolymer hydrogel with high biocompatibility was 
designed to reversibly adjust its stiffness, where A is poly(2­
(diisopropylamino)ethyl methacrylate) (PDPA) and B is 
poly(2­(methacryloyloxy)ethyl phosphorylcholine) (PMPC) 
(Figure 8A).[162] At higher pH, the PDPA polymer chains 
became more deprotonated and thus obtained stronger inter­
chain interactions, leading to a stiffer hydrogel. While at 
lower pH, the PDPA blocks were partially charged, and thus 
the hydrophobic interaction (or the physical crosslinking) 
became much weaker, resulting in a softer hydrogel. In 
addition, a thermoresponsive hybrid hydrogel capable of 
reversibly switching its stiffness was developed by Hackel­
busch and co­workers (Figure 8B).[163] In their work, azide­
functionalized of poly(N­(2­hydroxypropyl)­methacrylamide) 
(PHPMA) copolymers were first grafted with cyclooctyne­
functionalized poly(N­isopropylacrylamide) (PNIPAAm) 
polymers. Then, PEG­bis(cyclooctyne) was used to crosslink 
these thermoresponsive comb polymers to form hydrogels 
via strain­promoted azide–alkyne cycloaddition (SPAAC) 
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Figure 7. Engineering 3D mechanically reversible microenvironments in vitro using the first strategy. Three different mechanically reversible microen-
vironments were engineered based on A) Ca2+-crosslinked collagen–alginate hydrogels, A) Reproduced with permission.[88] Copyright 2010, Wiley-VCH. 
B) DNA-crosslinked PAA hydrogels Reproduced with permission.[160] Copyright 2011, Biomedical Engineering Society. C) Supramolecular hydrogels 
with “host–guest” interactions. a) Schematic of a reversible ßCD/AD complex. b) Chemical structure of PEG4AD. c) In situ stiffening of hydrogel 
through incubating ßCD-containing hydrogel in PEG4AD solution. Hydrogel softening could be achieved by incubating the stiffened hydrogel in PBS 
or solution containing unmodified ßCD. C) Reproduced with permission.[161] Copyright 2016, The Royal Society of Chemistry.
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reaction, which is regarded as a mild crosslinking method 
capable of encapsulating stem cells into hydrogels. With an 
increase in temperature, these PHPMA–PNIPAAm hydro­
gels could contract and expel water due to the formation of 
hydrophobic clusters composed of collapsed PNIPAAm side 
chains, leading to an increase in hydrogel stiffness. Hence, 
these thermoresponsive hydrogels reversibly expelled or 
took up water upon change of temperature, which resulted 
in a reversible change of elastic modulus. In a word, these 
3D mechanically reversible microenvironments may act as 
versatile material platforms to further study stem cell mecha­
notransduction with great consistency.

4.2. Engineering 3D Spatiotemporal Stress/Strain Microenviron-
ments of Stem Cells

In addition to ECM stiffness, mechanical stress and strain also 
play crucial roles in guiding stem cell fate, where the stress/
strain applied to stem cells in 3D microenvironments mainly 
depends on their surrounding microenvironment (or the 
ECM). For instance, CPCs in heart, chondrocytes in cartilage 
and MSCs in bone marrow experience dynamic tensile stress, 
compression and shear stress, respectively, which accordingly 
guide their migration, proliferation and differentiation.[190–193] 
Hydrogels are often mechanically deformed (e.g., stretched or 
compressed) in vitro to reproduce the stress/strain microenvi­
ronment that stem cells experience in vivo. We herein review in 
the following sections on the effects of spatiotemporal stress/
strain cues on stem cell fate.

4.2.1. Engineering Spatiotemporal Mechanical Stretching 
Microenvironments

Among various types of mechanical loading, stretching plays 
an important role in several physiological processes, including 
heart beating and muscle contraction. Hence, stretching has 
been utilized as a common mechanical cue to engineer stem 
cell microenvironments.[194] The simplest way to construct a 
controlled stress/strain microenvironment is to apply mechan­
ical stretch to cell­laden hydrogels. For instance, CMPCs 
were encapsulated in 3D collagen/Matrigel hydrogels, which 
were then immobilized with two Velcro attachment points 
in tissue culture plates to achieve unidirectional constrained 
constructs.[194] The application of static unidirectional tensile 
strain was found to maintain CMPC viability, and especially 
enhance cardiac differentiation and induce cellular reorganiza­
tion. Besides such a static stress/strain microenvironment, the 
dynamic stress/strain microenvironments based on 3D hydro­
gels have also been recently reported. For example, a micro­
fabricated system that enabled dynamic stretching of arrayed 
cell­laden hydrogels was developed to study the relationship 
between dynamic mechanical cues and stem cell responses 
(Figure 9).[167] In this study, a off­stoichiometry thiol­ene­based 
polydimethylsiloxane (OSTE­PDMS) deformable membrane 
device was first fabricated. Then human MSCs/PEG­NB solu­
tions were polymerized and bound to OSTE­PDMS membranes 
through a thiol­ene reaction (Figure 9A,B). Finally, the 3D 
cell­laden PEG­NB hydrogels could bulge up via a diaphragm 
pump and the top center of the hydrogels was increasingly 
displaced upwards with increasing pressure, suggesting that 
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Figure 8. Engineering 3D mechanically reversible microenvironments in vitro using the second strategy. A) Mechanically reversible microenvironment 
engineered by pH-sensitive PDPA50-PMPC250-PDPA50 triblock copolymer hydrogels. a) Schematic representation of the structural changes that occur 
within the hydrogel network on adjusting the pH by the addition of either acid or base. b) Young’s modulus, E, determined for triblock copolymer hydro-
gels at various gel pH values. The inset illustrates the reversible modulation of E values over several pH cycles. A) Reproduced with permission.[162] 
Copyright 2011, ACS Publications. B) Mechanically reversible microenvironment engineered by thermo-responsive PNIPAAm-based hybrid hydrogels. 
Reproduced with permission.[163] Copyright 2015, Wiley-VCH.
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the 3D cell­laden PEG­NB hydrogels were successfully stretched 
(Figure 9C,D). These cell­laden PEG­NB hydrogels bound to 
OSTE­PDMS membranes could be dynamically stretched when 
time­dependent actuation pressure was applied, and thus the 
encapsulated MSCs spread and differentiated into the contrac­
tile myofibroblast lineage. Additionally, gradient tensile strain 
microenvironments (e.g., linear, parabolic, and exponential 
gradients) were constructed by UV­triggered polymerization of 
GelMA in designed trapezoidal molds.[168] Although these sys­
tems were only used for 2D culture, they have great potentials 
to be extended for engineering 3D gradient strain microenvi­
ronments in vitro.

4.2.2. Engineering Spatiotemporal Compressive and/or Shear Stress 
Microenvironments

Compared with mechanical stretching, applying compressive 
or shear stress to the 3D hydrogels in a spatiotemporal manner 
is relatively convenient. Recently, a microfluidic chip­based 
approach combined with the GelMA hydrogels was used to 
create a range of gradient compressive strains in 3D microen­
vironments (Figure 10A).[169] A custom­designed microfluidic 
chip composed of treated glass and flexible PDMS membrane 
was fabricated first. Then, the outlet of the chip was plugged, 

and cells/GelMA suspensions were injected into the chip, 
resulting in convex PDMS deformation. The cell­laden GelMA 
hydrogels with gradient heights were formed after UV exposure 
through a concentric circular photomask. When unplugging 
the inlet and outlet, the convex PDMS membrane returned 
to the flat condition and thus applied gradient compressive 
forces on the hydrogels, resulting in gradient compressive 
strain microenvironments (from ≈65% to ≈15%). Additionally, 
Bian et al.[170] developed an agarose hydrogel­based dynamic 
compressive microenvironment with two loading modes, 
including unconfined axial compressive loading and sliding 
contact loading (Figure 10B). These dynamic compressive 
loadings were found to promote chondrogenesis in 3D hydro­
gels. Furthermore, Fisher and co­workers designed a tubular 
perfusion system (TPS) to apply both dynamic compressive 
and shear stress in a 3D microenvironment (Figure 10C).[171] 
Alginate hydrogel beads encapsulated with human MSCs were 
tightly packed in a tubular growth chamber. The medium was 
perfused using a pump through the growth chamber, passing 
stem cell­laden hydrogel beads and constantly exposing the 
encapsulated cells to shear stress. A designed roller was used to 
apply cyclic compressive stress onto tubular chambers. It was 
found that this dynamic mechanical microenvironment with 
combined mechanical stimulations might enhance chondro­
genic differentiation in vitro.
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Figure 9. Engineering 3D dynamic mechanical stretching microenvironments in vitro. Hydrogel stretching via a deformable membrane platform.  
A) Demonstration of PEG-NB hydrogel bonding to OSTE-PDMS. B) Procedures to fabricate the OSTE-PDMS deformable membrane device and inte-
grate and pattern cell-seeded PEG-NB hydrogels with the device. C) Example of the complete device with hMSCs seeded in the PEG-NB gel array and 
side view of a single PEG-NB hydrogel (outlined by white dashed line) in culture media deforming under increasing actuation pressure. D) Measured 
displacement of the hydrogel at its center and its corresponding maximum strain as a function of acturation pressure for two different hydrogel 
geometries. Reproduced with permission.[167] Copyright 2016, Elsevier.
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4.3. Engineering 3D Nonlinear Elastic Microenvironments 
of Stem Cells

Besides 3D stem cell microenvironments with linear mechan­
ical properties as described above, the native ECM usually 
exhibits nonlinear elasticity, and stress stiffening is regarded 
as an important physiological mechanical behavior of ECM.[121] 
The onset of stiffening for ECM proteins often occurs at 
extremely low stress. In a recent work, Das et al.[9] developed 
a PIC­based hydrogel to study the effect of stress stiffening on 
human MSC fate in a 3D microenvironment, and these hydro­
gels demonstrated stress stiffening behaviors in a biologically 
relevant stress regime (≈0.1–30 Pa)[195] (Figure 11). Specifically, 
PICs (P1′–P6′) were copolymerized via a nickel (II)­catalyzed 
reaction, resulting in polymers with azide functionality. The cat­
alyst to monomer molar ratio was varied to obtain P1′–P6′ with 
increasing molecular weight. Then, P1′–P6′ were reacted with 
BCN­GRGDS to synthesize cell­adhesive P1–P6 polymers with 
increasing polymer chain lengths (Figure 11A). Finally, P1–P6 

hydrogels were fabricated by raising the temperature above 
≈15 °C. The critical stress (σc) of P1–P6 hydrogels increased 
with increasing polymer length, from ≈9 Pa in the P1 gel to 
≈19 Pa in the P6 gel (Figure 11B–D), while the stiffness and 
the adhesion ligand density were maintained the same. The 
human MSCs cultured in hydrogels with higher σc pro­
gressively favored osteogenic commitment over adipogenic 
lineage, which was mediated by the microtubule­associated 
protein DCAMKL1.

4.4. Engineering 3D Viscoelastic Microenvironments of Stem Cells

Most native tissues (e.g., adipose tissue,[196] brain,[197] and 
liver[198]) are viscoelastic and exhibit stress relaxation behav­
iors. However, most hydrogels for engineering 3D stem cell 
microenvironments are typically assumed to be elastic. To 
address this challenge, a well­defined P(NIPAAm­r­CA)­b­
PEO­b­P(NIPAAm­r­CA) triblock copolymer (CA, coumarin 
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Figure 10. Engineering 3D compressive and/or shear stress microenvironments in vitro. A) Design of a microfluidic chip for a gradient compressive 
strain microenvironment. a) Schematic of the fabrication processes for gradient strain hydrogels in a microfluidic chip. b) The compressive strain 
percentages of the concentric hydrogel circles after releasing the liquid pressure. A) Reproduced with permission.[169] Copyright 2014, RSC Publishing.  
B) Design of a sliding contact bioreactor for a dynamic compressive microenvironment. The protocol produced 10% peak compressive loading coupled 
with oscillatory sliding contact, induced by curved loading platens sliding over the top surface of the constructs. B) Reproduced with permission.[170] 
Copyright 2010, Mary Ann Liebert, Inc. C) Design of a TPS bioreactor and its mechanical stimulations. a) Bioreactor assembly, the roller moves at a 
controlled speed provided by the rocker. The pressure detection unit with a close look of the detailed sensor design is also shown. b) Pressure meas-
ured inside the alginate beads. The upper figure shows the detected peak pressure at different conditions and the lower figure shows real time sensor 
response. C) Reproduced with permission.[171] Copyright 2015, Biomedical Engineering Society.
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acrylate) was synthesized. When the polymer concentration 
was higher than the chain­overlap concentration, this triblock 
copolymer formed a physically crosslinked hydrogel upon 
heating, showing a stress relaxation behavior (Figure 12A).[172] 
Alternatively, a type of hydrazine­crosslinked PEG hydrogel 
with viscoelastic properties was also developed (Figure 12B).[173] 
Four­arm PEG macromers with aliphatic hydrazine end groups 
(4­H) were mixed with 4­arm PEG macromers with aliphatic 
aldehyde (4­AA), resulting in rapid formation of the hydrogel 
(4­H:4­AA) at physiological pH and temperature. Revers­
ibly, covalent crosslinking could be weakened upon treatment 
with sodium cyanoborohydride, which reduced the hydrazone 
bond to the corresponding secondary hydrazine. The 4­H:4­AA 
hydrogel exhibited a frequency­dependent modulus, suggesting 
that it behaved as Maxwellian viscoelasticity. In these two exam­
ples, it was observed that both cell spreading and proliferation 
were enhanced in 3D viscoelastic microenvironments com­
pared to that in 3D elastic microenvironments.

Furthermore, Chaudhuri et al.[10] developed an algi­
nate hydrogel­based 3D microenvironment with controlled 
stress relaxation rate for studying murine MSC functions, 
independent of initial stiffness, adhesion­ligand density and 
degradation (Figure 12C). By decreasing the molecular weight 
of alginate, the stress relaxation rate of alginate hydrogels could 
be effectively increased due to altered chain mobility and con­
nectivity in the polymer network. Furthermore, the alginate 
with low molecular weight could be covalently modified with 
short PEG spacers, which provided steric hindrance to alginate 
crosslinking and thus further enhanced stress relaxation of 

the alginate hydrogels. More importantly, initial elastic moduli 
showed no significant difference along with the altered stress 
relaxation rate, and they were stable during 7 d of culture. 
In these 3D viscoelastic microenvironments, cell spreading, 
proliferation, and differentiation (especially osteogenic dif­
ferentiation) of MSCs were all enhanced when MSCs were 
cultured in hydrogels with higher stress relaxation rate. The 
authors explained that MSCs initially exerted forces on the 3D 
matrices, leading to resistance to such cell­generated forces in 
the matrices, which depended on the initial elastic moduli of 
the matrices. The viscoelastic matrices had an ability to gradu­
ally dissipate cell­generated forces due to mechanical yielding 
and remodeling of the matrices. Since the degree of such 
mechanical remodeling depended on the stress relaxation rate, 
the matrices with faster stress relaxation exhibited an increased 
clustering of embedded integrin motifs, which thus enhanced 
cell shape change, proliferation and osteogenic differentiation 
of MSCs.

5. Potential Biomedical Applications

The fate of stem cells can be directly regulated by tailoring their 
spatiotemporal mechanical microenvironments. Hence, modu­
lation of stem cell behaviors (e.g., migration, proliferation, and 
differentiation) through spatiotemporal mechanical cues pro­
vides a unique strategy for biomedical applications, including 
stem­cell­based therapy, pathological study, tissue engineering, 
and organoid formation.
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Figure 11. Engineering 3D nonlinear elastic microenvironments in vitro. A) Schematic of synthesis of GRGDS peptide functionalized polyisocyanopep-
tide with controlled stress stiffening. B) The critical stress increases linearly as a function of polymer length, and the schematic figure illustrates this 
overall trend. C) The nonlinear rheology data of polymer hydrogels P1–P6. The differential modulus K′, scaled with storage modulus G0, plotted as a 
function of applied stress σ. D) Overlay of the plots of differential modulus K′ as a function of applied stress σ, for the gels of shortest (P1) and the 
longest (P6) polymer. σc denotes the critical stress for the onset of stress stiffening. Reproduced with permission.[9] Copyright 2015, Nature Publishing 
Group.
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5.1. Stem-Cell-Based Therapy

Stem­cell­based therapy is to treat a disease by using stem cells 
where the key is well controlled differentiation. Engineering 
appropriate mechanical microenvironments of stem cells is 

beneficial to achieve controlled cell differentiation for stem­cell­
based therapy. For instance, Huebsch et al. developed an alginate­
based void­forming hydrogel to transplant stem cells for bone 
regeneration (Figure 13A).[7] Alginate dialdehyde­based hydrolys­
able microspheres were encapsulated into bulk hydrogels, and 
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Figure 12. Engineering 3D viscoelastic microenvironments in vitro. A) ABA triblock copolymer hydrogel-based viscoelastic microenvironment. 
a) Chemical structure of the ABA triblock polymer and a conceptual illustration of ABA triblock copolymer hydrogel. b) Stress relaxation tests for 
the hydrogel at 37 °C. A) Reproduced with permission.[172] Copyright 2016, American Chemical Society. B) Hydrazone crosslinked PEG hydrogel-
based viscoelastic microenvironment. a) Chemical structures of 4-H and 4-AA showing reversible gelation. b) 4-H:4-AA hydrogel shows a frequency-
dependent modulus that is characteristic of a single-mode Maxwell viscoelastic fluid. B) Reproduced with permission.[173] Copyright 2013, Wiley-VCH. 
C) Alginate hydrogel-based viscoelastic microenvironment. a) Schematic depicting how to increase the rate of stress relaxation by lowering the 
molecular weight (MW) of alginate polymers and coupling of PEG spacers. b) Stress relaxation tests on hydrogels composed of alginates with 
different molecular weights, or low-MW alginate coupled to a PEG spacer (15% compressional strain). c) Quantification of timescale at which the 
stress is relaxed to half its original value, τ1/2, from stress relaxation tests in (b). d) Initial modulus measurements of hydrogels in (b). Differences 
between elastic moduli are not significant. e) Initial elastic modulus of alginate hydrogels after 1 d or 7 d in culture, normalized by the value at day 1. 
C) Reproduced with permission.[10] Copyright 2015, Nature Publishing Group.
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hydrogel elasticity could be tuned by gradual generation of voids 
within the bulk hydrogels through regulation of microsphere 
degradation via hydrolysis. Human MSCs encapsulated in 
saline, hydrogels without degradable microspheres and the void­
forming hydrogels were injected into 8­mm critical­sized cranial 
defects in nude mice. The transplanted human MSCs within the 
void­forming hydrogels exhibited increased formation of new 
bone, which indicated an obvious elasticity­dependent behavior. 
Bone volume and bone mineral density were significantly 
improved in the void­forming hydrogels with elastic modulus of 
60 kPa compared to transplantation of human MSCs in other 
hydrogels (5 and 110 kPa). This indicated that the void­forming 
hydrogel with dynamically changed elasticity could be utilized 
as an efficient carrier for stem­cell­based bone regeneration. In 
another example, by controlling the stiffness of 3D collagen/
hyaluronic acid matrices, human MSCs were directed toward 
neuronal differentiation in a soft matrix (≈1 kPa) but into a glial 
lineage in a relatively stiff matrix (≈10 kPa) (Figure 13B).[97] ß III­
tubulin, MAP2, and NF­H are commonly expressed in neurons 
and regarded as the early, mid/late and late neuronal markers, 
respectively, while GFAP, CNPase, and O4 are recognized as typ­
ical glial protein markers (CNPase and O4 for oligodendrocytes  

and GFAP for astrocytes).[199–203] Both ß III­tubulin and MAP2 
were significantly up­regulated after culture for 14 d in a soft 
matrix. Additionally, the expression of the NF­H gene increased 
dramatically after culture for 21 d, as confirmed by immu­
nostaining, indicating that human MSCs probably needed more 
time to develop into mature neurons. In contrast, two glial pro­
tein markers (O4 and GFAP) were positively expressed, and the 
expression of GFAP and CNPase were upregulated after 14 d of 
culture in a stiff matrix, indicating successful differentiation of 
human MSCs into a glial lineage. These matrices with tunable 
stiffness had the ability to specifically manipulate human MSC 
fate toward neuronal or glial lineages and thus may be a useful 
platform for delivering human MSCs into the injured spinal cord 
or brain for stem cell therapy. Hence, by drawing together exper­
tise in engineering and biology, it would be possible to improve 
these stem­cell­based therapies for future medical applications.

5.2. Pathological Study

Engineering 3D spatiotemporal mechanical microenvironments 
is an effective method to construct 3D disease models with 
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Figure 13. Engineering 3D spatiotemporal mechanical microenvironments for stem-cell-based therapy. A) Engineering of 3D mechanical softening micro-
environment for transplanting hMSCs to bone tissue. a) Representative microcomputed tomographic (µCT) images of regeneration in nude rat cranial 
defects 12 weeks after inducing hMSCs in saline (cells alone), within standard hydrogels and within void-forming hydrogels. b) Representative µCT images of 
regeneration in nude rat cranial defects 12 weeks after hMSCs delivery in void-forming hydrogels of varying moduli. c,d) Quantitative analysis of total volume 
(c) and average bone mineral density (d) of regenerated bone. A) Reproduced with permission.[7] Copyright 2015, Nature Publishing Group. B) Engineering 
of 3D tunable mechanical microenvironment for delivering hMSCs into the spinal cord or brain. a) Immunohistochemistry of neuronal protein markers 
and glial protein markers for hMSCs in Col-HA_EDC 0.1% (1 kPa, soft) and Col-HA_EDC 2.0% (10 kPa, stiff). Scale bar: 200 µm. b) Quantitative real-time 
polymerase chain reaction results for neural lineage specific genes (n = 3, *P < 0.1, **P < 0.05). B) Reproduced with permission.[97] Copyright 2012, Elsevier.
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controlled disease conditions, which provides a great platform 
to study pathogenesis in vitro. For instance, dynamic stiffening 
of PEG­based hydrogels was used to manipulate VIC phenotype 
in a 3D mechanical microenvironment and investigate cell phe­
notypic changes involved in disease progression (Figure 14).[33] 
VICs were first encapsulated in 0.24 kPa MMP­degradable PEG 
hydrogels for 3 d to allow cell spreading. Then, after in situ 
stiffening of hydrogels to different moduli (1.2 or 13 kPa), the 
mRNA levels of myofibroblast markers, including alpha smooth 
muscle actin (αSMA) and CTGF, decreased with increasing 
stiffening of the hydrogels, while the fibroblast marker S100A4 
showed an upward trend with an increase in stiffening. Overall, 
42% of VICs exhibited organized stress fibers containing αSMA 
and exhibited the myofibroblast phenotype in a soft hydrogel 
(0.24 kPa). When the hydrogel­based microenvironment was 
stiffened to a modulus of 1.2 kPa, 13% of VICs expressed αSMA 
and still demonstrated the myofibroblast phenotype. In contrast, 
the cells cultured in a microenvironment stiffened to a modulus 
of 13 kPa exhibited significantly decreased αSMA (only 2.5% 
activation) and switched to a quiescent fibroblast phenotype. 
This in situ dynamic mechanical stiffening microenvironment 
may allow researchers to better understand VIC phenotypic 
changes, particularly the transition from fibroblasts to myofibro­
blasts, closely associated with human fibrotic diseases.

5.3. Tissue Engineering and Regenerative 
Medicine

Engineering 3D spatiotemporal mechanical 
microenvironments of stem cells also con­
tributes to engineering of various tissues, 
since stem cells are the most promising 
cell source for tissue engineering. For 
instance, cyclic compressive loading and/or 
shear stress have been commonly used as 
dynamic mechanical cues to induce chon­
drogenic differentiation of MSCs, which 
have advanced our understanding of the 
role of dynamic compressive and/or shear 
stress microenvironments in cartilage tissue 
formation and has an aid to cartilage tissue 
engineering applications.[171,204] Recently, it 
has been reported that engineering a stiff­
ness microenvironment (90 kPa) combined 
with appropriate biochemical composition 
can induce tenogenic/ligamentogenic differ­
entiation of MSC and thus promote tenogen­
esis/ligamentogenesis.[205] Besides, the 3D 
dynamic tensile strain microenvironments 
fabricated via MMP­sensitive PEG­based 
hydrogels have also been confirmed to upreg­
ulate collagen III, tenascin C and decorin 
in MSCs and induce their tendon/ligament 
fibroblast phenotype.[206] Hence, these two 
kinds of engineered MSC mechanical micro­
environments may contribute positively to 
tendon/ligament tissue engineering. Addi­
tionally, Murry’s group studied the effects 
of cell microenvironment dimension (2D 
or 3D) and mechanical cues on differen­

tiation and maturation of human cardiovascular progenitors 
(Figure 15A).[25] Cells derived from ESCs were encapsulated 
in collagen hydrogels and subjected to unstressed, static, and 
cyclic mechanical stress. Compared with 2D cultures, they 
found that a 3D microenvironment favored cardiac differentia­
tion. Meanwhile, dynamic mechanical stress in 3D microenvi­
ronments improved the expression levels of cardiac markers, 
including cardiac troponin T (cTnT) and β­myosin heavy chain 
(βMHC), and enhanced active force production compared to 
no stress and static stress conditions. These results suggest 
the role of dynamic stress microenvironments in promoting 
cardiomyocyte structural and functional maturation. In addi­
tion, it indicates a potential strategy that could benefit our 
ability to predictably control the construction of organized and 
functional human cardiovascular tissues. Besides dynamic 
mechanical microenvironments in temporal control, nonuni­
form stiffness microenvironments in spatial control have also 
been widely studied in tissue engineering. Chatterjee et al. 
reported an osteoblast­encapsulated PEGDM hydrogel con­
taining a broader stiffness gradient (≈10 to ≈300 kPa) to sys­
tematic screen osteoblast differentiation and mimic the 3D 
mechanical microenvironment of cells in vivo (Figure 15B).[157] 
It was indicated that the differentiation of osteoblasts could 
be influenced by mechanical properties of the hydrogels in 
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Figure 14. The 3D mechanical stiffening microenvironment mediates valvular interstitial cell 
phenotype decision to study fibroblast-to-myofibroblast transition associated with disease 
progression. A) qRT-PCR comparing genes of interest in soft (white), to medium (striped), 
and to stiff (solid) conditions. All genes were normalized to the L30 housekeeping gene. * 
indicates p < 0.05. B) Immunostaining for αSMA (green), f-actin (red) and nuclei (blue) in 
activated cells (myofibroblast phenotype) or deactivated cells (fibroblast phenotype). In soft 
gels, many cells exhibit aSMA stress fibers. In “to medium” gels, there are fewer cells positive 
for stress fibers, but diffuse aSMA is common. In “to stiff” gels, very little aSMA is present in 
either form. Scale bars: 100 µm. C) Fraction of activated valvular interstitial cells as defined by 
the presence of aSMA stress fibers was quantified. Activation decreased with increasing final 
modulus. Reproduced with permission.[33] Copyright 2015, Elsevier.
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the absence of biochemical cues. Furthermore, both alkaline 
phosphatase assay and µCT analysis demonstrated that osteo­
genic differentiation and subsequent mineralization were 
enhanced in PEGDM hydrogels with increased stiffness. Such 
cell differentiation­induced mineralization happened in the 
center of the hydrogels with lower stiffness and increased to 
the hydrogel edges with gradually increasing stiffness, finally 
forming gradient calcium phosphate deposits. Therefore, this 
spatially controlled stiffness microenvironment could induce 

graded osteogenesis and formation of a functional mineralized 
tissue gradient that could integrate hard and soft tissues such 
as ligament or tendon.

5.4. Organoid Formation

An organoid is a miniaturized and simplified version of an 
organ derived from various types of cells including stem cells, 
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Figure 15. Engineering 3D spatiotemporal mechanical microenvironments for tissue engineering. A) 3D dynamic stress microenvironment for 
cardiovascular tissue engineering. a) Quantification of progenitor fate between 2D and 3D cultures. *, p < 0.05. b) Quantification of cTnT expression 
by Western blot. cTnT samples were normalized to GAPDH levels and given as fold over no stress conditioning. *, p < 0.05 with respect to no stress 
condition. c) Gene expression of βMHC analyzed by quantitative RT-PCR. *, p < 0.05 with respect to cyclic stress condition. d) Active force was increased 
with increasing strain of the engineered cardiovascular tissues. The slope of the active twitch amplitude and strain was defined as contractility as shown 
in (e). *, p < 0.05 with respect to no stress condition; #, p < 0.05. A) Reproduced with permission.[25] Copyright 2015, AlphaMed Press. B) 3D gradient 
stiffness microenvironment for generation of mineralized tissue gradient. a) Alkaline phosphatase expression activity (*, p < 0.05). b) Representative 3D 
reconstructions of the mineral deposits in the gradients at 42 d and 77 d from µCT scan of the hydrogel gradients. c) Images present cross-sectional 
view of the 42 d mineral distribution for 3 mm thick slices at three different positions [(i), (ii), (iii)] along the gradient as indicated in (b). d) Coherent 
anti-Stokes Raman scattering (CARS) imaging showing the composition of mineral deposits in hydrogels. e) Representative micrographs of cell-laden 
hydrogels stained with Alizarin Red S after 21 d of culture in growth medium. B) Reproduced with permission.[157] Copyright 2010, Elsevier.
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which can self­organize in vitro in 3D and exhibit native­
mimicking microanatomy. Organoid culture holds consid­
erable potentials for investigating human development and 
disease, offering powerful new models for drug discovery 
and providing strategies for advancing precision and regen­
erative medicine.[207,208] Morphogenesis and organogenesis are 
closely related to mechanical cues. Different organs and even 
different tissue components within the same organ are char­
acterized by distinct mechanical properties, and such mechan­
ical modularity leads to the spatial differences that ultimately 
drive morphogenesis.[18,209] In addition, during organogenesis, 
mechanical cues along with other molecular cues are orches­
trated in space and time to assemble multiple cell types into 
functional organs.[210] The complex and dynamic nature of 
this process has greatly hindered organoid culture in vitro. 
In particular, individual organs almost never develop in isola­
tion, but rather concurrently with surrounding tissues and 
organs, which mechanically confine, impinge upon or pull on 
them continuously. These spatiotemporal mechanical cues that 
originate from surrounding tissues, which are notably absent 
in organoid culture, have been confirmed to affect the devel­
opment of the optic cup, the intestine and the entire early 
mouse embryo.[211,212] Hence, engineering the spatiotemporal 
mechanical microenvironment to mimic the expansive growth 
of neighboring tissues and the consequent mechanical confine­
ment to promote the formation of organoids will appear on the 
horizon.

6. Conclusions and Future Perspectives

In recent years, endeavors from multidisciplinary fields, 
including chemistry, physics, biology, and material science, 
have enabled extensive and intensive advances in the field of 
engineering 3D mechanical microenvironments of stem cells. 
Accumulating evidence suggests that stem cell fate is not only 
programmed by heredity, but also affected by the mechanical 
microenvironment in a spatiotemporal manner. Many studies 
have indicated that restoration of 3D mechanical microenviron­
ments of stem cells in vitro holds great potentials to understand 
its role in guiding stem cell fate for stem­cell­based therapy, to 
generate functional tissues or organoids for tissue engineering 
and regenerative medicine, and to establish in vitro tissue 
models for physiological and pathological studies.

Recent advances in the design of hydrogel biomaterials with 
tunable physicochemical features and fabrication techniques 
(e.g., micropatterning,[213–215] bioprinting,[216–218] and microflu­
idics[219–221] etc.) have offered a versatile toolbox for engineering 
3D spatiotemporal mechanical microenvironments of stem 
cells in vitro. Having reviewed the latest progress in such a fast 
developing field, we herein draw conclusions on the challenges 
and potential directions in the following three aspects for facili­
tating stem­cell­based studies toward biomedical applications in 
the future.

(1) Despite versatile modulation of the mechanical properties of 
hydrogels, they are still limited in providing in vivo­like spati­
otemporal physical cues because of the complexity and hetero­
geneity of the native mechanical microenvironment of stem 

cells. Current functional hydrogel materials, including revers­
ible hydrogels,[42] adaptable hydrogels,[222] and stimulus­re­
sponsive hydrogels[223] that can precisely capture extracellular 
matrix dynamics, may provide potential biomaterial candi­
dates for better engineering of 3D spatiotemporal mechani­
cal microenvironments in vitro. Besides, the development of 
both computational material science and computational biol­
ogy may also make considerable contributions in engineering 
3D mechanical microenvironments of stem cells, which is an 
emerging area. Taking full advantage of these computational 
tools, it may not only speed up the design of suitable biomate­
rials for engineering cell mechanical microenvironments, but 
also facilitate studies on how stem cells respond to these engi­
neered cell mechanical microenvironments in vitro.[224,225]

(2) Until now, it remains a debate on the mechanisms how 3D 
spatiotemporal mechanical cues affect stem cell fate due 
to the crosstalk and interplay between signaling pathways 
and microenvironmental cues. To address this challenge, 
it is necessary to precisely characterize stem cell responses 
(e.g., cell size, shape, and volume etc.) to spatiotemporal me­
chanical cues. This first raises an unmet need to achieve in 
situ, real­time and even long­lasting and tracking of stem cells 
in 3D spatiotemporal mechanical microenvironments, which 
can benefit from the rocketing development of bioimaging 
and biosensing technologies.[226,227] Additionally, the detailed 
intracellular responses to 3D spatiotemporal mechanical mi­
croenvironments should also be considered, which relies on 
the combined studies at gene, molecular, and cellular levels 
to build intracellular and extracellular signaling communica­
tion networks that may promote to further understand the 
underlying mechanisms. Besides experimental strategies, 
mathematical modeling in a theoretical aspect can provides 
a powerful tool to predict stem cell behaviors. Moreover, such 
a computational strategy may conduct complicated investi­
gations that cannot be achieved via experimental strategies. 
Hence, we believe that, with the progress in mathematical 
models for cell–microenvironment interactions in multiscale, 
theoretical, and mathematical models will offer more and 
more predictable and credible results in the near future.[228,229]

(3) A major motivation for engineering 3D mechanical micro­
environments of stem cells is repair of injured tissues in 
vivo. Functional tissue constructs (e.g., the craniofacial bone 
substitute) for implantation purposes can be effectively fab­
ricated by manipulating dental­derived MSC differentiation 
toward specific osteogenic lineages with the aid of in vitro 
3D stem cell mechanical microenvironment engineering.[230] 
However, such in vitro­fabricated craniofacial bone substi­
tutes may suffer limited regeneration capacity or even failure 
after transplantation because their own mechanical features 
may not match with that for native tissues or they may not af­
ford the complicated mechanical microenvironments in vivo. 
Hence, in vivo engineering of 3D spatiotemporal mechanical 
microenvironments is greatly encouraged with the aim of in 
situ regeneration of functional tissue with improved perfor­
mances. We believe that studies on in vivo engineering of 
3D spatiotemporal mechanical microenvironments will be 
on the horizon with the rapid progress in stem cell biology, 
injectable biomaterials as well as corresponding injection 
techniques.[231,232]
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