
UC San Diego
UC San Diego Previously Published Works

Title
Getting physical: Material mechanics is an intrinsic cell cue

Permalink
https://escholarship.org/uc/item/52b617q5

Journal
Cell Stem Cell, 30(6)

ISSN
1934-5909

Authors
Atcha, Hamza
Choi, Yu Suk
Chaudhuri, Ovijit
et al.

Publication Date
2023-06-01

DOI
10.1016/j.stem.2023.05.003
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/52b617q5
https://escholarship.org/uc/item/52b617q5#author
https://escholarship.org
http://www.cdlib.org/


Getting Physical: Material Mechanics is an Intrinsic Cell Cue

Hamza Atcha1, Yu Suk Choi2, Ovijit Chaudhuri3, Adam J. Engler1,4

1Department of Bioengineering, UC San Diego, La Jolla, CA 92093, USA

2School of Human Sciences, University of Western Australia, Perth WA 6009, Australia

3Department of Mechanical Engineering, Stanford University, Stanford, CA 94305, USA

4Sanford Consortium for Regenerative Medicine, La Jolla, CA 92037, USA

Summary

Advances in biomaterial science have allowed for unprecedented insight into the ability of 

material cues to influence stem cell function. These material approaches better recapitulate 

the microenvironment providing a more realistic ex vivo model of the cell niche. However, 

recent advances in our ability to measure and manipulate niche properties in vivo have led to 

novel mechanobiological studies in model organisms. Thus, in this review, we will discuss the 

importance of material cues within the cell niche, highlight the key mechanotransduction pathways 

involved, and conclude with recent evidence that material cues regulate tissue function in vivo.

eTOC

Mechanobiology studies utilize biomaterials to closely mimic the mechanics of in vivo tissues. 

Atcha et al. discussed key mechanical properties of tissues mimicked by biomaterials and their 

impacts on stem cell behaviors including self-renewal and differentiation in vitro and in vivo.
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1. Introduction

The cell niche and its corresponding microenvironment are continually evolving to produce 

specialized tissues with distinct and varying mechanical properties. For example, the cell 

niche is responsible for the formation of hard tissues, such as bone, as well as soft tissues 

including fat and brain. Given the vast differences in function and mechanical properties 
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of these tissues in vivo, it is clear that cell differentiation is a highly coordinated and 

complex process involving distinct signals ranging from biochemical, mechanical, adhesive, 

and spatial cues1. Combinations of these signals give rise to distinct cell types. While over 

200 different cell types are thought to exist in the human body, single cell transcriptomics 

has recently questioned the true number of distinct cell types2. Developmental ‘trajectories’3 

suggest that many cues influence cell fate, and thus it begs the question: which cues are 

essential in the development of each cell type? For more than two decades since the isolation 

of pluripotent stem cells (PSCs), the use of complex sets of soluble cues has been explored 

to selectively differentiate and mature stem cells into a wide variety of cell types. In addition 

to soluble cues, mechanical stimuli have also been shown to play significant roles in cell 

determination and are still currently being investigated1. Biophysical stimuli pose a unique 

challenge to recapitulate in vitro, but several methods have been developed to introduce 

externally applied, or extrinsic, as well as local, or intrinsic, mechanical cues, as shown 

in Figure 1. Although extrinsic mechanical cues have also been shown to modulate stem 

cell behavior, less is known regarding the role of material cues4. In particular, the use of 

biomaterials has significantly advanced our understanding and appreciation of biophysical 

stimuli in the cell niche and, as a result, material mechanics are becoming more widely 

accepted as an intrinsic mechanical cue that is capable of modulating cell function. Material 

properties such as stiffness or topography as well as extracellular matrix composition have 

all been shown to provide key signals necessary to modulate stem cell differentiation5,6. 

Despite these advances, there is still much that material mechanics can teach us with 

respect to better understanding the cell niche and the mechanotransduction pathways that are 

activated as a result.

In this review, we will provide a general overview detailing the material systems used to 

mimic the stem cell niche and the molecular machinery expressed by cells to sense and 

transduce intrinsic material cues. While it is important to note that other biophysical stimuli 

are prevalent in physiological systems and can also regulate cell function, the scope of 

this review will be limited to mechanical stimuli provided by biomaterials. We will also 

discuss matrix cues that regulate self-renewal and control lineage specification. Moreover, 

the impact of in vitro material systems–regardless of dimensionality–may be limited if 

they are not also found in vivo. Recently emerging in the literature are a series of in vivo 
examples where extracellular matrix (ECM) mechanics were genetically manipulated to 

impact niche properties. In the final section, the resulting effects will be described, and the 

impact of physiological and pathological material cues in vivo will be provided for various 

tissues to convey emerging areas and those yet to be explored.

2. Stem Cell Niche Material Mechanics and Mechanotransduction

The stem cell niche refers to the highly specialized microenvironment surrounding a 

stem cell and is defined by the organization and type of neighboring cells, the milieu of 

soluble biological signals, and physical as well as biological signaling from the ECM. In 

this section, we describe the basic considerations for modeling the stem cell niche with 

biomaterials, e.g. mechanical properties that match native tissue stiffness, and how they 

impact cell behavior. We will pay particular attention to the types of materials chosen and 

whether a synthetic, biological, or hybrid approach is ideal for a particular application or 
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goal. Following this discussion, we will provide an overview of the more recent molecular 

pathways that have been identified in the transduction of material cues in vitro.

2.1. Niche Elasticity vs. Viscoelasticity: A Tissue Perspective

Over the last 15 years, ECM elasticity and tissue viscoelasticity have emerged as critical 

features of the niche and can regulate stem cell biology. ECM elasticity has more commonly 

been referred to as “stiffness,” though it is more technically correct to define it as the 

material’s elastic modulus, a measure of a material’s ability to undergo non-permanent 

deformation. Soft tissues, including brain, fat, breast, or liver tissues have elastic moduli 

on the order of 100s of Pascals to several kilopascals (kPa). In the musculoskeletal system, 

muscle has a modulus of around 10 kPa, articular cartilage 100s of kPa, and bone has an 

elastic modulus of 10s of Gigapascals7–9. For comparison, tissue culture plastic exhibits 

an elastic modulus on the order of 10s of Gigapascals. The elastic modulus in tissues is 

thought to be governed largely by the density of ECM, often dominated by fibrillar type-1 

collagen networks, and its crosslinking and architecture. In contrast to material stiffness, 

viscoelasticity has been less well characterized compared to its elastic response, but recent 

efforts utilizing material science and engineering have attempted to better understand how 

these more complex properties influence the stem cell niche. Viscoelastic materials exhibit 

some mechanical responses characteristic of elastic solids and some that are characteristic 

of viscous liquids. One feature of viscous liquids is that they dissipate mechanical energy 

– resulting in hysteresis during loading and unloading –this phenomenon is illustrated 

in Figure 2. On the order of seconds, living tissues and extracellular matrices exhibit 

a loss modulus, which represents the viscous resistance of a material to deformation. 

Viscous effects can become increasingly apparent at longer times, with viscoelastic materials 

exhibiting stress relaxation in response to a deformation (i.e., decreased resistance to 

deformation over time) as illustrated in Figure 2. Tissues exhibit a range of stress relaxation 

times, substantially relaxing stresses within seconds in some tissues like brain or breast 

tumors, while other tissues including muscle or skin are more prolonged ranging within 

many minutes to an hour10. Time-dependent mechanical responses arise from various 

sources including the unbinding of weak bonds connecting matrix fibers or proteins under 

stress or strain, generating spatially distinct cues, allowing viscous matrix flow, and enabling 

fluid movement in the matrix. Moreover, cellular remodeling of natural matrix due to matrix 

protease expression and activity provide an additional level of complexity by which the 

mechanical and biochemical nature of the microenvironment is continually adapting and 

changing11.The temporal and spatial dynamics of the mechanical cues provide a unique 

niche environment for cell development and, in turn, raises several key questions of which 

include: What biomaterial approaches have been developed to study material mechanics in 

the modulation of cell function? Through the use of these engineered materials, we can also 

ask: How do cells sense and transduce their mechanical environment?

2.2. Niche Elasticity vs. Viscoelasticity: A Material Perspective

Similar to tissues, biomaterials display distinct elastic and viscoelastic characteristics. They 

can help mimic the in vivo microenvironment by providing physical support as well as 

biological and mechanical cues to regulate stem cell function or fate through cell-matrix 

and cell-cell interactions12. Biomaterial scaffolds help tune biochemical and mechanical 
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properties which, when well designed, can modulate cell signaling pathways to guide 

lineage specification. Biomaterials consist of natural and synthetic materials, each with its 

own set of unique advantages and disadvantages, as outlined in Table 1. Here, we provide 

a brief overview of current natural and synthetic biomaterial approaches that can be used to 

mimic the niche environment.

Natural materials include ECM protein-based materials, e.g., collagen, fibrin, and 

reconstituted basement membrane matrix, as well as polysaccharide-based materials, e.g., 

hyaluronan, alginate, and agarose. Natural ECM protein-based materials are structurally 

similar to native tissues13, have superior cytocompatibility relative to synthetic materials, 

and derive their mechanical properties from entangled macromolecular chains and 

crosslinks14,15. The viscoelasticity of these materials varies significantly due to a number 

of parameters, such as the types and strength of bonds or the molecular weight of polymers 

within the material16. These materials contain cell-adhesive binding domains to provide 

a functional platform with superior biocompatibility for cells to grow12. For example, 

collagen has been utilized for cartilage regeneration in the treatment of osteochondral 

and corneal defects through its ability to promote chondrogenesis in mesenchymal stem 

cells (MSCs)13,17. However, these natural protein-based materials tend to be susceptible to 

degradation by proteases allowing for cell-mediated remodeling of the matrix, which can 

alter both physical and chemical properties of the ECM and can thus broadly impact cell 

function11. Conversely, polysaccharide-based natural biomaterials, such as hyaluronan or 

alginate, must be often functionalized with crosslinkers so that they form a gel (in the case 

of hyaluronan), or cell adhesion sites but can be biodegradable and formed with a large 

dynamic range of material stiffness12,13. Moreover, these materials have varying degrees 

of viscoelastic properties which can be modified for cell culture purposes18. Unfortunately, 

batch variability, poor mechanical tunability, and laborious purification and quality control 

methods hinder the use of natural materials.

Conversely, synthetic materials provide superior reproducibility and have chemically defined 

and highly tunable mechanical and degradation properties12,13. Material mechanics, for 

example, can be modulated by changing the degree of covalent bonding, polymer weight 

fraction, and introduction of degradation sites such as ester bonds for hydrolytic cleavage14. 

Fewer covalent bonds improve stress relaxation, energy dissipation, and plastic deformation. 

On the other hand, more covalent bonds enhance stiffness but suppresses viscoelasticity16. 

Synthetic biomaterials include hydrogels (e.g., polyethylene glycol and dextran) and silicon 

rubbers (e.g., polydimethyl siloxane). These polymers are the most widely used synthetic 

materials in stem cell culture with many approved by the FDA for clinical applications19. 

When used in cell culture, polymers can act in conjunction with growth factors such 

as transforming growth factor-β and insulin-like growth factor to promote growth and 

differentiation of human embryonic stem cells20 and human mesenchymal stem cells21.

Unlike their natural counterparts, synthetic materials lack cell adhesion sites or biological 

cues and, as a result, require modification with natural materials or peptides to compensate 

for these disadvantages. For example, gelatin methacryloyl (GelMA) utilizes the natural 

properties of gelatin with photo-crosslinking of methacrylic anhydride to tune hydrogel 

mechanical properties with stiffness and time, and such properties can influence stem cell 
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mechanotransduction22,23. However, one must be cautious when adding adhesion cues as 

some ligands, such as platelet lysate, can also increase substrate viscosity and stiffness24. 

While they utilize the strengths of both natural and synthetic materials, these sorts of 

semi-synthetic materials require UV light mediated stiffening, which may have detrimental 

effects with significant exposure though most systems do not result is exposure to substantial 

UV energy25,26.

Despite the numerous advances that have been made in the field of biomaterials, key 

areas for improvement which could further enhance the biomimetic capabilities of these 

materials remain. For example, while much of the discussion thus far has focused primarily 

on mechanical stimuli, the niche microenvironment also contains other stimuli, such as 

biochemical and electrophysiological stimuli, which can regulate cell function. Synergistic 

effects between combinations of mechanical as well as biochemical or conductive electrical 

stimuli have been shown to modulate cell self-renewal or differentiation27–29. Additionally, 

material properties including pore size, interconnectivity, and ECM localization can also 

influence cell-intrinsic forces which govern shape and volume among other factors28. 

Therefore, material strategies capable of incorporating combinations of stimuli could 

provide a more physiological environment for stem cell growth. These strategies could 

involve controlled release of soluble or bound growth factors, addition of multiple 

mechanical stimuli, or the use of bioconductive polymers, which independently are known 

to regulate cell function28. However, when considering the design of any biomaterial, it 

is important to note that context is critical. While we focused on mechanical properties 

of insoluble matrix, some of the examples provided herein highlight their interplay with 

biological30 and soluble cues31, not to mention their combinatorial nature with other 

insoluble cues in vivo. While it is impossible to highlight all cues – even just the insoluble 

ones – and the types of forces applied in vivo, we discussed what we believe are the most 

critical and/or ones that are being shown to be increasingly effective at regulating stem cell 

behavior. If the reader takes only one point from this section, it should be that natural and 

synthetic matrices in vitro must typically mirror their mature, in vivo counterparts. This, 

in turn, can tune cellular mechanotransduction responses, a topic which we will be further 

discussed in the following section.

2.3 Cellular Implications of Niche Elasticity and Viscoelasticity

Stem cells, like many other differentiated cell types, express a variety of mechanically 

sensitive cell surface receptors that are essential to the transduction of mechanical signals. 

In the presence of mechanical stimuli, these proteins activate resulting in downstream 

signaling pathways that, in turn, modulate cell function. Recent advances have identified 

novel mechanosensitive molecules and pathways that are critical in mechanotransduction 

within the cell niche. In this section, the role of adhesive genes, collectively referred to as 

the adhesome, as well as mechanically activated ion channels, and non-canonical modes of 

mechanotransduction will be discussed, all of which are exemplified in Figure 3.

2.3.1 Adhesome—The adhesome refers to structural and signaling proteins that 

are essential to cell-matrix and cell-cell interactions, such as integrins32. Integrins are 

cell surface proteins that connect the cellular cytoskeleton to the ECM. In response 
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to mechanical stimuli, integrins activate through clustering and facilitate cytoskeletal 

remodeling, which results in signaling pathway activation to modulate stem cell function 

and fate33 in a stiffness sensitive manner34. For example, soft hydrogels improve adipose 

derived stem cell adhesion and activate an integrin-vascular endothelial growth factor 

receptor-extracellular signal-regulated kinase signaling pathway resulting in enhanced 

angiogenesis35. Moderately stiff matrix can support myogenic commitment of MSCs via 

β3 integrin clustering36 while stiffer matrix supports osteogenesis via α2
37 and α5

38 

integrin signaling. These data support the growing body of literature suggesting loss 

of these integrins, changes to their binding partners, or downstream signals can impair 

differentiation30,39. In addition to sensing material stiffness, integrins also play key roles in 

sensing viscoelasticity. Materials with shorter stress relaxation times resulted in enhanced 

β1 integrin clustering and activation, which in turn enhanced yes-associated protein (YAP) 

nuclear localization, when compared to materials with longer stress relaxation times40. 

These observations suggest the possibility for a threshold required in integrin activation, 

whereby slow or gradual changes to material properties are not detected by integrins. 

When cultured on viscoelastic hydrogel, cells exert forces on the matrix which are relaxed 

overtime through matrix reorganization. The cyclic nature of cellular force exertion and the 

resulting matrix stress relaxation promotes ligand clustering and cell spreading. Moreover, 

the rate of stress relaxation regulates the degree of mechanics-mediated remodeling of the 

matrix. Therefore, materials with slower stress relaxation result in reduced adhesion ligand 

clustering, integrin activation, and cell spreading40. However, additional experiments are 

needed to confirm the exact sensitivity of integrins to differing material systems as each 

integrin complex can have varying thresholds. Nevertheless, these data suggest that integrins 

compose a large portion of the molecules involved in sensing stiffness and viscoelasticity, 

but equally important in the niche are cell-cell interactions.

Cell-cell interactions play a critical role in maintaining niche architecture, and cadherin-

mediated adhesions are central to these types of interactions. Cadherins are calcium 

dependent transmembrane proteins that mediate cell-cell adhesions and help in the formation 

of adherens junctions41. They are expressed within the stem cell niche and are involved 

in regulating selfrenewal, proliferation, differentiation42–44 and even ECM production45. 

Their modulation can impair differentiation46, but conversely, when stem cells are patterned 

to control the number of cell-cell contacts, some differentiation markers are dependent 

on the size of MSC clusters, e.g., calcium deposition, whereas others are not, e.g., 

transcription factor localization47. By modulating cell number or cadherin expression, one 

can modulate PSC contractility, which can impact Rho-ROCK-myosin II activation and 

PSC differentiation48. A variety of downstream signals, such as mitogen-activated protein 

kinase and extracellular signal-regulated kinase 1/2, modulate stem cell proliferation and 

fate decisions45 similar to integrins, suggesting signal convergence further downstream. 

Together, these studies of both cell-matrix and cell-cell adhesion complexes highlight their 

central role in modulating stem cell function and their regulation by material mechanics.

2.3.2 Ion Channels—Similar to adhesion molecules, mechanically gated ion channels 

can also confer mechanosensitivity to a cell, thus allowing cells to sense the stiffness of their 

environment49. While there are few mechanically gated channels, they include well-studied 
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ones such as the Piezo or transient receptor potential families of ion channels. Stiffness-

mediated Piezo1 activation plays a role in the depletion of oligodendrocyte progenitor 

cells, where enhanced Piezo1 activity on stiff or aged surfaces reduced cell proliferation 

and differentiation50. Moreover, stiffer substrates or fluid shear stress enhance Piezo1 

activity resulting in osteoblast differentiation51. While Piezo activity, traction forces, and 

differentiation are correlated with stiffer substrates52, causal mechanisms for differentiation 

have only recently been suggested, including influencing cholesterol biosynthesis53. 

Cholesterol stiffens cell membranes and the reliance of Piezo1 on membrane tension, a 

potential feedback mechanism between Piezo1 and cholesterol, could be responsible for 

changes in channel activity53–55. Alternatively, Piezo1 stiffness sensing has been suggested 

gating mechanisms; when inhibited, embryonic stem cells (ESCs) fail to proliferate and 

differentiate56. Within neural progenitor cells, Piezo1 activity is also necessary for nuclear 

localization of YAP, a mechanosensitive transcriptional coactivator in Hippo signaling that 

regulates stem cell differentiation52,57.

In contrast to material stiffness, the effects of viscoelasticity in the regulation of Piezo1 

are relatively unknown and provide a potentially exciting avenue for future research. 

Like integrins, materials with shorter relaxation times were observed to enhance the 

expression of Piezo1 when compared to materials with longer stress relaxation times58. 

This again suggests the potential for channel inactivation in the presence of mechanical 

stimuli below gating thresholds in materials with longer stress relaxation times. While 

expression and activity of the channel was not explicitly evaluated, it is plausible that 

prolonged channel inactivation could be responsible for reduced expression, as was also 

observed through pharmacological inhibition of the channel. Interestingly, Piezo1 and β1 

integrin expression were found to be coregulated, suggesting potential crosstalk between 

the two molecules, which has also been observed in different cell types58. Despite these 

recent observations, the full extent of Piezo1 sensing of viscoelasticity and the crosstalk 

between multiple mechanosensitive molecules remain unclear. Further understanding of 

Piezo1-dependent signaling pathways is another piece of the mechanosensing puzzle that 

will further our understanding in how mechanical cues influence stem cell function. While 

the focus of this section has been on Piezo channels, it also important to note that other 

mechanosensitive ion channels have also been implicated in mechanotransduction, such as 

TRPV4 in mesenchymal stem cell sensing of hydrogel viscoelasticity59.

2.3.3 Intracellular and Other Non-Canonical Modes of Mechanotransduction
—In additional to cell surface receptors, a growing body of evidence suggests that 

intracellular components, e.g., the cytoskeleton and nucleus, are pivotal in sensing and 

transducing of mechanical cues. The cytoskeleton is connected by LINC complexes, Lamin 

A/C, and nuclear envelope proteins to enable direct force transmission from the niche 

or cytoplasm to the nucleus60. Modulation of these components, e.g., changes in Lamin 

A/C induced by substate stiffness, influences mesenchymal stem cell differentiation. Lamin 

A/C can also act as a rheostat where its expression can oppose signals from the matrix; 

overexpression or knockout can result in a phenotype resembling cells cultured on stiff and 

soft surfaces, respectively, even when the substrate is of opposite stiffness61. Lamin A/C also 

acts as a buffer, reducing tensile forces on chromatin to protect it from damage that might 
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prevent differentiation; indeed, iPSCs on stiff substrates stabilize their Lamin networks by 

reducing turnover62, perhaps for this very purpose. For MSCs, stiff substrates, which are 

more osteogenic than adipogenic, also cause them to increase nuclear envelope protein 

expression, which are distributed in a dome-like pattern around the nucleus61. Transcription 

factor localization also follows suite, i.e., YAP and myocardin related transcription factor 

A (MRTFA) which are both involved in osteogenesis in MSCs, become nuclear localized 

on stiffer substrates63. Once forces are transmitted to chromatin, it undergoes significant 

rearrangement, which can activate transcriptionally repressed DNA regions in differentiating 

stem cells. Classically, PSCs are known to exhibit softer and more compliant nuclei than 

their differentiated counterparts64, and as a consequence of differentiating, they acquire 

expression of Lamins A/C65. Conversely, loss of Lamins can result in reduced nuclear 

viscosity, detrimental rearrangements of lamina-associated domains, and self-renewal66. 

However, in committed cells, normal force transmission can increase heterochromatin 

content by removing acetylation marks on histone tails67. These changes appear to set 

preferred positions for chromatin-chromatin interactions68 and lamina associated domain 

location, which are cell type specific, and to establish a mechanotransductive link from stiff, 

differentiation-inducing matrix to chromatin.

While stiffness is clearly important, its effects can be additive with other mechanical stimuli. 

For example, nanogroove topographies reduced Lamin A/C expression and enhanced 

adipogenesis in a soft niche69. In contrast, cells cultured on stiff, convex surfaces had 

increased expression and osteogenesis70. Cell spreading and morphology also interplay with 

stiffness; for example, embryonic stem cells cultured on triangular-shaped micropatterned 

islands had reduced Lamin A/C expression which resulted in suppressed F-actin levels and 

softer nuclei, suggesting mechanical interplay between Lamins, cytoskeletal components, 

and nuclear mechanics as well as highlighting the ability of mechanical cues to influence 

cellular forces71. Additionally, recent observations found that physical properties of the 

cell dynamically change in response to multiple extracellular cues. For example, matrix 

stiffness was shown to modulate stem cell self-renewal through enhancing the phase 

separation of TAZ and NANOG, two key transcriptional molecules. More specifically, TAZ, 

a transcriptional coactivator, was found to form phase separated droplets with NANOG, 

this in turn is known to concentrate signaling molecules72,73, thus promoting the ability 

of NANOG to transcribe various pluripotency genes74. This increase in cytoplasmic 

concentration of molecules results in intracellular molecular crowding which has also 

been shown to influence additional molecular pathways. Similar to the effects of stiffness, 

volumetric compression of a cell through multiple extracellular mechanical cues, including 

mechanical forces, matrix rigidity, and osmotic pressure, was found to stabilize the LRP6 

signalosome and activate Wnt/β-catenin signaling pathways by regulating intracellular 

molecular crowding75. Activation of this pathway was observed to promote stem cell 

self-renewal. Therefore, while often discussed independently, it is important to note that 

combinatorial effects of multiple cell extrinsic and intrinsic mechanical stimuli often work 

synergistically to regulate cell function. Overall, the molecules and pathways discussed in 

this section are by no means comprehensive, but instead provide a review of recent studies 

and novel pathways in niche material mechanics and stem cell mechanotransduction. We 

will next extend this discussion to evaluate the role of matrix cues in the modulation of 

Atcha et al. Page 8

Cell Stem Cell. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stem cell self-renewal and differentiation, focusing on the more in vitro based PSCs, tissue 

specific stem cells, as well as the more broadly defined cancer stem cells.

3. Stem Cell Paradox: Gelatin Coated Tissue Culture Polystyrene vs. Soft 

Animal Blastocysts

Critical features that define a stem cell are its ability to symmetrically (and asymmetrically) 

self-renew and its ability to exit the cell cycle and commit to a particular cell lineage. 

However, the term “stem cell” encompasses a broad number of vastly different biological 

systems, for the purposes of this review we will discuss three distinct categories: pluripotent 

stem cells (PSCs), tissue stem cells, and cancer stem cells (CSCs). While there is growing 

evidence that insoluble cues are important in the modulation of biological processes and 

common mechanotransduction pathways have been identified, it is important to note that 

each category is distinct with variable physiological outcomes. Here, we discuss the role of 

material mechanics and ECM in regulating the self-renewal as well as the differentiation 

potential of PSCs and tissue stem cells. We will reserve the discussion of CSCs for the 

following section.

3.1 PSCs

The most common in vitro cell culture system remains tissue culture treated plastic, 

sometimes coated with an extracellular matrix protein such as Matrigel or gelatin, which 

provides a vastly different mechanical environment to the early embryo inner cell mass and 

can influence cell self-renewal. These in vitro systems are easy to use and widely available, 

but it is rigid and can adsorb serum or cell-secreted proteins in a non-specific manner76. In 

particular, polystyrene has stiffness values within the Gigapascal range (1012 Pa), whereas 

niche environments, such as those present within animal blastocysts are known to have 

stiffness values <100 Pa7,8. As a result, there is little control and physiological relevance of 

the physical and biochemical cues presented within this culture system. Moreover, natural 

tissues display viscoelastic properties which are also not present in rigid polystyrene40. 

Finally, tissues are three-dimensional, which create different physical interactions between 

cells or with ECM when compared to standard two-dimensional polystyrene substrates. 

These apparent mechanical disparities between polystyrene and tissues emphasize the need 

for further studies in stem cell mechanobiology; over the last 15 years, substrate stiffness 

has become well appreciated as a mechanical cue involved in modulating the function of 

PSCs which were primarily cultured on polystyrene surfaces. For example in a soft niche, 

mouse PSCs and neural progenitor cells may display greater capacity for self-renewal77,78; 

consistent with this idea, others report that slightly stiffer matrices may push similar 

cells towards neurogenesis79. While these studies typically use polyacrylamide or other 

polymer hydrogels, similar behaviors have been reported on other compliant materials. 

PSCs cultured on silicone rubbers have also been implicated to self-renew at specific 

compliance, albeit at values significantly higher than for hydrogels80. Contradictory findings 

or differences in when self-renewal occurs between material systems may suggest that the 

overall heterogeneity of the microenvironment as well as the species or cell source specific 

factors could play a role in cell response to stiffness.
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Material mechanics and ECM are also known to influence PSC differentiation. Substrate 

stiffness, for example, was shown to enhance endothelial differentiation of PSCs when 

cultured on silicone-based rubbers in conjunction with biochemical stimuli81. Moreover, 

nanopillars and biochemical stimuli, were observed to promote neuronal differentiation 

in PSCs82. Both studies identified the mechanosensitive transcriptional co-activator YAP 

as a key molecule involved in each mechanotransduction pathway. While our discussion 

has focused primarily on the importance of material mechanics, it is also important to 

note that combinations of biophysical and biochemical cues can have synergistic effects 

to modulate cell function and activate a variety of mechanosensitive pathways. Signaling 

that underpins such stiffness-mediated observations include regulating the formation of focal 

adhesion complexes, the generation of traction forces, the modulation of the cytoskeleton 

and nucleoskeleton, and the localization of mechanosensitive molecules39,61,83,84. Stiffness 

also combines with other material cues, such as ligand composition and concentration, to 

regulate the switch from self-renewal to differentiation; some ligands and their integrin 

counterparts support stiffness-mediated lineage commitment, e.g., Collagen type I and 

Fibronectin30. While ECM stiffness is generally accepted as a material cue, more recent 

observations have also identified the importance of tissue viscoelasticity in the modulation 

of stem cell function.

Tissues also display viscoelastic behaviors which has been shown to modulate stem cell 

fate independent of tissue stiffness40. Viscoelastic alginate hydrogels with tunable stress 

relaxation, stiffness, and adhesion ligand density were used to evaluate the role of material 

mechanics in PSC maintenance and morphogenesis in a 3D culture system. Higher RGD 

density and fast stress relaxation enhanced PSC viability, proliferation, and lumen formation, 

which was regulated by actomyosin contractility and YAP nuclear translocation. In contrast, 

slow stress relaxation at reduced RGD densities resulted in cellular apoptosis. Interestingly, 

PSCs maintained pluripotency when cultured on alginate hydrogels for a longer period when 

compared to cells cultured on basement membrane matrices85. The studies mentioned thus 

far have evaluated the role of material mechanics in vitro; however, the overall conclusions 

made are also applicable in vivo as mechanical cues and biochemical factors can both 

synergistically influence pluripotency and differentiation. Therefore, material mechanics 

should be considered as an additional tool in PSC culture.

3.2 Tissue Stem Cells

Similar to PSCs, tissue derived stem cells are also commonly cultured on stiff tissue 

culture plastic in vitro; despite distinct mechanical and biochemical features prevalent 

in their niche environment capable of modulating cell self-renewal. As noted previously, 

similar optimal mechanical and biochemical conditions may lead to self-renewal in lineage 

committed stem cells, e.g., satellite cells86,87. These authors found that self-renewal was 

observed in vitro without loss of potency, i.e., the cells could still engraft into muscle in a 

mouse model, when substrates matched their in vivo niche. However, not only does matrix 

change significantly between tissues7,88,89, but it also changes substantially within them 

as well8. This can create spatial patterns where cells may self-renew in some regions and 

differentiate in others. Recently, the advent of 3D-bioprinting has allowed for greater spatial 

control of cellular or material deposition and modification90,91. This, in turn, allows for a 
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more biomimetic environment; however, restrictions in the materials capable of use with 

this technology currently limit the range of material, biochemical, and mechanical cues 

used within a cell culture system. Further advances will improve the applicability of 3D-

bioprinting in the future. Moreover, combinations with other cues, e.g., ligand composition 

and concentration30, dimensionality92, or temporal stiffness gradients93,94 can also play an 

equally important and modulatory role in deciding between self-renewal or differentiation. 

When explored in high throughput systems95,96, it becomes easier to develop systems-level 

insight into how these cues regulate self-renewal. Of the many tools used to study these 

pathways, photo-labile hydrogels that crosslink and stiffen93,94 or degrade and soften97 have 

been a critical tool. When matrix was softened, MSCs and ESCs prolonged their stem cell 

marker expression via cytoskeletal disruption and decreased cell spreading77,97, as shown in 

Figure 4. Variations may not be limited to tissue-level changes but what is clear from these 

data is that they further suggest that rigid polystyrene10,40 – despite its popularity may not be 

a suitable substrate, even when coated with a thin layer of adhesive protein.

Material and ECM mechanics are also known to influence tissue stem cell differentiation. 

For example, MSCs cultured on soft substrates exhibit transcriptional programs and 

morphology consistent with lineage commitment of a tissue of corresponding stiffness; 

cells grown on firm substrates that mimic the muscle developed spindle morphologies and 

expressed myogenic programs whereas cells cultured on rigid substrates, which mimic 

collagenous bone, were observed to have greater osteogenic potential and morphology5. 

Beyond combinations of biophysical cues, it is important to consider that matrix 

is dynamic and regional. Stiffness gradients enable the comprehensive evaluation of 

mechanics-mediated stem cell differentiation and single cell or collective durotaxis63,98, 

i.e., stiffness-directed migration. Stiffness gradients not only validate tissue stiffness-specific 

trilineage differentiation, but they can also screen mechanosensitive molecules including 

YAP/TAZ, MRTFA, and Lamin A using adipose-derived stem cells63. Conversely temporal 

changes in stiffness can better differentiate progenitor cells into mature cell types, e.g., 

cardiomyocytes93,94. Our discussion to date has assumed that the hydrogel was always 

continuous. While most studies use continuous materials, discontinuous materials allow one 

to measure physical responses in situ. For example, soft (long) or stiff (short) posts can be 

created with hydrogels, and post deformations can provide a direct readout of force, stem 

cell differentiation on these substrates scale similarly to continuous materials. Interestingly 

asymmetric posts can direct stem cell migration or other mechanical responses similar to 

spatial patterns99. While stiffness, its associated matrix properties, and how those change in 

time and space are all important, it is equally important to consider alternative approaches to 

how matrix can regulate stem cells.

An alternative to the prevailing thinking that stem cells undergo contractility-based 

differentiation by substrate deformation was that the nature of protein attachment, e.g., 

covalent bonding of ECM proteins on the hydrogel surface, modulated differentiation 

independent of underlying stiffness100. The varying degree of collagen tethering was based 

on the inverse relationship between stiffness and the pore size of the polyacrylamide 

hydrogel, whereby stiffer gels have smaller pores. However, contradictory findings, which 

utilize polyacrylamide gels with varying pore sizes while possessing very similar stiffness 

values, maintain stem cell differentiation is controlled in part by stiffness rather than ligand 
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tethering101. For example, when short adhesive peptides, e.g., RGD, were directly attached 

to polyacrylamide, stem cell differentiation could still be modulated by stiffness101,102. 

Even when native protein was used, tethered protein unfolded similarly across substrates of 

different stiffness by atomic force microscopy, and when cells unfolded proteins, unfolding 

occurred similarly across stiffness values despite differences in stem cell differentiation101. 

Changes in adhesive ligand spacing103 and patterning104, also still show stiffness-dependent 

differentiation of MSCs, suggesting a growing consensus that stiffness among other physical 

cues modulate lineage specification.

While variations in elastic properties may provide instructive cues to cells, viscoelasticity 

may be equally critical to modulating self-renewal as well as cell spreading, proliferation, 

and differentiation10,40,105. Stress relaxation – a characteristic of viscoelastic materials – 

influences cell function, e.g., enhancing matrix production and remodeling, cell migration, 

and division. In addition, fast stress relaxation mechanically confined cells providing 

additional barriers for cell division106. Alginate-based materials with constant stiffness and 

fast stress relaxation enhance integrin expression, and genes associated with self-renewal 

potential in MSCs, as illustrated in Figure 4. This depends on enhanced activation of the 

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) pathway18. In contrast, slow 

stress relaxation materials caused MSCs to enter a reversible quiescent state and weakened 

PI3K/Akt pathways activation18. However, multiple pathways were activated simultaneously 

in this response, hinting at the need for further assessment of stress relaxation and 

self-renewal. Nevertheless, these results highlight the importance of stress relaxation and 

viscoelasticity when considering stem cell fate. Moreover, encapsulation of adipose-derived 

stem cells in GelMA resulted in differential cell spreading suggesting volume expansion/

adaptation as a key regulator of cell mechanotransduction and differentiation22,23. Therefore, 

material mechanics in a three-dimensional environment should be considered. While several 

studies were used to highlight the importance of mechanical stimuli in the modulation of 

stem cell function, it is important to note that biophysical cues are only one component of 

the microenvironment and can work synergistically with biochemical cues.

Recent studies emphasize the importance of material mechanics in the modulation of tissue 

stem cell and PSC fate; however, one key question remains: Are material mechanics as an 

intrinsic cell cue more instructive compared to biochemical cues? To answer this question, 

it is important to note that biophysical or biochemical cues are often studied individually, 

which has shown that they are both capable of modulating stem cell function and promoting 

differentiation; although the resulting cells are less mature compared to adult cells. More 

recently, studies have started to use combinatorial approaches whereby the effects of 

multiple biophysical and/or biochemical cues are studied together96. The synergistic effects 

of multiple stimuli suggest that both cues may well be just as important in regulating cell 

function. Combinatorial approaches may, therefore, provide the most biomimetic strategies 

to regulate stem cell function.
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4. Cancer Stem Cells: Does the Matrix Promote Metastasis, Survival, or 

Proliferation?

While PSCs clearly self-renew, another biological system undergoes similar self-renewal to 

maintain and grow their niche, i.e., cancer stem cells (CSCs) or “tumor initiating cells.” 

CSCs are cancer cells that can self-renew, initiate clonal tumors, exhibit the potential 

to drive clonal repopulation, and are thought to reside in the niche. While CSCs have 

been studied predominantly on the soluble factors and surfaces that maintain and identify 

them107,108, a wealth of data now shows that other important physical properties might serve 

as cancer hallmarks. For example, ECM stiffness changes accompany cancer progression, 

and manual palpation often reveals the presence of “stiff” masses in soft tissues of the skin, 

breast, etc. This has been confirmed via breast tissue stiffness measurements of normal 

(e.g., ~100 Pa) and malignant tissue (>5000 Pa)109 and is the result of enhanced matrix 

expression110 and crosslinking111. CSC maintenance is selected for on soft matrices112 

where they form embryonic stem cell like colonies that can initiate tumors in mice113. 

CSC growth and differentiation occur when the niche is stiffer than normal, activating the 

YAP transcriptional regulator114 and inducing epithelial-to-mesenchymal transition (EMT) 

through the twist related protein transcription factor83,115. Activation occurs through a series 

of complex pathways that involve β1 integrin binding and clustering, Rho-ROCK activation 

and actomyosin contractility, focal adhesion kinase activation, extracellular signal-regulated 

kinase activation, and broad changes in gene expression116,117. These data, however, were 

obtained via a pseudo-three-dimensional culture system using flexible substrates and thick 

reconstituted basement membrane matrix overlays. In three-dimensional models that mirror 

ductal tracts, increased stiffness still promotes CSC growth and differentiation but is 

independent of YAP and dependent on signal transducer and activator of transcription 

3 and specificity protein 1 transcription factor activity118,119. The systems are not often 

dynamic but using photo-labile systems again where crosslinking can increase with time, 

stiffness appears to drive EMT via multiple signaling pathways25,120. Redundancy in 

dynamic ECM may act as a therapeutic resistance mechanism, but regardless, these data 

provide strong evidence of the key role of increased stiffness in breast cancer progression 

as early as the pre-invasive stages where CSCs can transition into a metastatic state121, 

as shown in Figure 4. Beyond breast cancer, increased stiffening and fibrosis are also 

associated with pancreatic ductal adenocarcinoma and glioblastoma cell plasticity. In 

pancreatic ductal adenocarcinoma, CSC plasticity may require the loss of transforming 

growth factor-β signaling, enhanced β1 integrin signaling, and signal transducer and 

activator of transcription 3 activation, which together drive fibrosis, stiffness, and cancer 

progression122. For glioblastoma, prognosis may correlate with niche stiffness, and recurring 

isocitrate dehydrogenase 1-mutant gliomas had a stiffer, tenascin C-enriched matrix123. 

Moreover, LOX-mediated stiffening can lead to proliferation, invasion, and metastasis in a 

mouse model111. Increased stiffness is also implicated in CSC plasticity for lung cancer124, 

hepatocellular carcinoma125, and squamous cell carcinoma126,127. However it should be 

noted that each tumor type appears to have its own set-point, thus “optimal” stiffness should 

vary between each cancer cell type128, e.g., mechanical set-points for breast cancer is lower 

than lung, which is lower than prostate and may define a particular “mechanotype” for 

self-renewal vs. EMT129.
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As indicated above, increased stiffness in many contexts drives malignant signaling and 

promotes increased growth and invasion of the CSCs into adjacent stroma. Yet, from 

a mechanical perspective, increased stiffness would be expected to provide substantially 

increased mechanical resistance to the physical process of cell migration itself. It is possible 

that the activation of the invasive signaling pathways provided by increased stiffness puts the 

cell in a state where it can overcome this increased barrier for invasion. However, another 

possibility lies in another seemingly contradictory finding: the tumor microenvironment 

in malignant tumors is not only stiffer but also more viscous than benign tumors in 

some cancers depending on length scale, such as breast cancer130,131. Enhanced matrix 

viscosity, sometimes associated with increased matrix mechanical plasticity, can facilitate 

CSC migration and not maintenance, as seen in Figure 4, while increased stiffness alone can 

diminish migration and enhance maintenance of CSCs132–134. Alternatively, ECM structure 

in the tumor microenvironment is often altered, and fibrillar collagen tracks leading out 

of the tumor can provide a path for tumor cells to leave the tumor microenvironment135. 

However, many other niche parameters, such as hypoxia136, or even the presence of 

oncogenes137,138 may modulate mechanosensing and the set-point where CSC maintenance 

occurs. Another paradox is that while tumors are stiffer than normal tissue, mechanical 

measurements have largely indicated that CSCs are softer than normal cells139,140. This 

suggests that the surrounding ECM and the tumor microenvironment plays an outsize role 

in the stiffening of the entire tumor, and increased softness might allow the tumor cells to 

unjam within the tumor and then adopt different migration modes to squeeze through matrix 

more easily during invasion and migration140,141. These seeming contradictions call for a 

more detailed study of the biophysics of cancer cell invasion and migration. As mentioned 

above, material mechanics also plays a significant role in vivo, we will next extend this 

discussion beyond cancer to explore the role of material stimuli in various in vivo contexts.

5. Impact of Material Cues In Vivo

Material cues are not only critical in guiding cell differentiation and function in vitro, but 

they also play important roles in maintaining tissue homeostasis and in the development 

and progression of disease in vivo. For example, during development in Xenopus laevis, 

mesoderm stiffening promotes epithelial-to-mesenchymal transition in neural crest cells, 

which triggers their collective cell migration, a key step throughout embryogenesis142. 

Similarly, in vitro collective cell migration has been observed in durotactic gradients with 

asymmetrical migration towards stiffer substrates98 as seen with these neural crest cells. 

Underlying these migration patterns in vitro and in vivo appear to be long-range collective 

sensing, perhaps brought on in this example by mesoderm convergent extension. More 

generally speaking, changes in the viscoelastic properties of embryonic tissue throughout 

development are known to modulate cellular organization, collective motion, and shape 

changes143–145. Given that embryonic tissues exhibit a mixture of solid and fluid like 

behaviors, various forms of deformations and shape changes are prevalent146. Moreover, 

during embryonic morphogenesis, maturation of the heart not only involves mechanical 

contraction, but also tissue stiffness. Coordinated heartbeats arise in response to progressive 

increases in tissue stiffness, which is also thought to occur prior to electromechanical 

coupling of the cells, thus further emphasizing the importance of material cues in heart 
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formation147,148. In addition, during development to birth, the cardiac matrix undergoes 

10-fold stiffening148.

Material cues also play important roles in the development and progression of many diseases 

and therapeutic interventions. Following injury, stem cells circulate away from their niche 

and are recruited to the site of injury where they aid in tissue repair. However, due to 

the resulting inflammatory response and overproduction of extracellular matrix proteins, 

the native tissue is replaced with less compliant and stiffer scar tissues that pose a 

non-inducible microenvironment and limit the regenerative capacity for the migrated stem 

cells149,150. Biomaterial-based tissue engineering approaches have attempted to reproduce 

the microenvironment for improved regeneration and repair150. However, the stiffness or 

biochemical characteristics of implanted materials also pose many challenges and can 

trigger undesirable immune responses resulting in tissue damage, further exacerbating 

scar tissue formation, and fibrosis. In addition to wound healing, maladaptive myocardial 

remodeling, a characteristic of heart failure and often characterized by increased deposition 

of collagen and fibronectin, also results in tissue stiffening which, in turn, enhances immune 

cell infiltration, inflammation, and cellular damage, ultimately resulting in myocardial 

fibrosis147,151,152. Aging provides another example where stiffening of the extracellular 

matrix in vivo modulates pathophysiology. Age-associated increased stiffness has been 

attributed to collagen synthesis which is shown to increase from 3.9 ± 0.8% in 20–25 

year old individuals to 5.9 ± 0.8% of the total collagen content in 67–87 year old 

individuals153. Given that collagen I has high tensile strength, its increase with age could 

affect cardiac mechanics. Moreover, enhanced collagen synthesis combined with increased 

crosslinking promotes stiffer tissues153,154. Similarly, fibronectin expression is also shown 

to increase with age, and this may also contribute to stiffening of tissues155. While these 

cells are significantly more differentiated and older than their stem cell counterparts, they 

perhaps provide a guide for how in vivo changes correlate to those observed both during 

development and in vitro using biomaterials, e.g., matrix changes stiffening the niche and 

inducing cell plasticity. Further understanding the importance and implication of material 

cues in vivo could provide novel therapeutic targets and material strategies to improve 

tissue repair and regeneration. Several studies have utilized in vitro systems to identify 

material characteristics as well as molecular mechanisms responsible for stiffness-mediated 

wound healing, fibrosis, cancer, and cardiovascular disease25,156–158. Further efforts will 

help uncover novel molecular targets or material strategies to improve healing outcomes.

6. Conclusions/Next Steps in the Field

Advances in biomaterial science have allowed for unprecedented insight into the role of 

material mechanics in the modulation of stem cell differentiation and self-renewal. These 

natural and/or synthetic materials vary in their chemical composition and mechanical 

properties allowing for broad characterization of cellular responses to a wide variety of 

material cues. For example, material cues present within the stem cell niche are known 

to influence differentiation and self-renewal, which further highlight their importance in 

cell biology. In particular, it is well appreciated that substrate stiffness can modulate the 

differentiation of stem cells. While not as extensively studied when compared to stiffness, 

tissue viscosity is also emerging as additional material cue, independent of stiffness, 
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that can influence stem cell self-renewal and differentiation. Future studies elucidating 

viscosity-mediated molecular mechanisms will provide additional insight into the ability 

of material mechanics to influence cell function. In this review, we focused primarily on 

material cues; however, it is important to note that biochemical cues are also commonly 

present within the niche and have synergistic effects with biophysical cues to regulate 

stem cell function. Therefore, combinatorial material strategies, which incorporate multiple 

physical and biochemical cue and as a result can represent the most physiologically 

relevant microenvironment, would enhance our current understanding of the role of material 

mechanics in the modulation of cell function. These more complex systems provide 

additional challenges in fabrication and molecular analyses.

Future material science strategies can focus on better recapitulating the biophysical and 

biochemical cues present within the niche environment. Most studies discussed in this 

review utilized two-dimensional material systems; however, cellular responses are known 

to differ in two- and three-dimensional culture systems. Three-dimensional material 

systems provide a more physiological environment whereby cells can better interact with 

and actively remodel their matrix resulting in additional biophysical cues involving the 

regulation of cell volume. Combinations of extrinsic and intrinsic mechanical cues, such 

as compression or stretch, also influence cell volume which has been shown to promote 

cytoplasmic condensation and transcriptional regulation72,74. Matrix remodeling results in 

the release of biochemical stimuli, such as matrix bound growth factors and cytokines, that 

can synergistically modulate cell function11. Moreover, unlike two-dimensional cell culture 

systems, cellular and material spatial organization is more restricted in three-dimensional 

environments. The advent of 3D-bioprinting looks to bridge this limitation90,91; however, 

limited materials capable of use with this technology restrict the range of material, 

biochemical, and mechanical cues used within a cell culture system. The development 

and use of more advanced materials with 3D-bioprinting technologies provide an exciting 

avenue of research in both material science and cell mechanobiology. Creating high 

throughput combinatorial material strategies will allow for pharmacological and improved 

mechanistic studies. Nevertheless, material mechanics is becoming more widely accepted as 

an intrinsic cell cue that can modulate stem cell function; future advances will provide 

a superior biomimetic microenvironment that will provide additional insight into the 

molecular mechanisms involved in stem cell mechanosensing within the niche environment.
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Figure 1: Mechanical stimuli used in vitro.
Several methods have been developed to better recapitulate the mechanical 

microenvironment when compared to the standard tissue culture plastic cell culture system. 

These include introduction of physical stimuli such as pressure or stretch as well as material 

derived cues such as culture substrate stiffness, viscoelasticity, topography, and adhesive 

geometry.
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Figure 2: Elastic vs. Viscoelastic properties in materials.
(Top) When a transient force is applied an elastic material deforms and upon release of 

the force, the material conforms back to its original shape, as is shown by equivalent 

stress-strain profiles when subjected to a load or unload. Similarly, viscoelastic materials 

also deform when subjected to a force; however, they are unable to conform back to their 

original shape resulting in a net loss of energy, as shown by unequal stress-strain profiles 

when subjected to a load or unload. (Bottom) When a constant force is applied, elastic 

materials maintain a constant load and deformation, as indicated by stress vs. time (creep) 

and strain vs. time (stress relaxation) profiles. In contrast, viscoelastic materials dissipate 

a load and undergo stress relaxation over time. Highlighted sections of pictured material 

emphasize changes in structure under each condition.
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Figure 3: Examples of mechanotransduction pathways in stem cells.
The adhesome, a collection of genes involved in adhesion and cell-cell interaction, is known 

to activate extracellular signal-regulated kinase (ERK) / mitogen activated protein kinase 

(MAPK) or PI3K/Akt/CDK1 signaling pathways resulting in enhanced cell proliferation. In 

contrast, the mechanically gated ion channel Piezo1, activates YAP, MRTFA, and β-Catenin 

all of which complex and translocate into the nucleus. In addition, YAP further activates 

JNK/AP-1 signaling pathways. Both mechanisms result in cellular differentiation. Finally, 

Lamin A/C expression controls the nuclear localization of YAP and MRTFA which regulates 

differentiation.
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Figure 4: Substrate stiffness and viscoelasticity modulate stem cell and cancer stem cell self-
renewal.
Soft surfaces were shown to promote the expression of the stem cell marker Oct3-4, figure 

adapted from77. Similarly, soft substrates were also observed to promote the expression 

of CD105, a stem cell marker, in human MSCs, while stiff surfaces enhanced osteogenic 

differentiation as seen by increased ALP staining, figure adapted from97. In cancer stem 

cells, stiff surfaces are observed to promote a partial EMT phenotype and a more spread 

cell morphology, figure adapted from115. In contrast, viscoelastic substrates with fast stress 

relaxation reduce cell apoptosis and promote proliferation in PSCs, as shown by reduced 

TUNEL staining, figure adapted from85. Fast stress relaxation was also observed to increase 

the proliferative capacity of MSCs as seen by enhanced Edu staining, figure adapted from18; 

whereas, these substrates promote a more migratory phenotype in breast cancer cells, as 
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shown by overall displacement over a time lapse video and displacement maps for individual 

cells, figure adapted from134.
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Table 1:
Summary of natural, synthetic, and semi-synthetic materials.

Each material has distinct advantages and disadvantages which should be considered when choosing a material 

for a specific application. Typical stiffness ranges and examples of in vivo applications for each material 

category are also listed.

Natural Synthetic Semi-synthetic

Examples Collagen, Fibrin, Elastin, Hyaluronan, 
Alginate, Agarose

Polyacrylamide, PGA, PLLA, PEG, 
PLGA

GelMA, MeHA

Advantages • Superior biocompatibility

• Native protein structure

• High viscoelasticity

• Can be remodeled

• Tunable mechanical 
properties

• Possibility of tunable 
degradation rate

• Native protein 
structure

• Tunable mechanical 
properties

• Can be remodeled

Disadvantages • Batch variability

• Degradation

• Poor mechanical tuning

• Poor biocompatibility

• Lack of adhesion sites

• Lack of biological cues

• Unwanted degradation 
byproducts

• UV light detrimental 
to cell health

Stiffness Range ~Pa – kPa ~Pa – MPa ~Pa-kPa

In Vivo 
Applications

• Cartilage tissue 
engineering

• Neural tissue engineering

• Bone tissue engineering

• Muscle tissue 
engineering

• Bone tissue engineering • Cartilage tissue 
engineering

• Spinal cord repair

• Cardiovascular 
engineering
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