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Abstract

Chemical, mechanical, and topographic extracellular matrix (ECM) cues have been extensively 

studied for their influence on cell behavior. These ECM cues alter cell adhesion, cell shape, and 

cell migration, and activate signal transduction pathways to influence gene expression, 

proliferation, and differentiation. ECM elasticity and topography, in particular, have emerged as 

material properties of intense focus based on strong evidence these physical cue can partially 

dictate stem cell differentiation. Cells generate forces to pull on their adhesive contacts, and these 

tractional forces appear to be a common element of cells’ responses to both elasticity and 

topography. This review focuses on recently published work that links ECM topography and 

mechanics and their influence on differentiation and other cell behaviors, We also highlight 

signaling pathways typically implicated in mechanotransduction that are (or may be) shared by 

cells subjected to topographic cues. Finally, we conclude with a brief discussion of the potential 

implications of these commonalities for cell based therapies and biomaterial design.
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Introduction

Integrin-mediated adhesion to the extracellular matrix (ECM) is critical for cell 

differentiation, function, and tissue organization.1,2 When these receptors recognize and 

bind to ECM proteins (e.g., laminins, collagens, fibronectin), they cluster together and 

associate with numerous intracellular proteins to form a focal complex. As this focal 

complex grows and matures into a focal adhesion (FA), it provides a direct physical bridge 

and a biochemical nexus to transduce mechano-chemical cues from the ECM to the cell (and 

vice-a-versa) and thereby alter cell migration, proliferation and differentiation.3

The biochemical composition of the ECM largely determines the specificity of integrin 

binding and subsequent cell responses. The simplest adhesion motif to which most cells can 
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bind is an amino acid sequence arginine, glycine, and aspartic acid (RGD). The RGD 

sequence was first identified in fibronectin,4 but is also present in vitronectin, osteopontin, 

and laminin,5,6 and has been ubiquitously applied throughout the biomaterials literature to 

functionalize materials and facilitate cell adhesion. Other peptide sequences capable of 

mediating or influencing cell adhesion have also been identified in other ECM proteins, and 

have been used to promote cell adhesion to materials.5,7,8 Despite their widespread 

adoption, whether to use short peptides or full-length ECM proteins remains an ongoing 

debate in the field of biomaterials.9,10 Moreover, cells manipulate the initial adhesion 

surface either through secretion of new ECM components11, or through manipulation of the 

‘native’ ECM12 or serum proteins.13 This manipulation may involve traction forces that 

expose otherwise cryptic peptide sequences (indicating the adhesion environment is very 

dynamic).14

In addition to its chemical composition, the ECM’s physical properties are also important 

regulators of cell behavior. The most often characterized and reported physical influence is 

the ECM’s elasticity (or rigidity), best defined as the material’s ability to undergo non-

permanent deformation. Tissues in the body span a wide range of elastic moduli (Fig. 1A), 

and it has been suggested that different tissue mechanical properties may be instructive and 

actively influence cell phenotypes in a tissue-specific manner. In fact, natural ECMs are 

viscoelastic, with properties of both viscous liquids and elastic solids; however, the viscous 

characteristics of the ECM and their influence on cell functions remain relatively 

underexplored. ‘Soft’ materials are easily deformed at low stresses, whereas ‘hard’ materials 

require greater stresses to produce the same amount of deformation (strain).15 The ECM also 

provides topographic stimuli, primarily in the form of fibrous proteins with micro- and 

nano-scale features. In this review paper, we will present the mounting evidence that ECM 

elasticity and topography act as instructive cues to influence cell phenotype, focusing mostly 

on cells’ responses in vitro. In addition, we will also consider the similarities cells use to 

sense these physical cues, and the possibility that the mechanisms they use in response are 

conserved.

Cellular responses to matrix elasticity

A variety of material platforms and methods have been used to explore the influence of 

ECM elasticity on cell function. Most widely used include polymers such as 

poly(dimethylsiloxane) (PDMS), poly (urethane acrylate) (PUA), and hydrogels made from 

polyacrylamide (PAA) or poly (ethylene glycol) (PEG).16–21 To alter elasticity in these 

materials, the amount of polymer, cross-linker, and in some cases the amount of 

photoinitiator, can be varied to produce substrates of desired elastic properties. The 

molecular weights of these polymers also affect the mechanical properties of the resulting 

substrates.

Cell adhesion and spreading were amongst the first cell functions shown to be influenced by 

ECM elasticity in a seminal paper by Pelham and Wang.22 Subsequent studies demonstrated 

that smooth muscle cell (SMC) spreading increased quantitatively with substrate 

elasticity.16,23 The magnitude of spreading depended strongly on ECM ligand density 

(fibronectin) for SMCs cultured on soft substrates (polyacrylamide), but was invariant to 
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these changes on rigid polystyrene controls, suggesting that matrix elasticity may override 

ligand density after some threshold is surpassed.16 Similar findings were reported for 

endothelial cells grown on substrates of varied elasticity.24 By contrast, the spreading area 

of a pre-osteoblastic cell line (MC3T3-E1) has been shown to be insensitive to changes in 

matrix elasticity for two different ligand densities (type I collagen).25 These results suggest 

that cell spreading’s dependence on substrate elasticity surfaces varies with both cell type 

and ligand identity.

ECM elasticity has also been shown to influence cell migration in 2D. Pelham and Wang 

first demonstrated that 3T3 fibroblasts become less motile as substrate rigidity increased.22 

A subsequent study showed that 3T3 fibroblasts migrate in a directional fashion from softer 

substrates to stiffer substrates, but not vice-a-versa, indicating a dependence on the 

mechanical properties of the substrate in the absence of any soluble chemical stimuli.26 This 

phenomenon was dubbed durotaxis (or sometimes mechanotaxis).26–28 A study exploiting 

this concept demonstrated that the direction of SMC migration could be controlled via 

patterned gradients in ECM elasticity.29 Prior work from our laboratory demonstrated that 

SMC migration speeds depend on ECM elasticity in a non-linear (i.e., biphasic) manner 

(Fig. 1B).16 In that study, the value of the optimal substrate stiffness at which cell migration 

speed was maximized was found to depend on the density of immobilized ECM ligand 

(fibronectin), suggesting a strong coupling between ECM chemistry and mechanics to 

tightly regulate cell migration. Higher density of adhesive ligand shifted the optimal ECM 

elasticity to lower values, while lower densities required higher elastic moduli to achieve 

maximal migration speeds.16

While the influence of ECM elasticity on cell adhesion, spreading, and motility generated 

significant interest amongst many researchers in the bioengineering and mechanobiology 

fields in the early-to-mid 2000s, it was arguably a 2006 study by Engler, et al. that 

catapulted the importance of ECM elasticity into the scientific mainstream consciousness.30 

In that seminal study, MSC differentiation was shown to depend on matrix elasticity and 

ECM identity. MSCs cultured on compliant matrices mimicking the elasticity of brain 

exhibited characteristics of neuronal cells, while those cultured on stiff substrates consistent 

with a pre-mineralized osteoid matrix expressed markers of osteoblasts.30 Substrates with 

intermediate stiffness supported a skeletal muscle-like phenotype. A slightly earlier study by 

the same authors investigated the effects of matrix elasticity on the differentiation of multi-

nucleated skeletal muscle myotubes,23 and subsequent studies by others showed that this 

phenomenon extended to other stem cell populations as well.31

How ECM elasticity affects cells in 3D materials that more accurately mimic the native 

microenvironment of many cell types in the human body has been a more difficult question 

to address, due in large part to the coupling of ECM mechanics, chemistry, and 

microstructure in most hydrogel platforms. In natural protein-based hydrogels (e.g., 

collagen, fibrin, Matrigel), increasing protein concentration affects elastic modulus but also 

alters the number of binding sites available for cell adhesion and can disrupt the diffusive 

transport of soluble morphogens.32 A 2010 paper by Huebsch, et al. tackled this question 

using RGD-modified alginate gels, demonstrating that the osteogenic differentiation of 

MSCs was best supported by gels of intermediate elasticity in 3D (Fig. 1C).33 The various 
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formulations of alginate exploited in that study permitted equal levels of diffusive transport, 

and also inhibited the ability of the MSCs to spread. The authors made the argument that 

these material characteristics enabled them to decouple ECM elasticity from spreading and 

diffusive transport. Unlike the 2D case where MSC differentiation towards an osteogenic 

lineage is positively correlated with increasing elastic modulus,30 the relationship between 

cell fate and ECM elasticity in 3D is distinct. Nevertheless, these data support an instructive 

role for ECM elasticity, a nearly dogmatic paradigm reviewed also reviewed elsewhere.34,35

Cellular responses to matrix topography

Paralleling the increased focus on ECM elasticity in the recent literature, the past 10–15 

years have witnessed a very large number of studies investigating the effects of physical 

topographical features (e.g., lines, gratings, holes, pillars, etc.) and/or chemical 

topographical features (e.g., ‘tracks’ or ‘islands’ of printed or adsorbed ECM proteins). This 

section of our review will focus mostly on nanotopography, as it is already well established 

that chemical and physical microtopographies influence cell shape and morphology, and 

methods to control shape have been widely used in the literature for the past two decades. A 

full discussion of micropatterning and other methods used to pattern ECM ligands and 

thereby control cell shape is beyond the scope of this review and can be found 

elsewhere.36–39 However, we will discuss a few important microtopography studies in the 

context of control of cell migration and fate below as the biologic mechanisms appear to be 

conserved with those used by cells to sense ECM elasticity.

Producing surfaces with defined physical topographical features can be achieved by a 

number of techniques, including nanoimprint lithography,40 capillary force lithography,41 

ultraviolet assisted lithography,42 embossing, photolithography, and micromachining (Fig. 

2).43 These methods are typically used for polymeric substrates and are discussed in greater 

detail in the references cited for each above. Other methods have been used to impart 

topography or enhance roughness on ceramic, semi-conductive, and metallic substrate 

surfaces; these include deep reactive ion-etching, acid etching, photolithography, 

sandblasting, and mechanical machining.43 These methods can produce micro- or nano-scale 

features. Other methods such as self-assembled monolayers and micro-contact printing have 

been extensively used to pattern proteins of defined areas on a substrate surface.44,45 In 

some cases, substrates containing both physical and chemical topographic features have 

been used to provide distinct control of surface features and adhesion islands.46

Numerous studies linking nanoscale physical topographies with cell adhesion and 

morphology have appeared in the literature in the past decade.47–53 The rationale to explore 

this linkage is that native ECM contains nanoscale physical topographies, and thus features 

of similar size on engineered substrates may better mimic the native ECM.54 Early examples 

from the literature used substrates with various nanoscale features to investigate the 

adhesive characteristics of fibroblasts and endothelial cells.55–58 In a more recent study, 

human MSC adhesion was examined on roughened titanium surfaces, and found to be 

enhanced on those with 150 and 450 nm features compared to 20 nm features.59 However, 

similar nanoscale features on roughened titanium reportedly had no differential effects on 

osteoblast cell adhesion.60 Such discrepancies support the idea that different cell types 
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respond differently to topography,47 and leave some doubt as to whether or not cell 

adhesions are impacted by physical nanotopography.

By contrast, there is an abundance of evidence that nanotopography can influence cell 

shape/morphology. Perhaps the most obvious manifestation of this observation can be seen 

with cells cultured on nanogrooves (often called nanoridges or nanogratings), which have 

large axial dimensions (~ mm) and nanoscale lateral dimensions, typically with periodic 

patterns of variable ridge height and width. Cells of many different origins readily align 

parallel to these grooved substrates.21,49,51,53,55,61–64 At least for rat osteoblastic cells, a 

critical size threshold (75 nm width and 33 nm depth) has been reported to achieve this 

parallel alignment; nanogrooves of smaller lateral dimension failed to induce alignment of 

the cells.63 A prior study suggested that groove depth plays a central role in cells’ sensitivity 

to nanotopographic ridges.65 However, whether such physical nanotopographic cues can be 

more important that chemical cues remains unknown. In the context of microtopography, a 

prior study created both physical and chemical features to investigate pre-osteoblast 

alignment using a polymeric base surface coated with titanium and gold with micron sized 

gratings. Microcontact printing was utilized to imprint fibronectin lanes either parallel or 

perpendicular to the underlying physical surface. Despite a perpendicular adhesive protein 

cue, cells in this case preferentially aligned with the underlying physical topography 

(qualitatively and quantitatively shown in Fig. 3).46

There is also increasing evidence that micro- and nano-topographies influence cell 

migration.48,66–69 One study demonstrated that nanogratings can alter the polarization of 

smooth muscle cells in a wound healing migration assay, with orientation of the microtubule 

organizing center towards the wound on unpatterned surfaces and along the axis of cell 

alignment in cells cultured on patterns.53 Another study used micropatterned chemical 

topography to compare the responses of multiple cell types in 3D matrices, on 2D surfaces, 

and on ‘1D’ lines (1 to 10 micron width) coated with various ECM proteins (fibrinogen, 

vitronectin, and fibronectin).70 Fibroblast adhesion and spreading on the 1D lines were 

similar to their behavior in 3D. Knockdown of the small GTPase Rac in cells cultured in 2D 

produced an elongated cell morphology similar to that observed on the 1D substrates. 

However, the migration speeds of the Rac knockdown cells did not increase, and vinculin 

staining of these cells revealed that their adhesions were still distinct from those observed 

for the 1D and 3D cases.

Physical nanotopography may also influence cell proliferation, but the results are somewhat 

mixed. For example, one study demonstrated that human osteoblast proliferation on 

nanorough Ti films was the same as that on smooth surfaces,60 while another report that 

used similar nanorough Ti substrates reported that human MSC influential was influenced 

by nanotopographic feature size.59 In the latter of these two studies, substrates with features 

on the order of picometers (which the authors referred to as sub-nano) failed to support MSC 

proliferation to the same degree as those with nano- and micro-scale roughness59. Polymeric 

surfaces with nanoridges and holes induced a greater proliferation rate in canine MSCs after 

five days.71 Proliferation of hMSCs grown on polyurethane nanogratings was not affected 

by topography.64 Our own work on nanotopographic poly(methyl methacrylate) (PMMA) 

has shown that hMSC proliferation is not altered at early time points, consistent with results 
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from other studies,72 but is enhanced at day 14 compared to smooth controls.49 Thus, 

proliferation might be enhanced by physical nanotopography, but is dependent upon cell 

type, surface chemistry, and surface feature.

The influence of physical nanotopography on differentiation has also been extensively 

investigated over the past 10–15 years. A very wide range of material platforms and wide 

range of topographies have been explored. One of the earliest and most highly cited papers 

reported enhanced alkaline phosphatase activity and extracellular calcium deposition for rat 

osteoblasts cultured on nanophase ceramics.73 Experiments documenting MSC response to 

nanotopographies appeared a few years later.74,75 In one study with MSCs, arrangements of 

120-nm diameter, 100-nm deep nanopits in PMMA that were asymmetric and more 

disordered (i.e., deviated from perfectly square or hexagonal arrays) were found to enhance 

the expression of osteogenic genes and proteins, even in the absence of soluble osteogenic 

supplements.76 The same group of investigators later demonstrated that regular square 

arrays of these nanopits embossed in polycaprolactone promote MSC stemness.77 MSCs 

grown on gelatin-coated poly (urethane acrylate) nanogratings also reportedly upregulate 

osteogenic gene expression compared to cells on control surfaces,78 as do titanium oxide 

nanotubes.79 An ambitious study recently described an approach to fabricate a library of 

2176 distinct, randomly designed surface topographies on poly(DL-lactice acid) and used 

high-content imaging to identify formerly unknown surface nanotopographies capable of 

inducing MSC proliferation or alkaline phosphatase (ALP) expression (as a surrogate for 

osteogenic differentiation).80 Such an approach offers the potential to screen a wide array of 

topographies in much the same way that surface chemistries have been explored for their 

effects on cell fate.81 Similarly, others have recently shown that spatial patterning of 

different nanotopographies on the same surface can be used to spatially control the switch 

between adipogenesis and osteogenesis in MSCs.82

Few studies involving MSCs, however, have gone beyond gene expression assays to 

characterize mineral formation, a functional metric of osteogenesis. One study that did 

(using committed osteoblasts) found increases in some osteogenic specific markers on 

nanotopography relative to smooth controls, and the presence and alignment of CaP mineral 

deposits on substrates with grooves 50 nm wide and 17 nm deep.63 However, no images or 

quantification of CaP were shown, so it is not clear how nanotopography enhanced mineral 

deposition relative to smooth surfaces. A study involving MSCs on nanogratings of 

polyurethane reported enhanced osteogenic gene expression, and improved calcium 

deposition on 400 nm surfaces relative to smooth controls on days 7 and 14.64 However, the 

enhancement due to topography disappeared by day 21. We recently reported a similar 

enhancement of calcium deposition at day 14 that disappeared by day 21.49 These findings 

indicate that topography (in vitro) may be influential for osteogenic differentiation, but long-

term investigations in vivo are needed to fully characterize the impact of topography on bone 

formation. At least one study suggests that nanogrooves on titanium have no long-term 

benefit in terms of bone-to-implant contact in a rabbit tibial defect model.83

Clearly significant attention has been focused on the links between topography and various 

osteoprogenitor cell types (e.g., MSCs, osteoblasts). However, there is evidence that 

topography influences many other cell types as well. For example, several recent studies 
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have examined the role of nanotopography in the maintenance of human embryonic stem 

cells (hESCs).84–87 However, much like the case for MSCs, the influence of 

nanotopography on hESCs is not yet clear due to some discrepant results. For example, one 

study found that hESCs better retained their expression of Oct3/4 (a transcription factor and 

characteristic marker of undifferentiated ESCs) when cultured on smooth surfaces than 

nanoroughened ones.84 However, another study showed that hESC expression of Oct4 was 

better maintained by culturing the cells on polystyrene nanopillar arrays with either regular 

hexagonal or honeycomb lattice arrangements relative to those cultured on smooth 

surfaces.85 Another recent study supported the former idea, that nanoscale topography can 

reduce Oct4 expression and drive differentiation of ESCs.86

Cardiac myocytes are another cell type shown to be responsive to ECM nanotopography. In 

one study in particular, PEG hydrogels were patterned with nanotopography via a UV-

assisted lithography method, and covalently functionalized with fibronectin (Fig. 4A).62 

Neonatal rat ventricular myocytes cultured on these nanotopographic substrates not only 

aligned parallel to the topography (Fig. 4B,C), but impressively displayed anisotropic action 

potential propagation reminiscent of native myocardium to a greater degree than cells 

cultured on unpatterned substrates and also and elevated connexin-43 expression. The 

authors also showed evidence that the cells penetrated into the nanogratings (Fig. 4D,E), and 

attributed the enhanced myocyte function in part to the increased adhesion between cells and 

the patterned substrates. When beads were embedded in the patterned PEG hydrogels and 

used as fiduciary markers to characterize cell-generated traction forces, the authors 

demonstrated that the contractile forces were highly aligned with the topography. As the 

feature size became smaller and the substrates approached a non-patterned environment, the 

beneficial effects of topography disappeared.62

Adhesive ligand presentation

While the preponderance of data strongly suggests that ECM elasticity and topography 

regulate cells in 2D and perhaps 3D cultures, recent studies suggest that these material 

properties may exert their effects indirectly by altering ligand presentation. Trappmann, et 

al. showed that changing polyacrylamide gel formulations to change ECM elasticity 

simultaneously altered the presentation of collagen tethered to the gels via sulfo-

SANPAH.17 Due to the porous nature of polyacrylamide gels, the authors argued that 

collagen tethering to the gels changed as gel elasticity was varied, and attributed subsequent 

changes in MSC fate to changes in ligand tethering rather than ECM elasticity. Reinforcing 

this argument, the authors showed that PDMS gels of varied elasticity did not alter the 

differentiation status of MSCs.17 Another recent study used an innovative Förster resonance 

energy transfer (FRET)-technique to show that MSCs grown on polyacrylamide substrates 

of varied stiffness covalently tethered with fibronectin used tractional forces to unfold 

plasma fibronectin to a greater extent on stiffer substrates after 24 hours (Fig. 5A–C). 

Unfolding of fibronectin, however, was not observed on PDMS surfaces (though the stiffest 

PDMS surfaces were ~7× stiffer than the stiffest polyacrylamide surfaces), a finding again 

attributed to differences in material architecture (porosity) of polyacrylamide versus PDMS. 

The degree of unfolding and magnitude of strain of single fibronectin fibers influenced MSC 

differentiation (Fig. 5D–F). Enhanced osteogenic differentiation resulted (assessed by 
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alkaline phosphatase (ALP) staining) in pure osteogenic differentiation media or in mixtures 

of adipogenic and osteogenic differentiation media when greater strain of fibronectin 

occurred (Fig. 5G–I). The mechanism for differentiation was attributed to differences in 

integrin-mediated adhesion that result from cell-mediated stretching of the fibronectin, with 

preferential binding of α5β1 integrin to the stretched fibers favoring osteogenesis while 

binding of αvβ3 to the relaxed fibers inhibiting it.13

Studies in which adhesive ligands are spatially patterned in a controlled manner also 

underscore the significance of ligand spacing.88–93 Using an innovative technique based on 

diblock copolymer micellar nanoparticles94,95, Spatz and colleagues have devised methods 

to spatially pattern adhesive peptides with nanoscale precision and used these methods to 

investigate how cells respond to different patterns in terms of cell spreading and focal 

adhesion dynamics.89 Whether or not spatial control of adhesive ligands is able to influence 

more complicated cell fate decisions remains unknown. Nevertheless, changes in ECM 

elasticity and nanotopography may manifest in different ligand spacings on length scales 

relevant for individual cells, and these spacings may be the root cause of different cellular 

responses. Moreover, cells can use tractional forces to spatially rearrange their adhesive 

ligands.33,96

Non-specific protein adsorption may also play a critical role, particularly in the responses of 

cells to topographic cues. Prior studies have shown that the ability of MSCs and other 

progenitor cells to undergo osteogenesis in vitro depends on the identity of the adhesive 

environment.97–100 It is plausible that substrates with nanotopographic features of different 

sizes may differentially adsorb ECM proteins from serum, and thereby bind different 

integrin receptors, activate different signaling pathways, and subsequently induce distinct 

cells responses. An additional aspect of relevance is the influence of material properties on 

the conformation of adsorbed proteins.101 Recent papers in the biomaterials literature note 

that adsorbed albumin can permit adhesion of platelets and macrophages, despite the 

protein’s believed lack of known cell adhesive binding sites.102–104 In addition, fibrinogen 

reportedly undergoes less conformational change when adsorbed onto films of poly(lactic-

glycolic acid) with nanotopography, leading to decreased platelet attachment compared to 

smooth surfaces.105,106 While an extensive discussion of protein adsorption is beyond the 

scope of this review paper (instead see101,107,108), it is clear that different surface 

chemistries may differentially affect protein adsorption and downstream cell responses.109 

Consideration of this topic is notably lacking in the context of studies on ECM topography, 

and may significantly affect interpretation of experimental data.

Cells use conserved mechanisms to respond to ECM elasticity and 

topography

Early attempts to delineate the molecular mechanisms by which cells sense ECM elasticity 

noted the large, well-defined focal adhesion structures in cells on stiff substrates in 2D, in 

contrast to the small, ill-defined adhesions in cells on softer substrates.16,22,25,110 Similarly, 

integrin expression111,112 and focal adhesion morphologies49,59,63,111–114 have been 

reported to be altered on topographies of various sizes and shapes. In one study, a critical 

focal adhesion size threshold was identified by culturing fibroblasts on ‘nanoislands’ of 
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fibronectin (FN).115 Stable integrin-FN clusters did not form below an area threshold of 0.11 

µm2 when cells were confined to adhesive patterns 10 µm in diameter, which enabled the 

study of integrin-FN cluster formation in cells with the same spread area. Importantly, this 

threshold limit of 0.11 µm2 could be dynamically altered by pathways controlling adhesive 

force, cytoskeletal tension, and structural linkages that transmit forces between cells and the 

ECM.

Differences in focal adhesion size, strength, and composition often reflect changes in actin 

contractility and thereby implicate RhoA, a small GTPase whose activation enhances non-

muscle myosin IIa-dependent actin contractility by stimulating the formation of stress fibers 

and focal adhesions.116 A particularly important study by McBeath, et al. about a decade 

ago underscored the critical role for RhoA and its downstream effects on actomyosin 

contractility on the control of cell fate by cell spreading.117 In that study, the authors used 

fibronectin stamped on PDMS as adhesive islands of controlled area to reveal that MSCs 

differentiated along an osteogenic lineage when allowed to spread; when spreading was 

restricted, they differentiated along an adipogenic lineage. Furthermore, the authors showed 

that RhoA/ROCK-mediated contractile forces were mechanistically at the heart of this 

lineage regulation by cell shape.117 Kilian et al. extended these concepts by exploring the 

influence of cell shape independent of cell surface area.118 MSCs were exposed to mixed 

osteogenic and adipogenic differentiation media and grown on fibronectin stamped islands 

of varied size and shape (but equal spread cell area). Shapes that caused cell elongation (e.g., 

star shapes) led to MSC differentiation along an osteoblastic lineage, while pharmacological 

disruption of cytoskeletal tension forced cells along an adipogenic lineage.118

The RhoA/ROCK-mediated signaling pathway and its effects on cell-generated forces also 

appear critical for ECM-dependent control of cell fate in 3D.119 Using a dynamic hyaluronic 

acid hydrogel platform, Khetan, et al. demonstrated that MSC differentiation to an 

osteogenic fate in 3D requires RhoA/ROCK-mediated tractional forces, independent of 

changes in elastic modulus or cell shape.120 Specifically, they showed that MSCs capable of 

spreading and generating relatively high levels of traction force on their adhesive contacts 

undergo osteogenesis; however, when the gel substrates were effectively locked into place 

on the fly through a secondary cross-linking strategy, traction forces were suppressed, gel 

degradation was impeded, and the cells differentiated into an adipogenic fate, despite being 

spread.120

Focal adhesion kinase (FAK), another key regulator of mechanotransduction generally 

regarded as upstream of RhoA activiation, is also influenced by changes in substrate 

elasticity and nanotopography.111,121 With respect to the former, total FAK levels reportedly 

increased with increasing matrix elasticity in MSCs,30 while phosphorylated (active) FAK 

increased in ECs24 and preosteoblasts.25 Nanotopographic substrates in the form of 14–45 

nm nanopits111 or 250 nm nanogratings121 also increased FAK activity. Differential 

activation of FAK in turn triggers downstream signaling to the mitogen-activated protein 

kinase (MAPK) cascade, which conveys information about the extracellular environment to 

the cell nucleus and plays an important role in normal and pathologic development.122 

Evidence suggests that MAPK activity depends on ECM nanotopography114 and matrix 

stiffness and is involved in the regulation of stiffness-mediated differentiation of osteogenic 
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progenitors.19 A subsequent study showed that changes in substrate elasticity alter the 

RhoA-Rho-kinase (ROCK) pathway upstream of changes in the MAPK cascade.122 This 

pathway in turn influenced the transcription factor RUNX2 to control osteoblast 

differentiation and matrix mineralization (Fig. 6). Collectively, these findings suggest that 

activation of a FAK/RhoA/ROCK/MAPK signaling axis via changes in ECM elasticity and 

topography may play a central role in the ECM’s ability to control cell fate decisions.

There is compelling evidence that these mechanosensitive signaling pathways can regulate 

transcriptional activity via both direct and indirect means.123 However, how physical cues 

like ECM elasticity and topography drive changes in cell fate remain incompletely 

understood, and new players continue to emerge on the scene. Recent evidence indicates 

YAP (Yes-associated protein) and TAZ (transcriptional co-activator with PDZ-binding 

motif), two members of the Hippo pathway implicated in organ growth control, may play 

essential roles linking changes in ECM cues with control of cell fate.124–129 When 

phosphorylated, YAP and TAZ remain in the cytosol and are targeted for proteosomal 

degradation; when dephosphorylated, YAP and TAZ can translocate to the nucleus where 

they can regulate transcriptional activity.126 A 2011 study by Dupont, et al. used fibronectin-

conjugated polyacrylamide hydrogels with tunable elastic moduli to demonstrate that YAP 

and TAZ are differentially activated by ECM elasticity, with higher activities (elevated 

nuclear translocation, in this case) observed on rigid substrates.125 Similarly, YAP/TAZ 

preferentially accumulated in the nuclei of MSCs cultured on micropatterned fibronectin 

adhesive islands that permitted cell spreading, while remaining predominantly cytoplasmic 

in cells that were restricted from spreading. Importantly, osteogenic differentiation of MSCs 

induced by rigid substrates or cell spreading was inhibited when YAP and TAZ levels were 

depleted via RNA interference, leading instead to adipogenic differentiation.125 In 3D 

collagen matrices, the interplay between ECM rigidity, cell shape, and matrix proteolysis is 

more complex, but the ability of MSCs to generate tension on their environment and activate 

YAP/TAZ to control MSC fate is still conserved.128 A recent study by Sun, et al. showed 

that YAP and TAZ also play key roles in the ECM rigidity-dependent differentiation of 

human induced pluripotent stem cells into functional motor neurons.127 YAP and TAZ were 

recently investigated in the cellular response to ECM nanotopography,130 but to our 

knowledge this is the only study linking them. Given the conserved importance of 

cytoskeletal tension in the ability of a cell to probe its physical/mechanical environment, one 

would expect additional studies linking these inputs and signals to appear in the near future.

Implications and Conclusions

It is clear from the findings discussed here that matrix elasticity and topography can 

influence cell behavior, particularly in vitro. The implications of these results for biomaterial 

design are powerful, with the possibility that tailoring material elasticity and topography can 

be used as a complement to, or instead of, soluble cues to control cell phenotypes and tissue 

morphogenesis in clinical settings. However, many questions remain if these parameters are 

to be used to consistently and robustly control cell fate both in vitro and in vivo. One such 

question is the issue of duration: how long do ECM topography and elasticity exert control 

over cell function? A recent study suggests that cells have mechanical memory, and prior 

culture on rigid polystyrene substrates can bias their response to ECM elasticity.129 It is 
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possible that ECM physical cues may initiate epigenetic changes, but this possibility has yet 

to be investigated in depth. Another obvious question is the influence of these ECM cues on 

cell fate in vivo. Most studies cited here involve culture of cells in vitro, with the vast 

majority in 2D; whether elasticity and topography are able to drive cell fate in 3D and in 

vivo remain open questions, although there is provocative evidence that these cues are 

important in pathophysiological environments in vivo.131,132

There is also a compelling need for compete functional analysis of cell behavior as a 

function of varied material characteristics, rather than the more limited gene and protein 

expression studies used as surrogates for differentiated function in most studies. Some 

examples include quantitative and qualitative assessments of mineralization for osteoblasts 

and the resulting impact on tissue mechanical properties, electrophysiology studies for 

neurons, and calcium propagation and synchronous contraction for cardiomyocytes 

Inconsistencies in the studies to date make consensus difficult to achieve as well, including 

the use of a wide range of material types, surface chemistries, topographic feature shapes 

and sizes, matrix elasticities, ligand types (e.g., collagen vs. fibronectin, etc.), and coupling 

chemistries (e.g., sulfo-SANPAH vs. others). Thus, while certain topographies and substrate 

elasticities may drive cell differentiation of specific cell types via mechanotransduction, it 

remains a huge challenge to recommend any particular set of biomaterial parameters for 

regenerative medicine applications. Nevertheless, the exciting potential of such an approach 

clearly warrants further study. A better understanding of the mechanisms by which cells 

respond to ECM cues should also aid efforts to rationally prioritize material properties for 

therapeutic benefit.

Acknowledgments

The authors gratefully acknowledge financial support for this study from the National Heart, Lung, and Blood 
Institute of the National Institutes of Health under award numbers R01HL085339 and R01HL118259.

References

1. Adams JC, Watt FM. Regulation of Development and Differentiation by the Extracellular-Matrix. 
Development. 1993; 117(4):1183–1198. [PubMed: 8404525] 

2. De Arcangelis A, Georges-Labouesse E. Integrin and ECM functions - roles in vertebrate 
development. Trends in Genetics. 2000; 16(9):389–395. [PubMed: 10973067] 

3. Geiger B, Spatz JP, Bershadsky AD. Environmental sensing through focal adhesions. Nature 
Reviews Molecular Cell Biology. 2009; 10(1):21–33.

4. Ruoslahti E. Fibronectin and Its Receptors. Annual Review of Biochemistry. 1988; 57:375–413.

5. Garcia AJ, Keselowsky BG. Biomimetic surfaces for control of cell adhesion to facilitate bone 
formation. Critical Reviews in Eukaryotic Gene Expression. 2002; 12(2):151–162. [PubMed: 
12434928] 

6. Wheeldon I, Farhadi A, Bick AG, Jabbari E, Khademhosseini A. Nanoscale tissue engineering: 
spatial control over cell-materials interactions. Nanotechnology. 2011; 22(21)

7. Gu XX, Masters KS. Regulation of valvular interstitial cell calcification by adhesive peptide 
sequences. Journal of Biomedical Materials Research Part A. 2010; 93A(4):1620–1630. [PubMed: 
20073077] 

8. Zhu JM, Marchant RE. Design properties of hydrogel tissue-engineering scaffolds. Expert Review 
of Medical Devices. 2011; 8(5):607–626. [PubMed: 22026626] 

Janson and Putnam Page 11

J Biomed Mater Res A. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



9. Collier JH, Segura T. Evolving the use of peptides as components of biomaterials. Biomaterials. 
2011; 32(18):4198–4204. [PubMed: 21515167] 

10. Barker TH. The role of ECM proteins and protein fragments in guiding cell behavior in 
regenerative medicine. Biomaterials. 2011; 32(18):4211–4214. [PubMed: 21515169] 

11. Ballet T, Boulange L, Brechet Y, Bruckert F, Weidenhaupt M. Protein conformational changes 
induced by adsorption onto material surfaces: an important issue for biomedical applications of 
material science. Bulletin of the Polish Academy of Sciences-Technical Sciences. 2010; 58(2):
303–315.

12. Wilson CJ, Clegg RE, Leavesley DI, Pearcy MJ. Mediation of biomaterial-cell interactions by 
adsorbed proteins: A review. Tissue Engineering. 2005; 11(1–2):1–18. [PubMed: 15738657] 

13. Li BJ, Moshfegh C, Lin Z, Albuschies J, Vogel V. Mesenchymal Stem Cells Exploit Extracellular 
Matrix as Mechanotransducer. Scientific Reports. 2013; 3

14. Vogel V, Sheetz M. Local force and geometry sensing regulate cell functions. Nature Reviews 
Molecular Cell Biology. 2006; 7(4):265–275.

15. Schwarz US, Gardel ML. United we stand - integrating the actin cytoskeleton and cell-matrix 
adhesions in cellular mechanotransduction. Journal of Cell Science. 2012; 125(13):3051–3060. 
[PubMed: 22797913] 

16. Peyton SR, Putnam AJ. Extracellular matrix rigidity governs smooth muscle cell motility in a 
biphasic fashion. Journal of Cellular Physiology. 2005; 204(1):198–209. [PubMed: 15669099] 

17. Trappmann B, Gautrot JE, Connelly JT, Strange DG, Li Y, Oyen ML, Cohen Stuart MA, Boehm 
H, Li B, Vogel V, et al. Extracellular-matrix tethering regulates stem-cell fate. Nature Materials. 
2012; 11(7):642–649.

18. Choi SJ, Kim HN, Bae WG, Suh KY. Modulus- and surface energy-tunable ultraviolet-curable 
polyurethane acrylate: properties and applications. Journal of Materials Chemistry. 2011; 21(38):
14325–14335.

19. Khatiwala CB, Peyton SR, Metzke M, Putnam AJ. The regulation of osteogenesis by ECM rigidity 
in MC3T3-E1 cells requires MAPK activation. Journal of Cellular Physiology. 2007; 211(3):661–
672. [PubMed: 17348033] 

20. Peyton SR, Raub CB, Keschrumrus VP, Putnam AJ. The use of poly(ethylene glycol) hydrogels to 
investigate the impact of ECM chemistry and mechanics on smooth muscle cells. Biomaterials. 
2006; 27(28):4881–4893. [PubMed: 16762407] 

21. Kim J, Kim HN, Lim KT, Kim Y, Pandey S, Garg P, Choung YH, Choung PH, Suh KY, Chung 
JH. Synergistic effects of nanotopography and co-culture with endothelial cells on osteogenesis of 
mesenchymal stem cells. Biomaterials. 2013; 34(30):7257–7268. [PubMed: 23834896] 

22. Pelham RJ, Wang YL. Cell locomotion and focal adhesions are regulated by substrate flexibility. 
Proceedings of the National Academy of Sciences of the United States of America. 1997; 94(25):
13661–13665. [PubMed: 9391082] 

23. Engler AJ, Griffin MA, Sen S, Bonnetnann CG, Sweeney HL, Discher DE. Myotubes differentiate 
optimally on substrates with tissue-like stiffness: pathological implications for soft or stiff 
microenvironments. Journal of Cell Biology. 2004; 166(6):877–887. [PubMed: 15364962] 

24. Pompe T, Glorius S, Bischoff T, Uhlmann I, Kaufmann M, Brenner S, Werner C. Dissecting the 
Impact of Matrix Anchorage and Elasticity in Cell Adhesion. Biophysical Journal. 2009; 97(8):
2154–2163. [PubMed: 19843448] 

25. Khatiwala CB, Peyton SR, Putnam AJ. Intrinsic mechanical properties of the extracellular matrix 
affect the behavior of pre-osteoblastic MC3T3-E1 cells. American Journal of Physiology-Cell 
Physiology. 2006; 290(6):C1640–C1650. [PubMed: 16407416] 

26. Lo CM, Wang HB, Dembo M, Wang YL. Cell movement is guided by the rigidity of the substrate. 
Biophys J. 2000; 79(1):144–152. [PubMed: 10866943] 

27. Choquet D, Felsenfeld DP, Sheetz MP. Extracellular matrix rigidity causes strengthening of 
integrin-cytoskeleton linkages. Cell. 1997; 88(1):39–48. [PubMed: 9019403] 

28. Gray DS, Tien J, Chen CS. Repositioning of cells by mechanotaxis on surfaces with 
micropatterned Young's modulus. J Biomed Mater Res A. 2003; 66(3):605–614. [PubMed: 
12918044] 

Janson and Putnam Page 12

J Biomed Mater Res A. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



29. Wong JY, Velasco A, Rajagopalan P, Pham Q. Directed movement of vascular smooth muscle 
cells on gradient-compliant hydrogels. Langmuir. 2003; 19(5):1908–1913.

30. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell lineage 
specification. Cell. 2006; 126(4):677–689. [PubMed: 16923388] 

31. Saha K, Keung AJ, Irwin EF, Li Y, Little L, Schaffer DV, Healy KE. Substrate Modulus Directs 
Neural Stem Cell Behavior. Biophysical Journal. 2008; 95(9):4426–4438. [PubMed: 18658232] 

32. Ghajar CM, Chen X, Harris JW, Suresh V, Hughes CC, Jeon NL, Putnam AJ, George SC. The 
effect of matrix density on the regulation of 3-D capillary morphogenesis. Biophys J. 2008; 94(5):
1930–1941. [PubMed: 17993494] 

33. Huebsch N, Arany PR, Mao AS, Shvartsman D, Ali OA, Bencherif SA, Rivera-Feliciano J, 
Mooney DJ. Harnessing traction-mediated manipulation of the cell/matrix interface to control 
stem-cell fate. Nature Materials. 2010; 9(6):518–526.

34. Discher DE, Mooney DJ, Zandstra PW. Growth factors, matrices, and forces combine and control 
stem cells. Science. 2009; 324(5935):1673–1677. [PubMed: 19556500] 

35. Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness of their substrate. 
Science. 2005; 310(5751):1139–1143. [PubMed: 16293750] 

36. Falconnet D, Csucs G, Grandin HM, Textor M. Surface engineering approaches to micropattern 
surfaces for cell-based assays. Biomaterials. 2006; 27(16):3044–3063. [PubMed: 16458351] 

37. Liu WF, Chen CS. Cellular and multicellular form and function. Advanced Drug Delivery 
Reviews. 2007; 59(13):1319–1328. [PubMed: 17884241] 

38. Thery M. Micropatterning as a tool to decipher cell morphogenesis and functions. Journal of Cell 
Science. 2010; 123(Pt 24):4201–4213. [PubMed: 21123618] 

39. Kim DH, Wong PK, Park J, Levchenko A, Sun Y. Microengineered platforms for cell 
mechanobiology. Annual Review of Biomedical Engineering. 2009; 11:203–233.

40. Huang XD, Bao LR, Cheng X, Guo LJ, Pang SW, Yee AF. Reversal imprinting by transferring 
polymer from mold to substrate. Journal of Vacuum Science & Technology B. 2002; 20(6):2872–
2876.

41. Suh KY, Park MC, Kim P. Capillary Force Lithography: A Versatile Tool for Structured 
Biomaterials Interface Towards Cell and Tissue Engineering. Advanced Functional Materials. 
2009; 19(17):2699–2712.

42. Choi SJ, Yoo PJ, Baek SJ, Kim TW, Lee HH. An ultraviolet-curable mold for sub-100-nm 
lithography. Journal of the American Chemical Society. 2004; 126(25):7744–7745. [PubMed: 
15212499] 

43. Ross AM, Jiang ZX, Bastmeyer M, Lahann J. Physical Aspects of Cell Culture Substrates: 
Topography, Roughness, and Elasticity. Small. 2012; 8(3):336–355. [PubMed: 22162324] 

44. Mrksich M, Chen CS, Xia YN, Dike LE, Ingber DE, Whitesides GM. Controlling cell attachment 
on contoured surfaces with self-assembled monolayers of alkanethiolates on gold. Proceedings of 
the National Academy of Sciences of the United States of America. 1996; 93(20):10775–10778. 
[PubMed: 8855256] 

45. Bernard A, Delamarche E, Schmid H, Michel B, Bosshard HR, Biebuyck H. Printing patterns of 
proteins. Langmuir. 1998; 14(9):2225–2229.

46. Charest JL, Eliason MT, Garcia AJ, King WP. Combined microscale mechanical topography and 
chemical patterns on polymer cell culture substrates. Biomaterials. 2006; 27(11):2487–2494. 
[PubMed: 16325902] 

47. Biela SA, Su Y, Spatz JP, Kemkemer R. Different sensitivity of human endothelial cells, smooth 
muscle cells and fibroblasts to topography in the nano-micro range. Acta Biomaterialia. 2009; 
5(7):2460–2466. [PubMed: 19410529] 

48. Diehl KA, Foley JD, Nealey PF, Murphy CJ. Nanoscale topography modulates corneal epithelial 
cell migration. Journal of Biomedical Materials Research. Part A. 2005; 75(3):603–611. [PubMed: 
16106433] 

49. Janson IA, Kong YP, Putnam AJ. Nanotopographic Substrates of Poly (Methyl Methacrylate) Do 
Not Strongly Influence the Osteogenic Phenotype of Mesenchymal Stem Cells In Vitro. PLoS 
One. 2014; 9(3):e90719. [PubMed: 24594848] 

Janson and Putnam Page 13

J Biomed Mater Res A. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



50. Karuri NW, Liliensiek S, Teixeira AI, Abrams G, Campbell S, Nealey PF, Murphy CJ. Biological 
length scale topography enhances cell-substratum adhesion of human corneal epithelial cells. 
Journal of Cell Science. 2004; 117(Pt 15):3153–3164. [PubMed: 15226393] 

51. Kim DH, Han K, Gupta K, Kwon KW, Suh KY, Levchenko A. Mechanosensitivity of fibroblast 
cell shape and movement to anisotropic substratum topography gradients. Biomaterials. 2009; 
30(29):5433–5444. [PubMed: 19595452] 

52. Teixeira AI, Nealey PF, Murphy CJ. Responses of human keratocytes to micro- and nanostructured 
substrates. Journal of Biomedical Materials Research. Part A. 2004; 71(3):369–376. [PubMed: 
15470741] 

53. Yim EK, Reano RM, Pang SW, Yee AF, Chen CS, Leong KW. Nanopattern-induced changes in 
morphology and motility of smooth muscle cells. Biomaterials. 2005; 26(26):5405–5413. 
[PubMed: 15814139] 

54. Kim DH, Provenzano PP, Smith CL, Levchenko A. Matrix nanotopography as a regulator of cell 
function. Journal of Cell Biology. 2012; 197(3):351–360. [PubMed: 22547406] 

55. Curtis ASG, Casey B, Gallagher JO, Pasqui D, Wood MA, Wilkinson CDW. Substratum 
nanotopography and the adhesion of biological cells. Are symmetry or regularity of 
nanotopography important? Biophysical Chemistry. 2001; 94(3):275–283. [PubMed: 11804737] 

56. Dalby MJ, Riehle MO, Johnstone HJ, Affrossman S, Curtis AS. Polymer-demixed 
nanotopography: control of fibroblast spreading and proliferation. Tissue Engineering. 2002; 8(6):
1099–1108. [PubMed: 12542955] 

57. Dalby MJ, Riehle MO, Johnstone H, Affrossman S, Curtis AS. In vitro reaction of endothelial cells 
to polymer demixed nanotopography. Biomaterials. 2002; 23(14):2945–2954. [PubMed: 
12069336] 

58. Dalby MJ, Yarwood SJ, Riehle MO, Johnstone HJ, Affrossman S, Curtis AS. Increasing fibroblast 
response to materials using nanotopography: morphological and genetic measurements of cell 
response to 13-nm-high polymer demixed islands. Experimental Cell Research. 2002; 276(1):1–9. 
[PubMed: 11978003] 

59. Khang D, Choi J, Im YM, Kim YJ, Jang JH, Kang SS, Nam TH, Song J, Park JW. Role of 
subnano-, nano- and submicron-surface features on osteoblast differentiation of bone marrow 
mesenchymal stem cells. Biomaterials. 2012; 33(26):5997–6007. [PubMed: 22632766] 

60. Cai KY, Bossert J, Jandt KD. Does the nanometre scale topography of titanium influence protein 
adsorption and cell proliferation? Colloids and Surfaces B-Biointerfaces. 2006; 49(2):136–144.

61. Jain R, von Recum AF. Effect of titanium surface texture on the cell-biomaterial interface. Journal 
of Investigative Surgery : the official journal of the Academy of Surgical Research. 2003; 16(5):
263–273. [PubMed: 14527884] 

62. Kim DH, Lipke EA, Kim P, Cheong R, Thompson S, Delannoy M, Suh KY, Tung L, Levchenko 
A. Nanoscale cues regulate the structure and function of macroscopic cardiac tissue constructs. 
Proceedings of the National Academy of Sciences of the United States of America. 2010; 107(2):
565–570. [PubMed: 20018748] 

63. Lamers E, Walboomers XF, Domanski M, te Riet J, van Delft FCMJM, Luttge R, Winnubst LAJA, 
Gardeniers HJGE, Jansen JA. The influence of nanoscale grooved substrates on osteoblast 
behavior and extracellular matrix deposition. Biomaterials. 2010; 31(12):3307–3316. [PubMed: 
20122723] 

64. Watari S, Hayashi K, Wood JA, Russell P, Nealey PF, Murphy CJ, Genetos DC. Modulation of 
osteogenic differentiation in hMSCs cells by submicron topographically-patterned ridges and 
grooves. Biomaterials. 2012; 33(1):128–136. [PubMed: 21982295] 

65. Teixeira AI, Abrams GA, Bertics PJ, Murphy CJ, Nealey PF. Epithelial contact guidance on well-
defined micro- and nanostructured substrates. Journal of Cell Science. 2003; 116(10):1881–1892. 
[PubMed: 12692189] 

66. Brammer KS, Oh S, Gallagher JO, Jin S. Enhanced cellular mobility guided by TiO2 nanotube 
surfaces. Nano letters. 2008; 8(3):786–793. [PubMed: 18251515] 

67. Ranucci CS, Moghe PV. Substrate microtopography can enhance cell adhesive and migratory 
responsiveness to matrix ligand density. Journal of Biomedical Materials Research. 2001; 54(2):
149–161. [PubMed: 11093174] 

Janson and Putnam Page 14

J Biomed Mater Res A. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



68. Mello AP, Volkov Y, Kelleher D, Prendergast PJ. Comparative locomotory behavior of T 
lymphocytes versus T lymphoma cells on flat and grooved surfaces. Annals of Biomedical 
Engineering. 2003; 31(9):1106–1113. [PubMed: 14582613] 

69. Tan J, Saltzman WM. Topographical control of human neutrophil motility on micropatterned 
materials with various surface chemistry. Biomaterials. 2002; 23(15):3215–3225. [PubMed: 
12102193] 

70. Doyle AD, Wang FW, Matsumoto K, Yamada KM. One-dimensional topography underlies three-
dimensional fibrillar cell migration. Journal of Cell Biology. 2009; 184(4):481–490. [PubMed: 
19221195] 

71. Wood JA, Ly I, Borjesson DL, Nealey PF, Russell P, Murphy CJ. The modulation of canine 
mesenchymal stem cells by nano-topographic cues. Experimental Cell Research. 2012; 318(19):
2438–2445. [PubMed: 22771362] 

72. Wang PY, Li WT, Yu JS, Tsai WB. Modulation of osteogenic, adipogenic and myogenic 
differentiation of mesenchymal stem cells by submicron grooved topography. Journal of Materials 
Science-Materials in Medicine. 2012; 23(12):3015–3028. [PubMed: 22903603] 

73. Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R. Enhanced functions of osteoblasts on 
nanophase ceramics. Biomaterials. 2000; 21(17):1803–1810. [PubMed: 10905463] 

74. Dalby MJ, McCloy D, Robertson M, Agheli H, Sutherland D, Affrossman S, Oreffo RO. 
Osteoprogenitor response to semi-ordered and random nanotopographies. Biomaterials. 2006; 
27(15):2980–2987. [PubMed: 16443268] 

75. Dalby MJ, McCloy D, Robertson M, Wilkinson CD, Oreffo RO. Osteoprogenitor response to 
defined topographies with nanoscale depths. Biomaterials. 2006; 27(8):1306–1315. [PubMed: 
16143393] 

76. Dalby MJ, Gadegaard N, Tare R, Andar A, Riehle MO, Herzyk P, Wilkinson CDW, Oreffo ROC. 
The control of human mesenchymal cell differentiation using nanoscale symmetry and disorder. 
Nature Materials. 2007; 6(12):997–1003.

77. McMurray RJ, Gadegaard N, Tsimbouri PM, Burgess KV, McNamara LE, Tare R, Murawski K, 
Kingham E, Oreffo ROC, Dalby MJ. Nanoscale surfaces for the long-term maintenance of 
mesenchymal stem cell phenotype and multipotency. Nature Materials. 2011; 10(8):637–644.

78. You MH, Kwak MK, Kim DH, Kim K, Levchenko A, Kim DY, Suh KY. Synergistically 
Enhanced Osteogenic Differentiation of Human Mesenchymal Stem Cells by Culture on 
Nanostructured Surfaces with Induction Media. Biomacromolecules. 2010; 11(7):1856–1862. 
[PubMed: 20568737] 

79. Oh S, Brammer KS, Li YS, Teng D, Engler AJ, Chien S, Jin S. Stem cell fate dictated solely by 
altered nanotube dimension. Proceedings of the National Academy of Sciences of the United 
States of America. 2009; 106(7):2130–2135. [PubMed: 19179282] 

80. Unadkat HV, Hulsman M, Cornelissen K, Papenburg BJ, Truckenmuller RK, Carpenter AE, 
Wessling M, Post GF, Uetz M, Reinders MJ, et al. An algorithm-based topographical biomaterials 
library to instruct cell fate. Proceedings of the National Academy of Sciences of the United States 
of America. 2011; 108(40):16565–10670. [PubMed: 21949368] 

81. Anderson DG, Levenberg S, Langer R. Nanoliter-scale synthesis of arrayed biomaterials and 
application to human embryonic stem cells. Nature Biotechnology. 2004; 22(7):863–866.

82. Ahn EH, Kim Y, Kshitiz An SS, Afzal J, Lee S, Kwak M, Suh KY, Kim DH, Levchenko A. 
Spatial control of adult stem cell fate using nanotopographic cues. Biomaterials. 2014; 35(8):
2401–2410. [PubMed: 24388388] 

83. Prodanov L, Lamers E, Domanski M, Luttge R, Jansen JA, Walboomers XF. The effect of 
nanometric surface texture on bone contact to titanium implants in rabbit tibia. Biomaterials. 2013; 
34(12):2920–2927. [PubMed: 23380354] 

84. Chen W, Villa-Diaz LG, Sun Y, Weng S, Kim JK, Lam RH, Han L, Fan R, Krebsbach PH, Fu J. 
Nanotopography influences adhesion, spreading, and self-renewal of human embryonic stem cells. 
ACS Nano. 2012; 6(5):4094–4103. [PubMed: 22486594] 

85. Kong YP, Tu CH, Donovan PJ, Yee AF. Expression of Oct4 in human embryonic stem cells is 
dependent on nanotopographical configuration. Acta Biomaterialia. 2013; 9(5):6369–6380. 
[PubMed: 23391989] 

Janson and Putnam Page 15

J Biomed Mater Res A. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



86. Lapointe VL, Fernandes AT, Bell NC, Stellacci F, Stevens MM. Nanoscale topography and 
chemistry affect embryonic stem cell self-renewal and early differentiation. Advanced Healthcare 
Materials. 2013; 2(12):1644–1650. [PubMed: 23852884] 

87. Lu D, Luo C, Zhang C, Li Z, Long M. Differential regulation of morphology and stemness of 
mouse embryonic stem cells by substrate stiffness and topography. Biomaterials. 2014; 35(13):
3945–3955. [PubMed: 24529627] 

88. Arnold M, Cavalcanti-Adam EA, Glass R, Blummel J, Eck W, Kantlehner M, Kessler H, Spatz JP. 
Activation of integrin function by nanopatterned adhesive interfaces. Chemphyschem : a European 
journal of chemical physics and physical chemistry. 2004; 5(3):383–388. [PubMed: 15067875] 

89. Cavalcanti-Adam EA, Volberg T, Micoulet A, Kessler H, Geiger B, Spatz JP. Cell spreading and 
focal adhesion dynamics are regulated by spacing of integrin ligands. Biophysical Journal. 2007; 
92(8):2964–2974. [PubMed: 17277192] 

90. Massia SP, Hubbell JA. An RGD spacing of 440 nm is sufficient for integrin alpha V beta 3-
mediated fibroblast spreading and 140 nm for focal contact and stress fiber formation. J Cell Biol. 
1991; 114(5):1089–1100. [PubMed: 1714913] 

91. Irvine DJ, Mayes AM, Griffith LG. Nanoscale clustering of RGD peptides at surfaces using Comb 
polymers. 1. Synthesis and characterization of Comb thin films. Biomacromolecules. 2001; 2(1):
85–94. [PubMed: 11749159] 

92. Koo LY, Irvine DJ, Mayes AM, Lauffenburger DA, Griffith LG. Co-regulation of cell adhesion by 
nanoscale RGD organization and mechanical stimulus. J Cell Sci. 2002; 115(Pt 7):1423–1433. 
[PubMed: 11896190] 

93. Maheshwari G, Brown G, Lauffenburger DA, Wells A, Griffith LG. Cell adhesion and motility 
depend on nanoscale RGD clustering. J Cell Sci. 2000; 113(Pt 10):1677–1686. [PubMed: 
10769199] 

94. Glass R, Moller M, Spatz JP. Block copolymer micelle nanolithography. Nanotechnology. 2003; 
14(10):1153–1160.

95. Lohmuller T, Aydin D, Schwieder M, Morhard C, Louban I, Pacholski C, Spatz JP. 
Nanopatterning by block copolymer micelle nanolithography and bioinspired applications. 
Biointerphases. 2011; 6(1):Mr1–Mr12. [PubMed: 21428688] 

96. Kong HJ, Polte TR, Alsberg E, Mooney DJ. FRET measurements of cell-traction forces and nano-
scale clustering of adhesion ligands varied by substrate stiffness. Proc Natl Acad Sci U S A. 2005; 
102(12):4300–4305. [PubMed: 15767572] 

97. Kundu AK, Putnam AJ. Vitronectin and collagen I differentially regulate osteogenesis in 
mesenchymal stem cells. Biochemical and Biophysical Research Communications. 2006; 347(1):
347–357. [PubMed: 16815299] 

98. Chastain SR, Kundu AK, Dhar S, Calvert JW, Putnam AJ. Adhesion of mesenchymal stem cells to 
polymer scaffolds occurs via distinct ECM ligands and controls their osteogenic differentiation. J 
Biomed Mater Res A. 2006; 78(1):73–85. [PubMed: 16602124] 

99. Salasznyk RM, Williams WA, Boskey A, Batorsky A, Plopper GE. Adhesion to Vitronectin and 
Collagen I Promotes Osteogenic Differentiation of Human Mesenchymal Stem Cells. J Biomed 
Biotechnol. 2004; 2004(1):24–34. [PubMed: 15123885] 

100. Taubenberger AV, Woodruff MA, Bai HF, Muller DJ, Hutmacher DW. The effect of unlocking 
RGD-motifs in collagen I on pre-osteoblast adhesion and differentiation. Biomaterials. 2010; 
31(10):2827–2835. [PubMed: 20053443] 

101. Szott LM, Horbett TA. Protein interactions with surfaces: cellular responses, complement 
activation, and newer methods. Current Opinion in Chemical Biology. 2011; 15(5):677–682. 
[PubMed: 21665522] 

102. Godek ML, Michel R, Chamberlain LM, Castner DG, Grainger DW. Adsorbed serum albumin is 
permissive to macrophage attachment to perfluorocarbon polymer surfaces in culture. Journal of 
Biomedical Materials Research. Part A. 2009; 88(2):503–519. [PubMed: 18306309] 

103. Sivaraman B, Latour RA. The adherence of platelets to adsorbed albumin by receptor-mediated 
recognition of binding sites exposed by adsorption-induced unfolding. Biomaterials. 2010; 31(6):
1036–1044. [PubMed: 19864017] 

Janson and Putnam Page 16

J Biomed Mater Res A. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



104. Sivaraman B, Latour RA. The relationship between platelet adhesion on surfaces and the structure 
versus the amount of adsorbed fibrinogen. Biomaterials. 2010; 31(5):832–839. [PubMed: 
19850334] 

105. Koh LB, Rodriguez I, Venkatraman SS. Conformational behavior of fibrinogen on 
topographically modified polymer surfaces. Physical Chemistry Chemical Physics. 2010; 12(35):
10301–10308. [PubMed: 20571633] 

106. Koh LB, Rodriguez I, Venkatraman SS. The effect of topography of polymer surfaces on platelet 
adhesion. Biomaterials. 2010; 31(7):1533–1545. [PubMed: 19945746] 

107. Horbett TA. Protein Adsorption on Biomaterials. Advances in Chemistry Series. 1982; (199):
233–244.

108. Norde W, Horbett TA, Brash JL. Proteins at Interfaces III: Introductory Overview. Proteins at 
Interfaces Iii: State of the Art. 2012; 1120:1–34.

109. Keselowsky BG, Collard DM, Garcia AJ. Integrin binding specificity regulates biomaterial 
surface chemistry effects on cell differentiation. Proc Natl Acad Sci USA. 2005; 102(17):5953–
5957. [PubMed: 15827122] 

110. Engler A, Bacakova L, Newman C, Hategan A, Griffin M, Discher D. Substrate compliance 
versus ligand density in cell on gel responses. Biophys J. 2004; 86(1 Pt 1):617–628. [PubMed: 
14695306] 

111. Lim JY, Dreiss AD, Zhou ZY, Hansen JC, Siedlecki CA, Hengstebeck RW, Cheng J, Winograd 
N, Donahue HJ. The regulation of integrin-mediated osteoblast focal adhesion and focal adhesion 
kinase expression by nanoscale topography. Biomaterials. 2007; 28(10):1787–1797. [PubMed: 
17218005] 

112. Yim EKF, Darling EM, Kulangara K, Guilak F, Leong KW. Nanotopography-induced changes in 
focal adhesions, cytoskeletal organization, and mechanical properties of human mesenchymal 
stem cells. Biomaterials. 2010; 31(6):1299–1306. [PubMed: 19879643] 

113. Gonzalez-Garcia C, Sousa SR, Moratal D, Rico P, Salmeron-Sanchez M. Effect of nanoscale 
topography on fibronectin adsorption, focal adhesion size and matrix organisation. Colloids and 
Surfaces B-Biointerfaces. 2010; 77(2):181–190.

114. Biggs MJP, Richards RG, Gadegaard N, Wilkinson CDW, Oreffo ROC, Dalby MJ. The use of 
nanoscale topography to modulate the dynamics of adhesion formation in primary osteoblasts 
and ERK/MAPK signalling in STRO-1+enriched skeletal stem cells. Biomaterials. 2009; 30(28):
5094–5103. [PubMed: 19539986] 

115. Coyer SR, Singh A, Dumbauld DW, Calderwood DA, Craig SW, Delamarche E, Garcia AJ. 
Nanopatterning reveals an ECM area threshold for focal adhesion assembly and force 
transmission that is regulated by integrin activation and cytoskeleton tension. Journal of Cell 
Science. 2012; 125(21):5110–5123. [PubMed: 22899715] 

116. Hall A. Rho GTPases and the actin cytoskeleton. Science. 1998; 279(5350):509–514. [PubMed: 
9438836] 

117. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell shape, cytoskeletal tension, 
and RhoA regulate stem cell lineage commitment. Developmental Cell. 2004; 6(4):483–495. 
[PubMed: 15068789] 

118. Kilian KA, Bugarija B, Lahn BT, Mrksich M. Geometric cues for directing the differentiation of 
mesenchymal stem cells. Proceedings of the National Academy of Sciences of the United States 
of America. 2010; 107(11):4872–4877. [PubMed: 20194780] 

119. Peyton SR, Kim PD, Ghajar CM, Seliktar D, Putnam AJ. The effects of matrix stiffness and 
RhoA on the phenotypic plasticity of smooth muscle cells in a 3-D biosynthetic hydrogel system. 
Biomaterials. 2008; 29(17):2597–2607. [PubMed: 18342366] 

120. Khetan S, Guvendiren M, Legant WR, Cohen DM, Chen CS, Burdick JA. Degradation-mediated 
cellular traction directs stem cell fate in covalently crosslinked three-dimensional hydrogels. 
Nature Materials. 2013; 12(5):458–465.

121. Teo BK, Wong ST, Lim CK, Kung TY, Yap CH, Ramagopal Y, Romer LH, Yim EK. 
Nanotopography modulates mechanotransduction of stem cells and induces differentiation 
through focal adhesion kinase. ACS Nano. 2013; 7(6):4785–4798. [PubMed: 23672596] 

Janson and Putnam Page 17

J Biomed Mater Res A. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



122. Khatiwala CB, Kim PD, Peyton SR, Putnam AJ. ECM Compliance Regulates Osteogenesis by 
Influencing MAPK Signaling Downstream of RhoA and ROCK. Journal of Bone and Mineral 
Research. 2009; 24(5):886–898. [PubMed: 19113908] 

123. Mammoto A, Mammoto T, Ingber DE. Mechanosensitive mechanisms in transcriptional 
regulation. Journal of Cell Science. 2012; 125(Pt 13):3061–3073. [PubMed: 22797927] 

124. Aragona M, Panciera T, Manfrin A, Giulitti S, Michielin F, Elvassore N, Dupont S, Piccolo S. A 
mechanical checkpoint controls multicellular growth through YAP/TAZ regulation by actin-
processing factors. Cell. 2013; 154(5):1047–1059. [PubMed: 23954413] 

125. Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, Zanconato F, Le Digabel J, 
Forcato M, Bicciato S, et al. Role of YAP/TAZ in mechanotransduction. Nature. 2011; 
474(7350):179–183. [PubMed: 21654799] 

126. Halder G, Dupont S, Piccolo S. Transduction of mechanical and cytoskeletal cues by YAP and 
TAZ. Nature Reviews. Molecular Cell Biology. 2012; 13(9):591–600.

127. Sun Y, Yong KM, Villa-Diaz LG, Zhang X, Chen W, Philson R, Weng S, Xu H, Krebsbach PH, 
Fu J. Hippo/YAP-mediated rigidity-dependent motor neuron differentiation of human pluripotent 
stem cells. Nature Materials. 2014

128. Tang Y, Rowe RG, Botvinick EL, Kurup A, Putnam AJ, Seiki M, Weaver VM, Keller ET, 
Goldstein S, Dai J, et al. MT1-MMP-dependent control of skeletal stem cell commitment via a 
beta1-integrin/YAP/TAZ signaling axis. Developmental Cell. 2013; 25(4):402–416. [PubMed: 
23685250] 

129. Yang C, Tibbitt MW, Basta L, Anseth KS. Mechanical memory and dosing influence stem cell 
fate. Nature Materials. 2014

130. Mosqueira D, Pagliari S, Uto K, Ebara M, Romanazzo S, Escobedo-Lucea C, Nakanishi J, 
Taniguchi A, Franzese O, Di Nardo P, et al. Hippo pathway effectors control cardiac progenitor 
cell fate by acting as dynamic sensors of substrate mechanics and nanostructure. ACS Nano. 
2014; 8(3):2033–2047. [PubMed: 24483337] 

131. Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri KW, Provenzano PP, Friedl A, 
Keely PJ. Aligned collagen is a prognostic signature for survival in human breast carcinoma. The 
American Journal of Pathology. 2011; 178(3):1221–1232. [PubMed: 21356373] 

132. Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, Reinhart-King CA, 
Margulies SS, Dembo M, Boettiger D, et al. Tensional homeostasis and the malignant phenotype. 
Cancer Cell. 2005; 8(3):241–254. [PubMed: 16169468] 

133. Butcher DT, Alliston T, Weaver VM. A tense situation: forcing tumour progression. Nature 
Reviews Cancer. 2009; 9(2):108–122.

134. Prodanov L, te Riet J, Lamers E, Domanski M, Luttge R, van Loon JJWA, Jansen JA, 
Walboomers XF. The interaction between nanoscale surface features and mechanical loading and 
its effect on osteoblast-like cells behavior. Biomaterials. 2010; 31(30):7758–7765. [PubMed: 
20647152] 

Janson and Putnam Page 18

J Biomed Mater Res A. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. ECM elasticity and its influence on cell behavior
(A.) Schematic illustrating the varied mechanical properties of different in vivo tissues.133 

(Adapted with permission from Macmillan Publishers Ltd: Nature Reviews Cancer, 9;2, 

copyright 2009.) (B.) Migration of human aortic smooth muscle cells depends on substrate 

elasticity in a biphasic manner. The dashed line represents a high ECM ligand density (8.0 

µg/cm2 fibronectin) whereas the solid line represents a low ECM ligand density (0.8 µg/cm2 

fibronectin).16 (Reprinted with permission from John Wiley and Sons, Inc.: Journal of 

Cellular Physiology, 204;1, copyright 2005.) (C.) Differentiation of MSCs in 3D matrices in 

vivo also depends on ECM elasticity, with maximal osteogenic differentiation observed for 

cells entrapped within hydrogels of intermediate rigidity (scale bar = 100 µm).33 (Adapted 

with permission from Macmillan Publishers Ltd: Nature Materials, 9;6, copyright 2010.)
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Figure 2. Lithographic method to fabricate nanopatterned substrates for cell culture
(A.) Illustration depicting method to produce nanotopographic surfaces via a multi-step 

lithographic process that involves first creating a polystyrene mold from a silicon master, 

and then transferring the topography to a secondary substrate (e.g., poly(dimethylsiloxane), 

or PDMS). Cells can then be seeded on these surfaces for experimentation.134 (Adapted with 

permission from Elsevier: Biomaterials, 31;30, copyright 2010.) (B.) Scanning electron 

microscopy (SEM) micrographs of nanopatterned poly(urethane acrylate) (PUA) substrates 

fabricated by UV-assisted capillary force lithography. Sizes range from 150 nm to 600 nm. 
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Scale bar 5 µm and 1 µm (inset).78 (Adapted with permission from the American Chemical 

Society: Biomacromolecules, 11;7, copyright 2010.)
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Figure 3. Physical topography can override chemical topography
Immunofluorescence images of mouse calvarial pre-osteoblasts on (A.) substrates patterned 

with chemical topography (fibronectin lanes) or (B.) substrates patterned with both chemical 

and physical topography perpendicular to one another. Analyses of cell orientation on the 

patterned surfaces in (A.) and (B.) via histograms of alignment in (C.) and (D.), respectively, 

suggest that physical topography more strongly influences cell alignment than chemical 

topography.46 (Adapted with permission from Elsevier: Biomaterials, 27;11, copyright 

2006.)
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Figure 4. Nanotopography influences alignment of cardiac myocytes
(A.) SEM micrographs of poly (ethylene glycol) (PEG) gels with nanotopography ranging 

from 50 to 800 nm in size.62 (B). SEM image of neonatal rat ventricular cardiac myocytes 

grown on fibronectin-coated nanopatterned PEG gel substrates show cells aligned with the 

underlying nanotopography. Inset shows transverse intercellular connections (scale = 5 µm). 

(C.) Immunofluorescent image of sarcomeric α-actinin (red) and nuclei (blue) observed in 

cardiac myocytes grown on nanopatterned PEG gel substrates (scale =10 µm). (D, E.) SEM 

micrographs illustrate that cells penetrate into nanometer grooves; ‘Mf’ depicts 

myofilaments (scale = 200 nm). (Adapted with permission from the National Academy of 

Sciences: PNAS, 107;2, copyright 2010.)
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Figure 5. Cell-generated forces unfold fibronectin in a manner that depends on ECM elasticity
A–C.) Ratiometric FRET-fibronectin images of MSC-assembled fibronectin on fibronectin-

functionalized polyacrylamide gels of varying stiffness after 24 hours in mixed media show 

that cells unfold fibronectin fibrils to a greater degree on more rigid substrates (red indicates 

folded fibronectin, blue indicates completely unfolded fibronectin, and yellow indicating 

partial unfolding). Scale bars = 50 µm. D–F.) Brightfield micrographs of MSCs cultured on 

fibronectin-functionalized polyacrylamide gels of varying stiffness after 7 day 

differentiation in mixed (osteogenic and adipogenic) induction medium supplemented with 

trace amounts of FRET-fibronectin stained for alkaline phosphatase (ALP) (blue arrows) 

and Oil Red O (red arrows). These images suggest the osteogenic differentiation of MSCs 

cultured on more rigid substrates correlates with cell-mediated fibronectin extension. Scale 

bars = 50 µm. G.) Differentiation percentage of MSCs (mean ± s.d., as determined by Oil 

Red O and ALP staining) after 7 days in mixed media on varied stiffness gels. (H.) 
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Differentiation percentage of MSCs (mean ± s.d., as determined by Oil Red O and ALP 

staining) after 7 days in single induction media on single strained fibronectin fibers 

confirmed that osteogenesis correlates with fibronectin strain, and not with cell shape (I.).13 

(Adapted with permission from Macmillan Publishers Ltd: Scientific Reports, 3, copyright 

2013.)
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Figure 6. Common intracellular signaling events triggered by changes in matrix elasticity and 
substrate topography
Evidence in the literature suggests that cells share common mechanisms to respond to both 

physical and chemical topography and matrix elasticity, in some cases leading to changes in 

gene transcription. Key molecular players include integrins, focal adhesion-associated 

proteins (FAK and others), RhoA/ROCK, MAPK, and YAP/TAZ. Actomyosin-driven 

tractional forces, which enable cells to mechanically probe their physical microenvironment, 

also appear to play a critical and conserved role in cells’ responses to ECM elasticity and 

topography.
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