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Abstract

The extracellular matrix (ECM) microenvironment consists of structural and functional molecules.

The ECM relays both biochemical and biophysical cues to and from the cells to modulate cell

behavior and function. The biophysical cues can be engineered and applied to cells by means of

spatial patterning, matrix rigidity and matrix actuation. Tissue engineering strategies that utilize

ECMs to direct stem cell organization and lineage specification show tremendous potential. This

review describes the technologies for modulating ECM spatial patterning, matrix rigidity,

chemical composition and matrix actuation. The role of ECMs in vascular tissue engineering is

then discussed as a model of tissue engineering and regenerative medicine.

Keywords

Stem cells; extracellular matrix; mechanotransduction; nanopatterning; micropatterning; skin;

spatial patterning; matrix rigidity

INTRODUCTION

Cells naturally reside within an extracellular matrix (ECM), which is a biological

scaffolding material that consists of structural and functional molecules.1 Besides providing

structural support to the cells, the ECM is a dynamic microenvironment that also plays a role

in modulating numerous cell functions, including cell survival, migration, proliferation, and

differentiation.2 Two decades ago, Langer and Vacanti pioneered the strategy of engineering

tissue constructs by culturing cells on or within a matrix.3 Since then, tremendous interest

has been placed into modulating matrix properties for tissue engineering applications, as

well as understanding the role of matrices in the physiological environment.

Many of the desirable properties of engineered matrix materials are inspired from their

physiological properties and functions. The ordered cellular geometries are, in part,

associated with the alignment of ECMs upon which the cells grow, suggesting a role of

ECM patterning on cellular orientation. Furthermore, solid tissues exhibit a range of matrix

rigidity, with a Young’s Modulus of ~1kPa for the brain to ~100 kPa for collagenous bone,

implicating the role of differential matrix rigidity in the maintenance of cell function and

specification of stem cell lineage. As a result, the desirable properties of matrix materials

would include being biocompatible; enabling cell survival and proliferation; biodegrading at
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a rate that is matched to the rate of native matrix secretion such that the neo-tissue is

functionally and structurally similar to that native tissue; and having mechanical and

physical properties similar to that of the native tissue.

Although the field of tissue engineering has made numerous advancements in the past few

decades, including the first successful autologous tissue engineered tracheal implant, a major

challenge is the fabrication of three-dimensional (3D) tissues that mimic the geometry and

material properties of physiological tissues. To address this challenge, micro- and nano-scale

technologies can be powerful tools for controlling matrix distribution and cellular

patterning. Additionally, matrix rigidity, composition and actuation can transduce signals

that modulate cellular behavior and tissue morphogenesis. This review will describe the

emerging technologies to control the matrix microenvironment for stem cell engineering and

regenerative medicine applications.

TYPES OF MATRIX MATERIALS

Matrix materials can generally be classified as naturally-derived or synthetic. Naturally-

derived ECMs include collagen, laminin, fibrin, matrigel and many others. These ECMs can

be extracted and purified from donor tissues. The advantages of these ECMs include their

natural biocompatibility and the ability to preserve the intact 3D structure. However, the

disadvantages of naturally-derived ECMs include the limited control of the physical and

mechanical properties, along with the potential contamination of pathogens in the case of

ECMs derived from non-human sources.

A unique naturally-derived ECM is decellularized matrix. Native tissues can become

decellularized by detergents or enzymes to render them free of DNA and intracellular

structural proteins.4 Such decellularized tissues retain tissue structural integrity as well as

many aspects of the matrix chemical composition such as glycosaminoglycan content. Upon

recellularization, the tissue can retain many aspects of native tissue structure and function.

This approach has been successfully demonstrated in decellularized heart, lung, liver, and

blood vessels.5–8

Besides naturally-derived ECMs, synthetic polymers can be used for the culture of cells for

tissue engineering applications. These materials can be produced by chemical synthesis or

recombinant DNA technology. For example, polyglycolic acid (PGA) and poly-L-lactic acid

(PLLA) are aliphatic polyesters that are widely studied as biocompatible materials for tissue

engineering. These materials can be synthesized by ring-opening polymerization and

degraded by hydrolytic cleavage of ester bonds. The mechanical properties and rate of

degradation can be modulated by the molecular weight of the polymers.9 Synthetic materials

mimic some of the properties of naturally-derived ECMs such as biocompatibility and

ability to provide structural support. However, in comparison to naturally-derived materials,

the biochemical and biophysical properties of synthetic materials can be more easily

controlled based on the chemistry of the material.

Synthetic materials can incorporate functional protein domains from naturally-derived

ECMs or other biomolecules to improve cell binding capacity or to release angiogenic

factors. For example, a family of artificial ECMs contains elastin-like domains interspersed

with RGD cell-binding domains.10 The elasticity and tensile strength of these materials

could be controlled by the cross-linking reactive residues interspersed within the elastin-like

domains. Besides ECMs, other biomolecules can be immobilized onto polymers using

polyethylene glycol (PEG), biotin, or heparin chemistries. For example, we have adhered

laminin and basic fibroblast growth factor (bFGF) to heparin-functionalized nanofibrous

PLLA scaffolds to simulate physical and biochemical environments that would promote
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neurite outgrowth and wound healing,11 and other groups have generated biodegradable

poly(ester urethane)urea (PEUU) scaffolds with controlled release of bFGF.12

While many synthetic degradable materials are degraded by hydrolysis, native ECMs are

generally degraded at enzyme-sensitive peptide (ESP) sequences by proteolytic enzymes.

For example, GPQG↓IAGQ peptide derived from collagen renders MMP-mediated

degradation,13 whereas YK↓NRD derived from fibrin enables plasmin-sensitive degradation

(where ↓ indicates cleavage site).14 As a result, synthetic ECMs containing ESPs can be

beneficial to tissue regeneration by mimicking the enzyme-mediated degradation properties

of natural ECMs. For example, Lutolf et al. demonstrated that PEG-based hydrogels

containing MMP-sensitive sequences embedded with bone morphogenetic protein-2 could

enhance cell infiltration and bone regeneration in a rat calvarial bone defect model.15, 16

Furthermore, the level of bone regeneration depended on the enzymatic sensitivity of the

incorporated substrate.

CONTROL OF ECM SPATIAL DISTRIBUTION AND ORGANIZATION

Cell shape regulates many aspects of cellular behavior, embryonic development, and stem

cell differentiation. The ECM exerts control over cell shape in part by modulating the micro-

scale and nano-scale ECM distribution and organization in two-dimensional (2D) and 3D

contexts. By using various 2D or 3D geometric patterning technologies in a controlled

environment, researchers have gained insights into the role of spatial patterning in cellular

function and behavior, including lineage specification of stem cells. It is recognized that

cells cultured on 2D or 3D environments vary in overall morphology, adhesion, migration,

gene expression, and generation of stress.17 For example, one group compared MV3

melanoma cell migration on hyaluronic-acid-containing 2D or 3D substrates, and showed a

direct correlation between migration rate with hyaluronic acid concentration on 2D

substrates, but not in 3D substrates. This difference may be attributed to conformational

changes due to substrate rigidity or the degree of polymerization. In another example,

smooth muscle cells (SMCs) embedded in 3D gels underwent a marked reduction in both

proliferation and phenotypic expression of smooth muscle α-actin, when compared to cells

in 2D collagen gels.18 Dimensionality has also been shown to influence stem cell

differentiation, as mouse embryonic stem cells (ESCs) cultured in 3D scaffolds more

efficiently differentiated towards hematopoietic lineages than on 2D substrates.19 Below we

briefly discuss some methods of 2D and 3D spatial patterning.

2D Spatial Patterning

To mimic physiologically ordered tissues in vitro, spatial patterning of ECM proteins can

direct cell organization, migration, proliferation, and differentiation.20 Numerous

technologies have been developed to geometrically pattern ECM proteins on the micro-

scale. These methods include soft lithography, dip pen nanolithography (DPN), electron

beam lithography, and ECM microarrays. Soft lithography is a set of microfabrication

techniques in which patterns are generated on a silicon wafer and then transferred onto a

deformable material such as polydimethylsiloxane (PDMS).21, 22 The topographically

patterned substrate can either be used directly for cell seeding, or serve as a template for

microfluidic patterning or microcontact printing (Figure 1A–B). Microfluidic patterning is a

procedure in which microchannel spaces between the PDMS template and contact surface

are used to guide the flow of ECM proteins and other molecules.23 This method enables

proteins to be deposited onto the contact surface in specified patterns. When microfluidic

networks with multiple inlets are used, gradients of ECM proteins can be deposited.24 Such

gradients enable the systematic study of haptotaxis, the migration of cells towards regions of

higher ECM density. Related to microfluidic patterning is microcontact printing, in which

the PDMS template is patterned with a matrix material or other molecule and then
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transferred to the cell culture substrate by conformal contact. The remaining non-patterned

areas on the cell culture substrate can be treated with bovine serum albumin or other

blocking agents to prevent non-specific cell attachment. Stencil-based techniques utilize the

opposite strategy in which the PDMS containing holes are placed on top of the cell culture

substrate (Figure 1C). When an ECM solution is deposited on the PDMS template, only the

areas of holes will be deposited by the ECM. The advantages of soft lithography include the

ability to generate micro-scale devices without the use of expensive photolithography

equipment and clean room facilities.22 However, the disadvantages of this technique include

the need for generating silicon wafers for each pattern of interest and the limited ability to

pattern multiple types of ECMs in close proximity.

Using soft lithography, we and others have previously demonstrated the ability to

micropattern cellular alignment, function, and cell fate.25–28 To study the role of cell shape

on stem cell specification towards adipogenic or osteogenic lineages, McBeath et al.

cultured human mesenchymal stem cells (MSCs) on micropatterned islands of fibronectin.28

Their results indicated that small (1024μm2) islands promoted adipogenesis rounded cellular

morphology, whereas large (10,000μm2) islands preferentially induced osteogenesis and

adherent morphology. The mechanism of such geometry-mediated effects appeared to be

related to F-actin assembly and Rho/Rock pathways. Besides individual cells, soft

lithographic tools can micropattern ESC colonies into strips or circular shapes. Lam et al.

showed that micropatterned substrates restricted differentiation of the colony periphery, but

supported growth and subsequent differentiation of cells in the center of colonies.27 The

tendency of differentiation was consistent with the reduction of β-catenin expression. These

examples demonstrate the utility of soft lithography as a tool for assessing the role of cell

shape and cell-cell interactions on stem cell differentiation.

Technologies to generate geometrically defined nanoscale patterning techniques enable the

cell-matrix interactions to be examined at high resolution. These methods include DPN and

electron-beam lithography. DPN is a direct contact printing technique in which an atomic

force microscopy (AFM) tip deposits chemical reagents onto a substrate by capillary

transport.29 DPN can be used to print a variety of molecules, including proteins and

antibodies, at sub-micron distance apart. The advantages of this approach include the ease of

patterning without the use of silicon templates as well as the ability to print multiple types of

molecules at sub-micron resolution. Another technique is electron-beam lithography, in

which electron-sensitive resist is exposed to electron beams that make the exposed areas

soluble or insoluble to solvents. Electron-beam lithography does not require a physical mask

and is suitable for nanopatterns with 3-nm resolution.30

Recent developments now enable rapid high-throughput patterning of multiple ECMs on the

same substrates. Using similar technology for printing DNA microarrays, ECM microarrays

can be printed on glass slides to determine the effect of ECM on cell functions. Flaim et al.

developed an ECM array to assess the optimal ECM conditions to maintain hepatic

phenotype or induce hepatic differentiation of murine ESCs.31 The authors further examined

the combinatorial effects of chemical signaling and ECMs on cardiac differentiation of

ESCs.32 Anderson et al. probed the induction of human ESC differentiation on microarrays

consisting of combinations of acrylate, diacrylate, dimethacylate, and triacrylate

monomers.33 Besides probing for cell phenotype, this technology platform can also be used

to deposit patterns of multiple ECMs on the same cell culture substrate for modulating cell

attachment and alignment.34 These high-throughput patterning methods usually have a

resolution of hundreds of microns, which make them more appropriate for the studies at

multicellular level.
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3D Spatial Patterning

Besides 2D patterning, micro- and nano-scale features can also be created within 3D

scaffolds. In comparison to 2D constructs, 3D tissues better mimic the complexity and size

of the physiological ECM environment. Furthermore, the fundamental differences in cell

behavior and function between 2D and 3D environments are well-recognized.35 As a result,

there is tremendous interest in the fabrication of 3D tissues. A variety of methods have been

developed for the fabrication of 3D scaffolds (Figure 2). Conventional methods include salt-

leaching, gas-foaming, and vacuum-drying, but these techniques suffer drawbacks in the

insufficiency of interconnectivity among the pores as well as uneven dispersion of pores

throughout the matrix. Furthermore, the limitations in size and the potential persistence of

organic solvents in the scaffold present challenges for the clinical use of these types of

scaffolds. Nevertheless, the porous scaffolds that were fabricated from these methods

promoted the formation of 3D tissue-like structures. For example, Levenberg et al.

demonstrated the ability for 3D PLLA/poly(lactic-co-glycolic acid) (PLGA) polymer

scaffolds to support the differentiation of human ESCs and formation of complex structures

such as vessel-like and rosette-like ductular structures.20

3D scaffolds can also be generated with micro-scale control of physical features. One

method is the stacking of microfabricated polymer films. This technique has been utilized to

stack 5 to 35 layers of polymer films containing networks of vascular channels that are

joined to neighboring networks in the vertical direction by machined through-holes.36 3D

printing (3-DP) is another method of generating scaffolds with defined patterns using

computer-aided design models. 3-DP is a fabrication process that utilizes ink-jet printing to

deposit binder material into sequential powder layers.37 3-DP allows precise control of the

scaffold architecture to enable the formation of interconnected pores. Numerous polymers

have been used for generating 3D scaffolds using this process. The advantage of 3-DP

include the flexibility of patterning desired 3D microstructures. On the other hand, the

disadvantages of 3-DP include the use of organic solvents that can limit the feasibility of

incorporating soluble factors or cells into the scaffold structure.

Numerous studies demonstrate the feasibility of 3-DP for tissue engineering applications.

For example, copolymers of poly-lactic acid (PLA) and poly-glycolic acid (PGA) were

fabricated into scaffolds by 3-DP before seeding with hepatocytes and nonparenchymal

cells.38 When subjected to dynamic flow, the engineered construct produced significantly

higher levels of albumin than under static conditions. To eliminate the use of organic

solvents, recent studies utilize indirect methods of 3-DP, in which molds are printed and the

final materials are subsequently cast into the mold.39 To examine the role of scaffold

architecture on SMC growth, PLGA scaffolds were printed by indirect 3-DP technique with

varying sizes of villus diameter, height, and intervillus spacing (0.5–1 mm).40 The findings

suggest that small villi features (0.5 mm) supported significantly higher cell density within

the scaffold than large villi features (1 mm) after 2 weeks of culture.

Another 3D matrix fabrication technology is direct-write assembly. This approach utilizes

robotic deposition of nanoparticle, fugitive, and polyelectrolyte inks to generate structural

features at the submicron and micron scale.41–43 Direct-write involves extrusion of the ink

in a filamentous form that is patterned one layer at a time.44 This method was used to

successfully fabricate 3D microvascular networks with defined connectivity.41 To test the

therapeutic potential of scaffolds engineered by direct-write assembly, hydroxyapatite

scaffolds generated by direct-write were implanted into trephine defects of rabbit, and the

scaffolds were shown afterwards to be osteoconductive and promoted the formation of new

trabecular bone.45
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A recent development in the fabrication of nano- and micro-scale matrices is

electrospinning. This technology enables the generation of 3D scaffolds with the 3D control

of the surface topography. In the electrospinning process, a high-voltage electrostatic field

causes an electrically charged polymer solution to spin to a grounded collector plate. As the

nano- or micro-scale liquid stream reaches the plate, it forms a nano- or micro-scale fibrous

strand after the liquid evaporates.46 A stationary collector plate can generate a matrix of

randomly oriented fibers, whereas a rotating drum collector can be used to prepare aligned

fibrous networks.47 Electrospinning technology has been to generate nanofibrous substrates

to culture a variety of cell types, including skeletal myoblasts, MSCs, SMCs, ECs, and

cardiomyocytes.25, 48–50

Nanofibrous textured substrates can promote cell viability and adhesion, guide cell

migration and organization, modulate cell proliferation, and direct stem cell lineage

specification.51, 52 We have previously shown that human MSCs remain viable and aligned

when cultured on aligned PLLA nanofibers with diameters mimicking the physiological size

of collagen fibrils (500–1000nm).49 It has been also shown that human MSCs cultured on

collagen I nanofibers (~400nm diameter) have significantly faster adhesion, compared to

collagen cast film.53 The spatial organization of nanofibers appears to induce phenotypic

and functional changes as well. For example, myoblasts cultured on parallel-aligned PLLA

nanofibers exhibited inhibited proliferation concomitantly with inducing the formation of

longer multi-nucleated myotubes, when compared to randomly oriented nanofibers.25 In

addition, electrospun polyurethane scaffolds were also shown to support neuronal

differentiation of human ESCs, based on the expression of dopaminergic tyrosine

hydroxylase (TH) and the appearance of neurite extensions that connected to adjacent

cells.54 These studies demonstrate the application of 2D and 3D printing strategies for

regulating cellular geometry of stem cells to direct organization and lineage specification.

Although spatial patterns are valuable for the understanding of cell-ECM interactions, they

may not capture the complexity of physiological ECMs. Nevertheless, these technologies

provide a useful model for studying the role of geometric patterning on cell and tissue

behavior. In addition, some spatially patterned ECMs may be lacking in mechanical

strength, durability, porosity, and elasticity to resemble those of physiological tissues. One

challenge is to create electrospun scaffolds with sufficient porosity for cell infiltration. There

has been progress in using salt leaching, fiber alignment and heparin modification to

increase cell infiltration.55, 56 Many new methods that combine electrospinning with

microfabricated templates and laser ablation are under development. Next generation

patterning methods may also incorporate controllable degradation properties, multi-

component ECM compositions, and tunable mechanical properties.

THE EFFECTS OF MATRIX RIGIDITY

Besides spatial patterning, another matrix property that regulates cellular and tissue behavior

is the matrix rigidity. Matrix rigidity is a bulk property of the material that is often described

by the apparent Young’s modulus. Physiologically, matrix rigidity varies over three orders

of magnitude from bone to soft tissues, but it can be altered due to injury or disease.57 The

mechanosensing structures within the cells include integrins and focal adhesions, which

regulate the mechanotransduction process that ultimately affects cell morphology, migration,

proliferation, and differentiation.

In order to study the role of matrix rigidity on cell behavior that is independent of chemical

composition, Pelham and Wang developed a robust method to vary the matrix stiffness of

polyacrylamide gels by changing the concentration of acrylamide and bis-acrylamide

crosslinker components, while maintaining the same chemical composition.58 Since the
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development of polyacrylamide gels for controlling rigidity, other methods have been

established using different hydrogels (e.g., PEG, alginate) and PDMS.59–61 Rigidity alone

was shown to modulate fibroblast migration speed, as cells on soft substrates were

associated with lower spreading area and faster migration rates, in comparison to rigid

substrates.58 Furthermore, matrix rigidity also modulates the directionality of migration in a

process known as durotaxis, in which cells tend to migrate from soft to hard substrates.62

The mechanism of the mechanosensing ability was associated with the αvβ3 integrin, as it

was shown to colocalize at the leading edge during fibroblast migration on fibronectin

substrates, and inhibiting the integrin with antibodies could impair the ability to sense

fibronectin rigidity.63 In addition, fibroblasts could modulate actin cytoskeleton assembly to

adapt their cellular rigidity with that of the substrate.64 By modifying matrix rigidity along

with spatial patterning, Madden et al. demonstrated enhanced cardiomyocyte function.65

The authors cultured human ESC-derived cardiomyocytes in poly(2-hydroxyethyl

methacrylate-co-methacrylic acid) hydrogel containing parallel channels and interconnected

pores, and showed that the cardiomyocytes enhanced their survival and proliferation within

these scaffolds for 2 weeks, reaching densities similar to that of adult hearts.

Rigidity not only modulates the behavior of differentiated cells, but it can also impart

lineage commitment cues on stem cells. For example, Engler et al. demonstrated that when

the substrate rigidity was matched to that of the physiological tissue rigidity, it could

selectively induce MSC differentiation on towards osteogenic, muscular, and neuronal

lineages.66 Indeed, soft matrices that resemble brain tissue stimulated neurogenesis, whereas

rigid matrices resembling bone tissue induced osteogenesis. Transcriptional profiling further

elucidated the upregulation of neurogenic markers on soft gels (0.1–1 kPa), myogenic

markers on intermediate gels (11 kPa), and osteogenic markers on stiff gels (34 kPa). The

mechanism of matrix-mediated lineage specificity appeared to be related to nonmuscle

myosin II, as demonstrated by the loss of lineage specificity after treatment with

blebbistatin, an inhibitor of non-muscle myosin II.

To elucidate the mechanism by which ECM cues are ultimately transformed into signaling

pathways that modulate gene expression changes, a recent study demonstrated that ECM

rigidity regulates the differentiation of MC3T3-E1 pre-osteoblasts through the involvement

of the mitogen-activated protein kinase (MAPK) pathway.67 When pre-osteoblasts were

cultured on PEG substrates of varying rigidity, it was found that alkaline phosphatase levels

were significantly higher on rigid (~400 kPa) substrates when compared to soft (~14 kPa)

substrates, suggesting that rigid substrates promoted osteogenesis. Similar trends were also

observed for osteocalcin and sialoprotein gene expression levels. Concomitantly, MAPK

activity was higher on stiffer substrates, compared to soft substrates, and pharmacological

inhibition of MAPK activity resulted in lower expression levels of alkaline phosphatase,

osteocalcin, and sialoprotein on both soft and rigid substrates. Taken together, these studies

demonstrate that matrix rigidity plays an important role in regulating cell behavior and cell

fate.

Commonly used materials for controlling matrix rigidity such as polyacrylamide or PDMS

are generally synthetic materials. However, since these synthetic polymers have limited

biocompatibility for in vivo applications, one of the challenges is to develop materials with

controllable rigidity and improved biocompatibility. This is particularly important for 3D

culture. Furthermore, with the current approach, the increase of ECM rigidity is usually

coupled with the decrease of porosity, making it difficult to study the rigidity effects in 3D

environment. The range of rigidity is another concern. The rigidity of hydrogels may be

manipulated easily within the range of tens of kPa, but different types of tunable materials

need to be developed to create well-defined rigidity between hundreds of kPa and tens of

MPa for the most of soft tissues. Further research is also needed to understand the molecular
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mechanisms by which rigidity cues ultimately result in the changes in cell function and

behavior.

CHEMICAL SIGNALING OF ECMS

Besides transducing physical and mechanical cues, ECMs also transfer chemical signals

through membrane-associated signal transduction molecules like cell surface receptors,

which in turn relay the signal to intracellular molecules that activate downstream pathways

governing cell phenotype and function. As a result, ECM chemical composition alone has

been shown to modulate stem cell renewal and cell fate. For example, hyaluronic acid (HA),

a non-sulfated linear polysaccharide of (1-β-4)d-glucuronic acid and (1-β-3)N-acetyl-d-

glucosamine that is abundantly expressed in human ESCs and in the developing embryo,

supported ESC pluripotency by binding to CD44 and CD168 cell surface receptors.68 In

particular, CD44 mediated HA-induced cell proliferation and survival pathways, whereas

CD168 participated in HA-induced cell locomotion. Using high-throughput ECM

microarrays, the compositions that support ESC renewal can also be quantified. Brafman et

al. screened 320 unique signaling environments and reported that the optimal condition

supporting long-term human ESC renewal was composed of human collagen I, collagen IV,

fibronectin, and laminin.69 This ECM composition promoted cell proliferation while

sustaining the expression of pluripotency markers such as Nanog and Oct3/4.

Besides promoting pluripotency, specific ECM compositions or binding domains can

promote lineage specification. To explore the specificity of integrin binding by fibronectin’s

central binding domains (FN III9–10) and their effect on stem cell differentiation, Martino et

al. generated fibrin matrices that were functionalized with FN III9–10 variants with varying

specificities to integrin α5β1.70 Their data demonstrated that variants with greater specificity

for the α5β1 integrin significantly induced MSC differentiation towards osteogenic lineages

in both 2D and 3D environments. To assess ligand-mediated interactions on chondrogenic

differentiation, MSCs were encapsulated within the 3D RGD-functionalized PEG hydrogels

containing an MMP-13 cleavage linker.71 The results show that the cells embedded in

hydrogels with enzymatically cleavage RGD sequences produced 10 times more

glycosaminoglycan as cells with uncleavable RGD functionalities, suggesting that temporal

regulation of integrin-binding peptides regulate stem cell differentiation.

ECMs have also been shown to modulate cellular haptotaxis, the directional migration of

cells along an ECM gradient. Experimental systems that regulate ligand gradients provide

further information about directional cellular movements. Microfluidic systems and other

microfabricated substrates have been frequently used to generate gradients of ECMs and or

other chemical factors. For example, using micropatterned parallel strips of collagen I, we

have previously shown that ECs develop focal adhesions and migrate towards areas of

higher surface collagen density.72 To explore the contribution of surface density and

concentration profiles on intestinal cell migration, Gunawan et al. generated microfluidic

gradients of laminin with either similar change in local concentration (same gradient

steepness) or different gradients with similar local concentration.24 Their results showed that

cells migrated towards increasing laminin concentrations, independent of gradient steepness.

Cell migration was also independent of gradient steepness at the same local concentration.

However, directional cell migration was inhibited at high laminin densities. The ability of

fibroblasts to sense the ECM gradient appears to be related to intracellular signaling proteins

such as N-WASP, activated Cdc42, and FAK.73 Overexpression of N-WASP and activated

Cdc42 led to increased directional migration, whereas overexpression of FAK increased the

persistence of directional cell migration. Such studies provide additional clues of the

signaling pathways that regulate directional cell migration.
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ECM and synthetic matrix can also serve as a reservoir for the release of proteins, genes or

drugs. For example, Mooney and colleagues demonstrated the release of VEGF from

alginate hydrogels to stimulate neovascularization after femoral artery ligation.74 In tissue-

engineered intestines, sustained VEGF release was achieved by transplanting intestinal

organoids seeded on PGA scaffolds embedded with VEGF-containing PLGA

microspheres.75 A hydrogel composite of oligo(poly(ethylene glycol)fumarate)-

encapsulated rabbit marrow MSCs and transforming growth factor-β (TGF-β)-containing

gelatin microparticles was examined for cartilage tissue engineering applications.76 The

authors demonstrated that the gene expression of chondrocyte-specific type II collagen and

aggrecan was only induced in groups containing TGF-β-containing gelatin microparticles in

a manner dependent on TGF-β concentration. As an alternative to delivering proteins,

Goldstein and colleagues examined gene delivery from plasmids embedded in polymer

matrix for the repair of canine bone defects.77 They showed that the gene-activated matrices

induced the gene expression for 6 weeks as well as bone formation. In addition to plasmid

gene delivery, viruses can also be delivered by polymer-based approaches. Virus-

encapsulated electrospun fibrous scaffolds have been shown to promote sustained and

localized transduction with at least one month of transgene expression.78

Although ECMs relay chemical cues to the cells, this process is often concurrent with other

dynamic mechanical cues, such as compressive loading, shear stress, or mechanical strain.

As a result, cellular responses to ECM cues under static conditions may not capture the true

behavior of cells under dynamic conditions. Furthermore, since the relay of ECM signaling

occurs both inside-out as well as outside-in, not only are cells influenced by the ECM, but

ECM may also be remodeled according to the cues from the cells, which results in a

dynamic ECM environment. Since ECM is also a depot for many growth factors and

cytokines, how to control the release of these bioactive factors from ECM needs further

investigation.

STIMULUS-RESPONSIVE MATERIALS

“Smart materials” that can become bioactive by external stimulation have become very

attractive for regenerative medicine applications. These materials can be changed or tuned

by diverse stimuli, including light, temperature, and magnetic or electric fields. External

actuation enables controlled stimulation, which are beneficial for regenerative medicine

applications in which the release of soluble factors, cell encapsulation, or tissue remodeling

may be required. Below we briefly describe several types of stimulus-responsive ECMs.

Light is a convenient and accurate stimulus to light-responsive polymers. They have

potential for applications in the development of optical switches and delivery of drugs or

growth factors.79 For example, spiropyran is a photo-responsive molecule that isomerizes in

the presence of UV light from the hydrophobic spiro conformation to the hydrophilic

conformation.80 Poly(spiropyran-co-methyl methacylate)-coated substrates were shown to

stimulate UV-regulated release of fibrinogen, platelets, and mesenchymal stem cells.81

When spiropyran was incorporated into side chains of poly(N-isopropylacrylamide)

(PNIPAAm), this material became a photo-responsive culture surface that enhanced cell

attachment in the presence of UV light or reversibly stimulated cell detachment with visible

light followed by thermal annealing.82 Azobenzene is another photo-responsive molecule

that isomerizes reversibly by UV light from trans to cis form. The RGD-modified

azobenzene derivatives tethered to poly(methyl methacylate) has been demonstrated to

regulate cellular attachment by UV illumination.83

Thermo-responsive polymers are a commonly employed stimulus-responsive system. These

polymers are characterized by a critical solution temperature in which the phase of the
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polymer and that of the solution are discontinuously changed based on temperature.84 When

thermo-responsive polymers are heated above a critical temperature, they either become

insoluble in the case of having a lower critical solution temperature (LCST), or they become

more soluble in the case of having a upper critical solution temperature (UCST).85 Some

thermo-responsive polymers commonly studied are PNIPAAm that have a transition

temperature near body temperature, and poly(N,N′-diethylacrylamide) (PDEAAm) that

have a transition temperature of 25–35°C.79 The critical temperature can also be modified

by the addition of hydrophilic or hydrophobic groups. When thermo-sensitive and

biodegradable poly(ethylene oxide) and poly(L-lactic acid) hydrogels loaded with bioactive

molecules were injected subcutaneously, the hydrogel provided sustained release of drugs in

vivo.86

Magnetic fields have also been employed for modulating polymer behavior. Tranquillo et al.

demonstrated that magnetic fields can orient collagen fibrils circumferentially.87 In addition,

polymers embedded with magnetic additives can respond to externally applied magnetic

fields to initiate bioactivity. Commonly used magnetic particles include magnetite,

maghemite, silica, iron, cobalt, and nickel.88 The magnetic particles can be incorporated to

polymers such as PLGA, PLA, and chitosan by single emulsion-solvent evaporation, solvent

diffusion, or nanoprecipitation methods.89, 90 Magnetic-sensitive silica nanospheres (50nm

in size) loaded with ibuprofen exhibited controlled burst drug release upon stimulation with

high frequency magnetic field.91 For the applications of orally administrated protein

therapy, Cheng et al. co-encapsulated insulin with PLGA microparticles and then assessed

their effect on hypoglycemia in mice in the presence of an external magnetic field.92 The

authors reported a significantly improved hypoglycemic effect in mice that were subjected

to the external magnetic field, suggesting that magnetic fields could improve the efficiency

of orally administered proteins.

In addition to magnetic fields, electric fields can also influence the behavior of materials.

The advantages of electric field stimulation include the control over magnitude and duration

of the electric pulses.84 Electro-sensitive hydrogels can swell, shrink, or deform depending

on the electric field. They are promising for the development of sensors, artificial tissues,

and drug delivery systems.93 Over two decades ago, Tanaka et al. reported the effect of

electrical fields in the volume change of polyacrylamide gels.94 With increasing applied

voltage, the polyacrylamide gels shrank and collapsed. For artificial muscle therapeutic

applications, acrylamide/acrylic acid copolymer and polypyrrole/carbon black have been

used for electrical stimulation under low applied potential.95 Under electrical field

stimulation, Kim et al. revealed that polycation hydrogels like chitosan/polyacrylonitrite

appear to deform toward the anode, whereas polyanion hydrogels like hyaluronic acid/

poly(vinyl alcohol) bend toward the cathode.96, 97

While stimulus-responsive materials are useful in the local manipulation of materials and

actuation of cells, these materials also have many applications in regenerative medicine

applications. For example, thermo-sensitive materials have been used to create cell sheets

for tissue engineering.98 Light-sensitive gels can be used to generate gradient of surface

properties by designing appropriate masks with gradient pattern.99 Although stimuli-

responsive materials possess unique properties that enable local actuation, in many cases the

actuation is transient and irreversible, which limits the use of these materials to tentative

matrix or scaffold materials.
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ENGINEERING ECMS FOR VASCULAR DIFFERENTIATION AND TISSUE

REGENERATION

Blood vessels are organized in three concentric layers, namely an intimal endothelial cell

(EC) monolayer, a medial layer of SMCs, and a fibroblast-rich adventitial outer layer. As a

result of injury or disease, the vessels become prone to atherosclerotic lesions or other

deposits that can restrict the circulation and potentially lead to myocardial infarction, stroke,

atherosclerosis, or peripheral arterial disease. Despite the improvement in the quality of life

by bypass surgeries, there is still a growing demand for engineered vascular grafts when

donor vessels for bypass surgeries are unavailable, particularly for small-diameter grafts

(<6mm diameter).

A number of polymer-based vascular grafts have been used commercially for vascular

intervention. For example, one of the first FDA-approved vascular grafts is Artegraft, a

tubular-shaped collagen graft prescribed as an arterial patch, an arterial bypass, and a

femoropopliteal bypass. The product has mechanical strength but is also compliant and

supports long-term patency. Although acellular vascular grafts have shown therapeutic

benefits, they have the potential risk of thrombosis and occlusion, particularly for small

diameter vascular grafts. As a result, engineering non-thrombogenic cellularized or acellular

vascular grafts is a promising alternative.

Early studies demonstrated the feasibility of generating vascular conduits composed of cells

embedded within a 3D scaffold. For example, Weinberg et al. generated a vascular conduit

using SMCs in collagen gel that is lined with ECs and supported by a Dacron mesh.100

L’Heureux et al. reported the feasibility of generating tri-laminar vascular grafts in the

absence of exogenous ECMs. To do this they cultured sheets of SMCs and wrapped them

around a tubular support to mimic the medial layer, next wrapped a sheet of fibroblasts

around the SMC layer to generate the adventitial layer, and finally seeded ECs in the

luminal side of the vascular graft.101 A derivative of this approach is the fabrication of a

bilayered vascular graft that contains concentric layers of ECs and fibroblasts.102 In

addition, Niklason et al. demonstrated the feasibility of engineering vessels using a tubular

PGA porous scaffold seeded with ECs and SMCs.103 The engineered vessels were

mechanically strong and remained patent for up to 24 days after in vivo transplantation.

Although “smart materials” are still at early stages in the generation of vascular grafts, some

studies have utilized these materials for generating vascularized tissue constructs. In vitro

studies have shown that aligned matrix strips and microgrooves can guide the organization

of SMCs in a way similar to that in native arteries and suppress SMC proliferation.104 The

micropatterning method was also combined with thermosensitive hydrogel to engineer SMC

sheet for vascular grafts construction.105 Recent approaches seek to fabricate vascular grafts

with more physiologically relevant structure or function to those of native vessels by

regulation of ECM spatial geometry. Using electrospinning technology to mimic the fibrous

structure of physiological collagen, Hashi et al. showed that interpositional grafts composed

of MSC-seeded PLA nanofibrous scaffolds supported long-term patency and the formation

of EC and SMC layers in vivo.49 Furthermore, the electrospun nanofibers aligned in the

circumferential direction to help organize cells in the vascular wall, and the deposition of

collagen and elastin was prominent in the cell-seeded grafts. The patency of the vessels

appeared to be related to the anti-thrombogenic property of MSCs, which could be attributed

in part to heparin sulfate proteoglycans on the MSC cell surface. In a later study, the authors

developed microfibrous PLA scaffolds conjugated with hirudin and PEG that inhibit platelet

adhesion and improve in vivo patency.106 Not only did the grafts support in vivo cellular

infiltration, but the grafts also showed increased mechanical strength, as assessed by elastic

moduli of 3.5 to 11.1 MPa after 6 months of implantation. Bilayered electrospun vascular
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grafts composed of PCL and collagen were also shown to support EC organization and SMC

infiltration by modulating fiber diameters.107 Nanofibers of 0.27μm fiber diameter

supported ECs organization of focal adhesions and actin stress fiber assembly in the

direction of the fiber direction, whereas larger fiber diameters (4.45μm) enhanced SMC

infiltration. The bilayered scaffolds consisting of smaller fibers diameters in the EC layer

and larger diameters in the outer layer appeared to improve vessel formation.

It appears that ECM rigidity is important for SMC differentiation in vascular grafts. When

MSCs were used to construct vascular grafts, they differentiated into SMC lineage on stiffer

substrates while differentiated into chondrogenic cells on soft substrates.108 These

differential effects were further enhanced by TGF-β treatment. This observation suggests

that appropriate stiffness of scaffold materials need to be used for vascular grafts and

hydrogels are not optimal for SMC differentiation.

Chemical signaling of ECMs plays an important role in regulating stem cell specification

towards vascular lineage. For example, we previously demonstrated the differential

induction of vascular genes in human MSCs when cultured on substrates coated with fibrin,

collagen I, laminin, or fibronectin. In the absence of growth factors, collagen I polymer

substrates significantly induced the gene expression of endothelial markers FLK1 and VE-

cadherin, whereas fibrin induced the expression of smooth muscle markers calponin and

smooth muscle α-actin.109 Direct culture on decellularized microvascular EC matrix was

also shown to promote MSC differentiation towards vascular lineage, based on induced gene

expression of vascular markers PECAM1 and smooth muscle α-actin, along with enhanced

tube-like formation in matrigel, when compared to MSCs cultured on tissue culture

plastic.110 The inductive effect could only be partially attributed to paracrine factors, since

indirect culture of MSCs with ECs led only to slight enhancement of EC markers and no

effect on SMC markers, suggesting a role of direct ECM interaction on MSC differentiation.

Recently, stimulus responsive materials have also been used for vascular tissue engineering.

In one study, ECs were cultured on thermo-responsive PNIPAAm micropatterned strips 20

μm-wide cell-adhesive lanes with 60-μm non-adhesive zones.111 Layers of micropatterned

strips of ECs were then detached by temperature change and collected onto a gelatin-coated

surface. The layers of EC strips were alternated with monolayer sheets of fibroblasts. The

multi-layered tissue construct maintained the organization of ECs in the formation of

vascular-like networks. In a later study in which temperature-responsive dishes were used to

create stacked EC sheets sandwiched between sheets of myoblasts, the ECs formed network

structures in vitro.98 Furthermore, when the multi-layered sheet constructs were implanted

subcutaneously into nude rats, the sheets supported neovascularization and graft cell

survival, highlighting the benefit of prevascularizing the myoblast construct prior to

transplantation.

Although significant progress has been made in modulating ECMs and directing stem cell

differentiation for vascular tissue engineering, there remain a number of hurdles that limit

the clinical applicability of stem cell-based vascular grafts. Designing materials with

adequate mechanical properties and desirable biological functions such as sustained release

of bioactive molecules remains a challenge. Overcoming the potential of immune rejection

caused by stem cells and xenoproteins during cell culture is another obstacle. In addition, the

molecular signaling pathways that guide stem cell differentiation towards vascular lineages,

as well as cell-matrix interactions, will be important to elucidate. As improved vascular

grafts become available, the scalable production and storage of these engineered vessels will

become another consideration. Overcoming these limitations will require multidisciplinary

effort and innovative thinking.
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SUMMARY AND FUTURE DIRECTIONS

In summary, the ECM microenvironment modulates cellular behavior in part by imparting

cues by spatial patterning, substrate rigidity, chemical signaling, and matrix actuation

(Figure 3). Although ECMs play an important role in tissue engineering and regenerative

medicine, a number of concerns need to be addressed with respect to ECMs before tissue

engineering can reach its full potential. Among them include the possible transmission of

infectious diseases from the animals or human cadaveric donor tissue for ECM harvesting.

In this regard, synthetic matrices overcome the concern of disease transmission. As the role

of spatial patterning and rigidity of ECMs continues to become elucidated, the knowledge

gained will facilitate the fabrication of ECMs that more accurately mimic the geometric

complexity and material properties of physiological tissues. 3D ECM environments will

become an increasingly important platform for evaluating cellular behavior and function.

Furthermore, the roles of mechanical stimulation on engineered grafts will also be important

to examine as shear stress and mechanical strain not only remodel the cells but also the

ECM upon which the cells are grown. By building on the advancements of cell culture tools

and engineering technologies, it is anticipated that we will improve the ability to create

modulate matrix microenvironments for controlling of cell function and engineering tissues.
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Figure 1.
Schematic of 2D micropatterning of ECM using soft lithography by A. microcontact

printing, B. microfluidic printing, or C. stencils.
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Figure 2.
3D patterning methods. A. PLGA porous scaffold generated by salt leaching. B. PLLA

nanofibrous scaffold generated by electrospinning. Scale bar, 100μm (A), 50μm (B).
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Figure 3.
The role of the extracellular matrix (ECM) microenvironment on cell behavior and function.

The ECM exerts its effects on cells by means of spatial patterning, rigidity, and chemical

signaling.
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