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Review
Cells constantly probe and respond to a myriad of cues
that are present in their local surroundings. The effects
of soluble cues are relatively straightforward to manip-
ulate, yet teasing apart how cells transduce signals from
the extracellular matrix and neighboring cells has proven
to be challenging due to the spatially and mechanically
complex adhesive interactions. Over the years, advances
in the engineering of biocompatible materials have en-
abled innovative ways to study adhesion-mediated cell
functions, and numerous insights have elucidated the
significance of the cellular microenvironment. Here, we
highlight some of the major approaches and discuss the
potential for future advancement.

Introduction
Cells interact with the surrounding microenvironment by
processing various chemical and physical signals. Studies
of growth factors, including cytokines and hormones, have
clarified mechanisms by which cells transduce soluble
extracellular signals. In contrast, the current understand-
ing of how insoluble cues, such as adhesion to the extra-
cellular matrix (ECM) or neighboring cells, are integrated
to generate cellular functions is less clear. To understand
why this disparity exists, one only needs to appreciate the
relative complexity of adhesive interactions, compared to
processing soluble cues.

For most growth factors, the primary mechanism for
signal transduction is mediated by binding to cell-surface
or nuclear receptors. Although there may be effects of
nonlinear cooperativity, multivalent ligand-induced
avidity or downstream feedback regulation, the basic
mechanisms often can be captured using steady-state
approximations to describe receptor–ligand kinetics. In
this case, the main parameters that one must consider
are the concentration of soluble molecules and their bind-
ing to receptors, which dictate downstream cascade signal-
ing. By contrast, the signals mediated by cell adhesion are
regulated by numerous molecular and mechanical process-
es; namely, the ligation and clustering of integrins,
changes in adhesion dynamics and signaling, cytoskeleton
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organization, cell shape and polarity, and the generation of
myosin-mediated mechanical stress between cells and the
ECM. Cells attach via transmembrane integrin receptors
that bind to specific motifs on the matrix proteins, such as
fibronectin, collagen, and vitronectin [1,2]. Upon ligand
binding, the receptors are proposed to undergo activation
and clustering to induce intracellular signaling events [3].
Adhesions are also linked to the actin cytoskeleton and
over 150 proteins [4,5], whichmakes themmajormolecular
hubs where mechanical forces and biochemical signals
converge for various cellular functions, including tissue
organization, migration, and differentiation [6–11]. The
coupling to actin and signaling proteins forms a feedback
loop that regulates both adhesion dynamics [12–14] and
force transmission between the cell and the ECM (Box 1)
[15,16]. The substrate parameters, such as composition,
architecture and rigidity also serve as input signals to
modulate the feedback mechanism. As a result, the spatial
organization and mechanical properties of the matrix pro-
vide additional layers of control on the cell–ECM interac-
tion, and one of the challenges in cell biology is to
investigate this relationship systematically in vitro.

In addition to cell–matrix adhesion, it is clear that
adhesion between neighboring cells (i.e. cell–cell adhesion)
regulates many cellular structures and functions. It has
been historically difficult to study the impact of such
interactions because of a lack of tools to control or manip-
ulate the spatial organization of cells with respect to each
other, or the cell–cell adhesions themselves. As such, there
is a growing appreciation for novel technologies that ad-
vance our understanding of cell–microenvironment inter-
actions.

Recent progress in the engineering of specialty materi-
als and systems for cell culture has made it possible to
begin to tease apart how mechanical forces, cell–matrix
adhesion, cell–cell interactions, and multicellular organi-
zation might regulate cells. Here, we provide an overview
of the major tools that are now being developed within the
bioengineering community that have had, or likely will
have, a substantial impact on our understanding of cell
adhesion and its role in cellular signaling and function. In
particular, we focus on engineered surfaces to control
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Box 1. Adhesion dynamics and interplay with the ECM

Cellular responses to soluble cues depend largely on ligand concentra-

tion, whereas both the density and the geometric presentations of

insoluble ECM ligands are important for regulating cellular functions.

Cell adhesion to the microenvironment involves not only the binding of

integrin receptors to the underlying ECM, but also integrin clustering

and activation, connection to actin, and recruitment of adaptor and

signaling proteins (Figure I). When cells make contact with a substrate,

activity of the Rho GTPase Rac increases [110], and this leads to actin

polymerization at the membrane [111] and small adhesion formation

[112,113]. Rac stimulates protrusion by activating WAVE [Wiskott–

Aldrich syndrome protein (WASP)-family verprolin-homologous pro-

tein], which in turn regulates the Arp 2/3 complex for dendritic actin

nucleation [114,115]. The Rho GTPases Rac and Cdc42 also promote

actin polymerization by activating p21-activated kinase and mDia2, and

Cdc42 can directly bind to WASP proteins. In the lamellipodium,

adhesions form initially as diffraction-limited foci [12,116], and their

continuous cycle of assembly and disassembly (i.e. turnover) mediates

further integrin binding at the leading edge. When the protrusion

pauses, nascent adhesions mature by elongating along a-actinin/actin

filaments, which emerge centripetally to serve as templates [12].

Adhesion maturation is also regulated by the GTPase Rho, which

induces actin stress fiber formation [117,118]. This process involves

myosin II, which is activated, in part, when Rho activates Rho-

associated kinase (ROCK), and ROCK phosphorylates myosin light

chain (MLC) and inhibits MLC phosphatase [115]. Activated myosin II

bundles actin filaments and generates contractility, which indicates that

tension can modulate adhesion dynamics [119,120]. The morphogen-

esis of adhesions regulates global cytoskeletal restructuring, cell shape,

and the strength of cellular traction on the ECM. As such, it is apparent

that homeostasis of the cell with its surroundings depends ultimately

on a tightly regulated coupling between integrin-mediated adhesion to

the ECM, the actin cytoskeleton, and myosin-mediated forces. Based on

this mechanochemical system, it can be appreciated how the

composition, structural organization, and mechanics of the ECM can

all have an impact on cellular structure, signaling and function. In this

review, we provide a brief overview of some of the advances in the

engineering of materials that contribute to our understanding of these

systems.[()TD$FIG]

Figure I. Mechanochemical interactions of adhesion maturation and cytoskeletal rearrangement. (a) Schematic of adhesion maturation. (i) Nascent adhesion formation

is initially driven by actin polymerization and consists of a complex of proteins that link integrins with actin. (ii) Nascent adhesions elongate in response to actin/a-

actinin/myosin II crosslinking. The signaling from adhesions activates small GTPases, such as Rho, that regulate further myosin II contractility and adhesion dynamics.

(iii) Contractile forces generated by myosin II contribute to the further maturation of adhesions. (b) During initial cell spreading, cell shape is constrained, Rac activity

increases (Rho decreases), and adhesion formation is driven by actin polymerization (left). During later stages of cell spreading, the cell has spread out and flattened,

forming mature adhesions and stress fibers and Rho activity is high (right).
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ligand presentation and organization, elastic materials
used to manipulate cellular mechanics, and novel specialty
biomaterials that are being developed to provide unprece-
dented control over additional features of native extracel-
lular matrices. We also briefly comment on some of the
insights gained to illustrate the utility of these tools. This
overview is brief and necessarily incomplete; therefore, we
refer to other reviews for more details when necessary.

Engineered ECM surfaces and cell adhesion
Traditionally, cells are grown on tissue culture (plasma-
treated) polystyrene in the presence of serum. Cellular
attachment is facilitated by the adsorption of ECM pro-
teins such as fibronectin in the serum added to cell culture
media. For a more controlled surface treatment, purified
matrix proteins are non-covalently adsorbed prior to cell
seeding, which produces a coating of specific adhesion-
promoting ligands. These proteins often include multiple
binding sites for cell surface adhesion receptors and can
induce physiological adhesion signaling. ECM proteins
often are large and contain multiple binding sites for
different cellular receptors, as well as for other ECM
proteins. Thus, promoting singular receptor interactions
is usually accomplished by using short peptide sequences
such as the arginine–glycine–aspartate (RGD) that is
found in several ECM proteins [17,18]. Integrins consist
of at least 18 types of a and 8 types of b subunits that form
about 24 known heterodimers, and each pair can interact
with various ECM proteins, such as fibronectin, collagen or
vitronectin [2]. When RGD is immobilized on the surface,
the number of integrin subtypes involved in the adhesive
interaction is limited, and these simplified surfaces are
preferred for examining more specific effects of cell adhe-
sion, without additional signaling that might be prompted
by other integrin–ECM pairings. The degree of integrin
binding and adhesion assembly can be controlled by vary-
ing the density of ligands adsorbed to a substrate, and this
approach has proven useful to demonstrate that the
amount of cell–ECM interaction regulates apoptosis, cell
shape, angiogenic morphogenesis, and migration speed
[19–21].

On clarifying the role of ECM geometry on cell adhesion
and spreading, the uniform coating of ligands has limita-
tions. Cultured cells exhibit diverse adhesion morphology
and cytoskeletal organization that are often different from
their counterparts in vivo [22–24]. Cells remodel the
adsorbed ECM and secrete endogenous matrix proteins
in several hours to days, which dramatically changes the
surface properties in the process and causes the cells to
form a mixed population of adhesions with different sizes,
molecular compositions, subcellular distributions, and dy-
namics [25,26]. Such heterogeneity leads to differential
signaling activity within adhesions and reorganization of
the actin linkage [22,27]. Also, in vivo ECM architecture
ranges from relatively consistent basement membrane to
fibrillar networks and is much more complex than in
cultures. Thus, while much of the current understanding
of adhesion and related cellular responses has been
obtained via simple homogeneous surface coating, how
the organizations of adhesions, cell structure, and func-
tions are interconnected remains unclear. These issues call
for innovative engineered surfaces with high-resolution
spatial patterning and adhesive specificities to control
cell–ECM interaction.

One versatile technique that has emerged to pattern
ECM proteins at the adhesion scale is based on microcon-
tact printing (Figure 1a). Using methods developed by the
semiconductor industry to fabricate lithographically mi-
crometer-scale circuits on silicon wafers, one can similarly
generate spatially defined patterns of ECM proteins onto
otherwise inert surfaces. This accessible method involves
producing stamps made with an inexpensive, tissue-cul-
ture-compatible silicone elastomer, poly-dimethylsiloxane
(PDMS) [28]. ECM protein can then be inked onto the
stamps and printed onto a culture substrate, which leaves
behind geometric features that match the micrometer-
scale features of the stamp to control where cells can
adhere [29,30]. To prevent nonspecific ECM protein ad-
sorption and cell adhesion outside of the printed regions,
the unpatterned regions are treated with protein-resistant
coatings.

These ECM patterns can guide overall cell geometry,
adhesion sizes and location, as well as organization of the
actin cytoskeleton, and thus have proven to be an effective
tool for studying adhesion-mediated biology [31,32]. For
example, a single ECM island or an array of closely spaced
dots has been used to constrain or mediate cell spreading,
respectively, while maintaining their total area of cell–
ECM contact constant. With these substrates, it has been
shown that cell shape, or the area of cell spreading, rather
than the amount of ECM ligand regulates apoptosis and
proliferation [33]. In other words, although integrin bind-
ing initiates attachment and signaling, active cytoskeletal
remodeling is crucial in regulating cell function. Square
ECM protein islands have been utilized to constrain the
cell shape, and lamellipodia and filopodia form at the
corners, where the adhesion-mediated traction stress is
high [34]. In addition, cells plated on anisotropic ECM
shapes, such as teardrops or arrowheads, have been found
to exhibit directional migration and reorientation of the
centrosomes and Golgi, which suggests that spatial segre-
gation of adhesions and actin can determine cell polarity
[35,36]. Recently, 1D lines have been used to promote
elongated cell morphology and motility along the pattern,
which appears to mimic how cells adhere to andmigrate on
3Dfibrils [37]. Surface patterning has also revealed that, in
addition to soluble differentiation factors, the degree of cell
spreading or shape regulates cytoskeletal tension and Rho
GTPase signaling to guide the lineage of mesenchymal
stem cells (MSCs) [38–40]. Taken together, these findings
indicate that physical interaction with the ECMmodulates
adhesive cues in cells, which in turn mediate various
cellular processes.

The emergence of these geometric effects on cells has
prompted a new focus on understanding how cells interact
with the underlying ECM at a more fundamental level.
ECM printing can be controlled over different-length
scales, which range from the size of a single adhesion
complex to large areas for a group of cells (Figure 1b–d).
The lower range was explored by varying the pattern size
and density to examine the effect on cell spreading, adhe-
sion size and molecular components [31]. In this study,
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Figure 1. Methods of ECM patterning to control cell shape and adhesions. (a) Microcontact printing process. A biomolecule is adsorbed to the PDMS stamp surface. The

stamp is then put in contact with the substrate. (b and c). Immunofluorescent images of cells in flower (b) and star (c) shapes stained for F-actin (green), vinculin (red) and

nuclei (blue); reproduced with permission from [40]. (d). B16 cell expressing b3-integrin–green fluorescent protein (GFP) (green) labeled for actin (red) growing on

vitronectin (blue), at the border between a uniform and a patterned substratum of 1 mm2 dots. Note the redistribution of integrin receptors on the patterned substratum.

Scale bars: 10 mm. Reproduced with permission from [31]. (e and f). Immunofluorescent micrographs of rat embryonic fibroblasts (REF52) stained for vinculin (red), zyxin

(blue) and actin (green). Cell adhering to 58-nm (e) and to 110-nm (f) nanopatterned surface for 24 h. Small inserts show each labeled protein at 2� magnification of the

original images. Vinculin and zyxin can be seen to colocalize on the RGD nanodots spaced 58 nm apart, but not 110 nm apart. Reproduced with permission from [108]. (g).

Nanopatterning with block copolymer micelles allows the generation of substrates with a regularized pattern of gold nanoparticles. Block copolymer micelles with a polar

core are used to hold a controllable amount of metal precursor in dilute solution. A substrate dipped into the solution comes out with a monolayer of micelles covering its

surface. The inter-particle spacing can be controlled by using block copolymers with different lengths of blocks. The polymer is then removed by plasma treatment, leaving

a quasi-hexagonal array of particles.
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fibronectin dots as small as 0.1 mm2mediated cell adhesion
and actin linkage, yet cell spreading was inhibited when
the spacing of the dots increased to 5 mm. Application of a
similar type of ECM patterning has demonstrated that
limiting adhesion size regulates a-smooth-muscle-actin-
mediated contraction in myofibroblasts, which suggests
that adhesion growth is part of a mechanical feedback loop
involved in sensing the microenvironment [41]. Larger-
scale ECM patterns have been shown to control multicel-
lular organization. Comparisons of single cells on ECM
patches with those cultured as doublets (on twice the area)
have demonstrated that cell–cell adhesion can induce pla-
nar polarity [42] and proliferation [43–45]. Alternatively,
patterns that contain multiple cells have demonstrated
that cells in multicellular configuration exert greater
708
traction stress at the corners, proliferate more [46], and,
in the case of stem cells, alter their differentiation [47].

Recent advances in nanoscale technology have extended
patterning techniques to test how the spatial organization
of individual ECM proteins, such as fibronectin and colla-
gen, can regulate integrin clustering and adhesion-medi-
ated responses. One study involves functionalizing
polymer stars that tether a specific number of RGD pep-
tides on an inert surface to control clustering density of the
peptides [48]. Cells grown on the surface with at least five
RGD peptides per star developmature adhesions and actin
stress fibers, and they exhibit higher migration speed,
compared to those grown on stars with a single peptide.
This suggests that increases in local integrin clustering
are important for regulating adhesion and cytoskeletal
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organization. If it were known that every RGD were bound
by an integrin, one could even precisely suggest that a
pentameric cluster is important, but because the efficiency
of binding is not yet known, we can only conclude that a
cluster of five or more is sufficient for this effect.

A separate nanolithography approach involves deposit-
ing metal particles of 1–15 nm on a polyethylene glycol
(PEG)-treated background using di-block copolymer
micelles [49] (Figure 1e–g). Each metal particle (e.g. gold)
can be linked to an RGD at a tunable separation distance
(up to 200 nm), and the authors have found that cell
spreading, leading edge dynamics, and adhesion matura-
tion are optimal at a lateral RGD spacing of <58 nm [49–

51]. This demonstrates that the proximity between neigh-
boring ligand–receptor pairs is important for the adhesive
function of integrins.More in-depth adhesion signaling has
yet to be explored, but the ligation of individual integrins is
now recognized as a major parameter in surface engineer-
ing to control ECM-mediated cell functions.

Elastic substrates and mechanotransduction
As cells attach and spread onto a substrate, they generate
traction against the matrix. Although this phenomenon
was reported 30 years ago [52], it has only recently become
clear that these mechanical forces are fundamental reg-
ulators of cell adhesion and function. Alterations in the
density of collagen or fibrin gels have been suggested to
have an impact on cell function, and this effect is largely
attributed to the changes in the spatial density of ligands
presented to cells, even though changing the matrix den-
sities also impacts the mechanics of the scaffolds. To
decouple these parameters, polyacrylamide (PA) gel has
been adopted as a substrate for cell adhesion studies,
which is an elegant way to control substrate rigidity with-
out affecting ligand density.

PA is a well-behaved linear elastic material whose
rigidity can be easily manipulated by varying the concen-
tration of acrylamide and bis-acrylamide. By functionaliz-
ing the gel surface with immobilized ECM proteins,
Pelham and Wang have been able to show that substrate
stiffness modulates cell adhesion, spreading, and migra-
tion [53]. Building upon this initial observation, later
studies have followed to show that rigidity can regulate
higher-order cell functions. For example, cell proliferation
and survival decreased on relatively soft substrates (4.7
kPa), compared to stiffer substrates (14 kPa) [54]. On
collagen-coated PA gels, elongated myotubes displayed
actin and myosin striations only on the stiffness that
rendered native muscle [55]. Similarly, MSCs cultured
on PA gels that have similar stiffness of brain (0.1–1
kPa), muscle (8–17 kPa), or cartilage (25–40 kPa) differen-
tiated specifically to cells of that respective tissue, which
indicates that progenitor cells can determine the mechani-
cal property of the ECM and differentiate accordingly [56].
Also, development of a malignant metastatic phenotype
has been linked to a hardened microenvironment, which
indicates that substrates matched with pathological stiff-
ness can drive disease-related processes [57,58]. Taken
together, these data show that cells are capable of sensing
a wide range of substrate rigidity and respond accordingly
for various cell functions. The mechanisms by which the
cell senses stiffness remain to be elucidated, but the
mechanotransduction system appears to utilize integrin-
mediated adhesions as main force-sensing structures that
are capable of integrating bi-directional mechanical loads
at the surface level [6,14,59].

As a result of its linear elastic property, PA gel provides
a well-defined system to measure the forces that are gen-
erated by attached cells (Figure 2). The traction stress
applied to the ECM has become a focus of great interest,
given the importance of cell-generated forces in sensing
stiffness and in modulating adhesion dynamics. Tractions
generated by cells cause the substrate material to deform,
which can be readily observed by placing fiduciarymarkers
(e.g. fluorescent beads) into the gels [60]. The deformations
can then be used to estimate the distribution of forces
across the cell–substrate interface [61]. These approaches
have been crucial in describing the forces at adhesions and
their role in modulating the structure and dynamics of the
adhesions and associated cytoskeletal elements
[15,16,62,63]. Improvements in resolution have been
achieved by using fluorescent beads of two different colors
and by more rigorous computational algorithms [64,65].
Also, traction underneath a migrating cell on a planer gel
can be measured in 3D by combining a digital volume
correlation with confocal image stacks [66,67]. In addition
to soft gels, cantilever-based substrates have been devel-
oped to measure cellular traction. Instead of relying on
heavy computation for the analysis, a substrate that con-
sists of discrete micro-cantilevers can measure local force
changes. As a cell crawls over a substrate, the cantilevers
lying in the plane can deflect and register the distribution
of adhesion-mediated tractions [68]. More recent progres-
sion of the technology now uses vertically arrayed polymer
cantilevers (microposts) that bend laterally when the cells
that attach and spread across their tips exert forces [69,70].
In summary, both the gel-based and micropost-based
approaches have begun to provide critical insights into
how ECM rigidity, mechanical forces (e.g. contractility
and tension), and cellular structures (e.g. adhesions and
actin) are interlinked to form a dynamic feedback loop that
is central for cells to adapt and respond to adhesive cues
from the microenvironment.

It is also important to note that work from several
laboratories now suggest that forces affect adherens junc-
tions. Micropost-based substrates have recently been
adapted to show that the tugging forces across cell–cell
adhesions can regulate their assembly [71]. Two other
studies, one using dual micropipets [72], and the other
using traditional molecular approaches to modulate myo-
sin-mediated contractility [73], have arrived at the same
conclusion. These findings demonstrate that each of these
tools provides a unique approach to observe a phenomenon,
and, in certain situations, a synergy of different tools is
needed to make a conclusive observation.

The parallels between the effects of substrate ligand
density, micropatterned surfaces, and substrate stiffness
are striking, as all of these manipulations modulate integ-
rin clustering and adhesion assembly [74,75]. They also
regulate Rho-mediated traction stresses [41,69], which
involves actomyosin contractility and adhesion growth.
Decreases in ECM ligand density or substrate stiffness
709
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Figure 2. Elastic substrates to study traction forces. (a) The displacement of fluorescent beads embedded within a PA gel can be tracked beneath a migrating cell. The

displacement can then be used to calculate the stress and strain fields caused by the cell-generated traction forces. (b) Similarly, cells can be grown on a bed of microposts

(mPADs). Cell-generated traction forces deflect the posts, which allow the stress and strain fields to be calculated. (c). Example of traction force microscopy. Mouse embryo

fibroblasts (MEFs) marked with GFP–paxillin (green). Lower image shows a pseudo-colored map of traction magnitude calculated using Fourier-transform traction

cytometry (FTTC). Units of color bar given in Pascals. White box indicates a region enlarged in a separate part of the figure (not shown). Reproduced with permission from

[65]. (d) Scanning electron micrographs of human MSCs plated on PDMS micropost array with a post height of 6.10 mm. Lower image is a magnified version of boxed

region. Scale bars are 100 mm in top image and 50 mm in lower image. Reproduced with permission from [109].
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cause cells to decrease spreading as well [53,76,77], and
this indicates that cell shape is coupled to adhesion-medi-
ated mechanotransduction pathways. Many of these
changes can regulate cell proliferation and stem cell dif-
ferentiation [39,56]. Together, these data suggest that the
sensing mechanisms of cellular microenvironment con-
verge to adhesions, where mechanical cues are converted
to biochemical signaling events for broader cell functions.
Transmission of force via adhesions may physically stretch
ECM proteins, such as fibronectin [78], and contraction on
the ECM has been shown to release signaling agonists,
such as transforming growth factor b1, for myofibroblast
differentiation [79]. Similarly, conformation-sensitive ad-
hesion molecules, such as p130CAS [80] and vinculin [81],
710
unfold under tension, and such a mechanism can facilitate
specific protein–protein interaction or signaling (e.g. phos-
phorylation). Thus, a focus of future studies is likely to
involve attempts to uncover the underlying cellular ma-
chinery using innovative engineered substrates.

The near future: synthetic mimetics of 3D ECM
The study of cell–environment interactions on 2D sub-
strates has provided many useful insights into how adhe-
sive and mechanical cues can drive cell function; however,
cell–environment interactions in vivo generally occur in
3D, which provides additional contextual stimuli that can
affect cell behavior. An important effect of an added di-
mension is the altered spatial distribution and density of
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ECM ligands relative to functionalized 2D substrates. 2D
substrates functionalized by incubation with an ECM so-
lution results in a uniform distribution of ligand across the
surface, whereas 3Dmatrix environments are made up of a
fibrous mesh with dense clusters of ligands along individ-
ual fibers [82]. The ligand distribution and fibrous archi-
tecture of 3D matrix provides additional supports for
cellular interaction; integrins bound on one face of the cell
compared with all around it could have an impact on
adhesion clustering, cytoskeletal organization, and the
mechanical forces at the cell–ECM interface. In addition
to this direct effect on adhesions, the surrounding matrix
also imposes new physical constraints on cell shape
[37,83,84], limits the diffusion of growth factors to cells
[85], and ultimately alters cell function [82,86,87]. Al-
though no synthetic matrix can yet provide direct control
over such a diverse set of ECM properties, engineered 3D
matrices are now being established to access the biology of
these functions in a more controlled manner.

Early experiments with 3D-engineered matrices have
focused on modifying the scaffold to physically immobilize
growth factors and additional peptides to add functionality.
Perhaps the earliest demonstration of such engineered
matrices involved the construction of a modified vascular
endothelial growth factor (VEGF) that contains a substrate
sequence for factor XIIIa, which mediates covalent binding
to fibrin gels by its transglutaminating activity during
coagulation [88]. For this type of binding, cellular proteoly-
sis of the fibrin matrix releases local VEGF slowly and
allows for rapid and sustained neovascularization, without
systemic release of large doses of VEGF [89,90]. In addition,
direct covalent binding of VEGF to the fibrin provides a
vehicle for further functionalization of the matrix. In a
recent follow-up to this study, researchers have shown that
linking fibronectin domains directly with VEGF causes
dramatic synergistic signaling, which suggests that integ-
rins and VEGF receptors operate in close proximity endog-
enously [91]. Similarly, engineeredmatrix proteins are also
being developed to mediate direct assembly and anchoring
into pre-existing collagen scaffolds for new functionalities.
One particular strategy takes advantage of collagenmimet-
ic peptides (CMPs), which are short peptides that can non-
covalently bind native collagen molecules by entangling
into the helical structure. TheCMPs can then be conjugated
to other bioactive components to add functionality to stan-
dard collagen matrices such as cell adhesion peptides [92],
immobilizing VEGF [93], or decorating collagen scaffolds
with the antiadhesive PEG–CMP [94]. Such a method
demonstrates the potential for engineering new functional-
ities into a native matrix that could direct cell migration,
proliferation, and differentiation. These scaffolds offer nu-
merous experimental options to investigate key aspects of
multi-dimensional cell–matrix interactions.

A more de novo strategy involves starting with a
completely artificial scaffold as a backbone polymer to
which bioactive ligands can be tethered. Two primary
examples are self-assembling peptide systems and bioinert
PEG hydrogels. In the former system, the right combina-
tion of sequences and secondary structure triggers the
short peptides to assemble into filamentous structures.
The PEG-based hydrogels have been generated using a
variety of different synthetic angles, but they all share
common features. The PEG backbone acts as an inert
starting material that is then polymerized covalently into
amacroscopic polymer. Introduction of proteins or peptides
into the gels is straightforward because they are entirely
synthetic, and prescribing adhesive properties and proteo-
lytic susceptibility is achievable through inclusion of the
appropriate bioactive peptide sequences that make up the
hydrogels [95,96]. Hydrogels consist of hydrophilic poly-
mers; thus, they can be used to recapitulate many process-
es found in natural ECMs, such as diffusive transport and
fluid flow. These versatile conditions enable sustained 3D
culture for long-term studies, including proliferation, mi-
gration, and differentiation.

Although many of these technologies are relatively new
and still being optimized, it is apparent that they will soon
become an important part of the cell biology toolbox.
Synthetic biomaterials are able to mimic biologically im-
portant/relevant characteristics of their natural counter-
parts and provide enhanced levels of control over gel
biofunctionality and material properties. This added level
of control provides exciting avenues to pursue studies that
focus on independent cell–environment interactions, while
keeping other parameters constant.

Concluding remarks
Weare only now beginning to appreciate themany nuances
of adhesive interactions that cells are able to probe and
respond to accordingly. Based on many of the examples
provided here, one comes to the realization that the advent
of new materials has highlighted the importance of geo-
metric and mechanical cues in cell adhesion. Although
these are only the first steps in a long journey to under-
stand the underlying mechanisms that control these trans-
duction pathways, their successful application is drawing
more engineers into developing the next generation of
tools, and more biologists to adopt and capitalize on such
approaches. Along with micropatterned surfaces, there is
now a robust effort in the microfabrication community
towards developing microfluidic technologies for generat-
ing in vitro platforms that integrate well-defined growth-
factor gradients, shear-stress control, or miniaturized,
automated culture. Microfluidic networks designed to gen-
erate stable, linear or nonlinear gradients of soluble
growth factors were pioneered almost a decade ago [97].
Although popular, they require continuous flow of medium
over the culture and thereby introduce the confounding
variable of shear stress [98]. More recent improvements
have led to designs in which gradients are generated
without flow in the region of interest and allow the study
of chemotaxis in a variety of settings [99–103]. Others are
using these microfabrication approaches to examine the
effects of culture miniaturization [104] and the develop-
ment of high-throughput platforms for screening cell cul-
ture conditions [105]. Investigators are exploring complex
combinations of purified ECM proteins and biomaterials to
begin to understand whether complex ECM compositions
and their organization elicit unique cellular responses
[106,107]. These multidisciplinary efforts to elucidate
how cells interact with their microenvironment are likely
to continue to accelerate, as long as this growing synergy
711
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between engineering sciences and cell biology continues to
unravel these important challenges.
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