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Abstract
Tissue engineering is becoming increasingly ambitious in its efforts to create functional human
tissues, and to provide stem cell scientists with culture systems of high biological fidelity. Novel
engineering designs are being guided by biological principles, in an attempt to recapitulate more
faithfully the complexities of native cellular milieu. Three-dimensional (3D) scaffolds are being
designed to mimic native-like cell environments and thereby elicit native-like cell responses. Also,
the traditional focus on molecular regulatory factors is shifting towards the combined application of
molecular and physical factors. Finally, methods are becoming available for the coordinated
presentation of molecular and physical factors in the form of controllable spatial and temporal
gradients. Taken together, these recent developments enable the interrogation of cellular behavior
within dynamic culture settings designed to mimic some aspects of native tissue development,
disease, or regeneration. We discuss here these advanced cell culture environments, with emphasis
on the derivation of design principles from the development (the biomimetic paradigm) and the
geometry-force control of cell function (the biophysical regulation paradigm).
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Cellular processes involved in regeneration of some adult human tissues are similar to those
in early development. It has been proposed that tissue regeneration (in contrast to the repair
which is a “quick fix” of the injury) recapitulates developmental events [Caplan and Bruder,
2001; Stocum, 2001]. Tissue engineering—which attempts to build functional grafts in vitro
or to induce tissue regeneration in vivo—thus also needs to recapitulate development. If stem
cells are to be induced to form the right cells in the right places and the right time, they need
to be subjected to the signals that drive the native development. Therefore, lessons learned
from early development (and adult tissue regeneration) should ideally guide the design of tissue
engineering systems.

During early development, the newly formed zygote undergoes rapid cell division until the
formation of a homogeneous sphere of undifferentiated cells—morula. Fluid begins to enter
the morula leading to the formation of a single cell layer—trophoblast—around the fluid-filled
blastocyst cavity—blastocoel. Inside the trophoblast resides the inner cell mass that contains
the cells that will give rise to all three germ layers and ultimately form the embryo [Sarraf,
2007].

The formation of the blastocyst constitutes the first structural division during the developmental
process where the trophoblast separates the totipotent stem cells of the inner cell mass from
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the outside environment. The blastocyst will eventually be implanted in the endometrium and
undergo further transformation. It is in this location where gastrulation takes place by
transforming the bilaminar embryonic disc (consisting of the epiblast and hypoblast) into the
three primary germ layers: ectoderm, mesoderm, and endoderm. Gastrulation involves the
rearrangement and migration of cells and the formation of a groove on the dorsal surface of
the epiblast—the primitive streak—establishing the long axis (proximal vs. distal) of the
embryo. Further structural changes follow, such as the invagination of the epiblast forming the
endoderm. Stated differently, the formation of the gastrula is characterized by the conversion
of a simple and loosely organized group of undifferentiated cells to a more complex and
organized collection of cells with highly defined boundaries extracellular matrix. The
underlying cell migration is a result of molecular gradients and the early establishment of
cellular fate along the embryo’s axis of differentiation (i.e., proximal vs. distal) [Sarraf,
2007].

From this point on, morphogenesis and organogenesis proceed through a complex sequence
of events that include sorting, positioning, and differentiation of cells. A two-dimensional
trilaminar embryonic disk is being converted into a three-dimensional cylinder via embryonic
folding, to position endoderm in the center, ectoderm on the outside, and mesoderm in between.
During this phase, the cross talk between the germ layers is synchronizing the cellular activities
and up-regulating genes such as fibroblast growth factor (FGF), retinoic acid, Sonic hedgehog,
bone morphogenetic protein (BMP), Wnt, and β-catenin. The cell–cell and cell–matrix
interactions also regulate cell movement, proliferation, and adhesion [Sarraf, 2007].

Formation of the primitive heart is an example of the series of changes leading to the
development of a functioning organ. The primitive heart begins to develop from the cardiogenic
area of the mesodermal layer of the gastrula, with regulatory signals coming from the
underlying endoderm. The cells form endocardial tubes, which then fuse into a single heart
tube with its distinct myocardium and the endocardial surfaces [Abu-Issa and Kirby, 2007].
This primitive heart tube undergoes a complex set of elongating, bending, and twisting motions
resulting in the formation of the four chambers of the heart. Remarkably, the heart—a marvel
of “engineering by nature”—is the first functioning organ that forms during development. The
efforts to derive cardiac cell populations from human embryonic stem cells (hESCs) [Yang et
al., 2008] and to develop effective tissue engineering systems [Radisic et al., 2004b;
Zimmermann et al., 2006; Tandon et al., 2009] have been guided by these developmental
“blueprints.”

Within the complexity of the developmental process, one common denominator is biophysical
control. From fluid-induced tension experienced by the cells in the trophoblast to the
compression forces experienced by rapid proliferating cells within a confined space,
mechanical forces are present during the entire embryogenesis. The same can be said about
molecular gradients and structural complexity. Mechanical forces even play a role in
maintaining orientation via cilia generated movement [Patwari and Lee, 2008]. The complexity
of the biophysical forces grows with the embryo, evolving from relatively simple gradients
and traction/ compression forces to complex set of forces and extracellular signals that are site-
specific and are essential for the survival of the embryo.

LEARNING FROM DEVELOPMENT
The goal of a tissue engineer is to grow tissue grafts ex vivo (by using exogenous cells and
specialized scaffolds and bioreactors) or induce tissue formation in situ (by providing the
necessary environments for tissue regeneration). Ideally, the resulting tissues should be
customized to the needs of the patient and specific clinical situation, and have at least some
immediate function. It is believed that in order to create such functioning tissues one needs to
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unlock the full potential of stem cells, by mobilizing some of the factors involved in early
development, and controlling factors leading to scar formation. Of note, injured fetal tissues
heal without scarring by processes that involve a large pool of stem/progenitor cells and a
reduced immune response. Fetal healing results in full reconstruction of the tissue architecture
and function. In contrast, adult healing leads to fibrous scar that is formed by a much smaller
population of progenitor cells and with strong involvement of the immune response, by
processes that stop bleeding and restore homeostatis without infection, but do not restore the
original tissue [Ferguson and O’Kane, 2004]. This is true for a range of tissues, from skin to
heart, and suggests that tissue engineering approaches should mimic early development rather
than adult tissue repair.

A multitude of cellular, biochemical, and biophysical mechanisms takes place in a highly
orchestrated spatial and temporal manner to give rise to a functioning organ. This complexity
needs to be considered and recapitulated, at least to some extent, when engineering tissues.
Our attempts to mimic the necessary conditions in a laboratory setting are limited by how much
is known about the combinations and timing of regulatory factors involved in cell
differentiation. From a tissue engineer’s perspective, it is important to understand how
uncommitted cells behave in response to external and internal signals and stressors, and what
are the most important cellular interactions and biophysical factors regulating these
interactions. Importantly, any information derived from developmental biology will help build
better tissue engineering systems, and these systems will in turn help interrogate the additional
factors of interest.

DESIGNING THE RIGHT CONTEXT FOR IN VITRO CELL CULTURE
For just over 100 years, since the first-ever tissue culture study performed by Harrison
[1907], mammalian cells have been cultured in 2D settings, either on tissue culture plastics or
on various types of coatings, from extracts of native matrix to cell feeders and purified proteins.
These experiments resulted in seminal findings that constitute our knowledge of molecular
regulation of stem cell biology. Recently, several groups of investigators used these simple
culture settings to interrogate geometric control of cell life and death in culture [Chen et al.,
1993], and the control of cell differentiation by substrate stiffness [Engelmayr et al., 2008;
Discher et al., 2009]. These studies go beyond the traditional focus on molecular regulatory
factors and open a new era of utilization of physical factors mediating cell function, with direct
implications to tissue engineering and regenerative medicine.

At the same time, there is a growing notion that the cell confinement to 2D culture is an
inherently unnatural situation (due to the attachment of one side of the cell to the substrate,
and limited contact with other cells and matrix) that in many cases results in unnatural cell
responses. Examples include major differences in growth patterns [such as the tumorogenic
growth in 2D and normal cell growth in 3D settings, Petersen et al. [1992], and phenotype
expression [a classical demonstration that dedifferentiated chondrocytes re-express their
phenotype when transferred from monolayers into 3D culture, Benya and Shaffer [1982]].

The conventional culture settings provide environmental control only through periodic
exchange of culture medium, and fundamentally lack the capability for coordination of
molecular and physical regulatory signals. This is far from the in vivo milieu where cells reside
in precisely controlled environment, and are subjected to spatial and temporal gradients of
multiple factors. Overall, the classical culture falls short of providing a realistic model for
studies of cells at various hierarchical levels, and in response to dynamic changes of regulatory
factors.
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We will discuss in this article some recent advances that enable probing of cellular behavior
using tightly controlled, dynamic culture settings designed to mimic the native cell and tissue
milieu. We will first describe three important developmental events: (i) proliferation and
migration of cells, (ii) structural changes that lead to separation of layers and axis formation,
and (iii) mechanical loading of fully functional organs and tissues, to identify some of key
developmental factors. Then, we will discuss the use of advanced technologies to study these
factors and utilize their effects for engineering functional tissues. Throughout, our focus will
be on the derivation of design principles from native development (the biomimetic paradigm)
and the geometry-force control of cell function (the biophysical regulation paradigm).

DEVELOPMENTAL STAGES AND THEIR REGULATORY FACTORS
PROLIFERATIVE AND MIGRATORY PHASE

During development, cells first proliferate and start to migrate in response to gradients, the
processes that lead to cell positioning and the division of the germ layers. Further migration
leads to cell accumulation on the sites specific for the organ that will be created, and is the
precursor to structure formation as it leads to the segmentation of the embryo and the
establishment of posterior, anterior, ventral, and dorsal sides and ultimately the locations of all
future organs. During this phase, the extracellular matrix is being formed, and its complexity
increases with the maturity of the embryo. Laminin is the first ECM molecule found in the
ventral surface of the epiblast and in the hypoblast, and known to assist in cell adhesion and
migration during gastrulation. The fibrilar nature of the ECM found during embryogenesis also
helps the migration of cells via contact guidance. As development progresses, the extracellular
matrix becomes more heterogenous and starts to express properties specific to the type of organ
that is being generated. Among the ECM molecules that appear during development are
collagen type IV, hyaluronate, perlecan, entactin/ nidogen, tenascin, and fibronectin [Zagris,
2001]. With changes in matrix composition come the changes in traction forces and structural
stiffness. This is when a dynamic interplay between the cells and their extracellular matrix
starts and continues throughout development and the whole life of an organism. These
processes are nicely illustrated by the series of events leading to the migration and folding of
the matrix to form the primitive streak and endocardial tubes (Fig. 1).

STRUCTURAL FORMATION PHASE
The proliferation–migration phase continues into the phase of structure formation, exemplified
by the involution and folding of cellular layers involved in the formation of the heart (Fig. 1).
For most organs, the structure formation is achieved by cell guidance and the modulation of
the extracellular space. The matrix plays an increasingly important developmental role, and its
properties become more differentiated. Using heart development as an example of the growing
complexity of the ECM, chondroitin slufate, collagen I and IV, laminin, fibronectin, fibrilin,
and fibulin can be found within the primitive heart [Little and Rongish, 1995]. Fibronectin
plays an important role in cell migration in the heart forming regions, while fibrilar proteins
such as collagen I and IV assume structural roles. The ECM continues to evolve as the cardiac
tubes form and fuse moving from the cardiac jelly into a load bearing tubular structure. The
four-chamber heart becomes a functioning organ with a complex ECM arranged in a specific
3D ultra-structure consisting primarily of collagen types I and III, collagen IV in the basement
membrane, fibronectin, laminin, entactin, dermatan sulfate, chondroitin slufate, and hyaluronic
acid [Little and Rongish, 1995]. During this phase, ECM becomes an integral part of the
mechanical stabilization of the developing structure, while serving as a reservoir of signals,
both soluble and immobilized, that are transmitted to the cell. The dynamic interplay between
the matrix and the cells—known as dynamic reciprocity [Nelson and Bissell, 2005]—largely
determines further differentiation and specification of the cells and their ECM.
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The ECM is considered an active component of tissues that interacts with the cells in many
ways [Bornstein et al., 1978]. While cells directly secrete their matrix and thereby determine
the matrix properties, the cells themselves are regulated by secreted matrix proteins [Bissell
and Aggeler, 1987; Roskelley and Bissell, 1995]. In a more general sense, the physical and
biochemical connections exist between the extracellular matrix, the cell cytoskeleton, and the
cell’s nucleus that lead to regulation of cellular processes and gene expression at multiple levels
[Lin and Bissell, 1993; Roskelley et al., 1994, 1995]. This two-way communication between
the cells and their matrix is very important during organogenesis and structure formation.

MECHANICAL LOADING PHASE
For many organs, the final phase of organogenesis includes mechanical loading and mechanical
function. This is exemplified during heart development where the heart tube loops into a
rightward spiral paving the way for the four chambers of the mammalian heart (Fig. 1). During
this entire processes blood flow is maintained. This is an example of organogenesis under
multiple mechanical loads such as shear stresses on the lumen of the heart tube, tension on the
heart tube wall, and cellular contraction during the looping process. These forces are
transmitted to the cells by direct contact (in the case of shear stresses), cell–matrix contact, or
cell–cell interactions. Cells respond according to the type of flow and tensional forces by
secreting factors or up-regulating and/or down-regulating genes specific to the cell’s location.

CONTROL OF CELLULAR FUNCTION: MOLECULES, STRUCTURE, AND
FORCES

The differentiation of cellular function highly depends on the microenvironment—sometimes
termed as a “niche”—in which the cells reside during tissue growth. As already described, cells
can actively modify their niches by synthesizing or degrading the ECM, secreting cytokines,
and communicating with other cells and matrix by molecular and physical signals. The
“dynamic reciprocity” of cell–cell and cell–matrix signaling takes place in a 3D environment,
and at many different hierarchical levels—from membrane channels to cells, tissues and
eventually whole organs. At each level, there are specific readouts, and these change from one
level to another, and from one cell or tissue type to another.

The diffusible factors directing cellular function are either secreted by the cells themselves
(autocrine), or produced by other cell types (paracrine), or transported through bloodstream
(endocrine). Additional molecular factors are incorporated into the extracellular matrix, and
presented to the cells either in ligand-immobilized form, or through sustained release. The
multiple chemokines and cytokines act in concert with biomechanical signals to regulate cell
function and tissue assembly. For example, the precise positional control of cell differentiation
during tissue looping and branching is attributed to the local biomechanical environment of
the cells and their matrix. The overall complexity of cell regulation during development is
further increased by the dynamic nature of regulatory signals, changing in space and time,
within a 3D setting, and in ways that are not entirely known.

The study of the individual and combined effects of multiple regulatory signals, via precise
spatiotemporal control of signal type and magnitude, is not a trivial task and certainly not one
that is achievable by using the traditional well plate cultures. Some recent developments of
microarray and microfluidic technologies offer the opportunities of singling out one factor of
interest from other systematic signals, and superimposing this factor by other, also well-defined
signals [see reviews Chen et al., 2004; Whitesides, 2006; Bettinger et al., 2009]. These systems
cannot capture the enormous complexity of the actual regulatory pathways, but they allow, for
the first time, to conduct controllable studies of multiple factors regulating developmental
processes. The high throughput nature of microtechnologies allows screening of many different

Freytes et al. Page 5

J Cell Biochem. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



combinations and levels of possible factors, towards the selection of the conditions of interest
for regulating cellular behavior. Most importantly, testing platforms are now becoming
available that enable tight control of the cellular environment, that could be used to maintain
cell phenotype or direct stem cell differentiation. In the following sections, we review some
representative studies of the regulation of cell function using well-controlled, relatively simple
yet biologically relevant culture systems.

REGULATION OF MOLECULAR SIGNALS
Molecular regulatory signals are transmitted to the cells by dissolution, diffusion, and as an
immobilized form. In each case, the spatial and temporal profiles of biological activity are
essential for morphogenesis, both in vivo and in vitro. The microfluidic systems provide a
simple and direct tool to deliver citokynes at certain well-defined concentrations, via laminar
flow within narrow channels (Fig. 2a-I). Using such a system, the primary neutrophils were
shown to migrate towards the higher concentration of interleukin-8 (IL-8). Interestingly, there
was a distinct difference in cellular responses to sharp and gradual changes in spatial IL-8
concentration [Li Jeon et al., 2002]. Other microfluidic studies suggested that cellular
chemotactic responses depended on the shape of the concentration profile (linear vs.
polynomial) of the cytokine [Wang et al., 2004]. As the precision with which the microfluidic
systems are fabricated go up to 0.1 μm, these systems allow us to study cell polarity and signal
propagation at sub-cellular levels [Sawano et al., 2002]. Efforts have also been taken to
fabricate 3D microfluidic systems from various hydrogels such as collagen, agarose, and
alginate that generate controlled molecular gradients within the scaffolds [e.g., Choi et al.,
2007]. Precise control of chemical environment could potentially aid in engineering complex
tissues and studies of tissue interfaces, by allowing researchers to mimic chemical gradients
found during morphogenesis.

The biochemical signals that cells experience can also be regulated via paracrine signaling by
manipulating the shape and size of cell colonies (Fig. 2a-II). The mammary epithelial cell
colonies in micromolded collagen gels were shown to branch out at specific positions within
the gel consistent with the pattern of a diffusible inhibitor secreted by the cells [Nelson et al.,
2006]. The cellular colony size is known to be critical for the maintenance and expansion of
hESCs. The size and shape of colonies can be precisely controlled using 3D microwells, and
the hESCs can be maintained in their undifferentiated state for long periods of time [Mohr et
al., 2006]. The control of hESC differentiation via colony size can be established quite elegantly
by using micropatterned cell culture substrates [Peerani et al., 2007]. The colony size dependent
differentiation is mediated by the level of Smad1 inside hESCs. As the colony size increases,
the level of smad1 antagonist growth differentiation factor-3 (GDF3) also increases. The
increase in smad1 antagonist GDF3 occurs while the level of bone morphogenetic protein-2
(BMP2) remains constant resulting in a decrease of pSmad1 level and increase in pluripotency
in large cell colonies.

With micropatterning technology, the distance and contact area between cells can also be
precisely controlled, enabling studies that can distinguish the effects of direct cell contact from
those of the diffusing signals on cell–cell communication (Fig. 2a-III). Using an elegant and
highly tunable microfabricated device (Fig. 2a-IV), the effects of cell contact and transmission
of soluble factors were systematically studied for co-cultures of hepatocytes and supportive
stromal cells [Hui and Bhatia, 2007]. The minimum direct contact time was determined for the
maintenance of the hepatocellular phenotype, and the effective diffusion distance of soluble
signal was estimated to be less than 400 μm. Indeed, microtechnologies are expected to have
substantial impact on future advances in cell culture and tissue engineering.
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REGULATION OF BIOMECHANICAL SIGNALS
Biomechanical signals that the cells sense in vivo are associated with cellular deformation (due
to compressibility, shear), mechanical stress (in response to pressure, shear force), and also the
deformation of cell nucleus (elongation in response to tension). Among them, cell shape (or,
more precisely, the aberration from “normal” cell shape) appears to be the most obvious
indicator and regulator of physical effects on cell function. First, all cells have their unique
morphology: chondocytes are small and round, myoblasts are medium-sized and spindle-like,
and osteoblasts are large and polygonal. Second, the variation in cellular function (gene
expression leading to matrix synthesis and expression of surface markers) is often associated
with the changes in cellular morphology. The cell shape can be regulated by osmotic pressure,
by micro/nanotopological features of the cell attachment substrate, or by the adhesiveness and
stiffness of the substrate.

The 2D micropatterning is a direct way to control the cell shape without introducing additional
side effects such as changes in the solute concentration associated with osmotic swelling (Fig.
2b-I). By microcontact printing, the extracellular proteins are deposited onto specific locations
of the substrate, and the cells can spread only over the protein-patterned geometry. The control
of cell size was demonstrated to switch cell functions between apoptosis, proliferation, and
differentiation [Chen et al., 1997; Dike et al., 1999]. In particular, human mesenchymal stem
cells tended to undergo adipogenic differentiation on small adhesion islands (forcing the cells
to take their round configuration), and osteogenic differentiation on larger adhesion islands
(which in turn allowed cell spreading) [McBeath et al., 2004]. Such differences are believed
to result from the geometric control of cell cytoskeleton via control of cell shape.

The modification of substrate topology is another easy way to regulate cell function. Just like
naturally occurring topographic structures within the extracellular matrix that can influence
cell migration, polarization, and other functions, scaffold topography containing micro and
nanofeatures can affect cell morphology, alignment, adhesion, migration, proliferation, and
differentiation. Oriented topological features incorporated into a substrate to serve as contact
guidance dramatically changed the cytoskeletal arrangement and focal adhesions in cultured
hESCs [Gerecht et al., 2007]. Many studies have demonstrated that the nanopatterned substrate
can promote the elongation of stem cells and their subsequent differentiation into bone cells
[e.g., Oh et al., 2009]. Interestingly, the randomness (as compared to order) in the distribution
of nanodots enhanced the osteogenic differentiation of hMSCs [Dalby et al., 2007].

A series of groundbreaking studies demonstrated that the cell shape and cytoskeletal tension
can be effectively manipulated by varying the substrate stiffness [Engler et al., 2006, 2008].
These studies show that the cells prefer the mechanical environment they normally experience
in vivo, to the extent that substrate stiffness alone can direct cell differentiation [Engler et al.,
2006]. For example, embryonic cardiomyocytes beat best on a substrate with the stiffness close
to native heart tissues, which is optimal for transmitting contractile work to the matrix, and
only poorly on stiffer substrates matching the stiffness of scar tissue formed following cardiac
infarction [Engler et al., 2008]. A stiff substrate (comparable to an osteoid) leads to osteogenic
differentiation into bone cells, medium substrate (comparable to the heart matrix) supports
myogenic differentiation into muscle cells, while soft substrate (matching the soft fat tissue)
leads to neurogenesis (Fig. 2b-II). On extremely soft gels, only cancer cells can survive, and
this feature can be exploited in some cases to select cancerous cells from mixed populations
[Discher et al., 2005].

The changes in cell mechanics in response to substrate stiffness have been related to the cell–
matrix interactions via actin-myosin motors. Cell contraction at integrin-based adhesion sites
is resisted by the underlying substrate, which leads to the recruitment of additional adhesion

Freytes et al. Page 7

J Cell Biochem. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



molecules. Therefore, the variation of substrate stiffness can affect the buildup of the
cytoskeletal tension and thereby regulate multiple cellular functions.

The mechanical stresses in single cells can also be regulated through direct cell–cell
interactions. When cells are patterned onto substrates in defined geometric shapes and sizes
(such as circles or rectangles), cell proliferation was observed mostly in regions with highest
traction forces—at the edges of circles and in the corners of rectangles (Fig. 2b-III) [Nelson et
al., 2005]. The mechanical stresses generated by cell–cell interactions can be measured using
micro-posts [Tan et al., 2003] or traction force microscopy [Dembo and Wang, 1999],
providing important information on the mechanical status of the individual cells and cellular
monolayers.

Finally, the cell function can also be affected by other physical signals such as temperature,
pH, oxygen level, electrical field, and extracellular matrix properties. The embryonic patterning
network in Drosophila was perturbed with the temperature gradient generated using a
microfluidic system in a spatiotemporal manner [Lucchetta et al., 2005].

REGULATION OF STRUCTURAL SIGNALS
In general, cells behave more naturally (i.e., the cell responses measured in vitro are closer to
those in vivo) when cultured in 3D environments. For a long time, 3D scaffolds were designed
to provide a biocompatible structural template for cell attachment that would be permissive for
the exchange of nutrients, metabolites, and cytokines and allow cell seeding. Numerous studies
[see excellent reviews Langer and Tirrell, 2004; Lutolf and Hubbell, 2005; Tibbitt and Anseth,
2009] have convincingly demonstrated that the cell phenotype depends on the entire context
of the cellular environment.

Consequently, passive scaffolding materials (permissive and conducive to exogenous signals,
but without specific bioactive roles) are now being replaced with “cell-instructive” materials
designed to mimic the native matrix and actively interact with the cells. Importantly, these new
scaffolds are engineered to be functional at multiple length and time scales: molecular (by
incorporation of integrin-binding ligands, regulation of availability of growth factors),
cellular (mediation of cell–cell contacts, stiffness as a differentiation factor), and tissue
levels (directed migration, establishment of boundaries and interfaces, structural anisotropy).
The enormous variation of cell/tissue properties has led to “designer scaffolds” instead of
scaffolds universally suitable for a range of applications. We provide here a couple illustrative
examples for the new generation of scaffolds being used for studies of cells and engineering
of tissues.

Hydrogels are a particularly suitable material for highly hydrated scaffolds with tunable
molecular, mechanical, and degradation properties [Richardson et al., 2001; Lutolf and
Hubbell, 2005; Wang et al., 2007; Benoit et al., 2008; Tibbitt and Anseth, 2009]. Hydrogels
found applications for culture of hESCs [Elisseeff et al., 2006; Gerecht et al., 2007], and
engineering of a variety of soft tissues—cartilage [Hwang et al., 2008], cardiac muscle
[Zimmermann et al., 2006], and many others—largely based on the ability to incorporate
specific molecular and physical cues for directing cell behavior (Fig. 3a). A recent development
of methods for post-gelation modifications of hydrogel properties by laser light enable hydrogel
modifications “on the go,” and after the cells have been encapsulated [Kloxin et al., 2009]. For
the first time it is possible to induce geometrically precise degradation of hydrogel, for example,
to form channels for cell migration (Fig. 3a) or to modulate the hydrogel functionality. This
kind of post-gelation 3D patterning may have major implications on engineering of
hierarchically structured tissues.
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For engineering bone and cardiac muscle, the common structural requirements include the
optimization of scaffold pores (to provide the right balance between the pore size determining
cell migration and pore curvature determining cell attachment), and the establishment of
hierarchical structure (orientation, anisotropy, channels for vascular conduits). Bone tissue
development can be largely directed by the scaffold design. Silk is a scaffold material with
tailorable molecular, structural, and mechanical properties that induce and promote the
formation of human bone [Meinel et al., 2004; Wang et al., 2006]. For example, flat bone forms
on scaffolds with small pores, trabecular bone on scaffolds with large pores, and transient bone
on scaffolds with a gradient of structure [Uebersax et al., 2006]. Because bone is anisotropic,
it would be of great interest to develop scaffolds of this kind with oriented, and elongated pores
(Fig. 3c). An entirely different material—sebasic acid based elastomer—has been used as a
scaffold for cardiac tissue engineering [Radisic et al., 2006]. The pores, stiffness, and channel
geometry in this scaffold have been designed to enable engineering of vascularized cardiac
tissue with its unique structural and mechanical features. Again, the structural and mechanical
properties of native tissue have guided the scaffold design (Fig. 3c,d).

Cartilage is another example of a structurally and mechanically anisotropic load-bearing tissue.
Such tissue poses many challenges to the rapid and complete restoration of its quite unique
structural and biomechanical features. A recent development of a composite scaffold
specifically tailored for cartilage tissue engineering provides an integrated approach to
structure-function relationships [Moutos et al., 2007]. The scaffold is a composite of an
anisotropic woven structure and cell-loaded hydrogel, engineered to replicate to great extent
the multidirectional viscoelastic and tension-compression nonlinear properties of cartilage
(Fig. 3e). This elegant study is likely to advance our efforts to engineer cartilage with load-
bearing capability, and potential for integration and remodeling. Presumably, this “proof of
concept” scaffold, constructed using polyesther fibers and simple agarose or fibrin gel, can be
further optimized by using a custom-designed hydrogel with added functional features such as
control of bioactive molecules and scaffold degradation. Also, one can imagine that the same
concept could be extended to other tissues that are too complex to be “templated” by using any
single, spatially and mechanically isotropic material.

Another “designer scaffold” was engineered to mimic the anisotropic structure and
biomechanics of cardiac muscle (Fig. 3f) [Engelmayr et al., 2008]. The scaffold material was
a highly porous, degradable elastomer extensively used for cardiac tissue engineering, also
shown in Figure 3d. The curing time of this polymer was adjusted to achieve an effective tensile
stiffness matching that of native rat myocardium. The material was processed by micro-
fabrication into an accordion-like honeycomb scaffold with geometric properties adjusted to
mimic the structural and biomechanical anisotropy of native heart muscle. When cultured with
neonatal heart myocytes, the scaffold induced cell alignment and coupling, and resulted in
direction-dependent contractile behavior, a situation much closer to native heart tissue
properties than it can be achieved with isotropic scaffolds. It will be interesting to see if these
scaffolds will also support the development of vascular networks, and be compatible with the
use of perfusion bioreactors, both of which are needed for creating thick and compact tissue
grafts.

GEOMETRY-FORCE CONTROL OF CELLS IN ENGINEERED TISSUES
Mechanical forces play similar developmental roles in native and engineered tissues. During
development, mechanical manipulation of embryo causes abnormal axis formation [Belousov
and Ermakov, 2001], abnormal blood flow impairs the formation of heart chambers and valves
[Hove et al., 2003], and microgravity results in increased bone loss [Lang et al., 2004]. In tissue
engineering, physical regulation during cultivation of mechanically active tissues has emerged
as a new paradigm of “functional tissue engineering” [Butler et al., 2000]. We provide here

Freytes et al. Page 9

J Cell Biochem. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



several examples of methods that can be used to control the mechanical microenvironments
around the cells, study of the mechanical regulators of cell behavior, and enhance functional
tissue engineering through the application of mechanical forces.

For cells seeded in collagen scaffolds fixed at both ends (Fig. 4a), mechanical forces are
generated inside the gel, as cells are rearranging, aligning, and actively pulling collagen fibrils
along the scaffold axis [Vandenburgh et al., 1996;Vandenburgh et al., 2009]. Tensile forces
could also be generated by external mechanical tension (Fig. 4b). When applied to cardiac
tissue engineering, this concept induced rapid formation of interconnected, longitudinally
oriented cardiac muscle bundles with morphological features resembling those of adult native
tissue [Zimmermann et al., 2002]. Moreover, the cellular tension can be induced via excitation-
contraction coupling by applying cardiac-like electrical stimulation of cultured cells on
scaffolds (Fig. 4c) [Radisic et al., 2004a]. Similar to the application of mechanical stretch, the
electrically stimulated cells undergo electromechanical coupling, conduct electrical pacing
signals over macroscopic distances, and beat synchronously at the frequency of stimulation.
Both the mechanical and electrical stimulation enhanced cellular, ultra-structural, and
functional properties of engineered myocardium.

While mechanical stretch benefits the maturation of engineered cardiac tissues, other tissues
may be more responsive to other types of signals such as compression and fluid shear. Indeed,
the same tissue can respond quite differently to different signals. For instance, tensile stress
promotes the growth of immature animal growth plate while compressive stress inhibits tissue
growth [Stokes et al., 2006]. Dynamic compression has been successfully used to promote the
formation of mechanically functional engineered cartilage (Fig. 4d) [Mauck et al., 2000]. The
effects were attributed to a combination of mechanical stimulation and fluid transport that
increased the availability of nutrients and growth factors to the cells by mechanisms similar to
those intrinsic to loading-enhanced transport in articulating joints. When optimal combinations
and timing of application of growth factors and mechanical loading were implemented, the
engineered cartilage had composition and compressive properties comparable to native
cartilage.

For bone tissue, with its high density of metabolically active cells, direct perfusion generating
interstitial fluid flow is a preferred and most physiologically relevant option (Fig. 4e). Perfusion
supports cell viability (by local control of mass transport of nutrients and, most critically,
oxygen between the culture medium and the cells) and enhances osteogenesis (by subjecting
the cells to hydrodynamic shear) [Sikavitsas et al., 2003;Grayson et al., 2008].

For some tissues, a combination of physical signals may be necessary. One example is the
application of pulsatile flow within the lumens of engineered small caliber arteries (Fig. 4f).
The resulting dynamic strain in the circumferential direction improved the structural
organization and mechanical strength of the smooth muscle wall, whereas the fluid flow
enabled the vessels to remain open and provided shear forces to the endothelial cells on internal
vessel walls [Niklason et al., 1999]. Another example is the application of multiparametric
mechanical stimulation to engineered human ligaments. To mimic the combination of
mechanical strains that an anterior cruciate ligament experiences in vivo, human mesenchymal
stem cells cultured in collagen gel (or on silk scaffolds) were subjected to a combination of
dynamic axial tension and torsion, both applied at a physiologic amplitude and frequency.
Again, the resulting ligaments had substantially improved collagen fibril organization, tissue
morphology and composition, and expression of collagen types I and III and tenascin-C
[Altman et al., 2002].

In summary, the last decade resulted in the development of a new generation of culture systems
of high biological fidelity that are finding applications in fundamental biological research,
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engineering of functional tissue grafts, and studies of disease. These engineering designs are
inspired and guided by “biomimetics”—an approach that aims to recapitulate in vitro some of
the aspects of the native cellular milieu associated with tissue development and regeneration.
Of note, there is increased recognition that physical regulatory signals involved in tissue
development and function act in concert with molecular factors, in most cases in form of spatial
and temporal gradients. Such highly sophisticated environments, in which cells establish
dynamic relationship with the matrix and other cells, are enabling the biological fidelity and
levels of control not achievable in the past. We discussed here the new possibilities of the
control of cell function by structural (geometric) and physical (force-related) factors, in the
context of the biomimetic approach to cell culture and tissue engineering.
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Fig. 1.
Schematic presentation of the stages of heart development. Beginning from the blastocyst and
ending with a functioning organ (heart), the embryo’s complexity increases substantially.
Starting from the undifferentiated cells, the embryo begins to form via a series of coordinated
migratory patterns and rearrangements of the cells establishing physical boundaries and the
formation of the three germ layers: endoderm, ectoderm, and mesoderm. The complexity
increases as the differentiation of the cells (both spatial and phenotypical) progresses
establishing the orientation of the embryo (e.g., anterior vs. posterior), the location of future
organs, the matrix, and the beginning of the vascular network. Mechanical loading also
increases in complexity during organogenesis, leading to a completely competent and
functioning heart.
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Fig. 2.
Micromanipulation of cellular function. a: Regulation of molecular signals (I) biochemical
gradients generated from microfluidic devices influence cell polarization and migration; (II)
the concentration level of growth factors secreted by cells depends on colony size and mediates
the commitment of embryonic stem cells; (III) micropatterning controls cell–cell contact and
distance; (IV) microfabricated devices regulate the distance and timing of cell–cell interaction.
b: Regulation of Biomechanical signals (I) the control of cell shape regulates stem cell
differentiation. Large substrate size leads to osteogenesis and small size adipogenesis; (II)
substrate stiffness directs stem cell differentiation. High stiffness directs stem cells into
osteoblasts, medium stiffness promotes myogenic differentiation, and low stiffness promotes
neurogenesis. Only cancer cells can survive on an extreme soft substrate; (III) shape control
of multicellular system affects local cell proliferation. High cell proliferation rates are in the
regions with high mechanical stresses, such as edge of circles and corns of squares.
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Fig. 3.
Structural signals provided through scaffold design. a: Hydrogels with tunable molecular,
mechanical, and degradation properties. b: Post-gelation modification of hydrogel scaffold by
laser light enables geometrically precise degradation of hydrogel, to form channels for cell
migration [Kloxin et al., 2009]. c: Mechanically strong, highly porous, mineralized silk scaffold
for bone tissue engineering [Wang et al., 2006]. d: Soft, highly porous, channeled elastomer
scaffold for engineering vascularized cardiac muscle [Radisic et al., 2006]. e: Knitted matt-gel
composite scaffold with structural and mechanical anisotropy for cartilage tissue engineering
[Moutos et al., 2007]. f: Accordion-like elastomer scaffold with structural and mechanical
anisotropy designed for cardiac tissue engineering [Engelmayr et al., 2008].
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Fig. 4.
Physical regulation of engineered tissues. a: Constructs are fixed at two ends, such that the
cellular contraction generates tensile forces in the tissue; (b) active dynamic stretch provides
mechanical regulation of the cells; (c) electrical stimulation paces the beating of cardiac
constructs and cardiomyocytes apply tensile forces on the scaffold. d: Dynamic compression
stimulates chondrocytes in engineered constructs and facilitates nutrient transport. e: Medium
perfusion through engineered constructs promotes cell proliferation and matrix production. f:
Pulsatile flow exerts shear forces to endothelial cells along the inner wall of engineered blood
vessel and stretches the vessel in the circumferential direction.
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