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Abstract: A detailed understanding of the biophysical fea-
tures that affect cell growth and development is important in
guiding the design of biomimetic scaffolds. The cellular
microenvironment is a network of structural and functional
components that provide mechanical and chemical stimuli,
which influence cell function and fate. Important develop-
mental signals are conveyed to cells through interactions
with neighboring cells, the extracellular matrix (ECM), and
growth factors. Currently, there are number of approaches to
create 3D tissue models in vitro that allow for control over

cell adhesion, the physical properties of the surrogate matrix,
and the spatial distribution of growth factors. This review
describes some of the most significant biological features of
the ECM, and several engineering methods currently being
implemented to design and tune synthetic scaffolds to mimic
these features. © 2010 Wiley Periodicals, Inc. J Biomed Mater Res
Part A: 94A: 1321-1331, 2010.
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INTRODUCTION

Two-dimensional (2D) cell culture is commonly used to
study cell function and behavior, providing a basic method
to explore biological mechanisms, cell differentiation, and
therapeutic efficacy before moving into more complex,
in vivo models. However, cells cultured in traditional 2D
models fail to provide an accurate representation of cells in
situ as they lack the contextual cues found in the native
three-dimensional (3D) tissue."? Several factors in the cellu-
lar microenvironment provide important signals to cells,
including interactions with neighboring cells, the extracellu-
lar matrix, and soluble factors.

The extracellular matrix (ECM) is a heterogeneous compo-
sition of proteoglycans, proteins, and signaling molecules that
was originally known for its role in providing structural sup-
port to cells and as a milieu for cell migration. Recent investi-
gations of the ECM have clarified its role beyond an inert
background to an active component in cell signaling.*”* Begin-
ning with embryogenesis and continuing throughout adult-
hood, the ECM influences cell differentiation, proliferation,
survival, and migration through both biochemical interactions
(cell adhesion, presentation of growth factors) and mechanical
cues® (stiffness, deformability). Successful understanding of
ECM signals will facilitate the ability to guide cell behavior
and evaluate complex intracellular signaling pathways.

Considering the impact of the ECM on cellular behavior,
a multidisciplinary paradigm shift is underway towards the
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development of biomimetic 3D cell culture systems that
incorporate ECM molecules to recapitulate the native envi-
ronment more accurately than 2D systems.*” Current 3D
models are made from polysaccharides, collagens, synthetic
biomaterials, spheroids of other cells, peptides, cell frag-
ments, or decellularized ECM from living tissue.® There are
a number of excellent reviews which discuss these natural
and synthetic scaffolds.”**

Among the scaffolds currently in use, the majority are
either simple or ill-defined. Simple matrices include syn-
thetic polymers such as poly(ethylene glycol) (PEG) and
poly(vinyl alcohol) (PVA), or naturally derived polymers
such as chitosan and collagen. As these scaffolds are often
made from only one or two components, the physicochemi-
cal properties can be controlled; however, many of these
polymers have limited cellular recognition and, therefore,
natural cell-matrix adhesions may be limited or completely
absent. Any variation in adhesion will alter the signaling
mechanisms that are important to many cellular processes.

At the other extreme are complex, ill-defined matrices
such as Matrigel®® or reconstituted tissue.'® These scaffolds
provide factors that impact cell function; however, the inher-
ent complexity of these scaffolds makes it difficult to under-
stand cell signaling. Batch-to-batch variability hinders the
reproducibility of experiments. Problems with biocompatibil-
ity prevent implantation of the scaffolds into human patients,
and the mechanical properties of these scaffolds are not
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FIGURE 1. The complex 3D cellular environment provides mechanical and biochemical signals that guide cell function. The components of the
ECM dictate the stiffness of matrix and the types of cell-matrix adhesions. The matrix composition also determines the ease of nutrients to dif-
fuse to tissues, and the ability of cells to migrate through the matrix. Nonstructural factors such as cell density, cell-cell interactions, and bound
or secreted signaling proteins are important in guiding cell differentiation and function. Image copyright (2010) by Karyn Ho and Anne Hsieh.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

easily manipulated. As such, the direct effect of these current
surrogate ECMs on cell behavior remains ambiguous.

Appreciation of the complexity of the cell response to
ECM signaling has stimulated the development of 3D scaf-
folds that imitate a range of ECM properties. 3D models can
overcome the constraints of current 2D models by incorpo-
rating both mechanical and biochemical components directly
into the matrix. In the first part of this review, we outline
several biological features of the cellular environment that
are important in guiding cell fate. Later, we discuss note-
worthy engineering advancements in designing scaffolds
with tunable components to allow control of matrix factors
that affect cell function.

DEFINING THE NATURAL BIOPHYSICAL AND CHEMICAL
PROPERTIES OF THE EXTRACELLULAR MATRIX

All cells reside in a complex microenvironment that is tai-
lored to guide their physiological functions. As shown in
Figure 1, the complex 3D cellular environment provides me-
chanical and biochemical signals that are important in guid-
ing cell growth and function. Composition of the ECM dic-
tates matrix stiffness, nutrient diffusion to tissues, and cell-
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matrix interactions, including cell adhesion and migration.
Nonstructural factors, such as cell density, cell-cell interac-
tions, and bound or secreted signaling proteins, are also im-
portant in guiding cell differentiation and function.

Structural elements of the ECM include a hydrated
meshwork of laminin, collagen, elastin, entactin (nidogen),
proteoglycans, fibronectin, and various other constituents.'”
The more fibrous components (e.g, collagen and elastin)
provide architectural rigidity and tension for the cells, while
the non-fibrous components (predominantly glycosamino-
glycans) regulate turgor pressure, form intimate intracellu-
lar connections, and modulate the binding, display, and ac-
tivity of growth factors.'®

The cellular environment is paramount: during embryo-
genesis and differentiation into the three primary germ cell
layers; in complex tissue and organ formation; throughout
adulthood in maintaining homeostasis; and in response to
insult.'® During early development highly organized chemi-
cal gradients in the ECM guide cell migration to form the
gastrula. Cell differentiation is further directed through mor-
phogenesis and organogenesis by both cell-matrix and cell-
cell interactions.”® Most cells in the body are maintained in
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a quiescent state following embryogenesis; however, prolif-
eration and differentiation of some specialized cells (such as
hematopoietic progenitor cells) are continually regulated by
ECM interactions. In addition, the ECM has been shown to
be instrumental in physiological response to wounding and
infection.?** The vital instructive cues in the cellular
microenvironment include cell binding interactions, mechan-
ical and structural support, and the presentation of regula-
tory molecules.

Cellular adhesion to the ECM

The matrix environment in which cells are grown influences
the type and extent of cellular adhesion, which in turn
affects cell proliferation.?® Integrins are the primary cell
surface receptors that are responsible for cell-matrix adhe-
sion (Fig. 2). They are composed of two transmembrane
units—a large o subunit and a smaller  subunit—that form
non-covalent heterodimers in the presence of extracellular
Ca?".2* Various combinations of o- and B-subunits allow for
the formation of 24 different heterodimers, which determine
ligand specificity. Although some redundancy exists between
integrin pairs and their respective ligands, the loss of almost
any integrin has deleterious effects.?® Most importantly,
integrins not only act as anchors to the ECM but also trans-
duce mechanochemical signals to the cell via intracellular
transduction. Initial binding of integrins often leads to the
clustering of additional specialized adhesive proteins and
local remodeling of cytoskeletal and cytoplasmic proteins.’®
The resulting focal adhesions sensitize cells to mechanical
stimuli, including the rigidity and elasticity of the ECM.

Integrins bind a number of “insoluble” components of
the ECM including laminin, elastin, and hyaluronan, among
others.”* The types and concentrations of these insoluble
factors provide signals that are disseminated by the integrin
family, promoting activation of diverse cytoplasmic proteins
to control a number of cellular processes: differentiation,
survival/apoptosis, cell polarity, gene regulation, actin orga-
nization, proliferation, and cell migl’ation.z'z‘*‘26 For example,
the polarity of epithelial cells is essential in tissue organiza-
tion for structural formation (such as ductal arrangement),
and the directionality of product secretion (such as lacta-
tion). It has been shown that epithelial cell integrins must
interact with a laminin-rich basement membrane to form
the proper architecture and achieve normal cell func-
tion.?””?® Cells cultured in a 2D environment lack basal and
apical membrane differentiation, while cells cultured in a
3D matrix may present appropriate integrins to maintain
polarity.*’

An impressive list of integrins and their associated cyto-
plasmic proteins was arranged by van der Flier and Sonnen-
berg;24 however, no comprehensive index has been tabu-
lated that links the extracellular binding of integrin dimers
with their respective cellular function. Progress in elucidat-
ing the role of each integrin and its downstream regulation
of cell behavior will aid in the design of more specialized
ECM surrogates that are specific to a desired cellular out-
come. The use of defined ECM scaffolds will provide greater
insight into the impact of integrin-matrix interactions.
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FIGURE 2. Integrins are composed of two transmembrane units—a
large o subunit and a smaller B subunit—that form noncovalent heter-
odimers that have high affinity for EMC ligands. Integrins not only act
as anchors to the ECM but also transduce mechanochemical signals
to the cell via intracellular transduction that lead to the remodeling of
cytoskeletal and cytoplasmic proteins. (Reproduced with permission
from Schwartz MA, Trends Cell Biol, 2001, 11, 466-470, Elsevier).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Density and stiffness of the ECM

Cells are not only sensitive to ECM adhesion but also to its
density and stiffness. For example, cultured fibroblasts
exhibited significantly different migration patterns when the
density of the matrices was changed.>* When ECM density
was increased, by increasing concentrations of collagen, the
migration of fibroblasts was reduced. Thus, an inverse cor-
relation between matrix density and cell migration was
observed while matrix ligand and integrin receptor concen-
trations were held constant.

Important work by Discher and colleagues demonstrated
the importance of matrix elasticity on stem cell fate.3! Mes-
enchymal stem cells (MSCs) were cultured on collagen-
coated gels that mimicked the elasticity of various tissues.
The MSCs responded to gel elasticity by differentiating into
lineages that corresponded to the stiffness of the native
environment (Fig. 3). For example, MSCs cultured on soft
gels (~0.1-1 kPa), to mimic brain elasticity, developed a
neuronal morphology, with filopodia branching and spread-
ing. More importantly, the RNA profile of these cells showed
an increased expression of the neuronal progenitor marker,
nestin, and the neuron marker, BIII tubulin. Interestingly,
medium stiffness gels (8-17 kPa), which mimic striated
muscle elasticity, promoted differentiation to myogenic cells,
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FIGURE 3. (a) Scale of tissue elasticity ranging from the softest (brain) to stiffest (bone). (b) Cells cultured on gels that mimic a soft tissue envi-
ronment anchor less strongly to the substrate than cells cultured on gels that mimic a stiff tissue environment (left). Signals from growth factors
bound to the ECM affect cell function by mediating gene expression through various kinases such as Rho and Rac (right). (Reproduced with per-
mission from Discher DE, Mooney DJ, Zandstra PW, Science, 2009, 324, 1673-1677, AAAS). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

and the gels with the highest stiffness (25-40 kPa) to mimic
bone elasticity, enhanced osteogenic differentiation. Similar
results have been shown in other studies.’**3
Dependence on matrix rigidity has
observed for mammary epithelia®* and glioblastomas.
Increasing matrix stiffness disrupts cell morphology, and
leads to increased proliferation. As shown in Figure 3(b),
increasing ECM rigidity elevates the activity of the Ras hom-
olog gene family member A (RhoA), which subsequently
induces cytoskeletal tension, decreases cell-cell contact, dis-
rupts cell polarity, and increases growth rate.

likewise been
35

Permeability of the ECM

In addition to rigidity and elasticity, other architectural fea-
tures of the ECM are also important in dictating cell behav-
ior. Metabolic activity requires access to nutrients and the
removal of waste, both of which are primarily a function of
diffusion. The porosity and permeability of the ECM directly
affect the extent and nature of diffusion, and therefore influ-
ence cell processes.

To grow properly, cells require an ECM that permits the
diffusion of nutrients and waste. Research has suggested
that the diffusion of oxygen is limited to ~100 um from the
source, even in highly vascularized tissue such as the liver.®®
The diffusion of other nutrients (proteins or steroid hor-
mones) is dependent on the tortuosity and elimination path-
ways of the tissue. High cell density and dense ECM compo-
sition reduces the supply of nutrients to the interior of
multilayered tissues, and prevents the removal of deleteri-
ous waste compounds. This phenomenon is very common in
solid tumors that develop necrotic cores as a result of poor
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diffusion.?” As such, the overall permeability of the ECM
affects the diffusion of nutrients and, consequently, affects
cell differentiation and function.

The pore sizes found in natural tissue are ideal for the
arrangement of cells and function of tissues in each specific
environment. Perhaps the most studied system linking ECM
permeability and porosity with cellular function is osteogen-
esis. The matrix of bone tissues is a highly organized frame-
work of fibers (collagen, elastin), proteoglycans, and pro-
teins, not unlike other tissues; however, the bone matrix
also contains a high concentration of inorganic material (hy-
droxyapatite) which contributes to the stiffness of bone tis-
sue. Bone can be classified as either highly porous and
spongy or as compact and lamellar, with each containing a
dominant cell type—osteoblasts and osteoclasts, respec-
tively. Osteogenesis begins in the bone marrow where pro-
genitor cells differentiate into osteoblasts. These cells are
responsible for the generation and mineralization of the
bone matrix by secretion of type I collagen and hydroxyapa-
tite. Interestingly, as osteoblasts secrete these components
into the ECM, the matrix porosity and permeability dramati-
cally decreases, the levels of growth factors decrease, and
the trapped osteoblasts are induced to differentiate into
osteoclasts.®® In contrast to osteoblasts, osteoclasts mainly
function to breakdown bone and reabsorb minerals. The
biomimetic scaffold designed to study regeneration and
repair of bone (or any other tissue), must recapitulate the
natural topography of that tissue to maintain proper cell
functioning.

The impact of porosity on cell growth and proliferation
has also been demonstrated using synthetic scaffolds. Using
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centrifugation to process polycaprolactone (PCL) scaffolds,
Lee and coworkers fabricated scaffolds with a gradient of
pore diameters ranging from ~88-405 pum, and then exam-
ined the interaction of cells (chondrocytes, osteoblasts, and
fibroblasts) with the scaffolds in vitro.>® Chondrocyte and
osteoblast growth was greatest in scaffolds with pore sizes
380-405 pm, while fibroblast growth was greatest in scaf-
folds with pore sizes 186-200 um. Scaffolds with pore size
290-310 um encouraged the greatest degree of tissue infil-
tration resulting in bone formation in vivo.

Degradation and remodeling of the matrix
Following binding to the ECM, cells respond to the environ-
ment by releasing different proteases. The type of concen-
tration of protease released depends on the composition of
the ECM and its sensitivity to enzymatic degradation. In this
manner, cells are defined by their environment, but also
simultaneously remodel it. Seminal work by Bissell et al
has termed this type of cell-matrix synergy as “dynamic
reciprocity”*°

Most cells reside in a state of homeostasis, reaching full
development at the end of embryogenesis.*! Some cells,
however, go through significant physiologic changes at much
later stages of development, requiring remodeling of the cell
environment. Among these are cells of the mammary gland,
which branch into ducts and terminal lobular units (acini)
during puberty, and again change during pregnancy, finally
reaching a fully developed state only after parturition.
Epithelial mammary cells initially respond to hormone
secretion and the elasticity of their environment by growing
small projections. This is followed by remodeling of their
environment through secretion of proteases, such as matrix
metalloproteinease (MMP), and enzymes, such as hyaluroni-
dases.** Degradation of the ECM changes the local modulus,
decreases the number of cell-matrix adhesions, and also
results in the release of ECM fragments that may possess bi-
ological activity. The cues that result from degradation are
relayed back to the cell, guiding subsequent behavior and
function. Thus, the ability of cells to remodel their environ-
ment, in concert with hormonal cues and reciprocal signal-
ing, allows for proper functional development.

Cell-cell interactions

The cellular microenvironment includes cell-cell interac-
tions where cell density alone can influence cell func-
tion.**** Moreover, different cell types invariably influence
cell function. Cell-cell interactions are instrumental in reca-
pitulating the native environment and promoting the mor-
phogenesis of functional tissue. For example, mammary epi-
thelial cells in situ maintain physical contact with
neighboring myoepithelial cells via a combination of connec-
tions, including adherens and gap junctions.*> Adherens
junctions generate the polarization of epithelial cells, leading
to the development of basal and apical membranes that are
required for proper secretory function. Early investigations
by Okada showed that co-cultures of myoepithelial and epi-
thelial cells, formed penetrating tubes into collagen gels, but
monocultures of either cell lacked structural correctness
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(Fig. 4).*° Similar co-dependency between myoepithelial
(arising from the mesoderm) and epithelial cells (arising

from the ectoderm) is seen in all glandular and vascular
45

tissue.

FIGURE 4. Light micrographs of two types of outgrowths seen from
co-cultures of myoepithelial and epithelial cells on floating collagen
gels. (a) Twelve days after culture, blunt outgrowths were seen from
the cell sheet, (b) 6 days after culture, pointed outgrowths were seen
originating at the edge of the cell sheet. Scale bar: 200 um. (Repro-
duced with permission from Bennett DC, Armstrong BL, Okada SM,
Dev Biol, 1981, 87, 193-199, Elsevier).
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The importance of cell-matrix and cell-cell interactions
is apparent in the brain where neurons are surrounded by
the ECM and glial cells (oligodendrocytes and astrocytes).
Astrocytes guide neuron migration during development, and
promote the myelination activity of oligodendrocytes which
act as insulating conduits to route synaptic signals.*’ In
addition, astrocytes provide biochemical support to neurons
by supplying nutrients and regulating the concentration of
ions in the extracellular space. Importantly, there is
dynamic, bi-directional signaling between astrocytes and
neurons. Glutamate released from astrocytes influences the
transmission of signals between neurons at synaptic junc-
tions; conversely neuronal activity stimulates glial fibrillary
acidic protein (GFAP) production in astrocytes.*®

Cell-cell interactions are also required for appropriate
phenotypic growth. Bhatia et al. have shown that hepato-
cytes co-cultured with fibroblasts restore the appropriate
hepatocellular phenotype.*® Further work has also shown
the dependency of liver sinusoidal endothelial cells (LSECs)
on neighboring cells.>® Analysis demonstrated that the
expression of characteristic cell surface markers and prolif-
eration were optimized when LSECs were maintained in co-
cultures of both hepatocytes and fibroblasts. The stimula-
tory cues that arise from these intimate neighbors include
physical junctions as well as secreted paracrine chemical
factors, all of which are instrumental in determining cell
fate.

The cellular environment is paramount in guiding cell
growth and function. The combination of the structural
characteristics of the matrix, the types of cell-matrix adhe-
sions, as well as other factors such as cell-cell interactions,
and bound or secreted signaling proteins are all important
aspects of the cellular environment that must be regulated
for proper cell function.

BIOENGINEERING APPROACHES TO TUNE

MATRIX PROPERTIES

Appreciating the significance of the cellular environment
has led to numerous surrogate scaffolds with the expecta-
tion that mixing cells into a porous matrix and adding solu-
ble growth factors will result in functional tissue. However,
in many cases, culturing cells in these surrogates has not
led to the desired outcome. Successful fabrication of func-
tional tissue analogs requires an awareness of the physical,
biochemical, and cellular stimuli of the microenvironment.
As such, researchers have begun to modulate many aspects
of synthetic matrices in an attempt to overcome the limita-
tions of oversimplified or undefined matrices currently in
use.

Controlling the mechanical properties of the scaffold

Understanding the signals that guide cell fate lies at the
interface of biology, chemistry, and materials science and
comprise the field of tissue engineering.’* Advancements in
biomaterials and engineering have established a large set of
tools to develop strategies to control the range of signals
that affect tissue form and function. Several approaches
have made noteworthy improvements in tuning scaffolds to
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recapitulate the modulus and ductility of a range of native
environments. The most common approach to control scaf-
fold rigidity is by varying the types and ratio of compo-
nents. In an attempt to direct cartilage regeneration, Kuo
et al. cultivated chondrocytes in a ternary, physical mixture
of natural and synthetic polymer scaffolds containing PEG/
chitin/chitosan.’? The authors found that the regeneration
of cartilaginous material could be controlled simply by
adjusting the composition of the hybrid scaffold. A second
approach to manipulate the mechanical properties of fully
synthetic hydrogel scaffolds was devised by Anseth and col-
leagues by changing macromer concentrations in copolymer
formulations.>® Photocrosslinking gels based on multi-vinyl
macromers of PEG and PLA were fabricated to optimize the
compressive modulus of the gel to mimic physiological com-
pressive loads. Varying the concentration of PEG macromer
from 10 to 20%, resulted in gels with moduli ranging from
60 to 500 kPa. Similarly, Borzacchiello and co-workers con-
trolled the elastic moduli of natural matrices composed of
hyaluronic acid (HA) and collagen by changing the molecu-
lar weight of HA in the system.>* Interpenetrating networks
of HA with collagen resulted in firm gels that preserved the
important biological and chemical properties of HA. These
simple approaches represent an important step in tuning
the physical properties of ECM mimetics; however, more
research is required to evaluate the effectiveness of these
scaffolds to control cell function.

A fascinating approach to modulate the rigidity of an
ECM substitute, derived by Chen et al. is to direct control
over contractile forces using microfabricated cantilevers.>®
NIH 3T3 fibroblasts were cultured in collagen gels, and the
overall stiffness was measured and controlled by anchored
cantilevers. Varying the overall rigidity of the scaffold pro-
vided a means to regulate changes in the protein expression
of embedded cells, whereas changes in the amount of fibril-
lar actin, fibronectin, and tenascin C reflected responses to
mechanical stress. This study highlights the dynamic reci-
procity between cellular forces, ECM remodeling, and cellu-
lar function. Importantly, the authors present a means to
induce stress gradients in tissue scaffolds that can be used
to control cell differentiation.

In a separate study, the migration of vascular smooth
muscle cells was examined with respect to matrix stiffness
using defined polyacrylamide gels with moduli ranging from
5 to 80 kPa.°® Analysis of cell behavior demonstrated duro-
taxis—that is cell guidance up a stiffness gradient. More-
over, cells aligned in the direction of the stiffness gradient.
Cell morphology varied with the modulus of uniform (gradi-
ent free) gels—the extent of cell spreading increased with
increasing stiffness.

In addition to meticulous iterations in scaffold design,
high-throughput methods and computer simulations have
begun to emerge to facilitate the understanding of how
materials affect cell function. For instance, Langer and col-
leagues generated a rapid assay to characterize the interac-
tions of human embryonic stem (hES) cells and a variety of
acrylate-based polymers.”” The group deposited 576 combi-
nations of 25 different acrylate monomers on a layer of
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poly(hydroxyethyl methacrylate) (pHEMA) and then hES
cells were monitored for changes in cellular morphology,
growth, and differentiation. Interestingly, the majority of
monomers supported general cell attachment and growth,
but also biased differentiation into a cytokeratin-positive,
epithelial-like cell. Separately, Huang and Ingber designed
computer simulations to model the activation of the cell sig-
naling network in response to general mechanical stimulj,
and predict the cell fates that may result.>® Their results re-
emphasize the robust link between cell fate regulation and
interactions with physical surroundings, as well as intro-
duce a simple means to conceptualize regulatory signal
processing.

Tuning the porosity and permeability of the matrix

The need for a porous, interconnected matrix is apparent;
however, defining pore dimensions and the degree of per-
meability remains a significant challenge. One endeavor by
Shoichet and co-workers to control both the pore size and
porosity of scaffolds used various concentrations of dextran
and PEG.> Formulations of 10 wt % dextran with increas-
ing percentages of PEG from 0 to 25 wt %, led to the forma-
tion of several scaffold topologies from microporous, to
macroporous gel-wall, to macroporous interconnected-
beaded structures (Fig. 5). The interconnected-beaded scaf-
folds contained pores with a median diameter of 41 pm
that were connected by narrower channels with a median
diameter of 11 pm. An alternative approach from Hollister
and colleagues coupled solid free form (SFF) manufacturing
with sponge scaffold fabrication to cast an array of materi-
als into porous architectures.®® Polyglycolide (PGA) and
polylactide (PLA) were formed into scaffolds using porogen
leaching of NaCl or by solvent evaporation of chloroform.
The resulting architecture featured global pore sizes of
~100 pm, and local pore sizes ranging from 10 to 300 pum.
Importantly, the architecture of scaffolds can be controlled
to manipulate both global and local porosity and pore size.
Mikos and co-workers developed a method of controlling
the porosity of chitosan scaffolds for osteogenic differentia-
tion by incorporation of lysozyme at the material surface.
Incubation with lysozyme degraded the polymer backbone,
resulted in the formation of pores, and increased the overall
porosity of the scaffold initially at 5-55% after 21 days.
Bhatia and colleagues used lithography and microsyringe
deposition to control the porosity of poly(bL-lactide-co-glyco-
lide) (PLGA) scaffolds, and evaluated the advantages and
limitations of each fabrication technique.®® The majority of
research on scaffolds lies in fabrication of the material, for
which several reviews have been written.”®%%* A core chal-
lenge of these technologies is to balance the integrity and
mechanical support of scaffolds, while still allowing cell
migration, transport of nutrients, and removal of waste.

Regulating matrix degradation

A central feature of several development processes is the
ability of cells to degrade and remodel their environment.
Susceptibility of the substratum to proteolytic degradation,
as well as its capacity to be remodeled, is essential in em-
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bryonic development, angiogenesis, ductal formations, and
wound healing. In recreating suitable matrices to recapitu-
late these processes, it is imperative to include components
that allow for the natural remodeling of the ECM as seen in
the cells’ native environment. Efforts by Hubbell and col-
leagues have led to the development of PEG acrylate poly-
mer scaffolds that are modified with peptide cross link-
ers.®*®5 The peptide sequences contained in these materials
are sensitive to cleavage by specific proteases, such as colle-
genase and plasmin. By also including cell adhesion pro-
teins, these gels have shown great potential in allowing the
migration of smooth muscle cells and fibroblasts.

In a separate approach, Mooney and colleagues explored
the influence of matrix degradation rate on myoblast pheno-
type.®® Scaffolds were engineered using alginate, and the
degradation rate was varied by partial oxidation of alginate
before encapsulation of cells. Although the cellular prolifera-
tion rate was highest in non-degradable gels, only myoblasts
cultured in degradable gels differentiated into multi-
nucleated myofibers. Additional investigation may further
clarify the role that scaffold degradation plays on cell differ-
entiation and function.

Beyond degradation of the matrix in the cell microenvir-
onment, the complete removal of scaffolds after the success-
ful ex vivo generation of tissue could be advantageous. Scaf-
fold removal would allow for the implantation of generated
tissue without the complications associated with physiologi-
cal responses to the scaffold itself. Pioneering efforts in scaf-
fold removal, or scaffold-less engineered tissues include the
work of Okano, Matsuda,®” Auger,°® and others.

Incorporation of biochemical signals
Various biochemical cues found in the ECM may include: in-
soluble components (e.g, laminin, fibronectin); soluble
growth factors (e.g., neurotrophin-3, platelet-derived growth
factor); and matrix-bound factors (e.g., vascular endothelial
growth factor). Inclusion of insoluble biochemical cues is
essential for all ECM surrogates. The specific type and con-
centration of factors should be based on the target cell.
Hubbell et al. have constructed fibrin scaffolds while graft-
ing heparin into the matrix during fibrinogen crosslink-
ing.?’° Specifically, the transglutaminase enzyme factor
Xllla was used to crosslink individual fibrinogen fibers, and
to append a modified heparin protein to the backbone. Nat-
ural heparin affinity is then used to bind a number of
growth factors, including vascular endothelial growth factor
(VEGF), and has been used to guide the morphogenesis of
blood vessels. In contrast to the hyperpermeability often
observed when free VEGF is used to treat endothelial cells,
the low concentrations incorporated into this polymer back-
bone resulted in the formation of more normal vasculature.
Current work by Prestwich has expanded the available ECM
scaffold library by incorporating a number of growth factors
and cleavable crosslinking agents in hyaluronic acid based
matrices.”*”"3

Innovative work by Shoichet and co-workers advanced
matrix design to include micropatterned biomolecular gra-
dients into scaffolds for cell guidance.”* Agarose gels
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FIGURE 5. Representative scanning electron micrographs of dextran-based scaffolds. Increasing percentages of PEG from 0 to 25 wt %, lead to
the formation of several scaffold topologies from microporous, to macroporous gel-wall, to macroporous interconnected-beaded structures. (a)
0 wt %, (b) 2.5 wt %, (c) 5 wt %, and (d) 25 wt %. (Reproduced with permission from Levesque SG, Shoichet MS, Biomaterials, 27, 5277-5285,

Elsevier).

modified with a 2-nitrobenzyl protected cysteine yielded
free cysteine thiols upon exposure to a conventional He/Ne
325 nm laser source. The exposed thiols reacted readily
with maleimide-terminated peptides and proteins, yielding
peptide-/protein-modified agarose gels localized throughout
specific volumes.”® The approach has been extended using
a two-photon confocal microscope to create more ad-
vanced patterned gels, including the production of islands
(<20 um®) at defined depths that can be linked to create
a variety of geometries (Fig. 6). The resulting matrices can
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be treated with selected proteins and peptides that
enhance cell growth and proliferation within complex 3D
geometries.76'77

An additional example of efforts to control cell fate by
the geometric patterning of growth factors has been demon-
strated by Ingber and colleagues.”® Patterned poly(di-meth-
ylsiloxane) gels were created by first preparing templates
through photolithography of silicone and polymerizing gels
to generate defined islands. These specific geometrical poly-
mer islands were then coated with fibronectin, and provided

DESIGN OF THREE-DIMENSIONAL BIOMIMETIC SCAFFOLDS



FIGURE 6. (a) Oblique and (b) side view of a hydrogel patterned using
muliphoton excitation to activate functional groups. Green squares
are 60 x 60 x 18 um labeled with the green fluorescent dye AF488-
Mal. Circles are 50 pm in diameter and are labeled with the red fluo-
rescent dye AF546-Mal. (Reproduced with permission from Wosnick
JH, Shoichet MS, Chem Mater 2008, 20, 55-60, American Chemical
Society). [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

adhesion sites for subsequently treated capillary endothelial
cells. The size and shape of immobilized fibronectin islands
dictated the degree of cell spreading, and, therefore, guided
cell growth or apoptosis.

Multifaceted approaches in developing ECM surrogates
Recent scaffold designs have begun to incorporate both me-
chanical and biochemical cues to support the phenotypical
growth and development of functional tissue. One important
aspect of current research is the attention on cell-cell inter-
actions. For example, matrices are being designed to stabi-
lize isolated hepatocytes in co-culture with fibroblasts.”®
The PEG hydrogel-based scaffolds used in these studies con-
sist of photo-patterned adhesive proteins specifically
selected based on hepatocyte integrin expression. Patterned
hydrogels resulted in higher levels of albumin and urea, in-
dicative of hepatocyte functionality.

In addition to adapting conventional polymers for scaf-
fold synthesis, a number of novel materials are gaining pop-
ularity for use as ECM surrogates. Among these are carbon
nanotubes,®® silk nanofibers,®* and hydrogels.®? Although
many of these materials show promise as the next genera-
tion of scaffolds for 3D cell culture, these surrogate extracel-
lular matrices must be tuned to match the mechanical and
chemical requirements specific to each target tissue to
ensure proper guidance of cell fate.

REVIEW ARTICLE

OUTLOOK

There is significant opportunity to advance the field further
through the design of tunable scaffolds and the incorporation
of multiple cell-based strategies. For example, little research
has succeeded in developing scaffolds with mechanical prop-
erties that can be tuned after fabrication. The ability to
increase scaffold rigidity after cells have been seeded would
allow mechanical properties to be precisely tailored, while
avoiding complications during scaffold processing. Another
potential improvement would be the capacity to add cells into
patterned matrices following scaffold formation. In this man-
ner, sensitive cells would not be exposed to detrimental proc-
esses common during scaffold preparation.

Similarly, more research is needed to better understand
cell-cell interactions in 3D environments. Further develop-
ment of co-culture models and methods of cell seeding may
improve the use of scaffolds for tissue engineering.

Elucidating the cellular response to environment and
application of these mechanisms to the design of biomimetic
scaffolds, offers great potential to control stem cell fate and
guide tissue regeneration. Techniques that allow for fine
tuning of individual aspects of the cellular microenviron-
ment will be essential in developing models to enhance our
understanding of the relationship between structure and
function and as templates for complex tissues and organs.
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