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Cellular differentiation, organization, proliferation and apoptosis are determined by a
combination of an intrinsic genetic program, matrix/substrate interactions, and extracellular cues
received from the local microenvironment. These molecular cues come in the form of soluble (e.g.
cytokines) and insoluble (e.g. ECM proteins) factors, as well as signals from surrounding cells that
can promote specific cellular processes leading to tissue formation or regeneration. Recent
developments in the field of tissue engineering have employed biomaterials to present these cues,
providing powerful tools to investigate the cellular processes involved in tissue development, or to
devise therapeutic strategies based on cell replacement or tissue regeneration. These inductive
scaffolds utilize natural and/or synthetic biomaterials fabricated into three-dimensional
structures. This review summarizes the use of scaffolds in the dual role of structural support for
cell growth and vehicle for controlled release of tissue inductive factors, or DNA encoding for
these factors. The confluence of molecular and cell biology, materials science and engineering
provides the tools to create controllable microenvironments that mimic natural developmental
processes and direct tissue formation for experimental and therapeutic applications.
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the surrounding tissue.4 The intrinsic genetic potential of these
progenitor cells to regenerate the desired tissue acts in concert
with the molecular cues present in the extracellular microenvironment to navigate the multiple differentiation pathways
and produce the appropriate cell types. These progenitor cells
respond to the molecular cues, which are biochemical and
biophysical signals transmitted via cell surface receptors and
integrated via a complex array of intracellular signaling
pathways. Stimulation of specific signaling pathways by these
molecular cues affects cellular gene expression, resulting in
protein production and secretion. The secreted proteins

David M. Salvay was born in
1978 in Tel-Aviv, Israel. He
studied at Washington
University in St. Louis, where
he received a BA in
Biochemistry and Molecular
Biology, and a BS and MS
in Biomedical Engineering in
2001. In addition to
conducting undergraduate
research at Washington
University, he has trained in
the Controlled Biological
Systems Division of NASA
and at the National Cancer
David M. Salvay
Institute (NCI/NIH). He is
currently in his fourth year of the Medical Scientist
Training Program (MD/PhD) at Northwestern University
in Chicago where he is pursuing a PhD in the Department of
Chemical and Biological Engineering. His research
interests include the use of tissue engineering scaffolds
as inductive platforms for directing cell and tissue
development.

Lonnie D. Shea was born in
1969 in Michigan. He received
a BS and MS degree in
Chemical Engineering at Case
Western Reserve University,
and his PhD in Chemical
Engineering and Scientific
Computing at the University
of Michigan in 1997.
Postdoctoral research was also
performed at the University of
Michigan in the Department of
Biologic and Materials Science
in the Dental School. After his
postdoctoral research, he
Lonnie D. Shea
joined the faculty at
Northwestern University and is currently an Associate
Professor in the Department of Chemical and Biological
Engineering. His research interests are focused on combining
gene and drug delivery with biomaterials to create controllable
microenvironments for tissue engineering applications, and his
laboratory is applying them to areas such as islet transplantation,
ovarian follicle maturation, and nerve regeneration.

Introduction
Many experimental and clinical applications of tissue engineering rely on the ability of stem or progenitor cells to selforganize into functional tissue.1–3 These cells can be either
transplanted into an injured or diseased site, or recruited from
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provide feedback to the microenvironment and can subsequently affect gene expression. This dynamic process is essential
to normal tissue development and function. Inappropriate
environmental signals, or cells lacking proliferation constraints,
however, may lead to pathologic states exemplified by cancer.5
Thus, the controlled presentation of specific molecular cues, at
the appropriate time and location, is an underlying objective of
many tissue engineering approaches.
The molecular cues that define the microenvironment
consist of soluble macromolecules (e.g., growth factors,
chemokines, cytokines), insoluble factors (e.g., ECM proteins,
glycoproteins, and proteoglycans), and proteins presented on
the surface of adjacent cells (e.g., integrins, cadherins).6
Environments created by isolating ECM with entrapped
growth factors have been valuable tools to examine the
interplay between these various molecular cues and the cellular
responses they influence. Matrigel, a multicomponent matrix
composed of basement membrane preparations that is highly
enriched in laminin and type IV collagen (reviewed in ref. 7),
can induce breast epithelial cells to form ducts capable of milk
production,8 and vascular endothelial cells to form capillaries
with a central lumen.9 Alternatively, small intestinal submucosa (SIS), an ECM containing a variety of immobilized
growth factors, promotes healing with minimal scar formation.10 These natural systems have enabled numerous studies,
yet their lack of characterization and complexity complicates
the identification of individual factors and the role they play in
tissue formation. Synthetic systems, though lacking the
intrinsic functionality of naturally-derived ECMs, can be more
precisely controlled to specifically investigate isolated factors
or combinations of defined constituents. These synthetic
systems provide flexibility to control the concentration and
physical placement of the molecular signals, which will be
required for their translation to the engineering of tissue
structures, such as the intricate tracks of the nervous system or
complex vascular networks.11,12
This review focuses on the design of synthetic extracellular
matrices for providing growth factors within a three-dimensional
microenvironment. Growth factors regulate many cellular
processes involved in tissue formation, and expression of growth
factors during tissue formation varies temporally, spatially, or
occurs in gradients that pattern tissue structures. Tissue
inductive scaffolds can serve as experimental tools to investigate
the function of individual molecular cues on cellular and tissuespecific processes, and may ultimately be translated to therapeutic applications for repair of tissues that are damaged due to
trauma or disease. Growth factors are a primary factor for
stimulating tissue formation, which can be delivered directly
from the scaffold, or their expression may be induced through
gene delivery. A brief introduction of natural and synthetic
materials, and protein and DNA delivery systems, provides the
foundation to examine the advantages and limitations with the
different delivery modalities and mechanisms.
Tissue engineering scaffolds
Natural and synthetic biomaterials serve as fundamental
research and therapeutic tools to investigate and facilitate
the repair of damaged or dysfunctional tissues, both in
This journal is ß The Royal Society of Chemistry 2006

cell-based and acellular therapies.13–15 Fabrication of these
materials into three-dimensional (3-D) structures, referred to
as scaffolds, attempts to mimic key features of the native
extracellular microenvironment. The 3-D environment defined
by the scaffold can dramatically affect cellular behavior
relative to 2-D systems, and may be more representative of
the in vivo physiological environment.16 Relative to 2-D
systems, 3-D cultures more effectively recreate the complex
interplay between mechanical and biochemical signals that
affect matrix adhesions and integrin usage,5,17 and alter
proliferation rates, cell morphology and migration.18–20
Scaffolds engineered with the appropriate concentration and
types of molecular cues can be fabricated into a defined structure
to direct cell growth and differentiation. In addition to
presenting the molecular cues driving tissue formation, scaffolds
must be both macroscopically stable and microscopically
dynamic; two opposing yet complimentary characteristics that natural ECMs possess. Macroscopic stability indicates
that scaffolds must create a space for new tissue formation, and
provide a substrate for cell adhesion and migration. The
microscopic dynamics of tissue formation, however, require that
scaffolds must also be degradable to enable cellular remodeling
of the microenvironment. Finally, scaffolds must support
cellular infiltration from the surrounding tissue to allow for
vascular ingrowth that provides both nutrient delivery and waste
removal. Common materials used in scaffold fabrication are
briefly described below, though a more complete description of
design strategies and applications can be found in several
excellent reviews.6,14,21,22
Hydrogels. Hydrogels are composed of hydrophilic polymers, either natural (e.g., collagen, hyaluronic acid) or
synthetic (e.g., polyethylene glycol (PEG)), that can selfassemble or be crosslinked into three-dimensional structures.
Typically, cells can be suspended within the hydrophilic
solution and are entrapped upon gelation. Self assembling
gels, such as PuraMatrix23,24 or peptide amphiphiles25
spontaneously form hydrogels and provide for gentle encapsulation, while providing sites for cell adhesion and promotion
of differentiated cell processes. Many of these polymers
contain reactive sites or groups that enable the attachment of
functional chemical moieties. Numerous cell adhesion proteins
or peptides have been attached at controlled densities for
fundamental studies of cell–ECM interactions.26–28
The stability of the hydrogel can be regulated through its
mechanical properties and degradation rate, which is typically
controlled by varying the extent of crosslinking or selfassembly.29–31 Degradation of hydrogels formed from natural
polymers occurs by cell-secreted enzymes, which enables
cellular infiltration and vascular ingrowth. Synthetic polymers,
however, which are not sensitive to degradation by cellsecreted enzymes, can form degradable hydrogels using
hydrolysable crosslinkers or incorporating matrix metalloproteinase (MMP)-sensitive cleavage sites that are targets for
invading fibroblasts.32 The role of degradation is exemplified
by PEG gels delivering bone morphogenetic protein-2
(BMP-2), which induced intramembranous bone formation
that was directly related to the rate of gel degradation via cellderived MMPs.32
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Microporous scaffolds. Porous scaffolds composed of
natural (e.g., collagen, chitosan) and synthetic polymers (e.g.,
poly(lactide-co-glycolide) (PLG)), ethylene vinyl co-acetate
(EVAc)) are fabricated using processes such as gas foaming,
electrospinning, solvent casting, and extrusion. Microporous
scaffolds can have porosities ranging from as low as 30% to
more than 95%, and pore sizes ranging from ten to hundreds of
microns. An interconnected pore structure ensures that
infiltrating cells and nascent vascular networks can penetrate
throughout the entire scaffold. In some applications, however,
it may be desirable to create scaffolds, or portions of scaffolds
that are non-porous to allow selective repopulation of cells
within and around the site of implantation.33 Porous scaffolds
have a high surface area/volume ratio and provide ample area
for cellular attachment and migration. Many synthetic
polymers are coated with extracellular matrix molecules, such
as collagen, laminin, fibronectin and vitronectin.34 These
factors markedly increase cell adhesion and influence cellular
response by promoting specific receptor–ligand interactions.
Synthetic polymers have been used in the engineering of
multiple tissues, including skin,35,36 cartilage,37,38 bone39,40 and
liver.41 A variety of biodegradable synthetic polymers have
been explored for use in tissue engineering scaffolds and have
been reviewed elsewhere.6,21,42
Protein and DNA delivery systems
Growth factors initiate and control a variety of cellular
processes involved in tissue formation (Table 1). Their use in
the clinic, however, has been facilitated following advances in
recombinant protein technology. Growth factors, growth
factor receptors and monoclonal antibodies are currently
being employed to treat clinical conditions such as obesity,43,44
cancer,45,46 and idiopathic short stature,47,48 with the potential
for use in wound healing and tissue regeneration.39,49
Localized delivery of tissue inductive factors from scaffolds
can function to direct progenitor cell differentiation toward the
desired cell fate. Although in vitro studies of tissue formation
on scaffolds can be performed simply by adding growth factors
to cell culture media, translation of these studies to applications with in vivo tissue formation requires the use of delivery
systems that can make these factors available at the appropriate concentration and duration. These delivery systems may
also impact in vitro studies by providing the ability to create
Table 1

concentration gradients in one or more factors, or to spatially
pattern substrates.11 Alternatively, gene therapy approaches
can be employed to induce the expression of tissue inductive
factors.
Delivery systems for protein and DNA from tissue
engineering scaffolds can generally be categorized as controlled release or substrate immobilization. Sustained delivery
from polymer substrates not only protects the protein or DNA
from degradation but also helps to maintain elevated levels
within the extracellular environment by continual replacement
of factors that are cleared or degraded.50,51 Thus, the
effectiveness of polymeric delivery at maintaining therapeutic
levels of the delivered factor can be far greater than that
achieved by bolus delivery. Since these factors are transported
via diffusion following release, concentration gradients may be
established through appropriate manipulation of the release
kinetics. Alternatively, substrate immobilization is based on
the association or tethering of factors to the scaffold. This
places the factor directly in the cell microenvironment and can
avoid mass transfer limitations. Immobilization maintains the
factor locally, which limits potentially undesirable diffusion to
distant sites. Immobilization is also a means to regulate the
distribution of factors and create gradients.52–55
Physical properties of delivered factors. Growth factors and
other proteins are amphiphilic molecules that vary widely in
their physical properties (e.g., disulfide links, multiple subunits, isoelectric points). While most growth factors have
molecular weights in the range of 15 kDa to 45 kDa, many
proteins with potential therapeutic applications have MW less
than 10 kDa (e.g., hormones) or as high as 160 kDa (e.g.,
antibodies). Growth factors often have short half-lives (on the
order of minutes to hours) and are rapidly degraded or cleared,
thereby minimizing their biological effect. In order to be
effective, delivery systems must maintain the three-dimensional
conformation of the protein in order to maximize bioactivity.
The processing strategies for incorporating and releasing
proteins from scaffolds must also avoid aggregation or
chemical inactivation (e.g., deamidation, oxidation), which
could reduce activity, alter the half-life, or expose potentially
immunogenic residues.56
Vectors for gene delivery consist of DNA that may be
packaged with proteins, polymers or lipids to create particles

Growth factors delivered to promote tissue formation

Growth factor

MW/kDa

Functions

Reference

NGF

27

73,77,131–133

IGF-1
IGF-2
EGF
FGF-1
FGF-2
PDGF

27.9
35.1
6.2
17.5
17.3
22–25

BMP-2
TGF-b1

44.7
25

VEGF

19–22

Promotes neuron survival and extension in CNS and PNS; modulates differentiation
of various neuron types in vivo and in vitro; role in tissue repair and fibrosis
Mediates actions of GH; increases proteoglycans and type II collagen synthesis
Promotes myogenic differentiation of ES cells
Wound healing
Would healing, vascular repair; fibroblast mitogen
Chondrogenesis; angiogenesis; neuronal and endothelial cell proliferation
Maturation of blood vessels, recruitment of SMCs to developing vasculature; wound
healing; neural regeneration
Osteogenesis; angiogenesis
Promotes chondrogenic differentiation; increases cartilage matrix synthesis and
chondrocyte proliferation
Angiogenesis; vasculogenesis; osteogenesis; neurotrophic factor for motor neurons;
cartilage remodeling
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103,142–145
83,146–148
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that can effectively overcome the extracellular and intracellular
barriers to gene transfer.57 The extracellular obstacles include
mass transport to the desired cell populations, DNA degradation, and clearance from the delivery site, whereas the
intracellular barriers include cellular internalization, endosomal escape, vector unpacking, and transport into the nucleus.
DNA can be delivered alone (i.e., plasmid), or can be packaged
using viral or non-viral vectors. Viral vectors provide greater
efficiency than either naked plasmid or non-viral vectors, yet
provoke an immune response that can lead to clearance of the
vector, and cells expressing the transgene. Viruses utilized for
gene delivery vectors include retrovirus, adenovirus, and
adeno-associated virus (AAV).58 Naked plasmid and non-viral
vectors initiate inflammatory responses that are milder than
viral vectors, yet lack the intrinsic efficiency of viral-based gene
delivery. Plasmid alone is able to transfect cells in vivo, but
generally has a low efficiency in vitro. Non-viral vectors
composed of cationic polymers or lipids complexed with DNA
can provide for enhanced gene transfer in vitro and in vivo of
plasmid. A thorough description of viral and non-viral vectors
can be found in several recent reviews.58–60
Controlled release. Some of the initial approaches to control
delivery from tissue engineering scaffolds involved the addition
of protein or DNA to solutions prior to gelation. Gels, such as
collagen, Matrigel, and agarose form into hydrogel upon a
change in temperature. Fibrin and other polymer scaffolds can

be chemically crosslinked with minimal effects on the protein
stability. Entrapped factors are soluble within the hydrated gel
and can diffuse through the pores and into the surrounding
tissue.61 The diffusivity through the gel may be controlled by
the extent of crosslinking and the degradation rate of the
hydrogel, which determines the average pore size. Typical
times for release by diffusion from these hydrogels can range
from days to weeks.62 Alternatively, mechanical stimulation of
the hydrogel can enhance growth factor release.63
To prolong release from hydrogels, microspheres with
encapsulated proteins can be embedded within synthetic
polymers. Materials that have traditionally been used for the
formation of microspheres or microparticles include PLG,
chitosan, polyanhydride, and EVAc. EVAc was one of the first
materials used for long-term protein release.64,65 Microspheres
are fabricated using a variety of emulsion techniques, and may
be modified to control the release rate of embedded proteins
and DNA.66 Microspheres can release encapsulated growth
factors,50 or viral and non-viral gene therapy vectors.51 When
molded into 3-D constructs,67–70 the drug delivery capacity of
microspheres is coupled with the structural support afforded
by a scaffold (Fig. 1A). Although the release profile of factors
from the microsphere is determined by its composition,
entrapment within a hydrogel or formation into a scaffold
also influences release.71,72
Scaffolds capable of protein and DNA release have also
been fabricated directly from the same materials used for

Fig. 1 Release mechanisms for protein and DNA. (A) Inductive factors (red circles) may be embedded or encapsulated within hydrogels or
microspheres, which may, in turn, be used to form 3-D scaffolds that are capable of releasing factors at the site of implantation. The highest factor
concentration exists within the scaffold, with lower concentrations found within the surrounding tissue. Delivered factors target a variety of
different cell populations (e.g., myocytes, neurons, fibroblasts or osteoblasts) for various applications (e.g., muscle, nerve, bone, wound healing).
(B) Substrate immobilization is characterized by factors being bound to a biomaterial. The interaction between the factor and biomaterial can be
(top): (1) kon & koff, such that the factor is effectively bound irreversibly; (2) kon # koff, where the factor associates and dissociates from the surface
at roughly equal rates; and (3) kon % koff, such that the factor is loaded onto the biomaterial and dissociates to serve as a delivery vehicle. Cells
interact with the immobilized factors upon interaction with the biomaterial (bottom).
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microsphere fabrication. EVAc loaded with neurotrophic
factors has been fabricated into tubes for nerve regeneration.65,73 EVAc, however, is not biodegradable, and thus
requires a second surgical procedure for removal.
Alternatively, PLG has been widely used to produce tissue
engineering scaffolds. A gas foaming process has been
developed that allows encapsulation and release of a variety
of factors.74,75 This process is relatively mild, avoiding the high
temperature and organic solvents typical of many polymer
processing approaches. Recently, the ability to fabricate more
complex architectures using a gas foaming process has been
demonstrated, while retaining the ability to control release.76
Substrate immobilization. Polymer scaffolds can be modified
to interact with either protein or DNA, thereby slowing or
preventing release from the matrix (Fig. 1B). The repeated
binding of factors to the matrix hinders their diffusion, thereby
prolonging release.77 The number of binding sites, the affinity of
growth factor for these sites, and the degradation rate of the
hydrogel are key determinants of the amount of bound growth
factor, as well as the release profile.78 For protein delivery, a
common approach involves the incorporation of heparin to
support the interaction with heparin-binding growth factors.79
This affinity-based drug delivery system has been employed with
fibrin, in which a synthetic linker peptide is covalently attached
to fibrin that is capable of binding heparin. Immobilized heparin
is then able to bind many growth factors, thereby slowing their
diffusion. NGF, BDNF, and Neurotrophin-3 (NT-3) bind
heparin with low affinities (estimated KD on the order of
1026 M) via a basic sequence at their C-terminus. NT-3 was
released within 3 days in the absence of heparin, whereas release
occurred over 14 days in the presence of optimal heparin.78
Protein and DNA delivery: efficiency and efficacy
Protein. Growth factors have strong tissue inductive properties,39 but their short half-lives combined with high clearance
rates have motivated the development of delivery systems
Table 2

capable of maintaining elevated concentrations to achieve
therapeutic efficacy. Bone morphogenic proteins (BMPs), for
example, are currently being used in clinical trials for the
treatment of open fractures.80–82 Tissue engineering scaffolds
releasing proteins mimic the natural reservoir capacity of the
extracellular matrix. Coupling delivery of protein with a
degradable carrier capable of organizing tissue formation is a
powerful approach for tissue regeneration (Table 2).
Controlling the release kinetics of inductive agents allows for
regulation over the type, dose and duration of exposure, which
is sure to impact therapeutic success. Protein delivery systems
have demonstrated the ability to release multiple proteins, or
create concentration gradients of inductive factors.83–85 A
critical challenge to developing delivery systems for multiple
proteins involves identifying processing conditions that maintain the bioactivity of all constituents.84,86
DNA. The delivery of DNA encoding for tissue inductive
factors represents a versatile alternative to direct protein
delivery. Such a strategy has been used to successfully induce
synthesis and secretion of various proteins (e.g., growth
factors), with transgene expressing cells serving as bioreactors
for localized protein production (Table 3).74,87,88 In this way,
targeted gene delivery can stimulate local protein production
capable of activating autocrine and paracrine loops that may
play important roles in tissue development and physiology.89
Genes can be delivered in vivo that (i) encode for the desired
protein(s), or (ii) encode for transcription factors that induce
expression of the desired protein(s). Relative to protein
delivery, gene delivery can potentially provide protein expression for a longer period of time and at higher concentrations,
target more cellular processes, and is not restricted to proteins
that interact with cell-surface receptors. DNA delivery can also
be used to express genes encoding for intracellular proteins,
which could be used to control the fate of pluripotent cells. In
general, the therapeutic efficacy of gene delivery for tissue
engineering and other clinical applications is dependent upon
the development of safe and efficient delivery systems.90

Scaffolds delivering protein for tissue regeneration

Material

Proteins

Applications

Reference

Natural:
Collagen

FGF-2

139,161

Fibrin

PDGF-BB
VEGF
HB-EGF
TGF-b
NGF

139
139
139
110
77,101

bFGF

Tissue development and remodeling, cellular proliferation,
angiogenesis
Blood vessel maturation
Angiogenesis
Wound healing
Chondrogenesis
Promote neurite extension and axonal guidance in CNS
and PNS injuries
Angiogenesis; wound healing

BMP-4/VEGF
NGF
VEGF
bFGF
TGF-b

Osteoinduction and angiogenesis
Neural regeneration
Angiogenesis
Neural regeneration; angiogenesis
Smooth muscle matrix deposition

86
64,73,76,131,132,162–165
166,167
145,168
169

FGF-1
BMP-2
BMP
Osteogenic peptide TP508

Promote wound healing while inducing angiogenesis
Bone regeneration
Osteogenesis, osteoinduction
Osteogenesis

140
170
171
172

Synthetic:
PLGA
EVAc
PEG
Hybrid:
PLGA/Fibrin
PCL/TCP/Fibrin
HAC-PLA
PLGA/PEG/PPF
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Table 3 Scaffolds delivering DNA for tissue regeneration
Material

Vectors/gene

Applications

Reference

Collagen

siRNA for TGFbR
pPDGF
hPTH
pPDGF-A, -B
hEGF
pTGF-b1
BMP-4
VEGF
PDGF
TGF-b1

Therapeutic inhibitory vector to block renal interstitial fibrosis
Wound healing
Bone regeneration
Wound healing
Wound healing
Cartilage regeneration
Bone regeneration
Angiogenesis
Granulation tissue formation and vascularization
Tissue engineered bioartificial cartilage growth

173
174
88
174
175,176
177
104,178
87
74
179

Fibrin
Chitosan-gelatin
PLG
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Ca2+-alginate microcapsules

From a pharmaceutical perspective, DNA may be preferred
over protein delivery as the essential information is encoded in
the linear sequence of bases, and not its three dimensional
conformation. Since DNA has similar physical properties,
independent of its linear sequence, multiple plasmids can easily
be incorporated into a single delivery system. Finally, the
quantity and duration of protein production can be manipulated using inducible promoters, or restricted to a specific
tissue through tissue-specific promoters. As listed, delivery of
DNA has several potential advantages over protein delivery
that make it attractive for tissue engineering. As discussed in
the previous section, however, these advantages are dependent
upon finding delivery systems that provide efficient gene
transfer and transgene expression.
Immobilization vs. release
The efficacy of protein and DNA delivery systems depends
substantially on the mechanism of delivery. The traditional
approach has been to introduce growth factors or DNA as
soluble factors into culture media in vitro, or by injection
in vivo. Increasingly, however, the material and/or the factor
are being engineered to provide specific interactions that
mediate their release or retention in the scaffold, which can
affect their function within the biological system. The
following sections address the issue of the factors interacting
with the scaffold and their biological consequences for
controlled release and substrate immobilization of protein
and DNA, respectively.
Protein. Receptor binding of growth factors that are free in
solution, as opposed to immobilized to the matrix, may induce
significantly different biological responses. Growth factors are
routinely added to cultures in vitro, and have been incorporated and released from polymeric systems with retention of
bioactivity, which is exemplified by neurotrophins,49
BMPs,84,91 and VEGF.92 In vivo, these soluble factors can be
transported from the delivery site, where the design parameter
for the delivery system is the duration over which therapeutic
concentrations can be maintained. Alternatively, growth factor
immobilization can occur through reversible association with
the scaffold, irreversible binding to the polymer, or immobilized with release dependent upon degradation of a linking
tether or the matrix itself. For growth factor immobilization to
fibrin, cell migration results in cell-activated plasmin degradation that can catalyze release of the factor. These scaffolds
have been termed ‘‘cell-responsive’’ due to release of the factor
This journal is ß The Royal Society of Chemistry 2006

upon cellular demand. Once released, these soluble factors can
bind their receptors and initiate a signaling cascade.
Alternatively, immobilized growth factors can ligate their
receptors directly from the material surface; however, this type
of interaction may not exactly replicate signaling through the
soluble factor, as growth factor internalization can stimulate
signaling pathways separate from those activated at the
surface.93,94 For example, NGF induces neurite outgrowth
by signaling at the plasma membrane, yet promotes neuron
survival when internalized.95–97 Surface immobilization has
been successfully used to attach growth factors such as EGF,98
BMP-7,99 BMP-2,100 VEGF,92 NGF,77,79,101 and NT-378 to a
variety of natural and synthetic biomaterials. Signaling by
these immobilized or locally released growth factors may be
more potent than signaling by soluble versions added directly
to culture media.102 These studies also demonstrate that the
immobilization strategy must consider protein structure and
active region topology when designing suitable delivery
systems in order to maximize growth factor bioactivity.
Ultimately, some factors may be best delivered in a sustained
manner, while others benefit from direct attachment to the
biomaterial substrate.103
DNA. Gene delivery by polymeric release or substrate
immobilization can result in substantially different transfection
profiles, suggesting unique opportunities for each in various
tissue engineering applications. Early attempts at using
scaffolds as gene delivery devices focused on the polymeric
release approach, while attempts at substrate immobilization
have developed more recently. Relatively high concentrations
of naked plasmid are required to induce transgene expression
at levels capable of inducing new tissue formation.87,88
Polymeric release systems have the capacity to deliver large
quantities of vector (mg quantities) with transgene expression
correlating to the dose of DNA delivered and release occurring
over a period of weeks to months.87,88 Non-viral vectors can
also be used to deliver DNA, and may potentially reduce the
amount of plasmid required to achieve appreciable transfection and tissue inductive effects.104 Relative to release
approaches, surface immobilization prevents aggregation of
DNA complexes and places the vector directly onto the
substrate to which cells are adhered, mimicking the natural
process used by some viruses.105 This approach has been
used to efficiently transfect cells with significantly less
vector than more conventional methods.106 One explanation
for this increased efficiency is that by maintaining elevated
Mol. BioSyst., 2006, 2, 36–48 | 41
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concentrations of DNA directly in the cell microenvironment,
significantly less DNA is required to drive transgene expression at levels comparable to release approaches. Likely owing
to the low amount of DNA used, this expression is more
transient, occurring for relatively short times (days to weeks).
In fact, short-lived expression may be advantageous in some
applications, such as initiating a cascade of events (e.g.,
osteoinduction in bone repair), or when prolonged expression
may lead to undesirable effects. To date, substrate immobilization of DNA has not been extensively investigated in vivo,
although continued development of this delivery strategy may
increase the duration of transgene expression through manipulation of the DNA/biomaterial interaction.
Delivery systems: key issues and requirements
Exploiting the therapeutic potential of proteins requires
knowledge of the most efficacious mode of delivery—an area
of increasing activity. Delivery systems for tissue inductive
factors must consider both the specific application and the

requirements for efficacy. For example, systems developed for
nerve regeneration in spinal cord injury will likely have a vastly
different design compared to systems that promote angiogenesis in ischemic cardiac tissue. The following sections
address specific issues associated with the design of delivery
systems for tissue regeneration, though the design criteria will
likely be further refined with ongoing studies.
Concentration and duration. The concentration and duration
of function for tissue inductive factors at the regenerating
tissue site are critical parameters involved in promoting
developmental processes and the formation of mature tissues
(Fig. 2A). Therapeutic angiogenesis and anti-angiogenesis
illustrates these concepts, as immature vessels or vessels that
regress over time can lead to unsuccessful or abnormal tissue
formation.107 Gene therapy approaches have been employed
to investigate the relationship between protein concentration
and blood vessel formation. Sustained expression of low to
medium levels of VEGF was required to promote the growth

Fig. 2 Design parameters for controlled release systems. (A) Local factor concentration (top) can be customized to provide for high to low levels
of factor released in the vicinity of the delivery device (represented by blue circles). Release profiles (bottom) can be designed to allow for short- (1)
or long-term (2) release that slowly decays over time, or for a burst release (3) that then decays. Alternatively, DNA delivery can result in long-term
protein production (4). Tailoring the release profile based on the degradation and clearance rates of the local environment can sustain therapeutic
protein levels. Importantly, excess factor may produce undesirable side effects (e.g., toxicity), whereas insufficient protein will not produce the
desired effect. (B) Concentration gradients of soluble factors can induce a variety of cellular processes, including cellular differentiation, orientation
and migration. Parts of (B) adapted from ref. 11. (C) Multiple factors may be delivered simultaneously with variable kinetics to take advantage of
their synergistic effects. In the case of proteins (e.g., growth factors), factor effect may be mediated by receptor binding and subsequent cellular
internalization. Alternatively, DNA must be internalized and successfully transported to the nucleus for expression. Protein graphic prepared using
MOLMOL.180 DNA graphic used with permission. (D) Spatial patterning of factors on biomaterial substrates can lead to selective cell adhesion or
orientation. Photomicrographs reprinted from ref. 30, Copyright 2005, with permission from Elsevier.
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of blood vessels displaying normal morphological and functional characteristics.108 Cells transplanted that expressed low
levels of VEGF avoided the formation of aberrant vessels and
hemangiomas observed with cells expressing high levels of
VEGF. The prolonged release of fibroblast growth factor-2
(FGF-2) from fibrin gels significantly increased the microvessel density relative to free injection of FGF-2.109 Similar
concentration and dose effects have been observed with other
tissues. For example, elevated concentration and prolonged
release of TGF-b1 has been shown to affect chondrocyte
function.110 Chondrocytes seeded onto polymeric matrices
composed of microspheres with encapsulated TGF-b1 have
enhanced glycosaminoglycan production and exhibit higher
proliferation rates relative to control scaffolds. These results
demonstrate that the concentration of tissue inductive factors
must fall within a therapeutic range—lacking efficacy at one
extreme while producing abnormal tissues at the other.
Concentration gradients. Diffusible factors exert their action
not only by binding to cell surface receptors but also through
the gradients established by their release (Fig. 2B). Adhesion
peptides immobilized in a gradient can induce cellular
alignment and greater cellular elongation than on homogeneous surfaces.111 Gradients in the concentration of growth
factors can similarly direct cell migration, and may also
function to create patterns of cellular differentiation among a
progenitor cell population.11,112–114 Controlling the location of
release can create concentration gradients by diffusion of the
factors from the release site. Concentration gradients established in an agarose gel oriented neurite outgrowth by PC12
and dorsal root ganglion along the direction of the gradient.85
Immobilized gradients of NGF and FGF-2 have similarly been
shown to direct neurite outgrowth and cell alignment.53,115 A
heparin-modified fibrin gel capable of immobilizing NGF has
been used to direct axonal extension in a sciatic nerve injury
model.101 The ability to effectively create, control, and
maintain concentration gradients in vitro and in vivo is still
under development, and could provide a valuable tool to guide
progenitor cell differentiation and organize tissue formation.
Multiple factor delivery. Tissue morphogenesis and regeneration are typically driven by the concomitant action of
multiple factors, which can work synergistically on the same
process, or can target different barriers to regeneration
(Fig. 2C). The synergistic effect of growth factors has been
reported for many developmental processes including angiogenesis,116 where mature blood vessels form by the combined
action of VEGF and platelet-derived growth factor (PDGF) to
form stable vessels. Although VEGF is able to initiate
angiogenesis, PDGF promotes vessel maturation via recruitment of smooth muscle cells to the developing endothelium.117
PLG scaffolds releasing both VEGF and PDGF formed a
mature vascular network within and around the scaffolds.83
Similarly, delivery of multiple growth factors to sites of bone
injury was shown to dramatically enhance bone regeneration.
Dual delivery of BMP-2 and TGF-b3 from a hydrogel
promoted significant bone formation by co-transplanted
BMSCs within 6 weeks of implantation.84 Interestingly, the
synergistic activity of these two factors allowed them to be
This journal is ß The Royal Society of Chemistry 2006

provided at a low dose, whereas supraphysiological concentrations of the individual factors resulted in negligible bone tissue
formation. In addition to dual protein delivery, DNA and
protein delivery can be combined to provide the necessary
factors for tissue formation. Combined delivery of plasmid
DNA encoding for BMP-4, VEGF protein, and human bone
marrow stromal cells (hBMSCs) significantly enhanced bone
formation relative to delivery of any single factor.86
Alternatively, multiple factor delivery can be employed to
block or degrade inhibitory molecules, or to supply factors
that actively stimulate cellular processes leading to regeneration. Spinal cord regeneration exemplifies this concept with the
use of bridges that span the area of trauma, creating an
environment in which glial scar formation does not inhibit
axonal outgrowth, yet one in which neuron survival and
axonal outgrowth are stimulated.118 Indeed, delivery of
neurotrophic factors to promote neuron survival and axon
outgrowth functions synergistically with delivery of chondroitinase, which degrades the chondroitin sulfate proteoglycans
that comprise the glial scar.119 Taken together, these studies
demonstrate that multi-factorial presentation of growth
factors can be more effective at stimulating natural developmental processes leading to tissue formation. These examples
represent only a few of the many opportunities to deliver
multiple factors that function synergistically to promote
regeneration.
Spatial patterning. Natural tissues develop as a result of
complex temporal-spatial patterns in the expression of various
cytokines, growth factors, and matrix molecules in the cellular
microenvironment.120 Both ligands and receptors exhibit
distinct expression profiles that correlate with a diverse range
of developmental functions. Engineering functional structures
such as nerves and blood vessels will depend on the ability to
direct cells to organize into spatially complex arrangements on
length scales ranging from micrometers to centimeters. While
the technology is developing in this area of tissue engineering,
a proposed set of design criteria could direct system development to guide the dynamic organization, maturation, and
remodeling of cells, leading to the formation of mature and
functional tissues.121
Until recently, the development of spatially patterned
surfaces has focused primarily on the attachment of proteins
to specifically promote or prevent cell adhesion. Surfaces
patterned with cell adhesion peptides or extracellular matrix
molecules can direct cell attachment, for applications such as
nerve regeneration.55,122,123 New microfabrication techniques,
however, such as three-dimensional printing, laser ablation
and similar procedures are being developed and provide the
means to create scaffolds with controllable feature size and
pattern topography (Fig. 2D).21,22,124,125 These patterning
strategies can be merged with various drug delivery technologies to specifically promote or prevent the adhesion of cells
to defined areas of a substrate. In one study, DNA polyplexes
were immobilized to a micropatterned hyaluronic acidcollagen hydrogel.105 Cells cultured on the hydrogel aligned
along the ridges of the pattern, and were transfected. Thus,
cellular transfection was spatially patterned on the scaffold
through controlled cell adhesion.105,106 Spatial patterning
Mol. BioSyst., 2006, 2, 36–48 | 43
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combined with controlled protein and DNA delivery systems
can be employed to create complex tissue structures, or to
regenerate across tissue interfaces, such as the bone–cartilage
interface. In addition to impacting tissue engineering, these
technologies are also being applied to the design and
fabrication of biosensors, cell-based biochips and neural
networks.126–129
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Conclusions
Clinical implementation of tissue engineering based therapies
has produced a handful of FDA approved products, with
others making their way down the pipeline.35 Successes with
tissues such as skin, cartilage, and bladder35,130 have illustrated
the potential for inducing cells to form into functional tissues
using cell-seeded biomaterials combined with the appropriate
combination of molecular cues. Protein and DNA delivery
systems, using either controlled release or substrate immobilization, combined with existing and developing scaffold
technologies, offers unique opportunities for promoting
regeneration and/or repair of damaged or defective tissues.
Importantly, the impact of inductive scaffolds on functional
tissue engineering will also depend upon an improved understanding of the molecular cues necessary for directing essential
cellular processes in tissue development.
Scaffolds capable of controlled protein delivery can also
serve as model systems to molecularly dissect tissue formation.
Knockout models have commonly been employed to examine
the role of specific gene products in tissue development;
however, tissue engineering scaffolds can readily manipulate
multiple molecular cues and require significantly less time to
produce than transgenic animals. Importantly, the presence of
tissue inductive factors must be considered within the context
that they are presented. Thus, properties such as the ECM
composition, degradation, and scaffold mechanics must also
be investigated. The ability to regulate the spatial and
temporal presentation of these molecular cues within a threedimensional context will be essential to recreate the environmental complexity that governs cellular organization in
natural tissues. Tissue engineering scaffolds capable of protein
and DNA delivery will serve as indispensable tools in
investigating the biology underlying tissue formation, which
may ultimately be translated into clinical therapies.
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