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Objectives — Describe current and future approaches to tissue
engineering, specifically in the area of bone regeneration.
These approaches will allow one to actively regulate the cellular
populations participating in this process.

Design — Many approaches to actively regulate cellular
phenotype are under exploration, and these typically exploit
known signal transduction pathways via presentation of
specific receptor-binding ligands, and may also deliver
mechanical information via the physical bridge formed by the
receptor-ligand interactions. Cellular gene expression may also
be directly modulated utilizing gene therapy approaches to
control tissue regeneration.

Conclusions - Significant progress has been made to date in
bone regeneration using inductive molecules and transplanted
cells, and FDA approved therapies have resulted. While
approaches to date have focused on delivery of single stimuli
(e.g. one growth factor), future efforts will likely attempt to more
closely mimic developmental processes by the delivery of
multiple inputs to the cells in spatially and temporally regulated
fashions.
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Introduction

Limitations to the current therapies available for the
reconstruction and replacement of craniofacial tissues
has led to significant interest in tissue engineering
approaches to these challenges (1). The tissue engin-
eering approaches include conductive, inductive, and
cell transplantation approaches. All three approaches
have been successful in various animal models (1),
and some have progressed to clinical application (e.g.
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InFUSE™ ). However, for tissue engineering strategies
to be useful in the craniofacial complex, which often
involve multiple tissue types comprised of many cell
types organized in a highly specific manner, it will
likely be crucial to actively regulate the cell populations
involved in tissue formation.

Materials are often used in tissue engineering to
provide certain functions of the native extracellular
matrix (ECM) that surrounds the cells in tissues. The
physical properties of the ECM (e.g. ability to create
space for tissue formation and provide mechanical
support) have long been appreciated. The polymeric
and ceramic materials used in guided tissue regener-
ation in dentistry are excellent examples of tissue
engineering materials that mimic these functions of the
ECM. However, these approaches depend on host cell
populations to affect the tissue regeneration, and exert
little active control over the cells, which limits the
applicability of conductive tissue engineering approa-
ches. Over the past few decades it has become clear
that the ECM plays more than a passive spatial and
mechanical role in tissues, as both peptides within
ECM molecules and cellular receptors for these specific
amino acid sequences have been identified (2). In
addition, the ability of the ECM to serve as a depot for
locally acting growth factors and to convey regulatory
mechanical cues to cells residing within the ECM have
become clear (3). Exploitation of these ECM functions
via design and application of analogs used in tissue
engineering may allow one to ultimately regulate, in a
precise manner, the function of cells involved in tissue
engineering and regenerative processes. This article
overviews two aspects of the design of such materials —
the presentation of cell binding peptides and delivery
of inductive growth factors. These materials are dis-
cussed in the context of bone regeneration, using the
authors’ previous studies as the main examples.

Peptide presenting materials

Many functions of the ECM can be mimicked by small
peptide fragments of the entire molecule (2), and these
fragments may be produced synthetically and cova-
lently coupled to synthetic polymers. To present the
peptides with a high signal to noise ratio, the polymer
chosen for peptide presentation should not mediate
significant adsorption of contaminant proteins, and a

142 | Orthod Craniofacial Res 8, 2005/141-144

variety of polymers including alginate and poly (ethy-
lene oxide) meet this requirement (4). Peptide-incor-
porating biomaterials have demonstrated control over
the adhesion, proliferation, and differentiation of bone
forming cells (5). Recently, the nanoscale organization
of the peptides presented from the material has also
been demonstrated to regulate the proliferation and
differentiation of interacting pre-osteoblasts (6).

An important advance over the past few years is the
demonstration that peptide immobilized polymers can
specifically enhance bone regeneration (reviewed in 7).
RGD-coupled alginate hydrogels can control the for-
mation of cartilaginous and bony tissues, in vivo (5,8,9).
Strikingly, co-transplantation of both cell types to-
gether in this material leads to the formation of grow-
ing tissues that structurally and functionally resemble a
growth plate (8). It is important to note that the deg-
radation rate of these gels has also been demonstrated
to play an important role in bone formation, in concert
with peptide presentation (9). This effect is likely due to
the formation of new space available for matrix
deposition and mineralization with gel degradation.
Recently, this system has also been demonstrated to
allow bone formation with transplantation of bone
marrow derived stromal cell populations (10), although
provision of appropriate growth factors was needed for
significant bone formation. This latter finding suggests
that additional signals must be provided to progenitor
cells, as contrasted to differentiated osteoblasts, from
the matrix to promote bone formation in vivo.

Growth factor delivery systems

There are several important considerations in the
design of a delivery system for growth factors used to
regenerate or engineer tissues (11). First, the mode of
factor delivery must target the desired cell population.
Early applications of growth factors involved intraven-
ous injection or injection of solutions containing the
factor into the tissue of interest, but these methods did
not effectively target the factors to the target tissue.
Second, to achieve the desired cellular response, these
factors must typically be present for time periods ran-
ging from days to weeks. However, these molecules
typically are degraded over time frames of minutes-
hours in vivo. Polymeric delivery systems have been
designed to bypass these limitations and meet the



design criteria for growth factor delivery (11). The fac-
tors themselves may be directly incorporated into the
polymer, with the subsequent sustained release and
local availability being regulated by diffusion of the
factor or polymer degradation. Alternatively, plasmid
DNA encoding the factor may be immobilized within
the polymer, allowing the local production of the factor
by cells that take up and express this DNA following
implantation of the system at the desired tissue site.

Polymeric protein delivery systems can be success-
fully utilized to administer small doses of factors
(proteins or plasmid DNA) at defined dose rates
directly to target cells, and have been successfully used
for bone regeneration via delivery of osteoinductive
factors (7). Although successful, the controlled delivery
of inductive growth factors from matrices to obtain
bone regeneration requires supraphysiological protein
concentrations, prompting concerns regarding the
cost, safety, and efficient delivery of these molecules
(7). Simultaneous delivery of two growth factors
involved in bone regeneration with osteoprogenitor
cells has recently demonstrated significant bone for-
mation when using physiological dosages of these
inductive proteins (10). These results suggest there is
some level of cooperation between bone-forming cells
and inductive factors in bone regeneration, and provi-
ding both together may lead to synergistic effects.

The role of vascularization in bone regeneration has
been clearly highlighted in recent studies, and vascular
endothelial growth factor (VEGF) has been demon-
strated to play a particularly important role (12,13). The
VEGF is a chemotactic signal for endothelial cells to
migrate and form new blood vessels, and osteoblasts
have also been shown to both produce VEGF and
undergo chemotactic migration in response to this
angiogenic molecule (14). The delivery of VEGF can
improve angiogenesis and bony bridging of a fracture
(12), while VEGF-induced blood vessel ingrowth into a
PLG scaffold has recently resulted in enhanced regen-
eration of mineralized tissue (15). These studies suggest
strategies that include both osteogenic and angiogenic
stimuli may optimally regenerate bone. Further, the
finding that sequential delivery of multiple growth
factors that act at varying stages of vessel formation can
promote both formation and maturation of vascular
networks (16) suggests that appropriately timed deliv-
ery of multiple factors may be beneficial in many tissue
regenerative processes.
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Clinical utility and implications

Osteoconductive, osteoinductive, and cell transplanta-
tion strategies all have individually resulted in
improved bone regeneration in various animal models
or human clinical trials. A variety of guided tissue
regeneration materials have been available and are
routinely used in clinical practice, although their utility
is limited. There are also two currently approved uses
of one of the recombinant inductive molecules (BMP-
2), and clinical trials examining BMP-7 and cell-based
approaches are ongoing. The limited number of
inductive and cell transplantation products that are
currently FDA approved may be related to several fac-
tors, including issues related to cell sourcing, compli-
cations in translating results from animal models to
humans, and the use of single factors instead of com-
binations. An improved understanding of the biology of
bone healing may allow investigators to address these
issues. In addition, improved carriers for the delivery of
single factors or cocktails of inductive molecules and
cells, as described in this review, may greatly enhance
their utility and speed their application to clinical
dentistry. We anticipate that the clinical application of
these inductive molecules and bone-forming cells will
increase in the next few years as these issues are
addressed.

A number of challenges must be addressed to com-
mercialize tissue-engineered therapies. Supraphysio-
logic quantities of recombinant proteins are currently
required to elicit the desired response, but providing
combinations of molecules with appropriate cell pop-
ulations may allow physiologic concentrations of
inductive molecules to be effective. For cell transplan-
tation strategies, although autologous cells raise the
least concerns for immune response, procedures to
both first obtain the cells, and then to transplant the
cells are required. Bone regeneration with allogeneic
cells, on the other hand, would allow for cells and tis-
sues to be produced in large batches, and accelerate the
application of these therapies to large numbers of
patients. This combination of scientific, engineering,
clinical and additional economic issues will likely lead
to multiple strategies being used to treat various cra-
niofacial defects in the future.
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