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The rapid advancement in basic biology knowledge,

especially in the stem cell field, has created new oppor-

tunities to develop biomaterials capable of orchestrating

the behavior of transplanted and host cells. Based on our

current understanding of cellular differentiation, a con-

ceptual framework for the use of materials to program

cells in situ is presented, namely a domino vs a switch-

board model, to highlight the use of single vs multiple

cues in a controlled manner to modulate biological pro-

cesses. Further, specific design principles of material

systems to present soluble and insoluble cues that are

capable of recruiting, programming and deploying host

cells for various applications are presented. The evolution

of biomaterials from simple inert substances used to fill

defects, to the recent development of sophisticated

material systems capable of programming cells in situ is

providing a platform to translate our understanding of

basic biological mechanisms to clinical care.
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Introduction

The mention of materials in dentistry usually conjures
up images of artificial substitutes to fill tooth defects in
restorative or prosthodontic procedures. The first gen-
eration of these materials were designed to be as inert as
possible so as to illicit a minimal host tissue reaction.
However, the popular use of implants has brought the
role of �bio’materials in dental surgical sciences to the
forefront with their implicit biological interactions as a

key frontier at the interface of material engineering and
biological sciences. Based on their ability to modulate
biological processes, modern biomaterials are typically
defined as either �conductive’ or �inductive’ (Figure 1).
Conductive materials are meant to provide a barrier or
scaffolding function and physical support to aid host
driven regeneration. A good example in periodontics is
the use of polytetrafluroethane (PTFE) membranes for
guided tissue regeneration (GTR) or application of
macroporous alginate or collagen sponges for treating
cranial defects (von Lindern et al, 2002; Parrish et al,
2009). Inductive materials, in contrast, are aimed at
inducing host cells to undergo specific biological
responses that can lead to regeneration. These materials
usually incorporate controlled delivery systems for
biological agents like growth factors, cDNA or phar-
maceuticals to control cell responses. The use of
biomaterials as carriers for transplanted cells intended
to enhance surgical restoration or re-engineering of
craniofacial defects resulting from trauma or congenital
defects is under intense investigation. However, limita-
tions of current cell therapies include the need to harvest
autologous bone or soft tissues, limited cell yield and
donor site morbidity (Mooney and Vandenburgh, 2008).

As the functions of the biological interface and
inductive properties of these materials became more
evident, the importance of promoting a defined tissue-
interaction with the materials has become increasing
clear. This usually involves either controlled release of
soluble biomolecules (delivery of soluble cues) and ⁄ or
tailoring the material biophysical-biomechanical prop-
erties (insoluble cues) to initiate cellular responses
(Langer and Vacanti, 1993; Discher et al, 2009; Huebsch
and Mooney, 2009). Examples of these inductive
approaches in dentistry include the use of growth
factors and gene delivery of factors like bone morpho-
genetic protein (BMP) 2 and 7 to improve osseous
healing (King and Cochran, 2002; Jung et al, 2003; Taba
et al, 2005), platelet derived growth factor (PDGF) and
fibroblast growth factor (FGF) seeded scaffolds and
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implants (Murakami et al, 1999; Kitamura et al, 2008)
and the use of enamel matrix protein to promote
periodontal regeneration (Bosshardt, 2008; Esposito
et al, 2009). Major limitations of these approaches
include cost, an inability to precisely control factor
efficacy as tissue fluid dilutes-diffuses the agents from the
delivery site and safety issues due to poor control over
systemic distribution. Materials capable of responding
to in vivo or external signals (�smart’ responsive mate-
rials) have also gained much interest for use as need-
based, sense and respond systems (Furth et al, 2007;
Huebsch and Mooney, 2009).

There is considerable interest in utilizing either lineage
restricted cells or cells with increasing stemness as
therapeutic agents. The former approach is aimed at
repopulating a target niche population such as osteo-
blasts in a calvarial defect, myoblasts in a muscle repair
or endothelial precursors to aid therapeutic vasculogen-
esis (Hill et al, 2006; Kaigler et al, 2006; Silva et al,
2008). The latter use of cells with increasing stemness has
the potential of providing multi-lineage cellular subsets
that would be required in complex in vivo biological
scenarios like regeneration of organ systems. Both
approaches at the moment have significant limitations
in terms of survival of transplanted cells, host integra-
tion, immune rejection and the risk of transformation of
transplanted stem cells. Cell transplantation approaches
also have other significant practical limitations including
technical (cost, processing, storage and quality control),
medical and ethical issues (Mooney and Vandenburgh,
2008).

The development of materials to direct biological
process has spanned two distinct forums. First, these
materials are being used to create in vitro 3D tissue
equivalents to aid investigational studies or perform
screening. Second, materials developed for in vivo ther-
apeutic approaches are designed to specifically interact
and modulate transplanted cells and host biological

responses. Recent exciting in vitro work with biomate-
rials has adapted combinatorial properties to simulate
or mimic the in vivo conditions of the tissues being
studied such as spleen and liver (Khetani and Bhatia,
2008; Yung et al, 2009) but this will not be addressed in
this review. In contrast to the current cell transplanta-
tion approaches, biomaterial strategies under develop-
ment aim to build off recent insights into mechanistic
underpinnings of stem cell biology and immunology,
with the goal to use �materials alone’ to mediate
recruitment, programming and trafficking of host cells,
obviating the need for transplanting cells (Figure 2)
(Mooney and Vandenburgh, 2008). Further, this con-
cept of programming either host or transplanted cells in
situ has gained ground with the advent of nanoscale
designed and injectable systems that provide flexibility
in terms of biological control and ease of handling for a
broad range of applications. This review highlights the
changing framework of our current understanding of
basic biological mechanisms that is guiding the design of
materials to program host cells with recent examples of
various applications. We hope to highlight the promise
of biomaterials in translational medicine as tools capa-
ble of applying basic science advances to clinical care.

Brief overview of cellular differentiation

Information incorporated into material systems are
intended to modulate biological responses, including
�initiation’ (regulating cell cycle phase of target cell
population), �proliferation’ (controlled increase in spe-
cific lineage subsets), tissue-organ �patterning’ (including
apoptosis), �trafficking’ (chemotactic cell migration and
release) and �maturation’ (morpho-differentiation and
functional activation). In any given application, a
combination of these effects is usually desired for final
therapeutic outcomes. For example, proliferation may
be coupled with maturation, or morpho-differentiation
coupled to patterning of target cell populations. A key
issue in the design of programmable materials is our
understanding of the regulatory pathways, as this
typically limits our ability to precisely modulate the
biological processes.

Evolution of biomaterial approaches

Conductive

Inert

Inductive

Without 
transplanted cells

With 
transplanted cells

Programmable

Figure 1 Cartoon showing evolution of biomaterial approaches from
initially biologically non-interactive (inert), to a permissive (conduc-
tive) and then to actively promoting regeneration (inductive) with
bioactive agents and ⁄ or exogenously transplanted cells. Present
materials systems are now capable of programming host or trans-
planted cells

Figure 2 Programming cells in vivo with materials only involving first,
recruiting naı̈ve host cells, then programming material-resident cells
and finally, deploying programmed cells to drive biological processes,
all without a need for ex vivo cell manipulations
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The question of pivotal cues
A critical question in directing cellular behavior is
whether single or multiple pivotal cues are necessary
and ⁄ or sufficient to be included in the design of material
approaches (Figure 2) to appropriately program cells
in situ. Based on our current understanding of cellular
differentiation, two conceptual models for material based
programming to direct biological behavior can be sum-
marized as either a �domino’ model or the �switchboard’
model (Figure 3). Both models rely on the basic premise
that the differentiated state of a cell is defined by its
transcriptome and subsequent proteome which, in turn,
defines the form and function of the cells, the tissues and
the organs they form. Both mechanisms rely on local
triggering events that cause a global change in the
genotypic landscape. The basic difference between the
two is that the dominomodel is basedon a single initiation
step, genetic or epigenetic, that can trigger global changes,
while the switchboard model relies on multiple, indepen-
dent, spatially distinct but temporally concurrent events
to initiate a cascade of effector biological pathways. It is
important to emphasize here that to achieve an ultimate
biological outcome, even the domino model results in
multiple sequential processes but, in contrast to the
switchboard model, these would be temporally consecu-
tive (Figure 3). Spatial and quantitative aspects of these
cues in various biological contexts are being intensely
investigated but remains to be fully elucidated.

Where are the target sites? Intrinsic vs extrinsic cell
regulators
A key question for material design is what types and
kind of regulation it should provide? Material systems
can deliver regulated cues in either a local or global
(soluble cue via systemic circulation) format and it
becomes increasingly apparent that its sphere of influ-
ence must arise along its spatial scale of biological
interactions. The centricity of genetic vs epigenetic

determination of a cell’s genotype and hence phenotype,
has long been debated. The classical somatic cell nuclear
transfer experiments, the unraveling of the complete
genome and ability to clone whole organisms are clear
evidence that the nuclear genetic information are key
regulatory elements in the ultimate phenotype and
functionality of cellular function (Gurdon, 1964; Camp-
bell et al, 1996; Lander et al, 2001; Venter et al, 2001).
But it is also clear that a higher level of integrative
function lies in the regulatory framework controlling
gene expression as demonstrated by the global long
range interactions of the genome defining spatial corre-
lation of active vs inactive chromatin structure and
hence its gene expression as well as global transcrip-
tional modifiers of the whole genome such as the
Polycomb and Tri-thorax group of proteins (Schuett-
engruber et al, 2007; Schwartz and Pirrotta, 2007;
Lieberman-Aiden et al, 2009; Misteli and Soutoglou,
2009). These recent discoveries have opened new vistas
in our understanding and, potentially our ability to
regulate gene expression via delivery of these intrinsic
cues via material systems.

The major motivation for designing biomaterials to
deliver extrinsic regulatory cues arose from the discov-
ery of growth factors, morphogen cues and extracellular
molecules that bind cellular receptors to enable a cell to
sense and respond in an integrative manner via complex
cell signaling networks (Sporn and Roberts, 1986). As a
single event, stochastic or deterministic, can potentially
tilt the physiological state into a pathological state or,
vice versa, correct a diseased state (Aldridge et al, 2006),
regulation of normal homeostatic mechanisms via active
cell programming will hinge on precise and effective use
of extrinsic and intrinsic regulators. The interplay
between extrinsic and intrinsic growth factors in terms
of receptor expression or transcriptional state of the cell
demonstrate opportunities to manipulate these regula-
tory networks, both within and outside the cell, across

Domino model

Switchboard model

Induced state Final stateInitial state

Induced state Final stateInitial state

(b)

(a)

Figure 3 The two broad conceptual frame-
works underlying material based program-
ming approaches for directing differentiation.
(a) Domino Model with photograph of
dominos (left), the scheme (right) showing the
baseline (initial) state of a cell that can be
induced with a single event (green colored
domino) that in turn starts of a cascade of
events (different colors) that can modulate
cellular response and behavior; (b) switch-
board model with photograph (left) and
scheme (right) depicting the initiation of
multiple primary events (various colors)
simultaneously that in turn bring about a
complex change (partial ⁄ overlapping
domains are represented by bi-colored gradi-
ents) in cellular response and behavior
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various length scales. Other possibilities include the
incorporation of biophysical and biochemical elements
in material systems to manipulate non-equilibrium,
steady state behavior of the targeted biological system.
Thus, modulation of these key intrinsic and ⁄ or extrinsic
regulatory elements provide a logical target site for
material based cues to direct biological processes at the
cell, tissue and organismal level.

Programming vs reprogramming
Another important question in biomaterial design is
whether it should aim to program or reprogram cells.
Most data supporting theories of programming comes
from our understanding of cellular differentiation, espe-
cially during embryonic development. Carefully done
studies in a variety of organisms have traced the genome
wide expression of lineage specific factors, most elabo-
rately with the hematopoetic cells (Orkin and Zon, 2008;
Slack, 2009). Recent advances in the inducible stem cell
field, with its demonstration that either a single or a
select combination of transcription factors can induce
stemness supports the promise of reprogramming cells
via both the domino and switchboard models of differ-
entiation (Takahashi and Yamanaka, 2006; Meissner
et al, 2007; Kim et al, 2009). While these studies defin-
itively establish reversibility of a cell fate by reprogram-
ming to a stem-like totipotent state, it is important to
acknowledge that this would rarely be a significant
therapeutic end-point application, as the resultant undif-
ferentiated cell population would be devoid of function
and could form a neoplastic tumor. Reprogramming
would be simply the first step of a subsequent differen-
tiation program to generate therapeutically useful cells.
The knowledge that one can directly switch lineages of a
differentiated tissue type into another in a controlled
manner termed �cellular’ or �lineage reprogramming’,
�trans-differentiation’ or �trans-determination’ (Hadorn,
1968; Brambrink et al, 2006; Zhou et al, 2008; Slack,
2009) will probably have significant implications for
material based programming in the future.

Implications for programmable material design
The current premise of material design is that incorpo-
ration of extrinsic signals, such as growth factors or
cytokines can drive and maintain a differentiated state of
a cell, or intrinsic factors, such as transcription factors or
regulatory RNA molecules can manipulate complex
cellular regulatory networks and thus, program cells.
Delivery of smallmolecules that can act at various cellular
compartments, extrinsically or intrinsically, to achieve
programming is also at an early stage of investigation.
Material approaches may exploit inducible cellular states
as an initial step to recruit host cells, reprogram these cells
to perform specialized functions and promote integration
in the host (Figure 2). As per the domino model,
materials could provide the key, decisive cue in a
controlled spatial and temporal distribution that would
dictate the biological responses and eventual therapeutic
outcomes (Figure 3). However, a single factor may often
not be sufficient in a more complex in vivo scenario. The
switchboard model which utilizes multiple cues may

provide the most efficacious route in many situations
(Figure 3). The material systems described below exploit
these models to recruit and ⁄ or program host and trans-
planted cells to generate desirable outcomes.

Design principles for material systems for
directed differentiation

This review focuses on two aspects of materials design,
the regulation of soluble cues via regulated release
or uptake, and presentation of insoluble cues to
provide loco-regional physical and mechanical niches
to program and direct cellular behavior in vivo (Figures
2 and 3).

Soluble cues -- regulated presentation of bio-
molecules

A variety of soluble signaling biomolecules including
proteins such as growth factors and cytokines, nucleic
acids encoding a gene of interest or regulatory transcrip-
tional factors or pathway specific small molecules can
direct cellular responses. Although the use of controlled
delivery of protein factors has been the most explored
application of polymeric systems to date, major chal-
lenges include low payload, risk of denaturation and loss
of activity during fabrication. To address these issues,
many investigators have been exploring the presentation
of nucleic acids that can be taken up by the host cells
following release from polymeric systems, to affect the
expression of the downstream effector proteins in a
context dependentmanner. A thirdmore recent approach
is the use of pathway specific small molecules. These
approaches are individually discussed below.

Delivery of growth factor and morphogens
The proof of principle that various growth factors can
induce a biological response has been demonstrated by
directly injecting dissolved factors into a tissue (Driever
et al, 1990). However, transient and uncontrolled tissue
exposure with this delivery approach limits biological
response and has spurred the development of polymeric
delivery systems. Material systems providing sustained
and localized delivery have led to increased efficacy and
therapeutic utility of molecules such as BMP (2, 4 or 7)
and TGF-b (1, 2 or 3) for osseous healing, bFGF, EGF,
PDGF-AA, AB or BB and IGF-1 for soft tissue healing,
especially in periodontal defects, VEGF, HGF, PDGF in
vasculogenesis and IGF, HGF in muscle repair, among
others (Alsberg et al, 2001b; Mao et al, 2006). Materials
used in these contexts have varied from natural polymeric
systems like alginate and collagen, ceramics such as
hydroxyapatite and tricalcium phosphates, to synthetic
materials ranging from polylactide-co-glycolide, poly
(methyl methacrylate), poly(dioxanoneco-glycolide) or
polyethyleneoxide ⁄ polybutylene copolymers.

Key issues with delivering these cues include the
concentration expected to be efficacious in the biological
context, sustained temporal presentation of the factor
at these concentrations and the spatial distribution due
to zoning effects (Chen et al, 2007). The precise amount
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of the growth factor required for each targeted cell
lineage is also critical, as it is well known that the growth
factors have a wide range of physiological roles in a
context and concentration dependent manner. For
example, the use of TGF-b1 in concentrations ranging
from 200–900 ng ml)1 were most effective in aiding
osteochondral repair, while concentrations above
900 ng ml)1 resulted in adverse effects such as osteo-
phyte formation, synovitis and cartilage erosions
(Mierisch et al, 2002). Similarly, optimal GM-CSF
concentrations resulted in successful recruitment and
proliferation of dendritic cells into polymeric system but
higher concentrations inhibited lymph node migration
and expression of key surface receptors (CCL19, CCR7
and MHCII) essential for their function (Ali et al,
2009b).

A single �burst’ release of a growth factor may be
appropriate, as per the domino model, to kick start a
biological response, assuming the resident cells are
responsiveness and capable of executing the desired
function (Figure 3). If the agent needs to be maintained
at sustained levels for longer durations, a sustained
release profile is more appropriate. Both of these release
kinetics are routinely achieved with material systems by
associating the factors with the carrier via covalent
interactions, physical adsorption and ⁄ or entrapment
(Richardson et al, 2001). As an ideal material will allow
its own replacement with regenerating host tissue,
regulating the material degradation rate provides a tool
to both tailor availability of the factor (via disintegra-
tion of polymer material over time) and impact the
volume of regenerating tissues. The complete loss of
material, and hence the soluble cue, would thus conve-
niently terminate its action, preventing undesirable
sequelae of the factor. The spatial location and release
kinetics defines the resulting temporal concentrations
and spatial distributions resulting in gradient fields
(Figure 4) (Chen et al, 2007).

The use of a single cue might be most effective in
certain scenarios, such as normal healing of bone or soft
tissue, but in more complex cases where there is such
significant loss of tissue that the resident host milieu
cannot correct easily or in the context of underlying
pathological states such as in diabetic wounds, a
combination of factors acting in a synergistic manner

may be more efficacious, as per the switch board model
(Figure 3). The factors could be administered simulta-
neously if the target populations are distinct and no
significant cross-talk is expected, such that each factor
may act on distinct, non-redundant components of the
targeted process. Recently, this approach was success-
fully used in muscle regeneration where VEGF was used
to recruit endothelial and build new vessels, while IGF
was used to stimulate skeletal muscle regeneration
(Figure 5) (Borselli et al, 2009). Alternatively, distinct
factors may be presented in a phased manner to move
along different stages of the same process. For example,
delivery of VEGF, a potent pro-angiogenic growth
factor, can aid therapeutic revascularization in a limb
ischemia model (Silva et al, 2008). In this case, VEGF
acted to recruit host cells via sprouting and neoangio-
genesis from pre-existing vessels. While these findings
were significant vs baseline controls, an addition of
slower released PDGF led to subsequent recruitment of
smooth muscle cells to the newly formed vessels, aiding
their maturation and increased perfusion to even higher
levels (Figure 6) (Richardson et al, 2001; Sun et al,
2010). Similar combinatorial approaches with multiple
growth factors have been successfully demonstrated in
angiogenesis with FGF-PDGF (Cao et al, 2003) and
osseous repair with BMP4-VEGF (Huang et al, 2005a)
or TGFb-IGF (Kandziora et al, 2002). Although the
provision of single or multiple soluble cues may initiate
desirable sequelae of events, they must be carefully
tailored to be self-limiting and appropriately compart-
mentalized to prevent adverse events. Careful
mechanistic studies in appropriate in vitro models will
be critical in aiding future design of material systems
and guiding their effective use in vivo. Although unex-
plored to date, an interesting concept common in
developmental processes such as axial patterning (Struhl
et al, 1992) involves the spatially distinct availability of
two agonists, such as complimentary growth factors or
one agonist and one antagonist, such as pathway specific
inhibitors, to produce precise and spatially restricted
gradient boundaries to aid regeneration.

Nucleic acids
Genetic information encoded in nucleic acid sequences
are key drivers of cellular form and function. Although

(a) (b)

Figure 4 Distribution of material deployed growth factor to develop morphogen fields. (a) PLG scaffolds with spatially compartmentalized VEGF
were fabricated and loaded protein remains confined to each layer, dotted lines indicates separation between layers; (b) predicted VEGF
distribution in ischemic hindlimbs with scaffolds designed to create a VEGF gradient extending away from the femoral artery ⁄ vein (X) into muscle
tissue (pink), guiding new capillaries to orient down ischemic limb. VEGF concentrations in a layered scaffold were modeled and solved in
COMSOL and steady-state VEGF concentrations, predicted to be reached after 30 min are shown. Images adapted with permission from �FASEB
Journal’ (Chen et al, 2007)
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extraneous nucleic acids released by material systems
and taken up by target cells are not expected to be
subjected to the same tightly regulated expression as
endogenous genetic elements, significant control can be
exerted with a variety of approaches and provide a need-
based sustained expression of the factor. To specifically
facilitate uptake of nucleic acids by target cells, viral or
non-viral vectors are routinely used. The use of viral
gene transfer from a material depot has the advantage of
sustained, high expression of target gene due to the high
transfection efficiencies of viruses (Shin et al, 2010).
However, viral vector delivery carries the risk of non-
selective cell transduction, immunogenicity and random

permanent integration. Non-viral modes of gene trans-
fer include the use of polycationic liposomes such as
polyethylenimine, polylysine or polyaminobutyl glycolic
acid to condense plasmid DNA that can then be
incorporated into polymeric systems like PLGA or
collagen scaffolds for sustained delivery. This approach
has been used to incorporate BMP-4 or parathyroid
hormone cDNA into collagen sponges to induce bone
formation in critical defects in rats and beagle dogs
(Fang et al, 1996; Bonadio et al, 1999). A similar
approach using VEGF 165 cDNA has been shown to
improve bone formation in a mouse femoral fracture
healing model (Keeney et al, 2010). A potential limita-

(a)

(c)

(b)

Figure 5 Promoting skeletal muscle regeneration in a hind limb ischemia model with dual delivery of VEGF and IGF-1. (a) Functional muscle
regeneration, measured as tetanic force of the anterior tibialis muscles of mice at 2 and 7 weeks after induction of ischemia, and no treatment (blank
alginate) or treatment with VEGF alone and combination of VGEF and IGF-1 (VEGF + IGF-1), normalized to each muscle’s weight to obtain
weight-corrected specific force. Mean values are presented with s.d., P < 0.05. Control condition of undamaged muscle (control limb) is also
shown; (b) representative cross-section and longitudinal tissue sections from tibialis ischemic muscles treated with alginate gel only (blank) or
alginate gels delivering VEGF and IGF-1 at postoperative week 2, stained with H&E, scale bars 50 lm; (c) blood perfusion measured by Laser
Doppler perfusion imaging (LDPI) of C57 mice hindlimbs treated with blank alginate gel, alginate gel delivering VEGF or IGF-1 alone or VEGF
and IGF-1 together and bolus delivery of VEGF and IGF-1 in PBS; *P < 0.05 vs blank alginate gel and bolus; mean values are presented with s.d.
Images adapted from the original article in �Proceedings of the National Academy of Sciences of the USA’ (Borselli et al, 2009)

(a) (b)

Figure 6 Sequential growth factor delivery
from polymer demonstrating their synergistic
efficacy in promoting vessel maturation in
non-obese diabetic mice subjected to femoral
artery ligation. (a) Scaffolds incorporating
VEGF alone, PDGF alone and both
VEGF ⁄PDGF were implanted in ischemic
hind limb. Compared to scaffolds rapidly
releasing VEGF (top panel) or slower release
of PDGF (middle panel), the scaffold releas-
ing both VEGF and PDGF (bottom panel)
demonstrated increased vascular density, with
mature vessels (magnification 400 · );
(b) quantitation of a smooth muscle actin
staining of tissue sections demonstrating
mature, well formed vessels with dual delivery
(magnification was 1000 · ). Images adapted
from the original article in �Nature Bio-
technology’ (Richardson et al, 2001)
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tion with nucleic based approaches is that some proteins
that undergo complex post-translational processing for
their complete biological activity may not be best suited
for this approach. For example TGF-b is secreted as a
latent complex and is activated by various physico-
chemical or biological means. Thus, gene delivery of a
full length TGF-b could result in increased protein
expression, but the resultant protein will not be phys-
iologically viable if it remains in its latent form (Munger
et al, 1999).

The use of transcription factors as master regulators
of gene expression have been demonstrated in the
inducible stem cell field and material based approaches
may enable one to exploit these factors in vivo. Ongoing
work has already utilized simple nucleic acid sequences
for specific applications such as the use of cytosine-
phosphate-guanisine (CpG) oligonucelotide to activate
immune surveillance mechanisms. A recent combinato-
rial strategy described the use of GM-CSF and CpG-
ODN to recruit and proliferate dendritic cells which
were then sensitized to melanoma tumor lysates to
activate potent anti-tumor responses (Figure 7) (Ali
et al, 2009a). These material systems could be modified
for other tumor types as well as infectious and auto-
immune diseases where one desires to program or
reprogram the immune system.

Small molecules
The use of material-delivered small molecules for
programming is extremely attractive, as in addition to
easy handling and synthesis, they can act either in an
intrinsic or extrinsic manner to modulate biological
processes across various cellular compartments (Cao
et al, 2003; Ichida et al, 2009; Firestone and Chen,
2010). While a small molecule can directly modulate a
target site, acting in a domino manner, another
approach is to modulate different processes or levels of
the same process akin to the switchboard analogy. One
example of this approach is the presentation of a small
molecule, gamma secretase inhibitor, which enhances

VEGFR2 levels in endothelial cells, making them more
responsive to VEGF that is presented concomitantly to
enhance VEGF-driven therapeutic angiogenesis (Cao
et al, 2009). Given the huge strides in development of
targeted chemical biology approaches, these small mol-
ecule approaches are soon likely to be useful agents for
material based delivery systems.

Insoluble cues – controlling adhesion and mechanics to
modulate local cellular behavior
Most cells in the body require adhesion to the extracel-
lular matrix for survival and function. As host cells are
recruited in the programming approaches, the materials
can provide specific adhesion cues analogous to ECM to
direct cell organization and regulate gene expression.
Scaffolding materials are often modeled on connective
tissue and basement membrane components that sup-
port epithelial stratification, maturation and function.
A wide range of natural polymers are used to mimic the
ECM niche (Table 1) (Sohier et al, 2008). These mate-
rials can provide requisite physical support and allow
natural tissue patterning and morpho-differentiation
and this has been specifically demonstrated in regener-
ating pulp tissue (Bohl et al, 1998; El-Backly et al,
2008). However, there are concerns of mechanical
integrity, immune rejection and batch-to-batch varia-
tions. Another major limitation with these naturally
derived polymeric systems is that complex cell-matrix
interactions are not easily definable, making some of the
biological responses unpredictable.

A variety of synthetic polymeric systems (Table 1)
have also been developed to address limitation of
naturally derived materials, including controlled manu-
facturing at large scales and providing a precisely
tailored cellular niche. Polymeric materials with suitably
designed chemistry (Table 2) can be used to not only
define the cell-matrix interaction, but also aid in
directing cellular responses by acting as depots to
develop spatially restricted morphogen fields. Many
techniques (Table 3) are routinely used to fabricate

(a) (b)

Figure 7 Materials to recruit, program and deploy anti-tumor dendritic APCs in treating melanomas. (a) inguinal lymph nodes from normal mice
(control, right) and after 10 days implantation of matrices incorporating 10 lg CpG, 3000ng GM-CSF (infection mimic, left), demonstrating
significant dispersion of programmed immune cells to lymph node (note enlarged lymph node with infection mimic); (b) Comparison of survival
time in C57BL ⁄ 6J mice subcutaneously implanted with scaffolds and challenged 14 days later with a subcutaneous injection of 105 B16-F10
melanoma cells. The PLG scaffolds implanted were empty (black), Lysate and 100 lg CpG (broken line), lysate, 3000 ng GM-CSFC and 10 lg
CpG (red) and lysate, 3000 ng GM-CSF, 100 lg CpG (blue). Animals were also immunized with a cell-based vaccine (grey) that consisted of
radiated B16 cells over-expressing GM-CSF as has been described previously (Okano et al, 2005). Images adapted from the original article in
�Nature Materials’ (Ali et al, 2009b)
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polymeric systems in a variety of geometries and
architecture with precise control over pore size, shape
and connectivity (Sohier et al, 2008). Spatially precise
fabrication techniques have more recently been devel-
oped to provide better control of pore scaffold archi-
tecture, internal and external pore connectivity (Sohier
et al, 2008). The conventional and newer techniques
often involve the use of heat and solvents that can result
in denaturation and loss of incorporated protein activ-
ity. One approach to overcome this limitation is by the
use of two phase systems in which the polymeric
fabrication step is decoupled from the biological
incorporation step. Two common techniques used are
addition of microspheres encapsulating proteins to a
preformed scaffold or adsorption of the protein onto the
polymer scaffold postfabrication (Bouhadir et al, 2001;
Kong et al, 2004). In addition, processing techniques
that utilize non-harmful solvents (such as CO2, H2O)
allow biologically active molecules to be incorporated
without diminishing their activity (Mooney et al, 1996;
Silva and Mooney, 2007).

Synthetic polymers largely lack intrinsic cell adhe-
siveness requiring modification to enable control over
cell interactions. Full length proteins can be combined
with synthetic polymer scaffolds, but smaller peptide
fragments are preferred as they can be readily synthe-
sized and covalently coupled to the polymers to provide
a highly defined cell-material interface. Routinely used
peptides include those containing the Arginine-Glycine-
Aspartic acid (RGD), sequence found in many ECM
proteins, various fibronectin fragments (e.g. FNIII) and
laminin derived adhesion motifs (e.g. IKAV). These
motifs have been successfully grafted onto a wide range
of natural and synthetic materials including PEO (Hu
et al, 2008), fibrin (Schense and Hubbell, 1999), chitosan
(Kawamata et al, 2002), dextran (Massia and Stark,
2001), Poly(lactic) acid (PLA) (Quirk et al, 2001), PLG
(Eid et al, 2001) and alginate (Alsberg et al, 2002). It
should be noted that small adhesion peptides may have
lower bioactivity than full length ECM proteins due to
the absence of complementary domains (Cutler and
Garcia, 2003).

The specific adhesive ligand and dimensionality (2D
vs 3D presentation) will define the receptors used by cells
to adhere to the material and the peptide density,
nanoscale distribution and mechanical properties of the
substrate have profound effects on proliferation, migra-
tion and differentiation of interacting cells (Koo et al,
2002; Mann and West, 2002; Tosatti et al, 2004; Kong
et al, 2005; Schuler et al, 2006; Comisar et al, 2007).
Interestingly, given the right context, cells can also use
the adhesive motifs to rearrange the macrostructure of
the material, creating a dynamic feedback to modulate
fate decisions (Kong et al, 2005; Comisar et al, 2007;
Huebsch et al, 2010). The mechanical properties of the
material presenting the peptides also influence cell fate
decisions (Engler et al, 2006; Huebsch et al, 2010)
providing another variable to modulate tissue regener-
ation. The precise cellular mechanisms underlying the
effects of adhesion ligand presentation are being
intensely investigated and are speculated to result, at
least in part, from modulation of adhesion contacts and
clustering of cellular receptor that in turn modulate the
cytoskeleton and intrinsic cell signaling pathways (Chen
et al, 1997; Geiger et al, 2001; Comisar et al, 2006;

Table 2 Design principles for programmable material design

Material properties Utility

Biocompatible Minimal inflammatory and
immune rejection

Controlled pore architecture Control over cell trafficking,
morpho-differentiation and
spatial organization, host
integration

Encapsulate or binding of
soluble signaling molecules

Spatiotemporal controlled delivery

Cell adhesive Cell attachment and promotion of
interface dependent cellular
behavior

Controlled biodegradation Replacement by host tissue, avoid
chronic host responses

Dynamic properties Responsive to local environment or
external stimuli

Gelability, injectable or
micro ⁄ nanoparticulate form

Ease of delivery and minimize
trauma

Table 3 Material processing techniques

Techniques

Conventional architectures ⁄ geometry
Fiber extrusion and electrospinning
Heat bonding
Gas foaming
Phase separation
Freeze drying
Particulate leaching

More precise architectural control
Fused diffusion molding
3D fiber deposition
Solid free form techniques
3D printing
Selective laser sintering
Surface selective laser sintering
Laser abalation
Stereolithiography

Table 1 Representative polymeric systems

Natural polymer systems Synthetic polymer systems

Collagens
Fibrin
Matrigel
Alginate

Chitosan
Hyaluronate

Silk
Polyhydroxyalkanoates

Poly(lactic) acid (PLA),
Poly(glycolic) acid (PGA),
Poly(lactic-co-glycolic) acid (PLGA)
Poly(ethylene glycol)-diacrylates
(PEG-DA)

Poly(�-caprolactone) (PCL),
Poly(ethylene glycol) terephtalate
(PEGT),

Poly (butylene) terepthalate (PBT),
Polyphospho-esters (PPEs),
Polyphosphazenes (PPAs),
Polyanhydrides (PAs),
Polyortho-esters (POEs),
Poly(propylene fumarate)-diacrylates
(PPF-DA)
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Discher et al, 2009). Interestingly, as there is better
understanding of the biological basis of these material’s
biophysical interactions at the nanoscale, the material
composition itself can be designed to serve as an
extrinsic cue to trigger specific signal transduction
pathways, as demonstrated by direct induction of focal
adhesion kinase signaling in a recent report (Poondra
et al, 2009). In vivo, mechanically tailored material
systems, both natural and synthetic, have demonstrated
efficacy in aiding regeneration of cardiac muscle (van
Amerongen et al, 2006; Valarmathi et al, 2010) and
PDL (Moioli et al, 2008), as well as modulating scar
tissue formation (Agrawal et al, 2010).

Future directions

Classical tissue engineering approaches have resulted in
significant progress towards the goal of regenerating
craniofacial tissues including bone, cartilage, oral
mucosa, skin, pulp, dentin, periodontium, cranial
sutures and temporomandibular joints (Alsberg et al,
2001b; Taba et al, 2005; Mao et al, 2006). While these
approaches have used either conductive or inductive
approaches along with cell transplantation to achieve
their goals, the concept of using materials to program
cells in situ is leading to a paradigm shift in our
understanding and use of materials in biomedical
applications. The increasing understanding of biological
mechanisms underlying stem cell biology is enabling the
major steps of first recruiting, then programming and
finally dispersing cells to be exploited as three inter-
linked modules (Figure 2). The ability to exploit indi-
vidual modules, such as the recruitment of specific cell
subpopulations useful in therapeutic angiogenesis, skel-
etal muscle, peripheral nerve, dental pulp and bone
regeneration (Richardson et al, 2001; Huang et al,
2005a; Kaigler et al, 2005; Hill et al, 2006; Borselli et al,
2009; Kim et al, 2010) can provide significant utility in
isolation from other modules. However, systems capable
of integrating these modular functions are the ultimate
goal and would enable one to bypass ex vivo cell
manipulations completely (Ali et al, 2009a). Future
materials are expected to progress from single step
inductive processes, as illustrated by the domino differ-
entiation model, to more sophisticated multi-step regu-
lation of complex processes as per the switchboard
analogy (Figure 3). The use of soluble cues such as
aptamers, ribozymes, small regulatory RNAs (si and
miRNA) and pathway specific small molecules, material
hydrophobicity and electrical, magnetic or photonic
fields that could affect cell polarity and morpho-differ-
entiation are all exciting future avenues for material
based programming systems.
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