Introduction
Musculoskeletal injuries arise largely from traumatic events,
disease, and birth defects. Collectively, 30—40 million musculo-
skeletal repair and regenerative surgeries are performed in the
United States each year. In some instances of severe injury, the
diseased or damaged tissues and limb are surgically removed,
with 135,000 new amputations performed each year. There
are approximately 1.25 million amputees living in the United
States, and they are largely between 41 and 70 years of age,
with 75% of the procedures performed in those over age 65.'7
The loss of function that results due to limb disease or its
removal accounts for a significant number of clinical disorders,
resulting in great social and economic cost. The successful
restoration of tissue and organ function, especially for muscu-
loskeletal tissues, is quantified by the generation and transmis-
sion of mechanical forces that facilitate simple and complex limb
movement. Tissues such as bone, muscle, ligament, tendon,
and cartilage are highly specialized both in composition and
structure, providing a unique functionality that requires the
selection of an optimal biomaterial and implant design. The
characteristics of musculoskeletal tissues such as mechanical
loading, viscoelastic properties, maintenance and differentia-
tion of stem cells, sequestration of multiple chemical factors,
and vasculature, are parameters that must be taken into con-
sideration when developing engineered tissue substrates to
augment and regenerate multiscale tissues.
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The holy grail of regenerative technologies is to regrow a limb. This grand challenge requires
us to develop truly innovative strategies and toolboxes across advanced materials science,
stem cell science, physics, and developmental biology, and converge these advancements
to address the limitations of wound healing and harness the regenerative capacity in humans.
We discuss the convergence approach put forward by the field of regenerative engineering
to develop translational strategies involving electrically conductive and novel polymers, stem
cells, high-throughput technologies, and nanotechnology to regenerate the limb.

The challenge moving forward is to understand the develop-
mental complexities found in nature and translate this deep
understanding into clinically successful strategies. For instance,
we must learn from organisms such as newts and salaman-
ders, for which a chopped limb is completely regenerated and
functional within a period of 10 weeks.® The limb is a complex
organ consisting of various specialized tissues, and the chal-
lenge is to regenerate multiple tissues (bone, muscle, tendon,
blood vessels, nerves, skin) simultaneously into a single inte-
grated and functioning organ. As we pursue these challenges,
we must pay attention to the fact that the regenerative capacity
is inversely related to complexity of the organism.

Human beings possess some limited regenerative capa-
bilities, and surgeons are able to surgically reattach severed
appendages that heal almost completely under specific condi-
tions. A key strategy is to utilize biomaterials and engineered
substrates as guides that can influence phenotype maturation
of undifferentiated cell types through chemical and biophysical
cues. This methodology known as “tissue engineering” (TE)
seeks to restore the function of diseased or damaged tissues
and organs using cues to promote the proliferation and phe-
notype development of donor cells. It is an interdisciplinary
field that applies the principles of engineering and life sci-
ences toward the development of biological substitutes that
restore, maintain, or improve tissue function.’ To date, few
engineered substrates have been clinically proven, with the
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root cause being poor implant integration. This leads to failure
under physiological loading and in poor cell survival due to
nutrient transport limitations.

As the field of TE was being developed, the available
knowledge and toolkits were not mature and extensive, and in
some instances, were yet to be discovered. Materials science
has been applied to TE, but major advances were only realized
by a shift in focus from micro- to nanosubstrate architectures.
We gained insight that beyond the microarchitecture, it is the
nanoscale features and topography mimicking the native
extracellular matrix (ECM) that are the critical influencers
of localized cellular behavior, where they support a host
of cell-ECM, cell—cell, and cell-soluble factor interactions.'”
For example, with our understanding that the stem cell niche is
essentially a natural web of hierarchically organized nanofibers
composed of cell adhesive and structural proteins, the therapeu-
tic strategies have pivoted to realize mechanisms that can ensure
maintenance of local stem cell populations within individual
tissues. The stem cell niche is a unique microenvironment in
specific anatomical locations where stem cells reside, which
interacts with stem cells to regulate cell fate. This provides cell—
cell and cell-ECM signaling and feedback communications to
promote tissue repair, regeneration, and homeostasis. These
new advances are redefining how we approach regeneration,
and the shifting paradigm of TE is more accurately described as
“regenerative engineering” (RE)."

Advanced processing and fabrication toolboxes have enabled
us to manipulate and exert control at molecular-, nano-, and
microlength scales, thereby introducing dynamic and com-
plex behavior into biomaterials and engineered scaffolds.!?
Developmental biology provides an acute understanding of the
bottom-up approaches through which native tissues are self-
assembled from highly proliferative and differentiated cell
layers. The field of RE puts forward a convergence approach,
moving beyond individual tissue repair to the regeneration of
multi-tissue systems. This new field has been defined as the
integration of TE with advanced materials science, stem cell
science, physics, developmental biology, and clinical transla-
tion toward the goal of multicellular tissue regeneration.®!?

Advanced materials
War and conflict events in the last two decades have resulted
in a significant increase in younger individuals undergoing
extremity amputations, increasing the need for a more func-
tional prosthetic limb system and regenerative solutions. In
the United States, there is increased funding and several active
national programs to support this initiative.>!'*>* Amputation
results in significant functional and cosmetic changes that
cause an individual to be affected psychologically. They
undergo extensive occupational therapy to relearn how to per-
form basic tasks and psychotherapy to overcome emotional
problems, depression, and helplessness.

Electrical stimulations (ESs) have been investigated over
the last several decades to promote bone healing, demonstrat-
ing advantages such as fast fracture consolidation, increased
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fracture callus (the mass of heterogeneous tissue that fills the
fracture gap), fracture resistance, bone proliferation, and
reduced disuse osteoporosis.>** At the cellular level, ES has
been shown to significantly enhance cell proliferation, mineral-
ized nodule formation by the deposition of calcium hydroxyapa-
tite crystals indicating conversion into bone, and ECM protein
synthesis.*"*> Normal fracture healing is driven by a piezo-
electric effect in response to mechanical stimulation, whereas
failure of the fractured ends to join over time (known as non-
unions) are typically categorized as electrically silent.>* This
phenomenon can be described by Wolff’s Law of reorganiza-
tion, which states that mechanical strain is largely responsible
for the balance between formation of new bone tissue and the
breakdown of existing bone tissue.** For instance, when a long
bone is compressed, bone formation occurs at the outer surface
of the compressed side, whereas bone resorption occurs on
the tension side. A negative charge occurs on the compressed
side, and likewise, an external application of current achieves
a similar response (Figure 1).° The electric transduction of
mechanical deformation promotes bone differentiation.*
Hydroxyapatite and collagen are natural piezoelectric bio-
materials and their deformation creates an electric potential.
The deformation of crystalline structures (e.g., bone) causes
electrons to migrate to the compressed side, creating a nega-
tive potential that quickly disappears if the compression is
maintained. For this reason, cyclic loading especially under
weight-bearing activities, has been demonstrated to have
beneficial effects in preserving bone density and, similarly,
in dense connective tissues such as cartilage.?”*® Furthermore,
exogenous electric fields induce currents through ionic solu-
tions and affect cell behavior.*® In response to compression
or mechanical deformation, a “streaming potential” is gener-
ated by the movement of mobile ions within the fluid stream
past the fixed negative charges of the sulfated proteoglycans

a] -~ Tension _“__L/,_/

Figure 1. (a) A compressive force on a femur. (b) The piezoelectric
effect occurs after compression. (c) Wolff’s Law is the trans-
duction of mechanical stress into bone growth and remodeling,
guided by electricity. Reprinted with permission from Reference 38.
© 2000 Elsevier.
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present in bone tissue. An electric current is thus generated
upon each compressive cycle.

Osteoblasts are responsible for new bone formation, and
upregulating of their activity is necessary to accelerate bone
regeneration. The first successful use of electric treatment for
a human nonunion fracture was demonstrated in 1971 when
a 10 mA dc current was applied using a stainless-steel elec-
trode placed directly in the bone marrow of the fracture void.*
The ES therapeutic approach is minimally invasive and free of
complications, with success rates upward of 80% in compari-
son to surgical procedures.* Electrical stimulation thus clearly
represents a promising and powerful tool in RE to manipulate
or modulate cellular activity. Meng et al. fabricated an elec-
trically conductive substrate for bone regeneration made of
5% polypyrrole, a conductive polymer and 95% poly-L-lactic
acid, a biodegradable polyester.**? Electrical stimulation was
found to promote osteoblast adhesion and growth, resulting
in significantly higher calcium and phosphate content in the
surface-deposited minerals on the conductive membranes.
Furthermore, the gene expression of osteoblast-specific mark-
ers was significantly upregulated, suggesting that ES applied
through a synthetic conductive substrate could be a viable
option to regenerate bone. Figure 2* represents a schematic
of the aspects (e.g., conductivity properties under hydration,
polymer biological activity, biodegradation mechanism of the
engineered substrate, mechanical properties, surface chem-
istry and topographical properties) to be considered when
designing biomimetic conductive polymer-based regenera-
tive substrates.

Musculoskeletal soft tissues such as muscle and tendon
function as a single unit to generate force, transmitting it to
the bone to facilitate limb movement. Most clinical tissue-
repair strategies are based on strengthening the site of injury
via autograft (tissue harvested from the same patient) or
allograft (tissue harvested from cadavers and processed prior

to use) augmentation.** The regeneration of critical defects
such as those occurring at the tendon-muscle unit remains
a large and significant clinical problem. The rotator cuff
(RC) of the shoulder, for example, is susceptible to muscle
atrophy and fatty expansion in the tendon tissue post-trauma,
and patients experience pain, weakness, a limited range of
shoulder motion and an inability to reach above their head.*-°
Biocompatible materials and biomimetic substrates are criti-
cal to harnessing the full range of regenerative abilities in an
individual. Nanoscale fibrous morphology mimicking colla-
gen fiber bundles are one of the defining structural features of
the ECM, and skeletal muscle presents a hierarchical ECM
fiber organization and myoblast alignment, which is a key step
in musculoskeletal myogenesis.’!

Musculoskeletal tissues supplied with nerves, such as mus-
cle and muscle-tendon junctions respond to ES, especially for
the attenuation of muscle atrophy, and ES therapy has been
investigated to restore mobilization and recover from muscle
disuse and spinal cord injury.’? The effectiveness of ES treat-
ment is influenced by stimulation parameters, particularly the
applied frequency and duration. Ku et al. investigated random
and aligned poly(e-caprolactone) (PCL) nanofiber matrices
containing polyaniline (PANi), a conductive polymer, to
determine the combinatorial effects of topographical cues and
electroactivity on muscle fiber (known as mytoubes) forma-
tion by C2C12 mouse myoblasts seeded onto these nanofiber
substrates. The skeletal myoblasts grew well on PCL/PANi
nanofibers irrespective of PANi concentration or fiber align-
ment, but their morphology was highly dependent on fiber
alignment. Myosin heavy chain (MHC) and gene expression
levels of myotube phenotype markers were positively influ-
enced by conductive polymer concentration and nanofiber
alignment, leading to enhanced myoblast attachment, pro-
liferation, and differentiation into muscle tissue phenotype
(myogenic).

Laurencin et al. developed a smart
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biointerface consisting of the conducting
polymer poly(3,4-ethylenedioxythiophene)
poly(styrene sulfonate) (PEDOT:PSS) in
combination with an aligned biodegradable
substrate composed of PCL.5 This flexible
conductive substrate was hierarchically fab-
ricated by first preparing aligned electro-
spun nanofiber substrates of PCL onto which
dopamine was surface functionalized to form
a polydopamine coating (Figure 3).°* The
deposited layer of polydopamine enhanced
affinity for the deposition of PEDOT:PSS
solutions with varying concentration (1%,
10%, 33%, and 100% w/v). Electroconductive
nanofiber substrates with controlled conduc-
tivity were successfully achieved by modi-

Figure 2. Schematic illustrating the most important aspects considered when designing
biomimetic conductive polymer-based materials. Reprinted with permission from
Reference 43. © 2013 Elsevier.

fying the concentration of PEDOT:PSS,
with the 100% group having an average
sheet resistance of ~5 x 10* Q cm, while the
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Figure 3. Schematic illustration of novel conducting polymer-coated matrices and
myotube formation on electroactive matrices. Intrinsic conductivity facilitated by 10%
poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS) solution was found to
be effective in promoting myoblast differentiation into fused myotubes or muscle fibers.*

conductivities of the 33% and 10% groups were 13 x 10° Q cm
and 17 x 10°® Q cm, respectively. An optimal PEDOT:PSS

There is a need for a systematic materials
platform that provides tailored substrate
stiffness, porosity, and hydrophilicity to
modulate and study cellular response, espe-
cially of complex soft-tissue systems.36
Ma et al. designed and synthesized a series
of shape-memory copolymers exhibiting mul-
tifunctional characteristics, including elec-
troactivity, super stretchability, and tunable
recovery temperature, and is based on degrad-
able copolymers of PCL and conductive
amino-capped aniline trimer. These novel
substrates improved the proliferation of
C2C12 myoblasts in vitro compared to poly-
ester biomaterials, indicating that they are
excellent substrates to repair skeletal muscle
and could be applied to regenerate other
tissues.’” These shape-memory copolymers
display a high electroactivity and elasticity
at break, including recovery at body temper-
ature, high recovery ratio, good mechani-
cal deformation ratio, and short recovery
time. The stretchable electroactive copo-
lymers showed significant positive effect

on myogenic differentiation (MHC and MyoG) of C2C12
myoblasts compared to PCL substrates for gene expression

coating concentration of 10% was found to be effective in levels.
promoting myoblast differentiation due to its intrinsic con-
ductivity. Mechanistically, differentiation proceeded viaan ~ Stem cells

Stem cells are a critical component of regenerative biomedi-
cal technologies due to their two unique abilities—the ability
to self-renew and the ability to differentiate into multiple lin-
eages under appropriate stimuli, giving rise to numerous cell
types that comprise tissues and organs. Stem cells are typi-
cally categorized into two distinct classes, those presenting
pluripotency and multipotency. Pluripotent stem cells include
embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs), and in contrast to multipotent stem cells, they
exhibit the unique property to self-renew indefinitely and dif-
ferentiate into one of the three germ layers, namely endoderm,
ectoderm, and mesoderm.’®* ESCs are isolated from the
blastocyst during embryological development, and iPSCs are
obtained by genetically modifying somatic cells (i.e., differen-
tiated cells). Examples of multipotent stem cells include bone
marrow-derived mesenchymal stem cells (MSCs), hematopoi-
etic stem cells, neural stem cells (NSCs), and adipose-derived
stem cells. These stem cells are present in specialized niches
within the differentiated tissues and can undergo self-renewal
into advanced ages. Stem cells can be easily expanded in vitro,
and therefore, a large number of cells can be obtained for
seeding onto three-dimensional (3D) substrates of clinically
relevant volume for transplantation, and give rise to committed
cell types, such as osteoblasts (bone), chondrocytes (cartilage),
adipocytes (fat), and neuronal cells, when they receive the
necessary stimulatory cues.®!

upregulation of myogenic regulatory factors, such as Myf5,
MyoD, myogenin (MyoG), and troponin T type 1.3

Tonically conducting bioelectronics as previously described
have demonstrated the ability to independently electrically
stimulate muscle cells and regulate cellular response. Such
a feature has important implications for the design of func-
tional muscle constructs with inbuilt self-control features.
The capabilities of this technology are extremely promising
as it impacts muscle regeneration via muscle stem cell dif-
ferentiation, and could have a significant impact in the clinical
setting, where muscle atrophy and fatty infiltration prevents
the healing of RC disease and injury. The signaling cascades
involved in differential phenotype expression upon ES have
not been completely elucidated. However, preliminary studies
suggest that the participation of cell-cycle-regulating intracel-
lular signaling pathways (e.g., the PI3-AKT pathway) and the
communication of signals from cell surface receptors to the
cell nucleus (e.g., mitogen-activated protein kinases pathway)
in response to ES act to maintain intracellular pathways at
levels similar to the native tissue under mechanical loading.**
Low-frequency ES elevates intracellular calcium and induces
sustained, low-amplitude calcium influx, which activates the
protein calcineurin phosphatase. The calcineurin-transcription
factor pathway uniquely promotes skeletal muscle differen-
tiation, fiber-type transformation, muscle regeneration, and
hypertrophy, thus attenuating muscle atrophy.

MRS BULLETIN - VOLUME 42 « AUGUST 2017 - www.mrs.org/bulletin 1 603
https://doi.org/10.1557/mrs.2017.5 Published online by Cambridge University Press


https://doi.org/10.1557/mrs.2017.5

ERATIVE ENGINEERING AND ADVANCED MATERIALS SCIENCE

Studies have demonstrated that polymer material prop-
erties affect the activity of stem cells in vitro, and tissue
regeneration in vivo, and thus, the incorporation of appropriate
physical, chemical, mechanical, and biological cues to guide
stem cell adhesion, proliferation, and differentiation is critical
to successful translation.*!® Natural polymers (e.g., collagen,
fibrin, and polysaccharides) contain a variety of biological
cues, allowing for cell recognition and promoting cellular
adhesion. However, their manufacturing process is inherently
prone to significant batch-to-batch variation, leading to engi-
neering concerns for medical devices incorporating them. In
comparison, synthetic polymers of precise molecular weight
and composition are reliably synthesized, thereby minimizing
engineering concerns. Synthetic polymers, including polyes-
ters, polyglycols, polycaprolactones, and polyanhydrides have
been extensively investigated and show excellent biocompat-
ibility, controlled drug release, and support

environment. Electrospun manufacturing of nanofibers provides
for a wide range of fiber diameters, pore-diameter distribu-
tion, high porosity, and variable mechanical properties to
recapitulate the native microenvironment. This paradigm
contrasts with the well-investigated approach of modulating
cell activity and function using chemical and biomacromo-
lecular cues.

The mature technologies available today for engineered
nanofiber substrates began with our work in nanofiber technol-
ogy. This helped develop new areas of biomedical research.®
Laurencin et al. reported RC healing and regeneration using
a hybrid PCL nanofiber substrate coated with a hydrophilic
polyphosphazene derivative. This mimics the intrinsic cues
and microenvironmental influences that specify and maintain
cell identity.”” Exogenous stem cell populations delivered
using this hybrid scaffold did not integrate with the host, but

cell adhesion and cellular proliferation.¢'-
However, in the long term, these polymers
and their degradation remnants in vivo become
encapsulated by a layer of fibroblasts and
inflammatory cells, becoming suboptimal
in function, and inhibiting the formation or 12
regeneration of new functional tissue.
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have been shown to exhibit controlling
effects on stem cells (Figure 4).9°6
Nanofiber-based technology for tissue
healing and RE has received significant atten-
tion, leading to a comprehensive reference
library of peer-reviewed literature.®*%® The
attractiveness of nanofiber technology lies
in the unique biological responses and cel-
Iular phenomena that are directed or guided
by their small length scale. This is strongly
correlated to events within the native tissue

Figure 4. Stem cell interactions with chemical and physical cues. (a) Chemical interactions
on materials can regulate growth factor signaling. Engineered materials may incorporate
(i) covalently bound glycosaminoglycans (GAGs) or proteoglycans (PGs) or (ii) moieties
that bind GAGs/PGs, which in turn, can sequester growth factors from the stem cell
microenvironment. Alternatively, materials may be functionalized with (jiii) moieties that bind
growth factors or (iv) moieties that directly interact with growth factor receptors (GFRs),

to upregulate or downregulate GFR signaling. Finally, GFRs and their associated signaling
pathways may synergize with (v) integrin-mediated adhesion and signal downstream of
adhesion. (b) Mechanical properties of the microenvironment. Resistance to deformation of
stiff materials increases the cytoskeletal tension of human mesenchymal stem cells (hMSCs)
through focal adhesion kinase and Rho-associated kinase activity, leading to differentiation
(left). The introduction of topography results in rearrangement of integrins at the cell-material
interface, promoting topography-dependent hMSC proliferation, self-renewal, or differentiation
(right). Reprinted with permission from Reference 65. © 2014 American Chemical Society.
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affected tissue functionality and composition through para-
crine (nearby cell-to-cell communication factors) influences.
In addition, other groups have leveraged dynamic control of
the substrate’s elastic modulus to reveal bias differentiation
in stem cell populations.”"’> We and others have derivatized
mechanical, organizational, and compositional cues, encoding
them into biocompatible substrates using nanofiber technol-
ogy.®737 As a prerequisite for moving beyond single-tissue
repair to complex multi-tissue regeneration, nanofiber substrates
have been applied to the regeneration of different soft tissues.”’®
Dermagraft is a cell-material hybrid substrate approved by
the US Food and Drug Administration for use in the clinic for
wound healing. It is composed of a polyglactin mesh onto
which human neonatal dermal fibroblasts are cultured in vitro.
It is then cryopreserved.”” Dermagraft has been approved as
a skin substitute for wound closure of full-thickness diabetic
foot ulcers presenting for longer than six weeks.

Cell molecular mechanisms respond to different topogra-
phies, translating to differences in the focal adhesion structures
of cells cultured on these substrates. These differences include
change in cell size, their adhesion strength, and ECM compo-
sition, which correlate to the formation of stress fibers, cell
spreading, and determination of cell fate.®> MSCs differentiate
along an osteogenic lineage upon RhoA activation, leading to
cell spreading, whereas adipogenic phenotype is directed upon
inhibition and restriction of cell spreading. A key regulator of
mechanotransduction are focal adhesion kinases (FAK) which
are activated upstream of RhoA and are also

elasticity, hydrophilicity, and adhesiveness. These techniques
have been used to robotically fabricate high-throughput
material arrays to rapidly identify the influence of physical
and chemical cues on stem cell behavior. For example, Mei
et al. fabricated microarrays composed of light-polymerized
methacrylates, evaluating their ability to adsorb serum and
ECM proteins to bind cell-surface receptors.t>%

Studies that correlated physical characteristics such as surface
wettability, surface roughness, and indentation elastic modu-
lus of each polymer helped determine the structure—function
relationship between biological performance and material
properties. The results showed that substrate properties
affected the undifferentiated growth of human ESCs to varying
degrees, with surface chemistry being the most dominant
parameter. Combinatorial polymer microarrays enabled screen-
ing of culture substrates to identify new chemical moieties that
promote stem cell adhesion.?! Others have directly printed
biodegradable polymers onto glass slides to investigate their
effects on human MSCs, neural stem cells (NSCs), and
primary articular chondrocytes, demonstrating the need for
unbiased screening to discover suitable substrates. In further
technological advancements, high-throughput methods have
been applied to evaluate heterogeneous cell populations based
on surface topography. Chen et al. demonstrated that the
undifferentiated human ESCs prefer smooth surfaces while
the differentiated human ESCs favorably attach to surfaces
featuring nanoroughness.®?

influenced by changes in substrate nanotop-
ography. Differential activation of FAK
triggers downstream intracellular signaling
cascades that deliver information about the
extracellular environment to the cell nucleus.
Stem cell populations cultured on nanofiber
substrates have enhanced nuclear and per-
oxisomal (energy production) functionality,
and exhibit upregulation of differentiation f
capacity potentially driven by changes in the
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Patterning technology has been used to fab-
ricate polymer microarrays containing mono-
mer and polymer solutions melt-deposited by
noncontact printing methods onto a substrate
(Figure 5).%7 These advanced technologies
(lithography and nanoimprinting) allow for
microarray fabrication of spatially defined
polymers with varied chemistries and topog-
raphies. The variations in chemical compo-
sition also allow for polymeric substrates
with a range of physical properties such as

Figure 5. A conceptual diagram showing the steps required to perform the evaluation

of the in vivo inflammatory response to biomaterials in a high-throughput manner using
superhydrophobic surfaces patterned with wettable regions as chips. (a) The preparation
of superhydrophobic surfaces with arrays of wettable regions, where droplets of aqueous
solutions can be dispensed with different volumes in spots with different shapes and
sizes. Such solutions may be polymeric and are amenable to being freeze-dried on-chip,
generating biomaterial arrays of miniaturized porous scaffolds, widely used in the tissue
engineering field. (b) The chips with arrays of combinatorial biomaterials are implanted
subcutaneously in a Wistar rat model. (c) After a determined time of implantation (f),

the chip is retrieved from the animal, and the scaffolds on the chip are analyzed by
immunocytochemistry. (d) Immunocytochemistry and cell-staining images are then collected
by microscopy techniques and analyzed, preferably by automated processes using software
such as Imaged (National Institutes of Health). (e) The results must be analyzed for statistical
significance and with factorial analysis so that the main and combined effects of the
biomaterial design and processing can be analyzed in relation to the biological phenomena
that occur in vivo. Reprinted with permission from Reference 79. © 2014 Elsevier.
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Conclusion

New breakthroughs and translational developments are emerg-
ing from the convergence of varied entities and toolboxes
within advanced materials science, stem cell science, and
developmental biology.>* No single entity is sufficient by itself.
Recent advances in biomaterial synthesis and fabrication tools
have made it possible to guide cells into complex 3D struc-
tures by using appropriate substrate templates.®*# Polymer
array technology has come to the forefront as a powerful
tool to rapidly evaluate the relationship between biophysi-
cal properties and polymer chemistry, and cellular responses.
High-throughput materials discovery, “hit” optimization and the
identification of “leading” compounds can efficiently improve
discovery methodologies by predicting cellular responses
using extensive combinatorial libraries.® Scientists and engi-
neers will be able to rapidly triage the optimal candidates that
meet desired specifications, such as stem cell response and
phenotype development without the need to experimentally
examine each candidate. This leads the way in personalized/
precision regenerative medicine and disease modeling.

While previous research efforts largely focused on identi-
fying or developing optimal substrates to support cell culture,
the delivery and maintenance of donor stem cells and feedback
communication with the host tissue is the new regenerative
direction. The emergence of an optimally engineered sub-
strate to drive multipotent cells toward desired lineages solely
through the material and design-based cues holds great promise,
and we expect this technology to undergo significant develop-
ment over the next decade to further harness the ability of the
body to self-heal.’” Approaches such as “organs on a chip”
and 3D organ printing have emerged, and mergers of seem-
ingly disparate technologies, such as mechanisms of signaling
pathways and bioelectronics, will be distilled to specify precise
parameters of regenerative mechanisms.%$%
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11:59 pm (ET), June 30, 2017 will be considered eligible for the 2017 Election.
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