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Abstract

Cell-based therapies are a promising alternative to grafts and organ transplantation for treating
tissue loss or damage due to trauma, malfunction, or disease. Over the past two decades,
mesenchymal stem cells (MSCs) have attracted much attention as a potential cell population for
use in regenerative medicine. While the proliferative capacity and multilineage potential of MSCs
provide an opportunity to generate clinically relevant numbers of transplantable cells, their use in
tissue regenerative applications has met with relatively limited success to date apart from secreting
paracrine-acting factors to modulate the defect microenvironment. Presently, there is significant
effort to engineer the biophysical properties of biomaterials to direct MSC differentiation and
further expand on the potential of MSCs in tissue engineering, regeneration, and repair.
Biomaterials can dictate MSC differentiation by modulating features of the substrate including
composition, mechanical properties, porosity, and topography. The purpose of this review is to
highlight recent approaches for guiding MSC fate using biomaterials and provide a description of
the underlying characteristics that promote differentiation toward a desired phenotype.
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Introduction

Mesenchymal stem cells (MSCs) have tremendous potential in cell-based therapies for tissue
repair and regeneration due to their proliferation, multilineage potential, proangiogenic
capabilities, immune regulatory and anti-inflammatory potential, and relative lack of ethical
concerns compared to embryonic stem cells. The multilineage potential of MSCs, which
may be derived from several tissue compartments, is the cornerstone for their use in tissue
regeneration. Growth factors and other inductive cues effectively induce MSC
differentiation, but this approach suffers from its own limitations including the costly
supraphysiological dosages needed to achieve the desired phenotype, potential off-target
effects of large dosages, and challenges in achieving the “optimal” release kinetics to
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stimulate neighboring cells. Moreover, the long-term maintenance of MSC differentiation is
rapidly lost /7 vitro upon the removal of these cues?, as often occurs /7 vivo upon
transplantation of induced cells. Thus, there is a significant need for effective strategies to
instruct and maintain MSC differentiation, even upon cell delivery to the defect site. MSCs
also respond to insoluble exogenous stimuli within their surrounding extracellular matrix
(ECM) (Figure 1). The highly tailorable properties of biomaterials, commonly employed as
temporary ECMs for associated cells, are catalyzing the development of new alternatives to
tissue grafts.

MSC Populations for use in Tissue Engineering

MSCs are a heterogeneous cell population referred to by many names including
mesenchymal stem cells, multipotent or mesenchymal stromal cells, progenitor cells, and
support cells. Unlike embryonic stem cells, MSCs can be harvested from numerous tissue
compartments of the postnatal organism for autologous use including bone marrow, adipose
tissue, placenta, skin, synovium, and others, or generated from dermal skin fibroblasts
(induced pluripotent stem cell-derived MSCs). While the community still lacks one specific
identification marker for MSCs, a minimal criteria has been established: adherence to
plastic, specific surface antigen expression (including, but not limited to CD105+, CD73+,
CD90+, and CD45-), and /n vitro differentiation toward osteoblasts, adipocytes, and
chondrocytes.3 Although cellular therapies require an exorbitant number of MSCs that
ranges several million cells per kilogram body weight, only a limited number of MSCs can
be extracted from adult tissue. The potential to isolate or generate larger numbers of MSCs,
such as through lipoaspiration or iPSC-derived technologies, respectively, is an important
consideration when selecting the appropriate MSC source. Despite similar markers, all
MSCs do not exhibit identical therapeutic or regenerative potential.#-> The goal of this
review is to highlight recent efforts using biomaterials to instruct MSC differentiation and
function. We describe the use of biomaterials to direct MSC differentiation toward the
osteogenic, chondrogenic, myogenic, and adipogenic lineages, while highlighting the
potential of these biomaterials in regenerative therapies and tissue engineering.

Biomaterials to Guide MSC Osteogenic Differentiation for Bone Formation

The loss of bone volume due to trauma, disease, or congenital defects represents a
significant challenge to patients across the lifespan. Despite bones' innate ability to repair
upon injury, 5-20% of fractures do not heal due to loss of vascularity, instability, infection,
soft tissue damage, or systemic disease.® Autogenous iliac crest bone graft (ICBG) remains
the gold standard treatment option to repair large bone deficits. However, challenges such as
a limited supply that fails to support the requirements of large defects, chronic pain at the
graft site in nearly one-third of patients, and poor survival of transplanted cells motivate the
pursuit for alternative approaches to bone healing. Cell therapy is one of the most promising
substitutes for ICBG, and MSCs are a prime candidate as a cell source. MSCs undergo
osteogenic differentiation toward the osteoblastic lineage and secrete potent concentrations
of endogenous trophic factors that promote vascularization and recruitment of reparative
host cells. The success of this approach depends upon transplanting cells using carriers that
instruct cell phenotype and function. Numerous osteoinductive materials are commercially
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available following approval by the US FDA and EU (reviewed in 7). However, intense
interest remains for the development of materials-based approaches to instruct osteogenic
differentiation achieved by engineering the biophysical properties of biomaterials. Several
implant properties are under investigation to guide MSC differentiation to the osteogenic,
chondrogenic, myogenic, and adipogenic lineages (Table 1) as highlighted below.

Bioinorganics play a key role in bone regeneration as defect fillers or cell carriers due to
their osteoconductive potential. Calcium phosphate (CaP)-based ceramics (/.e.,
hydroxyapatite (HAP), B-tricalcium phosphate (3-TCP), bioactive glasses, etc.) are broadly
used in the clinical setting to fill lost bone volume. In addition to their osteoconductive
nature, bioactive glasses promote angiogenesis and bone formation when cells are stimulated
by ions from their dissolution products.12-14 Implants formed of B-TCP8 or porous HAP?
were used as carriers for freshly isolated autologous stromal vascular fraction (SVF) to
increase maxillary bone height for dental implant placement or repair the proximal humerus
in two first-in-human studies. Compared to the ceramic scaffold alone, defects treated with
SVF-seeded scaffolds exhibited greater bone volume. Studies in the maxilla failed to
explicitly describe the contribution of transplanted cells, allowing for the possibility that
SVF may contribute indirectly to bone repair by secreting trophic factors to recruit
endogenous cells. However, biopsies from repair tissue in the humerus revealed human-
derived bone tissue and vascular structures, confirming the ability of bioceramics to promote
osteogenic differentiation /n situ. The effect of bioinorganic substrates on MSC osteogenic
differentiation may likely be dependent on the ceramic composition, concentration of
transplanted cells, and defect site.

The slow resorption of many bioinorganics, coupled with their brittle handling
characteristics, has spurred the development of composite materials formed of bioceramics
and synthetic or natural materials to improve handling and versatility. These materials
exhibit greater compressive properties as a function of ceramic loading, improved nucleation
of cell-secreted calcium, and overall enhanced osteogenic potential that promotes osteogenic
differentiation of MSCs in vitro39-41: 70-71 and bone formation 7n vive*3: 72-73, For example,
silk/HAP composites fabricated by direct-write assembly stimulated MSC osteogenic
differentiation regardless of filament spacing’#, providing expanded opportunities for
applying other stimuli (7.e., mechanical forces, osteoinductive cues, co-cultures) to generate
osteogenic grafts. However, changes in construct composition due to increased ceramic
loading, which directly increases mechanical properties of the scaffold, confound the
determination of the true material contribution toward osteogenic differentiation.

ffness

Mechanical properties of the underlying matrix, particularly materials with increased
stiffness, can induce osteogenic differentiation of MSCs toward the osteoblastic lineage”> 76
and activate osteoinductive growth factor pathways’’. The role of implant stiffness on MSC
differentiation within 3D scaffolds was examined using decellularized cancellous bone
coated with increasing concentrations of collagen containing equal masses of HAP.1®
Compared to cancellous bone alone, all materials coated with collagen/HAP exhibited
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increased local and bulk stiffness and enhanced osteogenic differentiation /n vitro.
Constructs with the highest bulk modulus yielded the greatest expression of osteogenic
markers /n vivo when implanted in an ectopic site. Although the scaffolds had similar
microstructures derived from the underlying decellularized bone, the concentration of
collagen was greatest in stiffer constructs, providing another means for enhanced
osteogenesis through increased cell adhesion.

Surface roughness

The importance of surface roughness on MSC osteogenic differentiation was demonstrated
using polycaprolactone (PCL) substrates possessing average roughnesses varying from the
sub-micron to nearly 5 um range with decreasing peak distances.5> Compared to flat
surfaces, materials with large roughness and correspondingly narrower distances between
roughness elements increased MSC osteogenic differentiation. Similar trends were observed
when MSCs were cultured on titanium surfaces with sub-nano to sub-micron surface
features.%8 Increasing surface topography, which enhances focal adhesions and actin
polymerization, can increase MSC osteogenic differentiation®” and VEGF secretion®8.
While potentially useful as an implant when cells colonize the surface, there are remaining
challenges for its use in a 3D environment to achieve cell entrapment in 3D biomaterials.

Fiber alignment

The alignment of underlying ECM fibers has been studied using electrospun biomaterials,
resulting in substrates with a microscopic structure similar to native tissue extracellular
matrix. Fiber alignment can be further regulated by the properties of the collector. For
example, slower rotation speeds yield fibers with random orientation, while faster speeds
result in more highly aligned fibers. The incorporation of collagen into nanofibers of PLG
and PCL promoted early adhesion, proliferation, and osteogenic gene expression in ASCs
compared to cells on fibers lacking collagen, and this effect was further increased on aligned
fibers.16 Compared to randomly oriented fibers, MSC migration was accelerated when
seeded on aligned poly(L-lactic acid) (PLLA) fibers in vitro.>” Acellular aligned implants
significantly increased new bone formation in murine calvarial defects compared to implants
formed of randomly oriented fibers, resulting in new bone with similar underlying
morphological structure of the implants. In contrast, others reported that randomly aligned
PLLA fibers enhanced osteogenic differentiation /n7 vitro, inducing cartilage formation and
subsequent bone formation in a murine tendon model.>8 These data suggest that fiber
composition and alignment are key contributors to MSC response for forming mineralized
tissues, and the site of implantation may direct endogenous host cell response toward bone
formation.

Scaffold porosity

Scaffold porosity is a critical material design parameter to enable invasion of host cells and
blood vessels for providing necessary nutrients. The minimum pore size required to induce
the formation of mineralized tissue is generally considered to be 50-100 um?8-79, although
there is no consensus on the most effective range of pore sizes for scaffolds used in bone
regeneration. Smaller pores fail to promote the formation of mineralized tissue, often
resulting in the formation of weak fibrous tissue, yet polylactide-co-glycolide (PLG)/CaP
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composite scaffolds with pore diameters as high as 1000 um support bone formation /n
viveP%. Human MSCs implanted ectopically on commercially available B-TCP scaffolds
exhibited greater bone formation /7 vivo in the most porous scaffolds.81 These scaffolds
exhibited significant differences in micro- and macro-porosity, as pore diameters of the 65%
and 75% porous scaffolds differed substantially (41 vs. 136 um, respectively). Thus, scaffold
variability limited the conclusions that could be drawn regarding the interactions between
scaffold void volume and pore diameter. PLG/bioactive glass composites supported the
formation of mineralized tissues by MSCs in vitro as pore diameter increased from 125-300
pm to 500-850 pm.82 Increases in mineralized tissue formation were attributed to more
calcium and silicon available on the pore surface, providing increased interactions between
associated MSCs and two key elements within bioactive glass that induce cellular responses.
To mimic the heterogeneity of pore diameter from trabecular to cortical bone, gradients in
pore diameter were formed via rapid prototyping of PCL.83 There was a strong correlation
between osteogenic differentiation, ECM mineralization, and pore dimensions under long-
term culture.

As an alternative to implantable biomaterials, hydrogels are promising platforms to exploit
stem cells in tissue engineering due to their high water content, ease of entrapping cells or
inductive cues, and their morphology resembling the native ECM. Hydrogels have been
formed of natural and synthetic polymers, and their use in tissue engineering has been
reviewed elsewhere.84-85 By manipulating the composition8, mechanical properties*>47,
and presentation of polypeptide ligands and proteins that promote adhesion and activation of
specific cellular signaling pathways23-2%, hydrogels can induce MSC osteogenic
differentiation, as well as differentiation toward other lineages. For example, alginate is a
biocompatible, naturally derived polysaccharide used extensively in tissue engineering
applications due to the numerous options to tailor the gel's physical properties and direct
differentiation of entrapped MSCs (Figure 2).

Unlike most implantable systems, hydrogels can be easily formed with reproducible changes
in initial substrate stiffness achieved by controlling the concentration of crosslinkers used
with constant composition. More recently, hydrogels have been designed to exhibit dynamic
changes in stiffness.%8 In alginate gels of different molecular weights crosslinked with varied
calcium concentrations, the speed of stress relaxation could be increased in gels with similar
initial elastic moduli, revealing the ability of stress relaxation in viscoelastic materials to
increase cell spreading®” and osteogenic differentiation®. Nanocomposite hydrogels were
formed by blending photocrosslinkable methacrylated gelatin hydrogels with nanosilicates,
ultrathin nanomaterials containing SiO,, MgO, Na,O and Li,0.42 The addition of
nanosilicates increased hydrogel stiffness, and murine preosteoblasts cultured on the surface
of these composite gels exhibited increased osteogenic differentiation /n vitro as a function
of nanosilicate loading. Similar results were observed when human MSCs were entrapped in
the hydrogel under 3D culture.88 The high surface area-to-volume ratio of these particulates
may provide increased adhesion sites or additional cues v/ia mechanotransduction to drive
MSC osteogenic differentiation, but no studies were performed to elucidate the mechanism
of this contribution.
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Tissue engineering has long embraced the idea of borrowing cues from nature to build
replacement tissues and effective biomaterials. To that end, decellularized allogenic and
Xenogenic tissues are under examination to stimulate osteogenic differentiation and bone
formation. Demineralized bone matrix is widely used in the clinical setting to function as a
bone graft extender.8° Decellularized cartilage promoted formation of mineralized tissues by
MSCs, with /n vivo mineralization substantially greater than acellular implants.29 Similar
results have been reported using decellularized cartilage to treat critical-sized bone
defects30: 90, transplanting chondrogenically-induced MSCs on degradable scaffolds®?, or
seeding MSCs into hyaline cartilage grafts formed of chondrocytes and their ECM38 — the
efficacy of each likely achieved through endochondral bone formation. As an alternative to
bony and cartilaginous tissues, cells have been directed to secrete instructive ECMs for use
as coatings on scaffolds to capitalize on the complexity of the ECM combined with the
tailorability of engineered materials. Cell-secreted ECMs, which are rich in collagens,
glycosaminoglycans, and other matricellular components, promote cell adhesion and
proliferation®2, MSC differentiation36-37, jn situ bone formation when used to transplant
MSCs?2: 73, and biomimetic presentation of growth factors®3. MSC survival is increased
when transplanted on ECM-coated substrates, providing an opportunity to extend the
therapeutic potential of MSCs for tissue regeneration.2: 73 However, the role of ECM
biophysical cues on cell survival of implanted MSCs has not been sufficiently studied. The
complexity of the ECM provides synergistic cues not available with a single peptide at a cost
of stability and long-term shelf life.

Nanoparticles

While the bulk of this review has focused on materials designed to instruct cells using
external cues, nanoparticle-based systems provide intracellular cues to promote osteogenic
differentiation of MSCs in culture, with potentially sustained benefits upon transplantation.
Nanoparticles formed of iron oxide®4, silver® or gold are under examination for their ability
to stimulate osteogenic differentiation, either alone or when used as a delivery vehicle for
osteoinductive factors. Prior reports demonstrated that gold nanoparticles (AuNPs) alone
could enhance MSC osteogenic differentiation in culture®6-97, but the performance of treated
cells in a more clinically relevant environment has not been evaluated. Mechanotransduction
is a potent mediator of osteogenic differentiation in MSCs, and internalization of AuNPs
may induce changes in the cytoskeleton of treated cells. Yes-associated protein (YAP) has
been implicated as a critical mediator in this process®, and YAP activity correlated with the
osteogenic response of MSCs treated with AuNPs.%” However, these studies are consistently
performed in media with osteogenic supplements, suggesting that AUNPs alone may not be
sufficient to stimulate osteoinduction, and treated cells may require other external stimuli to
enhance bone formation.

Biomaterials for Inducing MSC Chondrogenic Differentiation for Engineered

Cartilages

Cartilage has limited potential for native healing due to poor cellularity and vascular supply
that might bring repair cells into the tissue site.%® Moreover, damaged hyaline articular
cartilage is commonly repaired with fibrocartilage, which lacks the robust, long-term
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mechanical properties necessary for a joint under such appreciable and continuous loading.
Current approaches to treat degenerative cartilage include autografts, allografts, and marrow
stimulation via microfracture surgery. However, challenges such as tissue site morbidity,
potential for disease transmission, poor integration, and inferior quality of repair tissue
motivate the pursuit of alternate methods for engineering replacement cartilage. Cell-based
approaches have emerged as a strategy to engineer replacement cartilage, with notable
successes clinically available using autologous articular chondrocytes. Delays and loss of
chondrogenic potential during necessary culture expansion drive the exploration of alternate
cell sources to generate chondrocytes. Considering their chondrogenic potential /n vitro,
ease of acquisition, and successful application in bone engineering, there is a need for
biomaterials that augment or direct MSC chondrogenesis for repairing cartilage defects.
Unlike other phenotypes, there are no available markers to distinguish differentiation
between hyaline versus fibrocartilage, relying on chondrocyte-specific gene expression and
synthesis of cartilage-associated ECM proteins as indicators for chondrogenic
differentiation. Due to its unique mechanical properties and long-term challenges in repair,
this review will be restricted to biomaterials used in guiding MSCs for engineering articular
cartilage.

Hydrogels are a popular carrier to entrap MSCs for chondrogenic differentiation, as they
enable efficient cell encapsulation, simultaneous entrapment of chondroinductive growth
factors and cytokines (e.g., transforming growth factors TGF-B1, -2, and -p3), and their
properties can be readily controlled. Hydrogels were formed of decellularized porcine
cartilage, following methacrylation and crosslinking with UV light. The resultant material
properties exhibited compressive moduli near native porcine cartilage, while also supporting
matrix synthesis and chondrogenic gene expression by rat MSCs.32 Human MSCs were
entrapped in alginate hydrogels, whose high hydrophilicity restricts protein adsorption and
cell adhesion, allowing cells to maintain a rounded shape mimicking chondrocyte
morphology.23: 49 The properties of alginate require chemical modification of the polymer to
present peptides to guide MSC differentiation and matrix deposition.1%9 Hyaluronic acid
(HA) is a native component of cartilage, and MSCs may interact with HA via cell surface
receptors to enhance chondrogenesis. MSCs entrapped in HA hydrogels and cultured in
chondroinductive conditions exhibited chondrogenic differentiation, a response that was
enhanced by the presentation of RGD adhesion ligands with increasing density.26 Hydrogels
of electrospun HA were formed with distinct mechanics and RGD densities. While adhesion
and proliferation of MSCs correlated with ligand density, expression of chondrogenic
markers increased as a function of both RGD density and hydrogel mechanics.2” In direct
comparison to PEG hydrogels, HA hydrogels enabled more robust MSC chondrogenesis and
cartilaginous matrix formation both /in vitro and in vivo'0l, yet PEG provides tremendous
opportunities to engineer the microenvironment for chondrogenesis from the bottom up due
to its non-fouling nature. For example, the synergy of RGD, HA, and/or collagen type 1 with
substrate stiffness on chondrogenesis was recently examined using PEG hydrogels.102
Chondrogenesis was greatest in softer hydrogels containing all three ligands, evidenced by
increased sulfated GAG production and chondrogenic gene expression. PEG hydrogels were
successfully applied following microfracture surgery to support cartilage repair by MSCs
seeping into the gel. In 18 human patients, defects treated with the implant had greater
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defect fill percentages, lower T2 relaxation time by MRI (reflective of water content), and
reduced pain after 6 months.193 Additionally, PEG degradation can be regulated when
matrix metalloproteinase (MMP)-degradable sequences are incorporated within the hydrogel
backbone. Local degradation induced by co-cultures of MSCs and chondrocytes increased
ECM deposition and distribution within biorthogonal-crosslinked PEG hydrogels, which
was superior to either cell population alone.?9 These findings suggest that scaffolds
permitting cell-mediated remodeling may enable superior outcomes by promoting cellular
matrix production and reveal new targets for designing materials to induce chondrogenic
differentiation for cartilage engineering.

Biomaterials formed of aliphatic polyesters are commonly used to instruct MSC
chondrogenic differentiation due to their FDA-approved status, breakdown into relatively
harmless byproducts, and familiarity to the field. Woven fibers of polyglycolic acid (PGA)
were used to form 3D constructs that supported chondrocyte function and matrix deposition
in vitro, yet the scaffolds did not retain their initial biomechanical properties over 28 days
due to material degradation and insufficient cartilage matrix accumulation.194 To address
this shortcoming, PCL woven meshes were seeded with human ASCs and maintained
without chondrogenic factors. The initial compressive properties were retained over the 28-
day period and possessed a coefficient of friction similar to native articular cartilage.10°
However, the neocartilage exhibited a fibrocartilage phenotype, suggesting other cues
(soluble, mechanical, or both) are required to generate functional hyaline cartilage in this
system. Randomly oriented, nanofibrous PCL scaffolds supported chondrogenic
differentiation of MSCs in vitro®®, which were seeded with human MSCs and implanted into
a full thickness swine cartilage defect.106 Six months after treatment, defects treated with
allogeneic chondrocytes or acellular scaffolds yielded mostly fibrocartilage, yet MSC-
treated defects contained hyaline cartilage with the highest mechanical properties.
Importantly, the investigators attested that nanofibrous materials are superior to hydrogels
since they can be physically attached to surrounding cartilage and promoting stable
integration into the defect without a periosteal membrane cover. Alternatively, acellular
scaffolds formed of PLLA/PCL outperformed MSC-seeded scaffolds in stimulating
formation of hyaline cartilage in rabbit osteochondral defects, perhaps due to increased
homing of endogenous cells and induced chondrogenic differentiation due to the scaffold
open-pore structure.89 These results demonstrate that the properties of the biomaterial
dictate the function of endogenous or transplanted cells for cartilage formation, yet
additional studies are necessary to evaluate the long-term success of these approaches.

Biomaterials to Induce MSC Myogenic Differentiation

The loss of functional muscle tissue suppresses patient mobility and quality of life. MSCs
are a promising progenitor population for smooth muscle cells, which may be found in blood
vessels, bladder, and multiple other tissues. Tissue engineering a replacement bladder would
benefit from a readily available cell source, particularly as patients with bladder cancer are
not candidates to use autologous urinary cells, and harvest of functional cells is invasive.
Smooth muscle cells are the predominant cell type involved in maintaining bladder
contractile function and structural integrity. To generate smooth muscle cells, MSCs were
induced for 14 days with myogenic growth factors (TGF-B1 and platelet derived growth
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factor (PDGF-BB)) and seeded on nanofibrous PLLA. One month after transplantation /n
vivo, myogenically-induced MSCs expressed desmin and myosin at similar levels as smooth
muscle cells.®1 Similarly, myogenically-induced ASCs seeded on PLG scaffolds and
implanted in a rat cystectomy/bladder augmentation model remained viable after
transplantation, resulting in increased smooth muscle mass and transient expression of
myogenic markers, giving way to endogenous cells that contributed to scaffold remodeling
and maintenance.107 Scaffolds seeded with undifferentiated ASCs induced little contractility,
perhaps due to slow polymer degradation that interfered with cell-cell connections.

However, the need for long-term ASC differentiation (at least 6 weeks) to achieve a smooth
muscle cell phenotype represents a substantial limitation that must be resolved by
considering allogeneic sources or additional biomaterial modification. For example, surface
nanostructure of synthetic scaffolds can be modulated by incubation in sodium hydroxide,
reducing the scale of topography from a flat surface down to nanosized topography and
resulting in correspondingly increased surface area.59 Bladder smooth muscle cells exhibited
increased cell adhesion, proliferation, and collagen and elastin production when cultured on
PLG scaffolds possessing nanotopographical features compared to those with submicron or
smooth surfaces. The synergy of soluble cues and materials with engineered properties may
accelerate the generation of myoblastic cells from MSCs.

MSCs undergo myogenic differentiation in the presence of soluble cues, but the underlying
ECM provides instructive cues. Biomaterials may be engineered to present protein/peptide
coatings or patterned surfaces that guide differentiation (Figure 3). MSCs exhibited
increased smooth muscle actin expression when seeded on an endothelial cell-derived matrix
compared to individual matrix proteins.33 Additionally, the capacity of human MSCs to
undergo vascular cell differentiation was examined when seeding MSCs on PGA meshes
coated with ECM proteins. Compared to other matricellular proteins or uncoated substrates,
materials coated with fibronectin induced the greatest expression of myogenic markers in
MSCs18-19 yet others reported that laminin-coated TCP outperformed fibronectin.2% These
data demonstrate the importance of ECM protein-integrin interactions for promoting the
myogenic phenotype of MSCs and provide an opportunity to augment the bioactivity of
underlying substrates to instruct MSC fate.

Myogenic differentiation of MSCs has been enhanced by anisotropic topography and
increased stiffness.108-110 Rat MSCs expressed more desmin and myosin heavy chain when
cultured on grooved substrates that provided an anisotropic culture environment versus flat
surfaces.®2 However, it is unknown whether this phenotype is retained upon removal from
the grooved surface, a key issue for maximizing the translational potential of this approach.
The mechanical properties of the underlying substrate are another important contributor to
differentiation, with stiffer substrates promoting a myogenic phenotype better than softer,
compliant materials. MSCs cultured on stiff collagen-coated culture dishes exhibited greater
calponin expression, a marker for smooth muscle cells, compared to cells on weaker
collagen gels. This effect was even more pronounced in the presence of TGF-p on both
materials.111 Conversely, MSCs on collagen gels exhibited higher expression of adipogenic
markers, perhaps mediated by differences in cell adhesion strength to each material.
Similarly, myosin heavy chain expression, another indicator of the smooth muscle cell
phenotype, was maximized in MSCs cultured on stiffer silk fibers in the presence of TGF-B.
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44 The effect of substrate stiffness on myogenic differentiation has been demonstrated using
PDMS, as MSCs seeded on stiffer substrates (>30 kPa) exhibited increased myogenic
differentiation compared to cells on more compliant gels (<20 kPa), while constraining cell
shape can synergistically promote myogenic differentiation.51 Similar results were observed
using silk nanofiber scaffolds, with greater MyoD1 and desmin expression observed in
MSCs on stiffer substrates.3 However, it is unclear whether the smooth muscle cell
phenotype is retained over time as cells remodel the materials and the compressive moduli
weaken with polymer degradation. To explore this issue, the contribution of gel
viscoelasticity on MSC myogenic differentiation was examined using PDMS hydrogels.
Compared to stiff gels, MSCs seeded on gels with increased creep (/.¢., substrate loss
modulus) exhibited increased myogenic differentiation due to reductions in isometric
cytoskeletal tension.>2

There is a tremendous clinical need for available skeletal muscle cells to address muscle loss
due to trauma or disease and restore mobility. Previous attempts to transplant cells into
fibrotic muscle tissue have been unsuccessful in achieving a functional myogenic phenotype.
To investigate strategies to induce progenitor cells toward the myogenic lineage, ASCs were
cultured on polyacrylamide gels of increasing stiffness to establish the physical properties
which induce maximum myogenic gene expression in the absence of myogenic growth
factors. Compared to bone marrow-derived MSCs, ASCs maintained on stiff polyacrylamide
gels underwent nuclear fusion more rapidly and efficiently, yet MSCs did not exhibit
stiffness-dependent fusion.>3 Unlike MSCs, differentiated multinucleated ASCs regained
this phenotype when chemically disrupted and allowed to refuse, while also retaining the
phenotype upon transfer to non-permissive stiff substrates.

Substrate stiffness alone may be insufficient to guide MSCs toward the myogenic phenotype
and may require soluble cues to activate key signaling pathways, such as Notch, to
efficiently induce these cells. Notch signaling, a key mechanism during mammalian
development and stem cell regulation, is activated by engagement of a Notch receptor with
Jagged or Delta-like ligand, modulates transcription in several cell types, and mediates
myogenic differentiation.112 As an alternative to stimulating cells using soluble Notch
ligands in culture media, the presentation of Jagged1-encoding peptides from polymeric
substrates induced myogenic differentiation in MSCs in a dose-dependent manner.113 These
strategies demonstrate the role of biomaterials in directing myogenic differentiation of
MSCs and provide opportunities to generate large numbers of muscle cells for various
applications.

Biomaterials for Cell-Based Adipose Tissue Engineering

Patient needs for soft tissue repair span the replacement of lost tissue volume following
tumor resection to elective procedures performed to increase definition and tone. Like many
other tissue repair strategies, autologous tissue grafts are the preferred tissue source for this
application.114 However, soft tissue or fat grafts suffer from erratic graft resorption in
reconstructive surgery, occurring in up to 80% of patients, and loss of filler architecture over
time in elective plastic surgery!14-115_ Injectable soft tissue fillers including collagen, HA,
HAP, and PLLA are effective to restore tissue volume but exhibit only temporary effects.
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11, 116-117 The high degree of versatility with each of these materials allows for their
sculpting to individual defects or injuries, yet these materials suffer from unnatural
texturing, leakage, and extrusion, motivating a more natural approach to soft tissue repair.11°

Early biomaterial-based adipogenic differentiation utilized naturally-derived materials to
direct adult stem cells down an adipogenic lineage. Preadipocytes in collagen alone
penetrated the scaffold /n vivo, yet mature adipocytes were only found at the scaffold's outer
edge, suggesting that cell growth and differentiation were potentially restricted by pore size.
21 MSCs on silk fibroin underwent adipogenic differentiation in vivo, while scaffolds
formed of collagen or PLA suffered from unacceptably rapid degradation that prevented
their identification and recovery.>> Composite biomaterials containing collagen have been
developed to advance early successes while adding tailorability of the material.118 Collagen
was blended into Pluronic F-127, a synthetic hydrogel FDA-approved for use in humans, to
promote MSC adhesion over that observed with Pluronic F-127 alone.? The addition of
collagen unexpectedly resulted in a single cluster of cells, an effect that was more
pronounced with higher collagen concentrations, thus preventing the homogeneous
distribution of cells necessary for clinical use. Additionally, the presentation of collagen to
MSCs in PEG hydrogels induced greater adipogenic differentiation than laminin or
fibronectin, confirming the importance of integrin-ligand interactions and spreading for
MSC adipogenic differentiation.22

Decellularized ECM is a promising material for MSC adipogenic differentiation due to its
inherent structural and compositional complexity retained following decellularization.
Adipogel is a decellularized ECM product derived from adipose tissue that directs
preadipocyte and ASC adipogenic differentiation in the absence of adipogenic soluble cues.
34 The product has now been amassed from several species including mouse, rat, pig, and
human.3® The potency of adipogenic ECM has led to its combination with other materials
including hydrogels formed from chondroitin sulphatel1® and hyaluronan120,

The retention of predefined shape and dimensions of implants is critical to maintain desired
function and aesthetics when replacing lost soft tissue. Compared to natural materials,
synthetic biomaterials provide increased reproducibility in material properties and
degradation. Adipogenically-induced MSCs suspended in PEG cylinders exhibited full
retention of original shape and dimensions after implantation for four weeks, along with
increased opacity reflective of tissue formation.121 Conversely, cylinders formed from a
porous collagen sponge loaded with MSCs lost 35-65% of their original dimensions during
the same period. Adipogenically-induced MSCs transplanted on injectable PLG
microspheres achieved increased tissue volume and adipogenic markers /n vivo compared to
undifferentiated MSCs.122 Despite the application of biomaterials that promote adipogenic
differentiation of stem and progenitor cells, these approaches have not yet produced fully
functional and vascularized adipose tissue that is ready for clinical implantation.
Biomaterials which induce the deposition of an adipogenic ECM while resorbing over time,
allowing the invasion and proliferation of cells with adipogenic potential, may provide a
clinically successful platform for patients in need of soft tissue reconstruction.
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Materials to Stimulate MSC Secretion of Endogenous Factors

Despite the multilineage potential of MSCs, the contribution of MSCs to tissue repair are
more widely attributed to their secretion of endogenous trophic factors that recruit host cells
to the defect site, promote local vascularization, and regulate the local inflammatory
microenvironment.123 This is supported by the rapid depletion of implanted MSCs and host
cell infiltration into biomaterial scaffolds upon implantation. MSCs seeded on PLG/HAP
composite scaffolds exhibited increased production of proangiogenic VEGF and PDGF /in
vitro, which supported increases in vessel density 77 vivo.*3 Increases in osteogenic
differentiation observed /n vitro were not detected with human cells /n7 vivo, suggesting that
MSCs secreted paracrine-acting factors to recruit host cells for tissue formation. MSCs
transplanted in macroporous alginate cryogels stimulated significantly higher muscle
contraction forces in damaged soleus muscle tissue compared to animals receiving empty
scaffolds, which was attributed to the secretion of bioactive factors that stimulated
endogenous muscle progenitor cells.28 However, the capacity of MSCs to enhance
angiogenesis and tissue formation is dependent upon differentiation state.124-125
Furthermore, the immunomodulatory potential of MSCs may provide exciting opportunities
for using allogeneic cell sources in tissue repair.126-127 MSCs derived from bone marrow,
fat, or cord blood did not lose their immune regulatory potential during short-term culture on
HAP/TCP scaffolds clinically approved in Europe.128 As MSCs underwent osteogenic
differentiation during long-term culture, their potential to suppress stimulated T and NK
cells was impaired. Similar results were observed when MSCs were entrapped in PEG
hydrogels and implanted in an ectopic site, with undifferentiated MSCs reducing the fibrous
capsule thickness around the hydrogels better than gels containing MSCs that had undergone
osteogenic differentiation.12® These data demonstrate that trophic factor secretion is
dependent upon differentiation state, representing a critical aspect to consider when
implanting MSCs on a biomaterial for tissue repair. Paracrine factors have equal importance
as biophysical cues to instruct cell function, and strategies that synergistically modulate cell
fate using both soluble and insoluble cues are necessary for enabling tissue regeneration /n
Vivo.

Future Outlook

Biomaterials represent an exciting arena in regenerative medicine to instruct cell fate, restore
lost tissue volume and function, and improve patient quality of life. Considering the potency
of soluble inductive cues to induce MSC differentiation, new strategies are necessary to
leverage these bioactive cues when using biomaterials to instruct MSC fate. Capitalizing on
their affinity for heparin, growth factors have been covalently incorporated or tethered to
various biomaterials for local presentation to neighboring or entrapped cells.139-132 gpatial
and temporal gradients of growth factor presentation can be achieved to activate the
differentiation programs of cells as a function of position within the material. The
incorporation of oxygen-generating biomaterials133 within substrates engineered to instruct
cell fate may better promote MSC differentiation for tissue formation, as MSC
differentiation is at least partially mediated by available oxygen.134 Lastly, accumulating
evidence demonstrates the benefits of co-culturing stem and progenitor cells with primary
cells to promote tissue formation using more accessible cell populations.135-136 Mixed
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populations can be activated to undergo differentiation or secrete paracrine-acting factors as
a function of biomaterial composition and biophysical properties. The inclusion of
progenitor cells that secrete bioactive trophic factors can counter senescence of other more
differentiated cells and recruit endogenous cells into the defect site, while potentially
reducing the number of cells required.

Despite promising advancements described herein, much work remains to successfully apply
a biomaterials-mediated approach to guide MSCs for clinical use. The capacity of
biophysical cues to promote survival of implanted MSCs has not been decoupled from other
effects such as differentiation and trophic factor secretion. Osteogenically-induced MSCs
exhibit greater survival and engraftment versus undifferentiated MSCs /n vivc?, yet it is
unclear whether viability is enhanced by the biophysical properties themselves or if this is
mediated through directing cell fate. Furthermore, it is crucial to evaluate how the scaffold
integrates with the host tissue when MSCs are transplanted on engineered platforms to
instruct cell function. Failure to promote implant integration with surrounding tissue can
result in inferior mechanical properties, resulting in revision procedures that are common in
bone and cartilage repair. Biomaterials used for adipose tissue reconstruction with MSCs
must hold their shape and resist resorption to avoid visible defects in tissue volume.
Strategies to repair muscle tissue must enable the transmission of mechanical force so that
innervated tissues may effectively respond to voluntary and involuntary stimuli. Conversely,
if cells will be separated from the scaffold after generating enough cells with the desired
phenotype, it is imperative to establish the duration that the phenotype is retained under
environmental conditions similar to the delivery site. Alternative approaches may be
required to sustain the established phenotype /n vivo.

This review highlights recent efforts to develop and apply biomaterials that guide MSC
differentiation and contributions to tissue repair. To extend the use of these materials beyond
preclinical studies, their advancement into clinical use will require additional testing to
demonstrate safety and efficacy. The value of a biomaterials-based approach over
pharmacological methods will be established by demonstrating the reproducibility of their
application and cell response in blinded studies and when used by individuals with varying
skill. Additional markers are necessary to more accurately describe the MSC populations a
priori (1.e., differentiation state, therapeutic potential) to directly compare the effect of these
materials on cells from various donors and engineer biomaterials that target functions
restricted to specific stages of cell growth. By combining such strategies with existing
knowledge of biomaterial properties to instruct cell phenotype, MSCs may become an even
more powerful tool in regenerating and repairing damaged tissues.
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Figure 1. The biophysical properties of the extracellular matrix instruct cell fate
(A) Integrins (shown in brown and grey) from MSCs engage specific proteins and peptide

sequences (illustrated in green and purple) in the ECM to promote adhesion, proliferation, or
signal differentiation. (B) MSCs sense the underlying stiffness of the matrix by clustering
transmembrane integrins, dictating cell spreading and adhesion strength, and linking the
intracellular cytoskeleton to the ECM. These signals are transduced to the nucleus,
modulating gene expression and resultant changes in cell phenotype. (C) Substrate
topography can dictate cell alignment and increase MSC focal adhesion and actin
polymerization.
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Figure 2. Alginateisa highly tailorable biomaterial that can be manipulated to guide M SC
differentiation

The biophysical properties of alginate can be tuned by controlling cell adhesion through
chemical modification with peptides or proteins, composition by forming composites with
other materials, and bulk substrate stiffness via crosslinker concentration or polymer density.
MSCs engaging or entrapped in alginate can be differentiated to bone-forming osteoblasts,
cartilage-forming chondrocytes, muscle-forming smooth and skeletal muscle cells, and soft
tissue-filling adipocytes.
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Figure 3. Biomaterial topography instructs M SC adhesion and alignment to guide cell phenotype
(A) Top: Polymer coating with biomineral increases protein adsorption, cell adhesion, and

spreading. Botton. MSC spreading on biomineralized PLG films.10 (B) 7op: Coating with
functional proteins regulates integrin engagement. Botton. MSC adhesion to RGD-linked
elastin-like peptide-coated titanium.137 (C) 7op: Randomly configured nanofibers in ECM
for increased surface area of cell adhesion. Bottorm. MSCs on decellularized MSC-secreted
ECM undergo osteogenic differentiation.? (D) 7op: Defined surface structures guide cell
spreading and orientation. Bottom. MSCs on micropatterned polyimide undergo osteogenic
differentiation.138 (E) 7opu: Aligned electrospun nanofibers guide cell orientation and
enhance FAK signaling. Bottorn. MSCs on aligned PLLA/PCL exhibit alignment at Day 1
and subsequent increases in myogenic differentiation.54 Reproduced with permission from
Refs. 2 10.64,137-138 Copyrights 2010 John Wiley and Sons, 2016 Elsevier, 2016 American
Chemical Society, 2015 Elsevier, 2013 John Wiley and Sons.
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Table 1

Common material biophysical properties to instruct MSC differentiation.

Property Material Example

Effect

Page 25

Tissue

COMPOSITION bioinorganics CaP, HAP

Increased
adsorption of
plasma
proteins, cell
adhesion, and
nucleation of
cell-secreted
calcium

bone8-10

fatll

bioactive glasses

Dissolution
products
stimulate
osteogenesis
and trophic
factor
secretion

bon612»14

proteins & peptides collagen, fibronectin, laminin

Endogenous
sites for MSC
adhesion and
spreading

bonel5-16
cartilage!”
muscle!8-20

fat2l-22

RGD, DGEA

Facilitate cell
adhesion,
may be
presented
from “blank
slate”
biomaterials

bone2-25

cartilage26-27

muscle?8

demineralized bone matrix,

decellularized tissues decellularized cartilage and fat

Native ECM
promotes cell
adhesion and
guides
differentiation

bonets: 29-30

cartilage31-32

muscle33

fat34-35

cell-secreted ECMs

Native ECM
promotes cell
adhesion and
differentiation

bone2 36-37
cartilage®®

fat3”

SUBSTRATE STIFFNESS  composite materials PLG/HAP, collagen/DBM, silk/HA

Improved
handling and
degradation;
promotes
MSC
adhesion and
differentiation

bonelb. 39-43

muscle®

alginate, hyaluronic acid, collagen,

hydrogels PEGDA, fibrin, polyacrylamide

Increase bulk
stiffness by
crosslinker
concentration,
resulting in
increased
differentiation

bone45»48
cartilage?3 26, 49-50
muscle®1-54

fat22, 55-56
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Property Material Example

Effect

Page 26

Tissue

SURFACE TOPOGRAPHY fiber alignment/channels/grooves PLG, PCL, PLLA

Control
anisotropy to
enhance focal
adhesion

bonel6: 57-58
cartilage®9-60

muscle81-64

surface roughness PCL, titanium

Increases
MSC
adhesion,
focal
adhesion
kinase (FAK)
signaling, and
differentiation

bone®-68

PLG

Promotes
elastin and
collagen
deposition

muscle®®
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