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Abstract
Musculoskeletal tissue loss or damage resulting from trauma,
surgery, or disease presents a significant medical challenge.
Current therapies involving grafts are hindered by concerns
over donor site morbidity and limited functional improve-
ment. Regenerative engineering emerges as a promising trans-
disciplinary strategy for tissue repair and regeneration based
on the convergence of tissue engineering, advanced materials
science, stem cell science, and developmental biology. Of par-
ticular interest is the development of cell-instructive matrices
that closely mimic the properties of the native tissues.
Electrospinning provides a versatile technology platform for
the design and fabrication of nanofiber-based scaffolds that
are similar to natural extracellular matrix. Biodegradable poly-
mers constitute an attractive class of biomaterials for the de-
velopment of electrospun structures due to flexibility in chem-
istry and the ability to be excreted or resorbed by the body.
Here, we highlight the importance of material cues on cellular
responses and discuss recent advances in the development of
electrospun polymeric structures as biomimetic matrices to

regenerate musculoskeletal tissues with a focus on the work
involving bone, tendon, skeletal muscle, and their interfaces.

Lay Summary
Scaffold-based regenerative engineering represents a clinical
translational strategy for tissue regeneration. A scaffold offers
an engineered cell microenvironment to direct cell mi-
gration, growth, differentiation, and organization to form
regenerated tissue. Successful tissue regeneration criti-
cally depends on the development of scaffolds that
mimic the hierarchical architecture of native tissue ex-
tracellular matrix. In particular, electrospun polymer
nanofibers provide an enabling technology platform to
engineer a scaffold system with an appropriate combi-
nation of physical, chemical, and biological properties
for regeneration of various musculoskeletal tissues.
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Introduction

Musculoskeletal tissue loss or damage resulting from trauma,
surgery, or disease presents a significant challenge in health
care [1]. Current treatment options involving autografts and
allografts are hindered by the limited availability and risks of
immunogenicity, respectively. In order to develop functional
tissue substitutes, a transdisciplinary regenerative engineering
strategy has emerged based on the convergence of tissue en-
gineering, advanced materials science, stem cell science, and
developmental biology [2, 3]. In a classical scaffold-based
regeneration process, scaffolds provide a three-dimensional
(3D) inductive environment to direct cell behavior and guide
tissue morphogenesis and development [1]. Degradable poly-
mers are attractive candidate scaffold materials due to the
ability to be excreted or resorbed by the body and versatility
in chemistry for material optimization [4, 5]. Ideally, the scaf-
folds should exhibit excellent biocompatibility and degrade
with a degradation rate that matches the rate of natural healing
process. The scaffolds should be able to support physiological
loading and match the mechanical properties of the replaced
tissues. Table 1 summarizes the mechanical benchmark values
for several representative musculoskeletal tissues. It can be
noted that the mechanical properties of the tissues vary dra-
matically with respect to their tissue location, structure, and
function. Furthermore, scaffolds should provide appropriate
architectures and material cues to facilitate cell–material inter-
actions. The interaction of cells with materials has proven to
be a robust signalingmodality in controlling cellular processes
[2, 3]. Incorporation of tissue-inducing factors enhances the
biological performance of these scaffolds in tissue repair and
regeneration. Several commonly used fabrication methods of
producing tissue-engineered scaffolds include solvent casting
and particulate leaching, phase separation and freeze drying,
solution spinning, microsphere sintering, and rapid
prototyping technologies [12].

Collective advances in the areas of materials science and
micro/nanoscale engineering have provided a robust toolbox
for rational design of a variety of complex structures that

exhibit appropriate combination of physical, chemical, and
biological properties for regeneration of functional tissues.
For example, biodegradable polyphosphazenes comprising
an inorganic backbone of alternating phosphorous and nitro-
gen atoms constitute a unique class of biomaterials offering
flexibility to fine-tune polymer properties by modulating side
group chemistry [13]. On the other hand, advancements in
nanotechnology have made it possible to investigate different
material cues on the complex cellular processes at the nano-
scale and fabricate structures mimicking those of the natural
tissues [1, 14].

Polymeric nanofibers due to their similarity to natural ex-
tracellular matrix (ECM) have been actively investigated for
musculoskeletal tissue regeneration [1, 15]. A typical poly-
meric nanofiber scaffold is composed of ultrathin continuous
fibers with high surface-to-volume ratio and porosity.
Electrospinning provides a versatile technology platform for
the design and fabrication of nanofiber-based matrices from
various biodegradable polymers due to the ease of fabrication,
efficient control over the process, and easy scale-up [16]. In
1934, the first patent on the process of developing polymeric
nanofibers via electrospinning was reported by Anton
Formhals [17]. In the electrospinning process, polymeric
nanofibers are created from a jet of polymer solution under
the influence of applied electrical field between an ejecting
needle and a collector (Fig. 1) [1, 17]. Fibers with diameters
ranging from few nanometers to several micrometers can be
obtained via electrospinning process. Several critical parame-
ters that control the process include the following: polymer
solution viscosity and flow rate, applied electrical potential,
distance between spinneret and collector, motion of the
grounded target, and ambient conditions. In addition, the
structure of the fabricated fibers can be controlled by altering
the type of collector. For example, aligned fibers can be ob-
tained by using a rotating collector, whereas random fibers can
be obtained with a flat plate collector (Fig. 1). Laurencin and
colleagues demonstrated for the first time the potential of
electrospun scaffolds from poly(lactide-co-glycolide)
(PLGA) for applications in engineering tissues [18]. This

Table 1 Mechanical benchmark values for different musculoskeletal tissues

Type of tissues Testing methods Modulus References

Human cortical bone Tensile testing 14-20 GPa [6]

Human trabecular bone Compression testing 0.02–0.9 GPa [7]

Human Achilles tendon Tensile testing 598–1034 MPa [8]

Mouse extensor digitorum longus (EDL) muscle Atomic force microscopy indentation 10–20 kPa [9]

Rabbit EDL muscle Tensile testing 350–475 kPa [10]

Human articular cartilage (knee) Compression testing 5.5–11.8 MPa [11]

It can be noted that the mechanical properties of the tissues vary dramatically with respect to their tissue location, structure, and function
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pioneering work has been highlighted as one of the top 25
papers published by the Journal of Biomedical Materials
Research over the past 50 years. As presented in Fig. 2, a
recent literature survey based on a SciFinder Scholar search
for electrospinning and polymers clearly demonstrates the
growing interest during the past decade. So far, polymeric
materials have been fabricated by electrospinning into various
nanofiber structures such as random nanofibers [18, 19],
aligned nanofibers [20, 21], polymer/ceramic nanocomposites
[22, 23], micro/nanofiber composites [24, 25], core–shell
nanofibers [26, 27], and 3D structures [28–30]. Both natural
and synthetic polymers have been extensively researched in
the development of tissue engineering scaffolds [4, 5]. Some
of the widely investigated polymers include collagen [31],
chitosan [32, 33], cellulose [34], poly(lactic acid)
(PLA) [35], poly(glycolic acid) (PGA) [36], poly(ɛ-
caprolactone) (PCL) [37], PLGA [18, 38, 39], and
polyphosphazenes [28, 40–42].

In this article, we highlight the importance of different ma-
terial cues governing the cell–material interactions at the
nanoscale, thereby providing fundamental insights into ratio-
nal design of regenerative engineering scaffolds. We further
discuss recent advances in the development of electrospun
polymeric structures to regenerate musculoskeletal tissues
with a focus on the work involving bone, tendon, skeletal
muscle, and their interfaces.

Cell–Material Interactions at the Nanoscale

Cells residing within their natural ECM experience in-
terplay with cell–cell communication and cell–matrix

interactions. These interactions are regulated by their
complex microenvironment involving various cell-
instructive cues from ECM [1, 14]. For example, stem

Fig. 1 Schematic illustration of a general electrospinning setup
consisting of a high voltage power supply, a syringe with a needle, a
syringe pump, and a conductive collector. A high electric potential is
applied between the needle and the collector inducing formation of a
polymer jet as the repulsive electrostatic force overcomes the surface
tension of the polymer solution. The polymer jet undergoes a series of

electrically driven bending and stretching instabilities that result in
formation of thin fibers. The organization and structure of the fibers can
be controlled by varying the type of collector and its motion. a Stationary
flat plate collectors generate random fibers. Rotating targets such as b
rotating drum collectors result in aligned fibers

Fig. 2 A SciFinder Scholar research survey conducted using the research
topic “electrospinning and polymers” illustrates a steady increase in the a
number of journal articles and b number of total patents over the past
decade
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cell microenvironment (niche) exerts effects on driving
distinct lineage differentiation and maintaining self-
renewal [43–46]. The ECM is composed of hierarchi-
cally arranged collagen, laminin, other fibrils, and pro-
teoglycans presenting a complex milieu in the nanome-
ter scale. Biomaterials are designed to recapitulate nat-
ural ECM and the cell–material interactions are influ-
enced by material characteristics [47–50]. In general,
the first phase of cell–material interactions involves
protein adsorption, which occurs on contact with body
fluids and is influenced by the physicochemical char-
acteristics of the material and its fabricated form. This
is followed by the cell adhesion phase involving vari-
ous biological molecules such as ECM, cell membrane,
and cytoskeletal protein components. These interactions
modulate cellular responses in terms of cell migration,
proliferation, and differentiation. Of particular interest
in a regenerative engineering strategy is to understand
effects of various material cues on cell–material inter-
actions at the nanoscale and develop advanced scaf-
folds that are capable of guiding cell function and in-
ducing tissue regeneration. The material properties in
controlling the cell–material interactions can be broadly
classified as physical, chemical, and biological cues
(Fig. 3). Integrating these cues is especially critical in
engineering complex tissues that have multiple cell
types and require precisely defined cell–cell and cell–
matrix interactions in a 3D environment.

Physical Cues

Physical cues involve the physical interactions between cells
and materials. Material physical cues such as topography, stiff-
ness, and porosity have profound effects on cell function and
tissue development. For example, materials with different
nanotopography such as nanofibers, nanopillars, nanochannels,
nanopits, or nanopillows have been investigated for regulating
cell fate and differentiation [51, 52]. Human embryonic stem
cells (hESCs) cultured on nanopillars (30 nm in diameter hex-
agonal or honeycomb nanotopography) could maintain expres-
sion of Oct4, a pluripotent gene, without supplementation of
basic fibroblast growth factor (bFGF) [53]. With bFGF supple-
mentation, Oct4 expression of hESCs was maintained on the
hexagonal nanotopography but showed a downregulation on
the honeycomb configuration. It has also been shown that mes-
enchymal stem cells (MSCs) seeded on nanopits show en-
hanced osteogenic differentiation without any osteogenic dif-
ferentiation supplements [54]. Nanotopographical cues such as
alignment are crucial for regeneration of muscle tissues. In the
organism, skeletal muscle fibers are aligned in bundles en-
abling an anisotropic organization. Aligned polymeric fibers
fabricated via electrospinning of PLGA (85:15) generated con-
tact guidance for myoblast elongation and alignment [55].
Aligned nanofibrous scaffolds facilitated cell alignment and
proliferation as well as myotube assembly [56].Matrix stiffness
plays an important role in regulating cell function and cell fate
[57–59]. Cells in different tissues are tuned to the specific

Fig. 3 Design criteria for
different material cues on cell–
material interactions at the
nanoscale. Physical cues, such as
material topography, stiffness,
and porosity, can dramatically
affect cell fate and tissue
development. Incorporation of
chemical cues in the form of
simple chemical groups into
materials influences cell behavior.
Additionally, material carrier
presentation of various biological
cues such as growth factors and
small molecules/inducerons can
lead to enhanced cellular
responses. Integrating these cues
is paramount in creating a
synthetic matrix optimized for
desirable cellular responses and
inductive tissue regeneration
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mechanical environments in which they reside. Cells can sense
the changes in mechanical environments and initiate the
mechanotransduction pathways, which subsequently alter in-
tracellular biochemical signals and ultimately modify cell phys-
iology [47–49]. Engler et al. have demonstrated that MSCs
differentiate into osteogenic, myogenic, and neurogenic line-
ages in a manner dependent on matrix stiffness [60]. Swift et al.
revealed that matrix stiffness directly influenced the levels of
nucleoskeletal protein lamin-A, which contributed to lineage
determination via the vitamin A/retinoic acid (RA) pathway
[61]. In a recent study by Yang et al., it has been shown that
human MSCs (hMSCs) possess mechanical memory stored in
the Yes-associated protein (YAP) and transcriptional coactiva-
tor with PDZ-binding domain (TAZ) and previous mechanical
environment affects their fate determination [62]. In addition to
topography and stiffness, matrix porous structure including
pore size and geometry is another important factor that affects
the cell behavior. For example, the electrospun nanofiber scaf-
folds are highly porous but contain small pores which may
potentially limit cell infiltration [63]. A great amount of re-
search efforts have focused on controlling the porous structures
of the electrospun scaffolds to facilitate cell migration and tis-
sue in-growth [64, 65].

Chemical Cues

Incorporation of chemical cues in the form of specific chem-
ical groups into materials influences cell behavior. Specific
surface chemistry such as different terminal functionalities
CH3, OH, COOH, and NH2 can be linked to material surfaces
to achieve desirable cellular responses [1]. Surface
functionalization of PCL nanofibers with carboxyl, carbonyl,
and hydroxyl groups fostered myotube differentiation [66].
Encapsulation of hMSCs with acid-, phosphate-, and t-butyl-
functionalized materials affected cellular phenotype and dif-
ferentiation to osteogenic or adipogenic pathways [67]. Proper
surface modification of monomer-grafted membrane with
N-[3-(dimethylamino)propyl] methacrylamide increased the
attachment and expansion capacity of embryonic stem cells
up to seven passages [68]. Scaffolds with lipid, lipophilic
molecule, or chemically modified surface can modulate cell
behavior [69]. Similarly, released chemical groups resulting
frommaterial degradation can affect cell survival and cell fate.
For example, the released calcium and phosphate ions elicit an
inductive effect on osteogenic differentiation of stem cells
[70]. The application of high-throughput screening has facili-
tated the discovery and utilization of simple chemistries for
optimized cell behaviors such as stem cell growth and differ-
entiation [68, 71, 72]. In addition, surface-functionalized poly-
mers have also been reported to enhance tissue integration.
The presence of negatively charged functional groups on
polymer surfaces induced formation of an apatite layer for
improved osteointegration [39]. Chondroitin sulfate

functionalized with aldehyde functional groups enhanced tis-
sue integration for cartilage repair [73].

Biological Cues

Biological performance of materials can be enhanced with
spatiotemporal presentation of various biological cues such
as growth factors and small molecules/inducerons [74, 75].
These biological factors can be incorporated into a material
through physical entrapment, ionic interactions, or covalent
coupling [75]. So far, a variety of growth factors including
bone morphogenetic proteins (BMPs), bFGF, vascular endo-
thelial growth factor (VEGF), nerve growth factor (NGF), and
platelet-derived growth factor (PDGF) have been well
established in terms of triggering cellular signaling pathways
to enhance therapeutic efficacy for musculoskeletal regenera-
tive engineering [76, 77]. For example, BMPs are
osteoinductive factors that are widely used to promote osteo-
genic differentiation and bone formation. To date, BMP-2 and
BMP-7 have been approved by the Food and Drug
Administration for a number of clinical applications including
fracture healing, long bone defect repair, and spinal fusion
[78]. Although growth factors show great promise, they are
associated with various drawbacks such as protein instability,
high manufacturing cost, and immunogenicity. Therapeutic
small molecules (<1000 Da) emerge as attractive alternative
forms of bioactive factors [74]. Lo et al. have shown that
stimulation of protein kinase A (PKA) signaling pathway by
continuous administration of 6-Bnz-cAMP which is a PKA-
specific cyclic adenosine monophosphate (cAMP) analog pro-
moted in vitro osteogenesis in MC3T3-E1 and hMSCs [79].
Another attractive class of biological factors constitute simple
signaling molecules (inducerons) that are capable of influenc-
ing cell behaviors via stimulating autocrine and paracrine se-
cretion of related growth factors for inductive tissue regener-
ation [80, 81]. We have recently demonstrated that the release
of calcium and phosphate ions from calcium phosphate (CaP)
ceramics could directly induce the production of endogenous
BMP-2 of human adipose-derived stem cells (ADSCs) [70].
Other inducerons include hydrogen peroxide (H2O2) [82], ni-
tric oxide (NO) [83], and hydrogen sulfide (H2S) [84], which
can effectively influence cell differentiation via inductive
growth factor production. Engineering release of these induc-
tive molecules opens up possibilities of long-term delivery
through a wide variety of controlled release strategies as com-
pared to the relatively fewer options available for fragile, ex-
pensive protein growth factors.

Regenerative Applications

So far, a large number of tissue-specific electrospun polymeric
nanofiber scaffolds have been developed from different
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polymers, polymer blends or composites for regenerating
bone [22, 28, 29, 85], soft tissues [19, 86–91], and tissue
interfaces [92–94] (Table 2).

Bone

Bone constitutes an internal support system for all higher ver-
tebrates. In orthopedic and reconstructive surgery, there is an
increasing demand for repair and reconstruction of bone de-
fects arising from trauma, degenerative pathology, and defor-
mities. Sales of bone graft and bone graft substitutes in USA
alone were 1.5 billion dollars in 2009 [98]. Autografts and
allografts suffer from limited availability and potential immu-
nogenicity, respectively. These drawbacks have led to the de-
velopment of biocompatible regenerative scaffolds to repair
and restore function of bone. An ideal bone graft substitute
should possess osteoconductive, osteoinductive, and
osseointegration characteristic properties [81, 99]. For exam-
ple, scaffold porous structure should be engineered to facili-
tate the oxygen and nutrient transport as well as cell migration
into the scaffold interior. Complete regeneration and function-
al restoration may be achieved when the bone graft is well
integrated with the host, remodeled and replaced with native
bone tissue at similar rates of graft degradation [100].

Rational design of a bone graft substitute requires an acute
understanding of the composition of bone, its hierarchical ar-
chitecture, its organization into the bone matrix, as well as
cell–material interactions [81, 101]. Figure 4 illustrates the
hierarchical structure of bone over different length scales [6].
Bone is a material comprised of hierarchically arranged colla-
gen fibrils, hydroxyapatite (HA), and proteoglycans in the
nanometer scale which provides an extracellular environment
for the bone cells [6, 102]. In specific, the individual collagen
helical chains are 10 nm in length, which assemble into a
fibrous structure with fiber bundles (50–500 nm in diameter).
The mineral component of bone is composed of plate-like HA
crystals measuring about 20–80 nm in length. Thus, engineer-
ing of degradable scaffolds with such a natural environment
would potentially favor cell performance to achieve enhanced
bone regeneration.

Till date, polymeric biomaterials have been extensively
investigated for the development of bone scaffolds [81]. In a
seminal study, a PLGA (85:15) fiber scaffold with diameters
ranging from 500–800 nm was fabricated by electrospinning
and characterized for pore size distribution, porosity, and me-
chanical properties [18]. This scaffold was found to recapitu-
late the ECM and meet essential requirements of an ideal
engineered scaffold. The cell–matrix interaction resulted in
enhanced osteoblast adhesion and proliferation. This first re-
port provided a foundation for the use of electrospun biode-
gradable scaffolds for tissue engineering based upon ECM-
mimicry architecture. To leverage synthetic flexibility, buffer-
ing and neutral degradation products, and biocompatibility of T
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polyphosphazenes, our research work has focused on devel-
opment of biodegradable polyphosphazenes as a unique class
of electrospun nanofiber scaffolds for bone regeneration [22,
28, 85, 103]. Inspired by the hierarchical architecture that
enables bone function, we have developed a mechanically
competent 3D scaffold system mimicking the bone marrow
cavity, as well as the lamellar structure of bone by orienting
electrospun dipeptide-based polyphosphazene/PLGA (50:50)
blend nanofibers in a concentric manner with an open central
cavity (Fig. 5) [28]. The biomimetic scaffold exhibited a sim-
ilar characteristic mechanical behavior to that of native bone.
Compressive modulus of the scaffold was found to be within
the range of human trabecular bone. In vitro studies using
primary cell culture demonstrated the ability of the biomimetic
scaffold to support the osteoblast proliferation and accelerated
differentiation throughout the scaffold architecture, which re-
sulted in a similar cell–matrix organization to that of native
bone and maintenance of structure integrity. Future work will
focus on the in vivo investigation of such concentric open
macrostructures of nanofibers that structurally and mechani-
cally mimic the native bone as a potential scaffold design for

accelerated bone healing. Other synthetic polymers including
PCL and PLA have also been explored for bone engineering
applications. For example, in vivo implantation of PCL fibers
in rats for 4 weeks showed bone-like matrix formation and
presence of collagen I, which exemplified the potential of
PCL nanofibers in bone tissue engineering [104]. Nanofibers
of PLAwith varying diameters were found to affect the mor-
phology and proliferation of MC3T3-E1 cells in a dif-
ferent manner [105]. Blend nanofibers of PLA and gel-
atin resulted in greater cellular growth than pure PLA
nanofibers [106]. Multiscale porous PLA fibrous scaf-
folds were also developed with various dimensions and
the efficacy of blending of different scale fibers in a
single system was evaluated [107].

The ECM-mimicking environment generated by nanofi-
bers enables an effective means to modulate cellular response
toward the initiation of cell adhesion followed by cell growth,
differentiation, and mineralization [108, 109]. Considerable
research efforts have been focused on development of nanofi-
ber matrices with appropriate surface properties to enhance
cell adhesion toward matrix mineralization for bone

Fig. 4 Hierarchical organization
of bone over different length
scales where the macrostructure is
composed of cortical and
cancellous bone, which is
composed of osteons with
Haversian systems and lamellae
[6]. This microstructure consists
of collagen fibers made up of
nanodiameter collagen fibrils.
The smallest structural unit in
bone is bone mineral crystals,
collagen molecules, and non-
collagenous proteins

Fig. 5 Biomimetic scaffolds comprised of electrospun nanofibers of
dipeptide-based polyphosphazene–polyester blends mimicking the
collagen fibrils present in native bone ECM [28]. a SEM image
showing osteoblasts covering the blend nanofiber surface with a well-
spread morphology by day 3. b SEM image illustrating the
morphologies of cell-seeded 3D biomimetic scaffolds after 28 days of

culture. c Immunohistochemical staining for osteopontin (OPN), a
prominent component of the mineralized ECM, illustrating a
homogenous ECM distribution throughout the scaffold architecture at
day 28. Single asterisk indicates interlamellar space whereas two
asterisks indicate central cavity
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regeneration. The cellular responses on synthetic nanofibers
can be enhanced through surface modification. For example,
the wettability of the fibers can be improved by mineralizing
the surface of the nanofibers [110]. Surface-mineralized
scaffolds showed predominantly higher rate of water ab-
sorptivity and enhanced cell attachment on murine-derived
osteoblastic cells. PCL nanofibers with apatite deposition
supported elevated gene expression for collagen I, Runx2,
and osteocalcin when compared to PCL nanofibers. A
different route to surface functionalize the polymeric fibers
involves the use of Arg-Gly-Asp (RGD) peptide [111].
Surface functionalization of PLA nanofibers with RGD
was achieved using plasma treatment in combination with
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC)/N-
hydroxysulfosuccinimide (Sulfo-NHS) activation. The
functionalized nanofibers mediated the expression of
osteocalcin by hMSCs.

Degradable polymers have been combined with bioactive
ceramics such as HA and tricalcium phosphate (TCP) to form
composite scaffolds for bone regeneration because the inor-
ganic phase is primarily composed of HA [112–114]. The
disadvantages such as brittleness and low flexibility inherited
with ceramics could be overcome by combining them with
polymers to form composite matrices [81, 115, 116]. The
presence of polymers enhances the in situ degradation of ma-
terials with respect to the cell infiltration and tissue in-growth.
Schneider et al. prepared nanofiber composites consisting of
PLGA (85:15) and amorphous TCP nanoparticles by low-
temperature electrospinning [117]. In a 6-mm critical-sized
cranial defect model in New Zealand white rabbits, implanta-
tion of TCP-containing PLGA fiber scaffolds resulted in a
significant increase in the area fraction of newly formed bone
4-week postimplantation as compared to pure PLGA fiber
scaffolds. The combination of PCL with calcium carbonate
was used to obtain composite nanofibers for guided bone re-
generation [118]. PCL and calcium carbonate were mixed in
two different ratios and electrospun to produce composite fi-
bers. Both composite fibers supported the osteoblast attach-
ment and proliferation which indicated their potential use in
guided bone regeneration. Tan et al. reported the production of
randomly dispersed crystalline CaP nanofibers by sol-gel
method in combination with electrospinning technique
[119]. Nanofibers could be designed as hollow, solid, or cal-
cium phosphate shell surrounding a polymer. The inner core
could contain biologically functional additives for any
kind of tissue development functionalities. Such nanofi-
bers can be used for culturing bone and dental cells and
for tissue regeneration to treat bone, dental or periodon-
tal diseases and defects. Nanofibers have also been pre-
pared with bioactive glass [120, 121] and silicates [122]
for bone engineering applications.

Delivery of biological factors to direct cell behavior and
tissue regeneration using nanofibers is another attractive

strategy for accelerated bone healing due to high surface area
and nanotextured features of nanofibers [123–125]. Li et al.
reported the development of silk fibroin fiber scaffolds con-
taining BMP-2 and/or nanoparticles of HA (nHA) by
electrospinning [126]. BMP-2 incorporated fibers showed
higher calcium deposition and enhanced transcript levels of
bone-specific markers of hMSCs as compared to the controls.
The incorporation of HA resulted in enhanced mineralization
on composite scaffolds which may be due to the synergistic
effect of BMP-2 and HA. In another study, BMP-2-loaded
PLGA (50:50)/nHA composite fiber scaffolds were fabricated
through either encapsulation into fibers during electrospinning
or coating on fiber surface after electrospinning [127]. In vivo
evaluation with the PLGA/nHA composite scaffolds using a
tibia nude defect model in mouse resulted in enhanced new
bone formation and healing of segmental defects indicating
the bioactivity of released BMP-2 [128]. Schofer et al. studied
the efficacy of BMP-2 incorporation into PLA nanofibers in
healing critical-sized calvarial defects of adult male Sprague–
Dawley rats [35]. The PLA/BMP-2 implants supported faster
bone regeneration to close bone defects within 8 weeks.
Similarly, an enhanced healing effect was observed with
BMP-2 released from a PLA/collagen nanofiber composite
matrix with nHA [129].

Tendon

Tendons connect muscles and bones and function to enable
locomotion and joint stability [130]. Normal tendon is com-
posed of soft and fibrous connective tissue that consists of
densely packed collagen fiber bundles aligned parallel to the
longitudinal tendon axis, and spindle-shaped fibroblast-like
cells (tenocytes) within this organized ECM. Injuries to the
soft tissue including tendon and ligament account for 50 % of
the total musculoskeletal injuries reported in the USA per
year. The tendon injuries occur either by trauma or by repet-
itive mechanical loading [131]. The tendon repair process is
slow and associated with varied outcomes. The repaired tissue
is often inferior to the natural tendon and thus fails to restore
functionality [132]. Large tendon gap defects must be recon-
structed and augmented with suitable grafts. Autografts and
allografts suffer from shortcomings such as availability and
potential immune rejection. Therefore, there is a great need
for the development of engineered tendon that is biomechan-
ically, biochemically, and histologically similar to the native
tissue. Biodegradable polymers have been extensively studied
in the form of 3D scaffolds to restore the native tendon ECM
composition, structure, and tissue morphology [97, 133, 134].
Regenerative engineering provides an integrated technology
toolbox to make important steps forward in understanding the
biology and organization of the native tendon and the process
of morphogenesis of tendon tissue [1, 135]. Ideal scaffolds
used for tendon repair should mimic the architecture of native
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tendon ECM. They should be biodegradable, biocompatible,
and mechanically suitable. The degradation rate of scaffolds
must be compatible with the rate of neotissue growth so that
the regeneration is completed when the scaffolds completely
degrade. Furthermore, scaffolds should be able to support ef-
ficient tendogenesis both in vitro and in vivo [136, 137].

Collagen is one of the most widely used scaffold materials
for tendon engineering due to its abundance in tendons [138].
It shows superior biofunctionality and biocompatibility and
can support cell adhesion and proliferation. Collagen-based
gels and sponges are two different types of scaffolds used in
tissue engineering. A combination of both enhanced the cell
proliferation and tendogenesis [139]. However, there are a
number of concerns over the use of collagen materials
resulting from limited processability and mechanical strength.
Thus, collagen is used in combination with other polymers to
produce tendon scaffolds [140]. For example, blend nanofi-
bers composed of PLA and collagen had a positive effect on
the gene expression of collagen I, III, X, and decorin, which
indicated possible involvement of focal adherence kinases
[141]. Polysaccharides represent an important class of natural
polymers owing to biofunctionality and the presence of gly-
cosaminoglycan units. In particular, chitosan has been widely
used for tendon repair alone or in combination with other
polymers. For example, chitosan/hyaluronan hybrid fibers
showed enhanced production of type I collagen by seeded
fibroblasts as well as improved mechanical strength in the
regenerated tissues of the rotator cuff in rabbits [142].

Synthetic polymer-based approach is beneficial to achieve
the required mechanical properties and flexibility while
avoiding the inferior processability existing with natural poly-
mers. We have previously developed 3D braided fiber scaf-
folds for use as graft materials in ligament and tendon repair,
reconstruction, and replacement [143]. In order to identify
proper cell source, cells derived from various ligaments and
tendons were cultured on a 3D braided PLA fibrous scaffold
and characterized for differential proliferation and differentia-
tion [144]. Our recent research efforts have focused on the
development of electrospun nanofibers for tendon engineering
from various degradable polymers such as polyesters [87,
145] and polyphosphazenes [90, 91]. Taylor et al. investigated
the potential of using electrospun PLGA (85:15) scaffolds
with appropriate cellular and biomechanical properties
to support and accelerate the healing of a torn rotator
cuff in adult Sprague–Dawley rats [87]. Peach et al.
investigated the feasibility of using poly[(ethyl
alanato)1(p-methyl phenoxy)1]phosphazene (PNEA-mPh)
to modify the surface of electrospun PCL nanofiber ma-
trix [91]. Surface functionalization with PNEA-mPh sig-
nificantly increased the PCLmatrix hydrophilicity. An in vitro
study was conducted to examine the effect of surface
functionalization with PNEA-mPh on hMSC adhesion, cell-
construct infiltration, proliferation and tendon differentiation,

as well as long-term cellular construct mechanical properties
[90]. Functionalized matrices showed a rough surface mor-
phology and greater cell-construct infiltration as compared
to smooth PCL fiber matrices. Furthermore, functionalized
matrices supported an enhanced tenogenic differentiation,
possessing greater tenomodulin expression and superior phe-
notypic maturity. This study confirms that functionalization is
an efficient method for improving cell interactions on PCL
nanofibers for tendon repair. Aligned electrospun scaffolds
that mimic not only the fiber bundle size of the tendon ECM
but also the parallel architectural arrangement are conducive
for favorable cellular responses under appropriate chemical
and mechanical stimuli. Braided nanofiber scaffolds were fab-
ricated by braiding aligned bundles of electrospun PLA nano-
fibers to provide an appropriate mechanical and structural en-
vironment for cellular activity [146]. This scaffold design en-
abled an additional degree of flexibility to tune the mechanical
properties of individual scaffolds. In brief, highly aligned
nanofibers with an average diameter of 702±205 nm were
collected on a rotating mandrel and processed into aligned
nanofiber bundles which were subsequently used to fabricate
braided scaffolds according to the braiding patterns. The
braided scaffolds exhibited the triphasic mechanical behavior
of native tendon. The braided scaffolds supported the cell
attachment, proliferation, and tenogenic differentiation of
hMSCs in the presence of mechanical stimulation in a
bioreactor.

Biological factors also play an important role in prolifera-
tion and tenogenic differentiation of cells. James et al. fabri-
cated a nanofiber scaffold from PLGA (65:35) mimicking the
tendon collagen fiber bundles and studied the effect of growth
differentiation factor-5 (GDF-5) on cell proliferation and gene
expression by primary rat ADSCs on the nanofiber scaffold
[88]. The tensile strength of the scaffold was comparable to
that of human flexor digitorum tendons under passive and
active unresisted flexion–extension. The electrospun nanofi-
ber scaffold supported the adhesion and proliferation of
ADSCs. In response to treatment with GDF-5, a dense layer
of ADSCs covered the scaffold surface after 14 days with only
few fibers visible. Furthermore, GDF-5 treatment resulted in
upregulation of gene expression of scleraxis, the neotendon
marker in ADSCs cultured on the electrospun PLGA scaffold.
Current ongoing work focuses on characterization of the
healing response in a rat Achilles tendon gap defect model
that simulates a lacerated tendon with this scaffold delivering
either ADCSs or surface immobilized GDF-5. Similarly, com-
bining aligned chitosan–PCL nanofibers with transforming
growth factor-β3 enhanced differentiation of hMSCs into
tenogenic progenitors [147]. In another study, a layered
electrospun PLGA (85:15) nanofiber scaffold was
developed in combination with a heparin/fibrin-based de-
livery system (HBDS) to deliver PDGF-BB and adipose-
derived MSCs for tendon repair [148]. A uniaxial array of
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the PLGA nanofibers with diameters of 400–700 nm was
designed to mimic the anisotropic tendon ECM and provide
mechanical integrity for implantation, whereas the HBDS en-
abled the controlled delivery of PDGF-BB andMSCs (Fig. 6).
In vitro studies confirmed viability of the cells as well as
sustained growth factor release. The potential of the scaffold
for flexor tendon repair was investigated in a clinically rele-
vant canine animal model. It was demonstrated that the scaf-
fold was biocompatible and the delivered MSCs remained
viable for at least 9 days postoperatively.

Skeletal Muscle

Skeletal muscles account for more than 30 % of total body
mass. The structure of muscle tissue is composed of oriented
muscle fibers that are formed by the fusion of myoblasts. This
orientation in fiber alignment enables an anisotropic organiza-
tion of muscle tissue ECM for functional contraction, which
leads to body movement. Following injuries, the resident sat-
ellite cells are activated to help regenerate the skeletal muscles
[149]. The regenerative capacity of skeletal muscles is severe-
ly compromised resulting from large muscle loss due to trau-
ma, surgery, or disease. Currently, the primary practiced treat-
ment involves the transplantation of functional skeletal muscle
(e.g., muscle flaps) from other areas of the body [150].
However, this treatment option is hindered by muscle tissue
availability and donor site morbidity. Cell therapies involving
the injection of exogenous myogenic cells, satellite cells, and
myoblasts have been investigated with limited success due to
low cell survival rate [151]. These limitations associated with
current treatments highlight the need for the development of
an innovative strategy to generate functional skeletal muscle
tissues [150].

Muscle regenerative engineering focuses on design and
development of artificial structures that mimic the morpholo-
gy and function of native skeletal muscle to facilitate muscle
growth and regeneration. A functional biodegradable scaffold

plays a crucial role in the efficacy of bioengineered constructs
for skeletal muscle regeneration. The biodegradable nanofiber
scaffold should be biocompatible and offers a temporary ECM
environment to direct the morphogenesis and development of
engineered muscle, which will be gradually replaced by the
newly formed skeletal muscle tissue. The degradation rate of
the scaffold should match the rate of tissue formation and
regeneration. Given the directionality in skeletal muscle, the
scaffold should facilitate efficient organization of muscle cells
to form aligned myotubes during muscle regeneration [152].
In addition to biocompatibility, biodegradability, and the abil-
ity to support cell functions, there are several important spe-
cific scaffold design parameters that need to be considered for
skeletal muscle engineering. The scaffold should be mechan-
ically suitable to support functions of skeletal muscle.
Different myoblast responses on PLGA (50:50)/PLA blend
scaffold with varying stiffness highlighted the importance of
mechanical microenvironment on muscle development [59].
An optimal matrix elasticity is required for myoblast differen-
tiation in culture [9]. Culturing isolated satellite cells on a
matrix with stiffness matching their in vivo niche resulted in
improved engraftment and healing after transplantation [153,
154]. Additionally, scaffold conductivity has been reported to
be beneficial for electrical stimulation to ensure synchroniza-
tion of skeletal muscle contractions [155].

The flexibility of electrospinning process allows for the
creation of aligned fiber scaffolds from various polymers that
mimic skeletal muscle orientation and provide the necessary
ECM cues to guide cellular organization. Aligned PLA nano-
fibers have been shown to promote cell and cytoskeleton
alignment, myotube assembly, myotube striation, and myo-
blast proliferation, which supported the rationale of using
nanofiber scaffolds for muscle engineering [56]. Studies with
PCL/collagen blend nanofibers have demonstrated the bene-
fits of unidirectional fiber orientation by facilitating alignment
of human skeletal muscle cells and myotube formation [156].
In our recent work, we have fabricated aligned PLGA (85:15)

Fig. 6 A layered nanofiber scaffold design for tendon repair [148]. a A
schematic of the layered scaffold with 11 alternating layers of aligned
electrospun PLGA nanofibers separated by HBDS containing MSCs. b
Micrograph of the layered scaffold cultured in vitro where the PLGA

nanofibers, the HBDS, and the cell nuclei were labeled with FITC
(green), Alexa Fluor 546 (red), and Hoechst 33258 (blue), respectively
(scale bar: 200 μm)
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nanofibers ranging from nanoscale (∼300 nm) to microscale
(∼3 μm) via electrospinning [157, 158]. SEM micrograph in
Fig. 7a shows the representative morphology of aligned
PLGA fibers mimicking oriented muscle fibers. In vitro stud-
ies were conducted by seeding C2C12 myoblasts onto these
fiber matrices followed by systematic analysis of cellular re-
sponses. The aligned fiber matrices supported cell adhesion
and alignment demonstrating the effect of contact guidance
(Fig. 7b) [152, 159]. Further, aligned fibers with varying di-
ameters resulted in different responses in cell attachment and
proliferation, indicating the role of cell topography sensing in
cell–biomaterial interactions. Current ongoing studies focus
on elucidating the cell signaling pathway governing cell to-
pography sensing and optimizing the scaffold properties for
enhanced myogenic differentiation and in situ muscle regen-
eration. In addition to orientation of fiber scaffolds, material
characteristics involving surface chemistry also play key roles
in muscle tissue development [66]. In vitro study with C2C12
cells demonstrated that a combination of fiber orientation and
an oxygen functional hydrocarbon layer resulted in the highest
degree of cellular alignment and myotube formation as well as
sarcomeric striation and contractility.

In addition, electrical stimulation has a beneficial effect for
skeletal muscle engineering. In that direction, a variety of
polymer composites have been developed to obtain unique
conductive and electric properties by combining polymers
with metal nanoparticles [160] and carbon nanotubes [161,
162]. For example, McKeon-Fischer et al. developed an
electrospun scaffold through the combination of PCL with
multiwalled carbon nanotubes and a hydrogel consisting of
polyvinyl alcohol and polyacrylic acid as a potential
nanoactuator for skeletal muscle engineering [162].
Electrical conductive PCL/polyaniline blend electrospun fi-
bers have also been reported for improving skeletal muscle
regeneration potential [163]. Electroactive nanocomposites
composed of PLGA (50:50) nanofibers incorporated with
multiwalled carbon nanotubes enhanced mechanical and

electrical conductivity for skeletal muscle tissue engineering
[164]. These composites supported improved mature myotube
formation of C2C12 cells as compared to PLGA scaffolds.

Tissue Interfaces

Tissue interfaces between bone and soft tissues (e.g., tendon/
ligament) are characterized by unique multitissue transition
and gradients of composition and functional properties in a
continuous phase. Integration of these individual tissues into
complex tissues or organs presents many engineering and bi-
ological challenges. In recent years, functional scaffolds with
gradient have been developed for interface regeneration [92,
165–167]. For example, Li et al. prepared a linear gradient of
calcium phosphate coating on PCL and PLGA (85:15) nano-
fibers via a biomineralization process for mimicking the grad-
ual increase of mineralization in tendon-to-bone insertion site
[94]. Recent in vitro studies of PLGA (85:15) nanofiber scaf-
folds, with spatial gradients in mineral content, suggested that
osteogenesis of adipose-derived MSCs was positively corre-
lated with the mineral content, resulting in a similar spatial
gradient of cell phenotypes in the native enthesis [93]. Lu’s
research group developed a PLGA/nHA nanofiber composite
system and demonstrated the potential of combining the com-
posite scaffolds with relevant cell types such as fibroblasts,
osteoblasts, and chondrocytes to regenerate both the non-
mineralized and mineralized fibrocartilage regions of the
supraspinatus tendon-to-bone insertion site [92].

Developmental biology provides insights into biological
processes during the formation, maintenance, degeneration,
and regeneration of tissues or organs. The emphasis of a re-
generative engineering approach is directed toward studying
the role of various physicochemical and biological cues on
cellular activity and capitalizing on the plasticity of the cells
for complex tissue regeneration. A recent study demonstrated
the possibility of guiding differentiation of hMSCs into liga-
ment fibroblast-like cells through the control of scaffold

Fig. 7 Aligned electrospun fiber matrices for skeletal muscle
regeneration. a SEM micrograph showing the morphology of aligned
PLGA fibers (fiber diameter ∼1300 nm). b Representative cell
alignment 24 h after seeding on aligned PLGA fibers. Cells spread

along the direction of fiber orientation on aligned scaffolds indicating
the effect of contact guidance. Red: cytoskeletal actin, green: vinculin,
and blue: DAPI
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alignment and mechanical stimulation without the use of
chemical stimuli [168]. Regenerative efficacy of biomimetic
integrated graft systems for regeneration of complex tissues
greatly depends on the ability to elicit precise control over
stem cells into distinct lineages while maintaining a continu-
ous tissue phase.

Conclusions and Future Outlook

Regenerative engineering is an emerging interdisciplinary
field, which combines different disciplines such as materials
science, chemistry, cell biology, bioengineering, and medi-
cine. It aims to develop functional biological tissue substitutes
by engineering 3D biodegradable artificial ECM with appro-
priate physical, chemical, and biological properties.
Electrospinning of polymers provides a versatile technology
platform to create nanostructures that mimic the native tissue
hierarchical structures. Much progress has been made on the
development of tissue-specific scaffolds from a variety of de-
gradable biomaterials including synthetic and natural poly-
mers as evidenced from the promising results of the studies
mentioned above. Nevertheless, several biological and engi-
neering challenges remain for electrospun nanofibrous scaf-
folds to make a significant clinical impact for musculoskeletal
tissue regeneration. The tissues in the human body are incred-
ibly complex with 3D hierarchical structures, anisotropic
properties, and cell heterogeneity. Development of 3D
nanofibrous scaffolds that possess all of the properties neces-
sary to mimic musculoskeletal tissues while eliciting precise
regulatory control of specific populations of cells is para-
mount in achieving successful translation in the clinic. The
integration of physical, chemical, and biological cues into bio-
materials will facilitate the translational efforts through a fur-
ther understanding of effects of distinct material properties on
cell–biomaterial interactions as well as close collaboration
among chemists, biologists, chemical engineers, material sci-
entists, and clinicians.
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