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Abstract

Biodegradable nanofibers are important scaffolding materials for bone regeneration. In this paper,
the basic concepts and recent advances of self-assembly, electrospinning and thermally induced
phase separation techniques that are widely used to generate nanofibrous scaffolds are reviewed.
In addition, surface functionalization and bioactive factor delivery within these nanofibrous
scaffolds to enhance bone regeneration are also discussed. Moreover, recent progresses in
applying these nanofiber-based scaffolds to deliver stem cells for bone regeneration are presented.
Along with the significant advances, challenges and obstacles in the field as well as the future
perspective are discussed.
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1. Introduction

Bone fracture healing engages both intramembranous and endochondral ossification
processes, with the latter involving cartilaginous callus formation. The callus formation is
dependent on the recruitment of progenitor cells from the surrounding tissues, and the
formed callus undergoes vascularization, calcification and remodeling into normal bone
restoring biomechanical properties [1]. The fracture healing process recapitulates many
events of embryologic or postnatal bone development, which is biochemically and
biophysically orchestrated by soluble factors, cell-cell and cell-matrix interactions [2].
However, fractures and defects greater than a critical size are unable to heal autogenously,
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where substitutionary materials have to be employed to fill the injured bone sites in the
clinic. The current treatments using metallic stabilizers or permanent implants to serve as a
passive physical support often have drawbacks such as stress shielding, infections and
chronic pain, among other side effects [3]. Bone allografts from human donors provide an
alternative solution, which can address some of the issues by taking advantage of the
similarities in physical and biological properties between the host and donor tissues.
However, there are risks of infection, immune rejection, and disease transmission associated
with allografts [3, 4].

Bone tissue engineering, by using a biomimetic scaffold to construct a synthetic osteogenic
microenvironment to facilitate the natural ossification processes, holds promise of
developing an improved clinical therapy [5, 6]. An ideal biomimetic scaffold not only
provides physical support, but preferably also delivers bioactive agents and/or stem cells, in
a three-dimensionally (3D) controlled manner (Figure 1).

First, unlike a permanent implant, a scaffold provides temporary physical support before the
neo-tissue takes over, which could be accomplished by using biodegradable materials [4, 7—
9]. Some artificial features, such as a macro-porous structure with an interconnected pore
network, are often incorporated into the scaffold to promote deep cell infiltration and
accommodate neo-tissue formation [5, 10-13].

Second, the surface architecture and chemistry of the scaffold can be engineered to
encourage its positive interactions with cells [14]. Collagen is the major organic component
of the bone extracellular matrix (ECM), which is present in the form of a fibrous network
with fiber diameters ranging from 50 to 500 nm [15]. Numerous studies showed that
collagen fibers promoted osteogenesis [16, 17]. Therefore, scaffolds with nanofibrous (NF)
architecture were developed to mimic the structural features and hopefully the pro-
osteogenic properties of collagenous ECM of the bone [18-20]. These scaffolds were indeed
found to enhance osteogenesis [6, 21-25]. In this review, fibers with diameters from a few
nanometers to a few micrometers, intended for tissue engineering applications, are
collectively called ‘nanofibers’. Three commonly used techniques to fabricate NF structure,
namely, molecular self-assembly, electrospinning and thermally-induced phase separation
will be discussed.

Third, the synthetic osteogenic microenvironment should contain bioactive agents and
support osteogenic differentiation of stem cells. Many types of bioactive agents, including
growth factors [26], nucleic acids [27] and integrin-binding ligands [28] have been
incorporated into scaffolds. For example, growth factors are very important soluble signals
in the osteogenic microenvironment, which are actively involved in tissue ingrowth, cell
recruiting, proliferation, angiogenesis and osteogenesis.

In addition, the field of stem cell biology is rapidly evolving, with more and more available
stem cell sources [29-37] to be used with scaffolds for bone regeneration [38, 39]. However,
the delivery of bioactive agents and stem cells on nanofiber-based scaffolds is significantly
affected by the specific type of nanofibrous scaffolds. There remain challenges in delivering
them effectively for bone tissue engineering application. The delivery strategies for both
bioactive agents and stem cells are a focus of this review article.

Collectively, this review is started with current techniques to fabricate NF scaffolds,
followed by the delivery strategies for growth factors and other bioactive agents, and
concluded with bone tissue engineering and translational studies that employ stem cells and
the NF scaffolds.
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2. Fabrication of NF Scaffolds

We will focus our discussion on three main techniques to fabricate nanofibers: molecular
self-assembly, electrospinning and thermally induced phase separation.

2.1 Molecular self-assembly

Molecular self-assembly is the spontaneous organization of individual molecules into
structurally-defined stable arrangements through preprogrammed noncovalent interactions,
such as hydrogen bonds, van der Waals forces, hydrophobic interactions and electrostatic
interactions [40-43]. Self-assembly is a bottom-up approach to create nanofibers from small
building blocks, including small molecules, peptides and nucleic acids.

To mimic the triple helical structure of collagen, peptide-amphiphiles (PAs) were
synthesized [44-46]. Such a PA consists of a collagen sequence Gly-Val-Lys-Gly-Asp-Lys-
Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro connected to a long-chain mono- or di-alkyl ester
lipid. The collagen sequence peptide head group forms the triple helical structure, while the
lipophilic tails associate with one another via hydrophobic interactions to induce and/or
stabilize the three-dimensional structure of the collagen sequence peptide head group [46].
The self-assembled triple helical structure of the PA promotes cell adhesion [47]. However,
such lipids were not demonstrated to form supramolecular fibers [5].

Other types of peptide-amphiphiles (PAs) were later synthesized and employed to self-
assemble into nanofibers. The self-assembly of such PAs into nanofibers can be driven
either by pH change or the introduction of divalent ions (such as Ca2*), which neutralize the
electrostatic repulsion between molecules to allow for clustering of the hydrophobic tails in
the core and to expose the amino acids on the outer surface of the fibers (commonly a few
nm in diameter) in an aqueous environment [48] (Figure 2). Under similar principles,
synthetic diblock/triblock polypeptides and dendrimers can also self-assemble into
nanofibrous structures [49-51].

lonic self-complementary oligopeptides can also serve as building blocks to self-assemble
into nanofibers [52-54]. The oligopeptides consist of repeating ionic hydrophilic and
hydrophobic amino acids. In water, these oligopeptides form a beta-sheet with two surfaces:
a polar surface of charged ionic chains and a non-polar surface of alanine. Upon exposure to
monovalent alkaline cations or physiological conditions, the oligopeptides spontaneously
assemble into hydrogels, composed of interwoven nanofibers with a diameter of 10-20 nm
and pores of 50-200 nm [52-54].

The advantages of self-assembly for nanofiber fabrication include the simple fabrication
process, easy cell encapsulation in a hydrogel, the injectable form for /n situ scaffold
formation. Although the mechanical properties of hydrogels self-assembled from PAs can be
adjusted to a certain degree [55], they are often insufficient to provide a stable 3D geometry
for bone tissue engineering. There are also other limitations such as the limited choice of
self-assembly molecules, the often time-consuming and costly PA synthesis, the difficulty in
controlling pore size and shape within the hydrogel scaffold, and the significantly smaller
fiber diameter than that of collagen.

2.2 Electrospinning

2.2.1 Nanofiber fabrication—Electrospinning technique has been widely used for the
fabrication of tissue engineering scaffolds [20, 56, 57]. The basic electrospinning setup
includes a polymer solution or melt reservoir, grounded collector, and a high voltage electric
field in between (Figure 3a) [58]. When the voltage is high enough to overcome the surface
tension of the polymer solution/melt, a charged jet is generated towards the grounded
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collector, along which the solvent evaporates/melt solidifies to form solid-state thin fibers
[59-61]. Electrospun NF scaffolds have been generated from a large variety of materials
ranging from natural macromolecules such as collagen [56], chitosan [62] and silk fibroin
[63], to synthetic biodegradable polymers such as poly(glycolic acid) (PGA) [64, 65],
poly(lactic acid) (PLA) [65], and their copolymers (PLGA) [65]. Different polymers can
also be mixed for electrospinning to generate blend nanofibers [64, 66, 67]. Recently,
inorganic nanofibers were also created and employed in bone tissue engineering [68].

In addition to the flexibility of material choice, another advantage of electrospinning is the
controllability over fiber morphology by adjusting the processing parameters, such as
voltage, polymer solution concentration, distance between spinneret and collector, flow rate
and spinneret diameter [59, 60, 69—71]. Fibers with diameters ranging from nanometer to
micrometer scales (depending on the specific system) can be created. However, many
electrospun “nanofibers” from biodegradable polymers often have diameters on the sub-
micrometer to micrometer scales [20, 57]. By increasing polymer viscosity through
increasing polymer molecular weight or solution concentration, the fiber diameter could be
increased. Significant amounts of work have been carried out to study the relationships
among fiber characteristics, processing and material parameters [72].

2.2.2 Nanofiber organization—In addition to the basic setup, the electrospinning device
could have various configurations to advantageously organize fiber deposition (Figure 3).
For example, a rotating collector (Figure 3b) could achieve an aligned electrospun fiber
structure assisting cell and tissue orientation [73], which is beneficial for engineering
anisotropic tissues [24]. The mandrel size can be tuned to control the diameter of the formed
NF tubular scaffolds for vascular and nerve regeneration [74]. One issue associated with a
rotating collector is that a very high rotating speed may break the fibers during deposition,
presenting a challenge to obtaining highly aligned nanofibers. Dual collectors can also lead
to the formation of aligned fibers [75]. The electrospun fibers tend to bridge over the two
parallel collectors (Figure 3c), resulting a fiber length up to several centimeters [76].
Different from the rotating collector, the dual collectors generate separate and aligned fibers
loosely suspended in the air, which allows for the characterization of the mechanical
properties of and cell interactions with individual nanofibers. The employment of dual
collectors to generate dense aligned nanofibers is challenging, since prolonged deposition
time results in insulation of the collectors and the subsequent random fiber orientation.

The spinneret of the electrospinning device can also have different configurations. In one
example known as co-axial electrospinning (Figure 3d), a dual syringe system is employed
to generate nanofibers with a core-shell structure [77-81]. Although the fiber diameter is
usually greater than 1 um, the core-shell structure has the potential to deliver therapeutics,
which will be discussed in the next section. Multiple separate spinnerets have also been
employed to deposit different components simultaneously [82].

There are significant challenges in controlling the architecture of electrospun fibers, due to
whipping instability of the jets [61]. One technique called ‘near-field electrospinning,’
which employed a short collection distance and a low voltage, was developed to achieve a
straight liquid jet towards the substrate [83]. By employing a collector able to move in the x-
y plane, researchers can draw a straight nanofiber towards the substrate to generate patterns
[84].

2.2.3 Electrospun 3D scaffolds—There are challenges to fabricate 3D scaffolds using
electrospinning techniques. The thickness of electrospun nanofibrous mat is normally on the
order of 100 pwm, because the electrospun fibers can insulate the collector when the
thickness increases. In addition, the open-pore sizes could not be independently controlled,
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instead are associated with the fiber size. To generate fine nanofibers by electrospinning, the
open-pore sizes are at best a few micrometers in size, while the minimum pore size for deep
cell infiltration and vascularization is about 100 pm [85], thus accommodating limited tissue
formation within the NF network. To address these issues, researchers employed sacrificial
materials during the electrospinning process, which are removed afterwards to increase
porosity. The sacrificial material can be co-electrospun [86] or introduced as particles (e.g.,
salt particles) [87] into the electrospun matrix, which can be leached out afterwards.
Researchers have also electrospun fibers onto a hollow rotating drum filled with solid CO»,
which could grow ice crystals off the collector during the fiber deposition. Water crystals
were lyophilized afterwards to improve porosity [88]. However, the structural stability after
the removal of the sacrificial materials needs to be improved, because distortion frequently
occurs when the porosity is increased in such ways. Future goals associated with these
strategies include better control over pore shape and interconnectivity.

Another strategy is to electrospin fibers onto a macro-porous structure. In one study,
nanofibers were electrospun onto a microfiber mesh [89]. In this way, the microfiber
architecture allows for cell penetration while the NF structure on the microfibers offers
improved cell interaction. This technique, however, can only produce scaffolds with limited
thickness. Alternatively, microfibers and nanofibers could be electrospun simultaneously to
produce scaffolds with improved cell penetration [90]. In a recent report, an automated
system was developed to produce ordered microstructure in a layer-by-layer fashion,
allowing electrospun nanofibers to be deposited on each layer [91].

2.3 Thermally induced phase separation

2.3.1 Preparation of NF matrices—Phase separation is a thermodynamic process, in
which a homogeneous multi-component system tends to separate into multiple phases to
lower system free energy. For polymer solutions, phase separation can be initiated either
thermally or by using a nonsolvent, forming polymer-rich and polymer-lean phases. Upon
solvent removal, the polymer-rich phase solidifies to form the polymer skeleton while the
polymer-lean phase becomes the void space [8]. Different processing parameters, such as
polymer/solvent combination, polymer concentration and phase separation temperature,
could be utilized to generate different pore morphologies for the aimed scaffolds. When
phase separation is induced thermally, if the solvent crystallization temperature is higher
than the phase separation temperature used, solid-liquid phase separation occurs, where the
solvent crystallizes to form the pore shape after solvent sublimation. If the solvent
crystallization temperature is lower than the phase separation temperature used, a liquid-
liquid phase separation takes place as the temperature of the solution is decreased. Within
certain polymer concentration range and temperature range, the liquid-liquid phase
separation follows a spinodal decomposition pathway and forms a bicontinuous pattern
where both polymer-rich and polymer-lean regions are interconnected [92]. A typical
thermally induced phase separation (TIPS) process that generates NF structures involves
five steps: polymer dissolution, liquid-liquid phase separation and gelation, solvent
extraction, freezing, and freeze-drying [18, 93-95]. For example, poly(L-lactic acid) (PLLA)
is dissolved in a selected solvent and thermally induced to phase separate and gel when the
temperature is decreased. The solvent of choice should have a low crystallization
temperature to allow liquid-liquid phase separation, e.g., tetrahydrofuran, tetrahydrofuran-
methanol, dioxane-methanol, and dioxane-pyridine. Since PLLA is a semicrystalline
polymer, the polymer can crystallize, which helps to stabilize the structure. After the
removal of the solvent via extraction, sublimation or evaporation, a 3D continuous NF
PLLA structure with a porosity as high as 98.5% can be generated [18]. The fiber diameter
ranges from 50 to 500 nm, similar to the size of natural collagen fibers. Due to the extremely
high surface area, the NF PLLA scaffold degrades significantly faster than the solid-walled
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PLLA scaffold [96], making the NF PLLA scaffold more suitable for tissue engineering
applications.

In addition to PLLA, other synthetic and naturally-derived polymers have been fabricated
into nanofibers by TIPS. For example, a series of biodegradable amphiphilic
poly(hydroxyalkyl methacrylate)-graft-poly(L-lactic acid) copolymers were synthesized and
fabricated into NF structures by TIPS [97]. These copolymers have functional groups
allowing conjugation with bioactive moieties and degrade faster than the PLLA
homopolymer. As another example, gelatin was fabricated into highly porous NF matrices
by TIPS using either ethanol/water mixture or methanol/water mixture [94]. Gelatin is a
mixture of peptide chains resulted from the irreversible hydrolysis of collagen, and thus has
the chemical composition essentially the same as that of collagen. The denaturing hydrolysis
process eliminates the possible resident pathogens. Thus through mimicking ECM collagen
both in chemical composition and physical structure, the NF gelatin scaffold is more
advantageous than the control gelatin scaffold without the NF feature [94].

2.3.2 NF 3D scaffolds with anatomical shapes and pre-designed macro-pores
—One of the distinct advantages of the TIPS technique is its capacity to integrate with other
scaffold fabrication techniques to construct macro/micro pore/channel networks within the
3D NF scaffolds. In one example, sugar spheres (in the diameter range of 150-500 p.m)
were assembled into a mold (negative replica) to fabricate NF scaffolds with inter-connected
spherical pores [98] (Figure 4a &b). In this process, water was used to extract the solvent
from the system and to leach the sugar spheres to generate the predesigned spherical pore
network. The pore size could be controlled by the sugar sphere size. Different degrees of
inter-pore connectivity could be achieved by using different heat treatment temperatures and
times. In another example, sugar fibers were assembled into a 3D template to build a tubular
pore network [99]. Furthermore, solid free form (SFF) technique was employed to construct
wax mold with computer-designed internal structural features, which was used as a negative
replica to fabricate NF scaffolds with inter-connected micro-channels [93].

The 3D anatomical shape of a scaffold can also be achieved by integrating TIPS with
computer assisted design and computer assisted manufacture (CAD/CAM) techniques [93].
This approach enables the design and fabrication of patient-specific scaffolds. Computed-
tomography scans or other medical images of human anatomical parts can be employed by
CAD to design and construct the 3D shapes of wax molds, thereby controlling the
anatomical shapes of the resulting scaffolds. By combining CAD, particulate leaching and
TIPS, NF scaffolds with pre-designed pore structure as well as medical image-determined
3D anatomical shapes, such as a human mandible, ear [93] and hand digit bone [100], were
successfully fabricated.

2.3.3 Preparation of injectable NF microspheres—For irregular shaped defect
repair, injectable scaffolds can be advantageous in delivering bioactive agents and stem
cells, allowing for minimally invasive procedures to minimize complications and pain.
Microspheres are injectable and have been used as carriers to deliver cells for bone [101],
cartilage [102], dermal [103], hepatic [104], and adipose [105] tissue regeneration.
However, traditional microsphere fabrication techniques, such as emulsification [106] and
emulsion polymerization [107], often lack control over the exterior and interior
morphologies of the microspheres.

A novel technique has been recently developed to fabricate injectable NF hollow

microspheres [108]. In this work, star-shaped PLLA (SS-PLLA) polymers were synthesized
using poly(amidoamine) (PAMAM) dendrimers as initiators. The SS-PLLA polymers were
dissolved in tetrahydrofuran, emulsified in glycerol under rigorous stirring, and quenched in
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liquid nitrogen to generate the NF hollow microspheres, where the NF structure formation
was driven by TIPS. Upon solvent extraction and freeze-drying, highly porous hollow
microspheres with open holes on the NF shells were obtained without using any template
(Figure 4c &d). When a linear PLLA was processed with the same process, NF
microspheres without a hollow core structure were generated. Thus, the star-shaped polymer
architecture was a key feature to allow for the assembly of the NF hollow microspheres. The
novel NF hollow microspheres were examined as an injectable scaffold for cartilage
regeneration both /n vitroand in vivo [108]. The hollow NF microspheres supported the
regeneration of cartilage similar to native cartilage in structure, composition, and
biomechanical properties. The engineered cartilage fully filled a critical-sized osteochondral
defect in rabbits and smoothly integrated with the host cartilage.

3. Delivery of Bioactive Agents on NF Scaffolds

3.1 Physical

Bone regeneration is regulated by various bioactive agents such as growth factors [26],
integrin-binding ligands [28] and nucleic acids [27]. Growth factors are important signals in
the osteogenic microenvironment, whose concentration, temporal and spatial distributions
play important roles in their osteogenic function. We will focus the discussion on growth
factor delivery while the basic strategies involved can be applied to the delivery of other
bioactive agents. While being potent, growth factors are expensive and have short half-lives
in vivo. Therefore, scaffolds with controlled release capacity are desired to preserve their
biological activity and prolong their function at the effective level over an extended time
period [109].

Bioactive agent delivery strategies from nanofibers fabricated using electrospinning and
TIPS techniques are discussed below and depicted in Figure 5. Self-assembled nanofibers
are also used for growth factor delivery [110-115]. However, the bioactive agent delivery
strategies and kinetics are very different [116, 117]. Detailed discussion is beyond the scope
of this review. Interested readers are referred to more focused review papers on self-
assembled nanofibers elsewhere [118, 119] or more general hydrogel-based therapeutic
delivery systems [120].

immobilization and encapsulation

Physical absorption (Figure 5a) has been utilized to load drugs onto the surface of the
nanofibers. NF scaffolds can adsorb significantly higher amounts of growth factors than
control scaffolds due to the significantly larger surface areas of the NF materials. However,
the passive adsorption method offers poor control over the factor retention, resulting in burst
release and negligible biological function [121]. In addition, adsorption often involves
electrostatic interactions, hydrogen bonding, and hydrophobic interactions between the
proteins and scaffolds, leading to potential protein conformational change and loss of
bioactivity. Growth factors could also be physically encapsulated inside the fibers for slow
release. Blending a growth factor with the polymer solution for either electrospinning or
TIPS is the simplest way to produce a factor-releasing NF scaffold [122, 123]. Limited
growth factors can be well dispersed into a polymer solution, and their bioactivity may often
be tempered even when they can. For example, drugs have been electrospun into nanofibers,
but they may aggregate on the outer surface, causing undesired burst drug release. To avoid
such undesired drug aggregation, additives were investigated to improve drug dispersion
within the fibers in order to achieve more desirable release profile [124]. Certain naturally-
derived macromolecules and their analogs have also been used to sustain growth factor
release by taking advantage of affinity between the growth factors and the macromolecules
[125, 126], which in principle could also be utilized for NF scaffolds to slowly release
factors.
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As discussed earlier, co-axial electrospinning has been developed, and this technique is used
for growth factor or drug delivery. When a protein solution was incorporated as the core and
the electrospinnable polymer as the shell, coaxial electrospinning process generated protein-
encapsulated ultrafine fibers with reduced burst release and prolonged release duration [80]
(Figure 5b). The release profile could be manipulated by adjusting the core/shell
compositions and structures. In addition, the bioactivity of the protein in the core could be
preserved because of its minimal contact with the organic solvent used in the shell. One
concern might be the potential compromise of the fiber morphology and mechanical
properties. Another is the possible factor leakage because it is often not easy to select the
core/shell materials or to determine the processing parameters to obtain the perfect core-
shell structure. Emulsion electrospinning were also used to generate core-shell nanofibers
without using a complex spinneret system. When water-in-oil or oil-in-water emulsions
were used for electrospinning, they were partially demulsified due to stretching and
evaporation, ultimately leading to core-shell structure formation [127-129].

Microspheres and nanospheres have long been used for drug and protein deliveries, where
various techniques have been developed to preserve the bioactivities and to control the
release profile of the incorporated drugs and proteins [130]. One strategy is to integrate such
microspheres (MS) or nanospheres (NS) into various NF scaffolds to achieve the desired
controlled release of growth factors (Figure 5c), where an inter-connected macro pore
network is advantageous [131]. Since NF scaffolds with such macro pores can be fabricated
using the TIPS technique, the delivery of various bioactive agents have been achieved by
immobilizing MS and NS onto such scaffolds [121, 132]. Drug-loaded biodegradable MS or
NS were first fabricated from PLGA using a double emulsion technique [133]. Degradation
pattern and therefore the release profile of the MS or NS were controlled through adjusting
the lactic acid/glycolic acid ratio or the molecular weight of the PLGA. The bioactivity of
the encapsulated proteins was maintained at a high level [121, 132]. The MS and NS were
infiltrated into the scaffold evenly and immaobilized onto the pore wall surface without
compromising the scaffold pore network (Figure 6a, b &c). Sustained protein release over
days to months was achieved. The MS/NS-immobilized scaffolds reduced the burst release
and circumvented the uncontrollable spatial distribution due to coalescence and aggregation
when MS/NS were used alone. In addition, multiple biological factors can be delivered in a
spatially and temporally controlled fashion [134, 135], where the release kinetics of each
factor can be individually controlled via a distinct MS/NS formulation.

The MS/NS immobilized scaffolds have been evaluated for promoting osteogenesis and
angiogenesis in animal models. In one study, bone morphogenetic protein-7 (BMP-7)
encapsulated NS were immobilized onto NF scaffolds and then implanted in rats
subcutaneously [121]. BMP-7 was released in a controlled fashion with high biological
activity and induced ectopic bone formation (Figure 6d). In contrast, scaffolds without
BMP-7 or with passively adsorbed BMP-7 were unable to induce osteogenesis (Figure 6e
&f), probably due to the loss of bioactivity and insufficient release duration. In another
study, platelet-derived growth factor (PDGF) was delivered by the NS-immobilized NF
scaffolds implanted in rats [136]. The released PDGF not only induced tissue ingrowth, but
also stimulated angiogenesis in a PDGF-dose-dependent manner [137].

3.2 Chemical immobilization

In addition to physical adsorption/encapsulation, bioactive agents can also be presented on
the nanofibers through chemical immobilization, which are released by the cleavage of the
linking bonds. As is exemplified in Figure 5d, the nanofiber surface should be activated first
to present functional groups, which are subsequently employed to conjugate with bioactive
agents through proper reactions.
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3.2.1 Surface activation—In many cases, the nanofibers are fabricated from commercial
polymers that lack functional groups to enable the conjugation reactions. There are various
ways to activate the surface of nanofibers post fabrication. For example, plasma treatment
and ultraviolet (UV) irradiation have been used to alter the polymer surface chemistry [138—
143]. Plasma treatment, for instance, can create diverse functional groups including amine
and carboxyl groups if the plasma source is properly configured [138-140]. These functional
groups or free radicals can be utilized to initiate surface graft polymerization to introduce
the desired chemistry [144-146]. It should be noted that these methods could only be
applied to 2D films or very thin 3D constructs due to the limited plasma penetration depth.
Chemical etching is another method for surface modification [147, 148]. For the widely used
biodegradable polyesters, the exposed ester bonds in the polymer backbone partially degrade
under acidic or basic conditions, resulting in carboxyl and hydroxyl groups on the surface.
However, strong reaction conditions should be avoided to maintain the scaffold integrity.

3.2.2 Bioactive molecule immobilization—A variety of conjugation techniques have
been developed [149]. The selection of a conjugation technique is dependent on the reactive
groups on the bioactive agents. Primary amine, carboxyl, thiol, and hydroxy! groups can all
be reactive sites for conjugation. While certain biomolecules can only be conjugated at
specific site(s), most conjugation methods involve nonselective reactions between the
functional groups of a protein and those on a biomaterial. There are more complicated
techniques to achieve selective conjugation, which involve site-specific labeling of proteins
and peptide tags [150].

Primary amine and carboxyl groups are the most frequently utilized reaction sites in
biomolecules for conjugation. The reaction rate between amine and carboxyl groups could
be accelerated by using the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-
hydroxysuccimide (NHS) chemistry [139, 151-155]. Hydroxyl groups are also widely
employed for the immobilization of biomolecules onto tissue engineering scaffolds. To
improve the reactivity, hydroxyl groups can be activated, e.g., through oxidation by NalOy,
into aldehyde groups to react with amine groups [144]. The hydroxyl groups can also be
treated by Ce(IV) to generate free radicals for graft copolymerization to introduce desired
chemistry, which can be used in subsequent protein immobilization [156]. As compared to
UV irradiation or plasma treatment, Ce(IV) treatment circumvents the use of strong reaction
conditions. Recently, click chemistry is attracting much attention and shows great potential
in protein immobilization onto nanofibers because the reactions are irreversible, quantitative
and mild [157-160]. However, some widely used click reactions, such as the azide-alkyne
Huisgen cycloaddition [157-160], employ metal catalysts with potential toxic effects.
Catalyst-free click reactions [161] are more attractive for scaffold functionalization.

In summary, direct conjugation of bioactive agents onto the fiber surface can be achieved by
amidation, esterification, or more contemporary techniques such as click reactions. Stimuli-
responsive and cell-responsive release profile can be achieved when stimuli-responsive or
cell-secreted enzyme-degradable linkers are employed [162, 163]. Again, a common
concern is the inactivation of the immobilized biomolecules, especially when the active site
of the biomolecule is involved in the conjugation reaction.

4. Delivery of Stem Cells on NF Scaffolds

There are two strategies for nanofiber-based scaffolds to deliver stem cells to the site for
bone regeneration, which are injection and implantation as illustrated in Figure 7. The
injection strategy involves the use of injectable cell carriers with NF features, which are
intended to facilitate cell attachment, differentiation and tissue regeneration in addition to
their injectability to fill complex defect shapes. The cells and carriers can also be injected
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into a pre-designed mold to engineer tissue with a needed anatomical shape /n vitro prior to
implantation. With the general implantation strategy, cells are seeded onto a 3D NF scaffold
and then either directly implanted or implanted after being cultured /n vitro for a period of
time. This approach is taken especially when a large bone defect needs to be regenerated.
Self-assembled nanofibers are essentially hydrogels and can be used to encapsulate stem
cells simply by mixing them into the solution before gelation occurs. Since there are few
alternative ways and there are limited literature using these scaffolds to delivery stem cells
for bone regeneration [164, 165], we will not separately discuss this category. As discussed
above, electrospinning and TIPS techniques generate NF scaffolds with different pore
structures, so the cell delivery strategies on NF scaffolds generated by electrospinning and
macro-porous NF scaffolds generated by TIPS will be discussed separately.

4.1 Electrospun NF scaffolds

The potential application of electrospun NF scaffolds in bone tissue engineering was
initially explored with electrospun poly(e-caprolactone) (PCL) fiber mesh to support
osteogenic differentiation of rat bone marrow mesenchymal stem cells /n vitro [57] and
ectopic bone formation /n vivo [166]. Electrospun scaffolds fabricated from a variety of
biomaterials were then utilized to support osteogenic differentiation of various cell types /n
vitro, including osteoblasts and mesenchymal stem cells [23, 167-173]. The fiber diameter
and orientation were also manipulated to enhance osteogenesis [174-176]. In one study, a
layer-by-layer approach was proposed, where thin electrospun fiber meshes were alternately
stacked with cells to fabricate a 3D cell-scaffold construct with 10 layers [177]. Another
recent study employed a thin electrospun mesh to construct a stem cell-loaded layer
mimicking periosteum (a thin layer of soft tissue that contains progenitor cells actively
involved in bone formation [178]), which can then be used to support block bone formation
via colonizing a cell-free macro-porous 3D scaffold [179]. In this study, human
mesenchymal stem cells (MSCs) or amniotic fluid stem cells were seeded on electrospun NF
meshes, which were found to be effective in colonizing a porous scaffold block 7n vitro
[179]. However, few studies have used the electrospun scaffolds themselves to regenerate
large bone defects in animal models except in thin calvarial defects [180, 181]. As discussed
in Section 2.2.3, despite numerous efforts [182—185], it remains a major challenge to
improve the porosity, pore size and shape control of electrospun fibrous scaffolds.

4.2 NF scaffolds by TIPS

As described earlier, TIPS technique offers more controllability over pore size and scaffold
overall shape. Therefore, the geometry of NF scaffolds by TIPS can be easily designed [93,
95, 98] to repair a large defect with a specific shape. This was demonstrated by the
construction of a patient-specific, anatomically shaped digit scaffold generated with a
reverse solid free form fabrication technique based on reversed images of computed
tomography scan of the digit [100]. Cell-NF scaffold interaction plays an important role in
osteogenesis. The NF scaffolds greatly increased the total amount of serum proteins
adsorbed on the NF scaffolds, especially the key ECM proteins involved in cell adhesion
[186], and promoted the osteoblast attachment, growth, and differentiation [21, 186].
Because of the pluripotency and unlimited expansion capacity, embryonic stem (ES) cells
[187] are becoming a desirable cell source for bone tissue regeneration [188, 189]. However,
it is a great challenge to develop technologies to effectively induce the plastic cells into
mature osteogenic phenotype prior to applying ES cells in bone therapy. It has been
demonstrated that NF matrix can significantly facilitate the osteogenic differentiation of ES
cells [190]. When ES cells were seeded on 3D NF scaffolds generated by TIPS, the
nanofibers significantly increased the expression levels of osteogenic marker genes and
calcium deposition, compared to solid-walled scaffolds without the NF features [191, 192].
Alternatively, MSC-like cells can be generated from human ES cells first via medium
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selection [193, 194] or cell sorting [195] and then the derived homogeneous cells can be
used to regenerate bone tissues on 3D NF scaffolds [196]. The /n vivo bone formation on NF
scaffolds by TIPS has been further demonstrated by an implantation study. Multi-potent
human amniotic fluid-derived stem cells were induced along osteogenic pathways in vitro.
After subcutaneous implantation, the constructs with NF scaffolds showed significantly
more robust bone formation than those with solid-walled scaffolds [197]. In a recent report,
a porous poly(propylene carbonate) scaffold containing NF chitosan matrix inside its macro-
pores was seeded with rabbit bone marrow MSCs and implanted into a rabbit femoral
condyle defect [198]. After 16 weeks of implantation, the defect was reported to be fully
repaired, showing the beneficial effect of NF matrix in supporting /n situ osteogenesis.

4.3 Advances in stem cells delivery on scaffolds

Stem cell biology and regenerative medicine are rapidly evolving. Although in most bone
regeneration studies, the cell-scaffold constructs were induced along osteogenic route prior
to implantation, recent studies showed ectopic bone formation can be achieved by an
endochondral ossification process using the implanted cartilage constructs as a template
[188, 199], leading to remodeled bone with good mechanical properties. As the bone is a
highly vascularized tissue, incorporation of a vascular network perfusing the bone graft can
potentially promote bone regeneration [200, 201]. In a recent report, MSCs and endothelial
cells were co-delivered on porous scaffolds. The transplanted MSCs not only participated in
bone mineralization, but also involved in the formation of a functional microvascular
network [202]. The incorporation of the above-mentioned new concepts into studies of stem
cell delivery on NF scaffolds, and specifically, the proper design of NF scaffolds to facilitate
the process, holds great potential in the development of more efficient delivery strategies.

Conclusions and perspectives

The advances in stem cell biology and biomaterial science provide exciting opportunities for
bone tissue engineering. Biomaterials can be more rationally designed to construct a
synthetic osteogenic microenvironment to promote bone regeneration. Molecular self-
assembly, electrospinning and TIPS techniques have produced ECM-mimicking nanofibers
from a variety of synthetic and naturally-derived biodegradable materials. The nanofibrous
features are being incorporated into 3D scaffolds by integrating and combining with other
advanced micro/nano-technologies to generate biomimetic hierarchical structures. These
novel NF scaffolds have also showed great promise in delivering bioactive agents and
promoting stem cell differentiation.

Along with the significant progress in bone tissue engineering are also challenges. The
parameters of nanofiber-based biomimetic scaffolds, including mechanical properties,
bioactive agent release profile, and architectural and molecular features to accommodate or
interact with cells, are all highly dependent on the fabrication technologies. While
significant progresses have been made in nanofiber technologies and their application in
bone regeneration, there are inadequate mechanistic understandings, limiting the pace of the
advancement of the field. More systematic and quantitative studies are needed to establish
the relationships between structural features, biologic delivery, stem cell function, and bone
regeneration. The rapid advancing stem cell biology brings more cell types into the bone
regeneration field and increases the complexity along with the new opportunities.
Interdisciplinary and multidisciplinary approaches and collaborations are needed to more
effectively tackle the challenges and advance the field.
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Figure 1.

Schematic illustration of a biomimetic nano-fibrous scaffold with integrated synthetic
osteogenic microenvironment. The macro-porous scaffold can not only provide a physical
structure that accommodates cells and tissue formation, but also serve as a ECM-mimicking
matrix to enhance cell-scaffold interactions and delivery of bioactive agents and/or stem
cells in a three-dimensionally controlled manner.
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Figure 2.
Schematic illustration showing the self-assembly approach to fabricate nanofibers with
desired surface functionalities. Peptide amphiphiles are used as an example here.
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Figure 3.

Schematic illustration of the electrospinning setup with: a) a grounded plate collector; b) a
grounded mandrel-like collector; c) parallel dual collectors; d) core-shell dual spinnerets;
and e) an SEM image of electrospun nanofibers from a PLLA solution. €) is from He et al
[203], Copyright © 2010 by John Wiley & Sons, reprinted with permission by John Wiley &

Sons.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Zhang et al.

Page 25

Figure4.

SEM images of NF scaffolds generated by TIPS: Macro-porous scaffolds prepared from
sugar sphere template leaching and TIPS techniques at a lower magnification (a) and at a
higher magnification (b); NF hollow microspheres fabricated from a star-shaped PLLA,
showing that almost every microsphere had one or more open hole(s) on the shell (c); and a
representative NF hollow microsphere, showing the NF architecture and a hole of
approximately 20 wm on the microsphere shell (d). Figures a) and b) are from Wei and Ma
[98], Copyright © 2006 by John Wiley & Sons, reprinted with permission by John Wiley &
Sons; Figures ¢) and d) are from Liu, Jin and Ma [108], Copyright © 2011 by Nature
Publishing Group, reprinted with permission of Nature Publishing Group.
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Figureb5.

Schematic illustration showing the typical nanofiber-based drug (bioactive agent) delivery
strategies: a) simple physical adsorption; b) coaxial electrospinning; c) pore surface
immobilization of bioactive agent-loaded particles; and d) surface covalent immobilization
of bioactive agents.
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Figure6.

BMP-releasing macro-porous and NF PLLA scaffold for bone regeneration: a) SEM
micrograph of PLGA nanosphere-immobilized on PLLA NF scaffolds at a lower
magnification; b) at a higher magnification, showing the immobilized nanospheres on the
surface of the internal pore walls; c) laser scanning confocal micrograph of PLGA
nanosphere-immobilized PLLA NF scaffolds, where FITC-labeled bovine serum albumin
was encapsulated into the PLGA nanospheres, showing green emission under confocal
microscopy. New bone formation in rhBMP-7 incorporated PLLA NF scaffolds retrieved 6
weeks after subcutaneous implantation in rats: d) significant bone formation in the BMP7
nanosphere-containing scaffolds; e) fibrous tissue in the scaffolds without BMP7; f) fibrous
tissue in scaffolds pre-soaked in a BMP7 solution (H&E staining with an original
magnification of 100x). Sources: (a, b, ¢) from Wei et al [132]. Copyright © 2006 by
Elsevier, reprinted with permission of Elsevier; (d, e, f) from Wei et al. [121] Copyright ©
2007 by Elsevier, reprinted with permission of Elsevier.
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Figure7.

Schematic illustration of stem cell delivery strategies in bone tissue engineering. The
injection strategy involves the use of injectable cell carriers, such as nano-fibrous
microspheres to repair a defect with irregular shape. In addition, cell and carrier mixture can
be injected into a pre-designed mold with a specific anatomical shape. The implantation
strategy involves the use of a cell-seeded macro-porous block scaffold to repair a larger
defect.
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