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Abstract: Bone tissue engineering (BTE) is an optimized approach for bone regeneration to
overcome the disadvantages of lacking donors. Biocompatibility, biodegradability, simulation of
extracellular matrix (ECM), and excellent mechanical properties are essential characteristics of BTE
scaffold, sometimes including drug loading capacity. Electrospinning is a simple technique to
prepare fibrous scaffolds because of its efficiency, adaptability, and flexible preparation of
electrospinning solution. Recent studies about electrospinning in BTE are summarized in this
review. First, we summarized various types of polymers used in electrospinning and methods of
electrospinning in recent work. Then, we divided them into three parts according to their main role
in BTE, (1) ECM simulation, (2) mechanical support, and (3) drug delivery system.
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1. Introduction

Bone defects, caused by tumors, trauma, and infections, have posed serious
challenges for clinical treatment. Among traditional methods, autograft transplantation is
regarded as the “gold standard” for repairing critical-sized bone defects without adverse
immune response due to its significant osteoinductivity and osteoconductivity [1].
However, the use of autografts also suffers inevitable drawbacks, such as limited clinical
availability, multiple operations, and morbidity at the donor site [2,3]. Moreover,
allogeneic bone transplantation has caused disease transmission and immunoreaction,
which are seriously concerned. Therefore, bone tissue engineering (BTE) has been
introduced as an optimized method for bone regeneration to overcome the shortcomings
of lacking donors. An ideal BTE scaffold should exhibit biocompatibility,
biodegradability, and suitable mechanical strength, and imitate the extracellular matrix
(ECM) to regulate cell behavior [4]. Fibrous scaffolds are considered to enhance cell
adhesion due to high specific surface area. There are various techniques employed to
fabricate fibrous scaffolds, such as self-assembly [5], phase separation [6], and
electrospinning [7].

Electrospinning is a simple technique to prepare fibers with diameters ranging from
nanoscale to micron by uniaxial stretching of the charged jet. This technique has attracted
great attention because of its efficiency, adaptability, and flexible preparation of
electrospinning solution. Owing to these remarkable features, electrospun fibers have
been widely used in different fields [8]. Recently, different kinds of electrospinning
processes were proposed and optimized to achieve favorable structures and properties,
as shown in Table 1.
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During the process of electrospinning, the morphologies and properties of
electrospun fibers are directly affected by various parameters. These parameters
significantly influence the spinnability, diameter, and orientation/alignment of fibers.
Spinnability, defined as the ability of polymers to form stable fibers, mainly depends on
solution parameters including surface tension, viscosity, and conductivity [8]. Surface
tension is affected by solvent and concentration of polymer solution. The uniaxial stretch
of a charged jet is hardly achieved with low surface tension. Viscosity, determined by the
molecular weight of polymer and concentration of polymer solution, also affects
spinnability due to polymer chain entanglement. In addition, temperature is a notable
factor affecting viscosity. By adding salts, conductivity is increased to help optimize the
formation of fibers. The diameter of fibers is affected by the molecular weight of polymer,
concentration of polymer solution, instrumental parameters (voltage, flow rate, tip to
collector distance), and humidity. The diameter of fibers can be controlled by adjusting
the applied voltage and enhancing the stretching of polymer solution. Meanwhile, the
flow rate of polymer solution should be optimized to match the applied voltage for
uniform fibers. Moreover, different orientation or alignment of fibers can be achieved by
selecting different types of collectors like drum, disk, plate, or other customized collectors.

In recent years, there have been many attempts combining electrospinning methods
with BTE scaffolds. Electrospun fibers, exhibiting similar topological features with ECM,
were employed to provide a suitable environment for the adhesion and growth of cells [9].
Furthermore, without any chemical cues, the fiber structure is able to promote osteogenic
differentiation in vitro [10]. In order to satisfy the requirement of BTE scaffolds, various
polymers have been applied for preparing electrospun fibers. Table 2 shows examples of
natural and synthesized polymers used as matrices of electrospun fibrous scaffolds.

In this paper, different kinds of electrospinning methods and main polymers recently
employed in electrospinning were summarized. Then, we reviewed the emerging
application of electrospun nanofibers in BTE, focusing on three aspects including ECM
simulation, mechanical support, and drug delivery system.

Table 1. Examples of electrospinning methods.

Method Advantage Ref.
Beneficial for materials without ability to form fibers
as core; providing fibers abilities of sustained

Coaxial electrospinning delivery; enabling surface functionalization without (11-22]
affecting the core material.
. N Fiber blending Fiber v?/ith the propertie:'s of two s.epar.ate polyme.rs; 23]
Fiber composition enhancing both mechanical and bioactive properties.
Fabricating porous fibers to enhance mesh porosity;
Emulsion electrospinning retaining bioactivity and promoting sustained [24-27]
release by encapsulating enzymes, growth factors,
and drugs.
Edge electrospinning  Enhancing collection efficiency by changing jet sites. [28]
With increasing rotational speed, the modulus and
. . . . . - . [11,13,22,27,29~
Rotating mandrel alignment tensile stress of fibers in the direction of alignment 39]
increase.
Gap electrospinning Prodycing highly aligne(fl fibers; fabricating ComPlex [40]
. . . architecture by modulating electrode configuration.
Fiber orientation . Lo . e
. e Leading to a reduction in branching; maintaining
Magnetic electrospinning [41]

alignment over time.
Controlling deposition of electrospun fibers to
Pattern spinneret produce specific architecture for generating specific [42]
cellular distributions and orientation.
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Moving spinneret Enhancing ﬂexibility through curly or wavy [43]
architectures.
Controlling the mechanical properties and cellular
Co-electrospinning behavior by altering the weight ratio of each [44—-46]
Mesh architecture material.
and composition Layer_by_layer Fabricating scaffolds with polymeric fiber layers. [47,48]
hydrospinning
3D electrospinning Fabricating controlled specific 3D architecture. [49-52]
Table 2. Examples of electrospun polymeric metrices used in BTE.
Metrices Feature Ref.
Biocompatible, bioresorbable and cost efficient; but [12,14-
PCL its hydrophobicity results in lack of cell 18,22,24,25,29,31,32,38,
attachment. 53-79]
Excellent mechanical properties and low
PLA degradation rate; inflammatory reactions caused [30,42,80-93]

by its degradation product.
Faster and adjustable degradation rate compared

[27,41,46,94-97]

PLGA to PLA.
Synthetic polymers Can be processed with various degrees of
PVA hydrolysis for drug delivery to promote bone [52,98-101]
repair.
Inherent piezoelectricity that mimics the ECM for
PVDF bone regeneration; delivering an electric stimulus [102,103]
without the need for an external power source.
. Electrical conductivity promoting cell adhesion,
Polyaniline . . L
migration, and differentiation; proper [104]
(PANI) . o . .
biocompatibility and fair hydrophobicity.
Strong mechanical properties, biocompatibility,
Silk fibroin low degradation rate, and ease of processing; [19,44,47,105-107]

tural pol
Natural polymers Gelatin

avoiding immunogenic responses in vivo.

A structurally similar derivative of collagen;
higher tensile moduli than electrospun collagen;
excellent biodegradability, non-antigenicity, and

cost efficiency.
Native component of ECM, low antigenicity; low
Collagen . .
inflammatory and cytotoxic responses.

[13,21,45,95,96,108—
110]

[20,39,111]
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2. ECM Simulation

ECM simulation is a key part of BTE. ECM provides the tissue with growth factors
and nutrients for controlling cell proliferation and differentiation under a special
environment [112-114]. To meet the requirements of BTE, the fibrous scaffold prepared
by electrospinning should not only provide structure and mechanical robustness for the
tissue, but also mimic native ECM for bone tissue repair. Three methodologies are
employed to achieve this goal, i.e., (1) selection of scaffold components, (2) improvement
of spinning methods, and (3) processing after spinning.

In BTE, several natural and synthetic polymers (shown in Table 2) are electrospun
because of their biocompatibility. Electrospinning can be defined as an
electrohydrodynamic process: when the potential energy formed by the potential
difference is higher than the surface tension of the polymer solution, a Taylor cone is
formed from a spherical droplet under the applied voltage; then, the polymer solution
will be mechanically stretched under the action of the electric field and form fibers with
solvent evaporation [115,116]. The performance of the fibers mainly depends on the
inherent properties of polymers. Piezoelectricity is one of the inherent properties of bone,
attributed to the piezoelectric effect of the crystalline micelle of collagen [117]. The
electrical signals produced by bone promotes bone growth and remodeling [118]. Poly
(vinylidene fluoride) (PVDEF), a kind of piezoelectric materials in BTE, has high
hydrophobicity which is not conducive to cell adhesion and cell proliferation. Kitsara et
al. [119] found that the piezoelectric electrospun nanofibers enhanced cell activation
confirmed by intracellular calcium imaging. According to this discovery, they combined
the advantages of both electrospinning and plasma treatment to develop a 3D tissue-like
functional self-sustainable scaffold for BTE. Because of piezoelectricity, the scaffold
released a piezoelectric potential. It stimulated the voltage-gated calcium channels
(VGCCQ) in the cell membrane and caused cell activation (Figure 1) [120]. The results
showed that a functional and stable hydrophilic scaffold could be fabricated by the
combination of a highly B-phase electrospun PVDF with oxygen plasma treatment.
Svetlana et al. [33] used electrospinning process to fabricate 3D hybrid scaffolds based on
piezoelectric poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). It was discovered,
compared with non-piezoelectric polycaprolactone (PCL) scaffolds, 3D hybrid scaffolds
revealed more superior osteoinductive properties because of the improvement of degree
of mineralization and adhesion promotion of human mesenchymal stem cells (hMSCs).

Figure 1. The piezoelectric potential created by piezoelectric electrospun nanofibers stimulates
VGCC in the cell membrane and causes cell activation. Reproduced with permission [119].
Copyright © 2021, The Royal Society of Chemistry.



Appl. Sci. 2021, 11, 9082

5 of 21

The extent of cell-substrate interaction is an important factor in evaluating the effect
of the microenvironment of the scaffolds. ECM is composed of structural proteins,
polysaccharides, and adhesive proteins [121]. Tissue engineering scaffolds can be also
made by the decellularized ECM (dECM). Embedding dECM into synthetic polymers is
an effective strategy. The microenvironment enriched with dECM biochemical cues could
stimulate cells to regenerate bone. Choi et al. mixed bone-dECM with PCL and fabricated
bioengineered scaffolds by electrospinning which simulated the native environment of
tissue [73]. The wettability, water absorption ability, and surface roughness of the scaffold
were enhanced by adding bone-dECM. It was shown in alkaline phosphatase (ALP) and
gene expression results that bone-dECM affected the osteogenic differentiation.
Furthermore, they found that the bone-dECM particle-integrin interaction induced by the
cell adhesive proteins regulated the intracellular processes and enhanced the cell
adhesion/migration. Junka et al. [61] used sequential electrospinning with PCL solution
containing either osteoblast or endothelial cells-derived dECM to fabricate two-layer
scaffolds. The nanofibrous scaffolds incorporated with angiogenic and osteogenic cues
could stimulate bone growth. This work incorporated angiogenic and osteogenic cues into
scaffolds to provide the microenvironment that supported osteoblast and endothelial cells
in bone regeneration and vascularization. Aside from adding dECM, adding hyaluronic
acid or phospholipids can also optimize the microenvironment of the scaffold. Rachmiel
et al. [22] combined electrospinning, molecular self-assembly, and molecular recognition
motifs to develop a multi-component approach. They followed this approach to fabricate
a composite scaffold composed of PCL and hyaluronic acid incorporated with a short self-
assembling peptide. The resultant scaffold was similar to the fibrillar structure of ECM in
morphology and showed biocompatibility. The results of ALP and degree of
biomineralization confirmed that the fibrous scaffold facilitated osteogenic
differentiation. Xu et al. [84] mixed poly (t-lactic acid) (PLLA) and lecithin to fabricate
fibrous scaffolds, which offered a strategy for tissue engineering. To improve
hydrophilicity and cytocompatibility of PLLA scaffolds, bioactive lecithin was
incorporated into polymer solution. PLLA/lecithin scaffolds made a great interaction with
cells which induced cells on scaffolds to maintain morphological shape and integrate with
the fibers to build a 3D network. Nanoscale building blocks mixed into polymer solution
could change the function and shape of fibers in order to meet the application
requirements of various fields [122-125]. Wu et al. [126] combined electrospinning with
doping to fabricate molybdenum disulfide (MoSz2) composite nanofibrous scaffolds. The
MoS: composite scaffolds gave cells the platform to maintain activity and provided
positive promotion to regulate cell proliferation and osteogenic differentiation. Sergi et al.
[70] fabricated PCL scaffolds doped with bioactive glasses. In order to enhance the cell
response to the fibrous scaffolds, they embedded bioactive glasses with different
compositions into the matrix, and the results showed that the composite scaffold had
higher abilities in cell adhesion and proliferation compared with neat PCL scaffolds.

In addition to scaffold components, the topographic structure is also a key factor to
mimic ECM for scaffolds [127]. By combining the advantages of polylactic acid (PLA) and
chitosan, Xu et al. [86] prepared a bicomponent scaffold with island-like structure (Figure
2). Automatic phase separation between two incompatible polymers happened during the
electrospinning process. With the quick speed of evaporation of structure under a high
temperature in jets, there was not enough time for chitosan molecular chain migrating to
the surface of electrospun jets to cover the fibrous shell, which resulted in the formation
of the intermittent islands structure. Chitosan island-like structure provides a controllable
balance of the surface hydrophilicity and hydrophobicity, suitable roughness at the
surface for cell adhesion and cell recognition sites. This work presented a novel scaffold
surface design.
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Solvent
evaporation

Collecting

Figure 2. The illustration of preparation of a bicomponent scaffold with island-like structure formed
from PLA and chitosan (CS). Reproduced with permission [86]. Copyright © 2021, American
Chemical Society.

Although the temperature of jets affects the surface of scaffolds, the electrospinning
method to control mesh architecture and composition could also establish a specific ECM
for scaffolds. Wang et al. [45] designed multifunctional scaffolds by controlling the speed
of electrospinning solution during co-spinning progress (Figure 3). They set PCL as the
outer face to provide mechanical strength and gelatin loaded with hydroxyapatite (HAP)
as the inner face to provide cell affinity and osteoconductivity. From the outer to the inner,
the content of PCL decreased while the content of gelatin increased. The fiber diameter
and alignment affect interaction of the scaffold with cells [128-130]. Based on earlier work,
Xie et al. [42] designed a group of controlled experiments. The results verified that
alignment and decreased diameter of fibers had clear advantages in promoting
proliferation and migration and facilitating the osteogenic differentiation of bone marrow
mesenchymal stem cells (BMSCs) compared with normal fibers. Scaffolds with random
structure prevent effective cell infiltration. Therefore, to overcome this disadvantage of
traditional electrospinning, Jordahl et al. [41] created a modified electrospinning process
called 3D jet writing. This modified process was demonstrated to create precisive 3D
structures to offer customizable pore geometries (Figure 4). Precisive structures are
achieved via stable jetting supported by a secondary electrode. Compared with a
conventional process, this work reported a novel process to fabricate precisive scaffolds.

— Solution |
— Solution 1l

Flow Rate

Solution I

Time

SolutionII

N~ rotating

Figure 3. Preparation of multifunctional scaffolds via controlling the speed of electrospinning
solution during co-spinning progress. Reproduced with permission [45]. © 2021 Wiley-VCH GmbH.
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Figure 4. (a) The illustration of the 3D jet writing setup; (b) the SEM image of the fibrous scaffolds
made by 3D jet writing. Reprinted from [41], with permission from Wiley. © 2021 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

In general, the scaffold built by electrospinning has a native ECM-like physical
structure with high surface area. However, limited pore sizes are the obstacles for cell
infiltration to the scaffold [131]. Various strategies were employed to modify the surface
of electrospun scaffolds. It was reported that HAP crystals could be bound to the acidic
amino acid peptide domains [132]. Based on early study, Luo et al. [105] prepared the silk
fibroin (SF)/PCL scaffolds and immersed them in simulated body fluid to mineralize the
scaffolds. As the seven amino acid glutamate sequence (E7) could improve peptide
coupling to HAP [133], they coupled mineralized scaffolds with E7-BMP-2. Aside from
this method, Li et al. [58] used NHS-EDC (NHS, N-hydroxysuccinimide; EDC, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide) amide reaction to couple E7-BMP-2 onto the PCL
scaffolds. The results of these two works showed that modified scaffolds had a better
performance in cell adhesion than unmodified ones. To improve the ability of the scaffold
for modulating human pluripotent stem cells (hPSCs) differentiation toward osteoblastic
phenotype, Deng et al. [63] also combined electrospun PCL scaffold with vitronectin (VN)
peptide conjugation via NHS-EDC amide reaction. It was reported previously that PLLA
fibrous scaffold with high surface area was fabricated by a two-step strategy [134,135].
Based on this strategy, Lu et al. [30] fabricated porous PLLA/dopamine (DOP)/amorphous
silica nanoparticles (SiNPs) scaffolds with high surface area (Figure 5). DOP was applied
to modify the surface of PLLA fiber and provided active functional groups. The
interaction between PLLA fibers and silica nanoparticles (SiNPs) was enhanced by
covalent and non-covalent bonding from polydopamine (PDA), which was made from
DOP via oxidative self-polymerization. It not only improved the mechanical properties
and hydrophilicity of PLLA/DOP/SiNP hybrid scaffolds, but also enhanced the
biocompatibility of the scaffolds. The scaffolds showed great biocompatibility and
abilities of cell adhesion and proliferation. It is known that native ECM includes collagen,
laminin and glycosaminoglycans, and these macromolecules could be physically
absorbed or chemically conjugated onto scaffolds for improving bioactivity [136]. Xu et
al. [54] cultured Rabbit articular chondrocytes (rACs) on PCL scaffolds, then generated
dECM-coated PCL scaffolds through decellularization treatment. With native ECM
macromolecules, the scaffolds had a great effect on cartilage tissue repair. Moreover, in
order to mimic the morphological trait and chemical composition of ECM, Yang et al.
produced HAP/collagen (Col)-coated poly (lactic-co-glycolic acid) (PLGA) scaffolds via
an electrospinning and biomimetic process [97]. In vitro experiment and ALP activity
results demonstrated that HAP/Col coating layer improved the interaction between cells
and scaffolds. 3D printing has been applied in producing scaffolds for tissue regeneration
[137]. Compared with other approaches, 3D printed scaffolds have many advantages
including flexibility in design, capability of generating specific shapes, and making highly
precisive pores. Li et al. [50] combined the advantages of both electrospinning and 3D
printing, and the fibrous scaffolds prepared by electrospinning were successfully covered
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onto the surface of 3D printed scaffolds. They reported a simple and versatile method to
decorate 3D printed scaffolds with bioactive electrospun fibrous segments.

Porous PLLA fibre

Figure 5. The surface of PLLA fiber is modified by DOP. With polymerization of PDA made from
DOP via oxidative self-polymerization, the interaction between PLLA fibers and SiNPs is built.
Reprinted from [30], with permission from Elsevier. © 2021 Elsevier B.V. All rights reserved.

Three-dimensional structure scaffold necessitates an interconnected network and a
stable framework. A 3D porous scaffold with the characteristics of open cellular structure,
reversible compression, and controllable shape was fabricated by Chen et al. via
electrospinning and freeze drying [82]. In order to establish a network structure,
crosslinking is essential. Instead of glutaraldehyde, they chose citric acid as a crosslinking
agent based on its characteristics of biocompatibility and nontoxicity. Citric acid plays a
key role in inducing and stabilizing the growth of HAP during mineralization. As
expected, the 3D porous PLA/regenerated cellulose scaffold with high biological activity
possessed both dual porous structure and dimensional stability. On the other hand, Fong
and Sun developed an approach to build 3D electrospun fibrous scaffolds named
thermally induced nanofiber self-agglomeration (TISA) [138]. Briefly, 3D electrospun
fibrous scaffolds were made from short individual nanofibers converted from electrospun
fibers (Figure 6). In addition, Yao et al. [29] combined the TISA technique and freeze-
drying method to prepare 3D electrospun PCL/PLA nanofibrous scaffolds. Compared
with 3D electrospun PCL nanofibrous scaffolds, PCL/PLA-3D scaffolds improved the cell
viability and osteogenic differentiation of hMSCs. Based on this work, Xu et al. [56]
explored the effect of content of PLA on the properties of PCL/PLA-3D scaffolds. With the
increase of PLA content, stiffness and bioactivity were improved, which resulted in the
increase of the ALP activity, calcium content, and gene expression level.

Cutting
SN
AN
Electrospun fiber Fiber suspension
TISA
Freeze drying
3D scaffold Fiber agglomeration

Figure 6. The illustration of building 3D electrospun fibrous scaffold via TISA and freeze drying
[29,56,139].
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Furthermore, Hwang et al. reported a 3D electrospinning technique to create 3D PLA
scaffolds with the support of lactic acid (LA) [92,139]. Then, they synthesized calcium
lactate (CaL) by recycling the LA component that induced the formation of the 3D
bioactive PCL/CalL fibrous scaffold [66]. Incorporation of Cal enhanced the
biocompatibility and the tensile properties of the scaffold. This 3D scaffold exhibited
excellent performance in biomineralization, cell infiltration, and proliferation with
MC3T3-E1.

3. Mechanical Support

Ideally, BTE scaffolds could not only mimic natural ECM, but also provide
appropriate mechanical support for new bone formation. Polymeric materials are
considered a promising candidate with mechanical properties similar to tissue for
temporary support of bone regeneration. The electrospinning technique has been
employed to easily customize the scaffolds with special structures and mechanical
properties by changing scaffold components and electrospinning process.

One advantage of electrospinning is that spinning solution can be easily customized.
Electrospinning solutions can be easily mixed with nanomaterials for reinforcing resultant
electrospun nanofibers, such as nanoparticles [51,59,100], nanosheets [32], etc. These
nanomaterials are evenly dispersed in the electrospun matrix and the interface
combination with matrix is established, which can effectively transfer the external force
from the matrix. Moreover, several polymers with excellent mechanical properties have
been utilized in electrospinning solutions for BTE scaffolds. Polytetrafluoroethylene
(PTFE) is known for its high fracture toughness [140], but its lack of spinnability remains
a challenge. Park et al. [141] prepared a polyethylene oxide (PEO) solution containing
PTFE dispersion for electrospinning. The use of PEO effectively improved PTFE
spinnability and then PEO was removed by sintering process. Furthermore, previous
studies reported that shape memory BTE scaffolds provided mechanical support while
offering in situ mechanical stimulus for efficient bone regeneration [142]. For example,
PLLA was used as a shape memory polymer and then modified to enhance its shape
memory functionality [143-145]. Wang et al. [85] fabricated PLLA electrospun BTE
scaffold incorporated with PHBV for improvement of mechanical properties and shape
memory functionality. Their study revealed that this improvement decreased the
transition temperature of PLLA fibers owing to incorporated PHBV.

Different electrospinning methods have been explored for preparing BTE scaffolds
for mechanical support. Tao et al. fabricated core-sheath structured fibrous scaffolds by
coaxial electrospinning. Mechanical testing showed that the core-sheath scaffolds
displayed better mechanical properties compared to those of single-component scaffolds
[19]. In addition, core-sheath structure can also be obtained by double conjugate
electrospinning (Figure 7). Different from coaxial electrospun fibers, core-sheath yarns
endowed with suitable mechanical properties for producing a fabric were generated by
this method. Gao et al. [107] developed PLA/tussah silk fibroin (TSF) nanofiber yarns by
double conjugated electrospinning, and then the yarns were woven into multilayer fabrics
as BTE scaffolds. Compression tests revealed that the multilayer fibrous fabric scaffolds
showed significant superiority in compressive strength compared to the non-woven
fibrous mats. Furthermore, Xie et al. used the same method to prepare nanofiber yarns
with different contents of HAP for fabrication of gradient woven fabric scaffolds [146].
Experimental results showed that the prepared scaffolds exhibited excellent mechanical
properties while providing a mineral gradient graft for tendon-to-bone tissue interface
regeneration.
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Figure 7. The illustration of core-sheath yarns endowed with suitable mechanical property for
producing a fabric. The fiber web is drawn by an insulating rod placed in center of funnel, and then
forms a fibrous cone which is twisted by rotating funnel to form continuous yarns [107].

Multilayer or hierarchical structure shows its potential of providing mechanical
support for BTE. It is simple to prepare the scaffolds with hierarchical structure by folding
electrospun mats several times [147] or bonding them layer by layer with adhesive [52].
Inspired by the complex structure of natural bone tissue, previous works reported their
novel approaches to designing hierarchical scaffolds. Hoener et al. [16] prepared coaxial
electrospun fibrous layers with different core size by adjusting the ratio of core/sheath
solution flow rates, and then the strain gradient scaffold was obtained. In vitro study
revealed that multiphenotypic differentiation of hMSCs depended on the local
compressive strains. The prepared scaffolds provided a novel gradient platform for
osteochondral tissue regeneration. To mimic the complex fiber orientation in native
cartilage, Munir et al. [68] prepared electrospun fibers with random orientation and
alignment as well as cryo-printed helix to fabricate a multilayer scaffold. The prepared
scaffolds possessed compressive properties for matching natural cartilage.

Moreover, crosslinking agents have been employed for improvement of mechanical
properties of electrospun polymeric fibers by enhancing links among polymer chains. For
example, genipin is a biocompatible crosslinking agent and has been widely used to
provide chemical crosslinking in BTE scaffolds [148]. Ren et al. [108] employed genipin as
a crosslinking agent for fabricating electrospun PLA/gelatin nanofibers. UV light has also
been used for crosslinking network formation. Yang et al. [149] prepared electrospun
biomimetic periosteum incorporating methacrylated gelatin (GelMA), l-arginine-based
unsaturated poly (ester amide) (Arg-UPEA), and methacrylated hydroxyapatite
nanoparticles (nHAMA). Exposed under UV light, the organic-inorganic network inside
the fibers was formed and the mechanical strength was enhanced.

4. Drug Delivery System

Drugs (e.g., therapeutic agents, growth factors, non-viral genes, etc.) could promote
new bone formation and prevent inflammation [150]. Electrospun fibers are regarded as
drug carriers that direct cell adhesion and differentiation by delivering drugs. Hence, a
variety of strategies were proposed to design drug delivery systems by functionalizing
electrospun fibrous scaffolds.

Owing to the adjustable degradation rate and interconnected porous structure,
electrospun polymeric nanofibers have been employed to load drugs. By adding drugs in
polymer solution, drugs are directly encapsulated in electrospun polymeric nanofibers.
Abazari et al. [90] prepared electrospun PLLA/poly(3-hydroxybutyrate) (PHB) nanofibers
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incorporated with curcumin and investigated the curcumin release profile in vitro.
Experimental results showed the continuous release of curcumin during 14 days and
improvement of the expression level of osteogenic gene markers, which confirmed the
effect of curcumin on the osteogenic differentiation of human adipose-derived stem cells
(ADSCs). Moreover, some drugs are considered antibacterial agents for inhibiting implant
related infections. For example, rifampicin (Rf) is a major drug widely used for treatment
of bone infections, exhibiting broad-spectrum antibacterial activity [151,152]. In a study
by Kiran et al, Rf was loaded in electrospun PCL/HAP nanofibers by mixing with
polymer solution for preparing antibacterial BTE nanofibers [55]. Their drug release study
particularly revealed an initial burst release of Rf due to the porous structure, which could
prevent early infection when nanofibers were implanted.

The synergistic effect of multiple growth factors is required because of the
complicated process of bone formation. Therefore, it is important to design a multiple
delivery system for mimicking the natural microenvironment, effectively promoting bone
regeneration and vascularization. Many groups reported their strategies to deliver two or
more drugs. For example, Wang et al. developed a tricomponent delivery scaffold
incorporating recombinant human BMP-2 (rthBMP-2), recombinant human vascular
endothelial growth factor (thVEGF), and calcium phosphate nanoparticles by co-
electrospinning (Figure 8) [46]. In vitro study revealed that rhBMP-2 and rhVEGF were
sequentially released to promote both bone regeneration and vascularization.
Furthermore, in their recent study, the osteogenesis and angiogenesis properties of co-
electrospun tricomponent scaffolds were evaluated in vivo, which showed enhancement
of new bone formation in mouse cranial defect model [153]. However, it was noticed that
unsuitable doses and inappropriate kinetics of drugs adversely affect bone regeneration
[154,155].

\\Loading drug 2

Loading drug 1

"y

Electrospun
tricomponent scaffold

Figure 8. The illustration of a tricomponent delivery scaffold incorporating thBMP-2, thVEGF. and
calcium phosphate nanoparticles by co-electrospinning. Reproduced with permission [46].
Copyright © 2021, The Royal Society of Chemistry.
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Although many studies confirmed that drugs could be easily blend into electrospun
fibers, the initial burst release and uncontrollable release may occur. Thus, the delivery of
drugs should be appropriately controlled to match the physiological feature of bone
regeneration. To solve this problem, drug carriers (e.g., nanoparticles, microsphere, etc.)
are incorporated into electrospun scaffolds (Figure 9). Zhu et al. [27] loaded N-acetyl
cysteine (NAC) onto mesoporous silica nanoparticles (MSNs) by simple immersing
process and fabricated electrospun NAC@MSNs/PLGA scaffold. In vitro release and
cellular studies showed that the fabricated delivery system provided a sustained release
of NAC with high concentration, which affected the osteogenic differentiation of rat bone
marrow-derived stroma cell (rBMSC). Furthermore, MSNs were utilized by Wang et al. to
load alendronate (ALN), a drug to inhibit osteoclastic bone resorption [71]. Silicate is the
degradation product of MSNs. As the ALN-loaded MSNs was released from the
electrospun fibers, silicate and ALN affected bone formation and bone resorption
respectively, achieving a dual regulation of bone regeneration.

o N
| S,
/ A/ 3

Figure 9. Electrospun fibrous drug delivery system made by simply immersing drug carriers [27].

Apart from the blending process, several researchers reported their attempts on the
surface chemistry of electrospun fibers. Drug carriers can be immobilized onto the
modified surface for maximize utilization of the high specific surface area of fibers (Figure
10). M. Mohammadi et al. [81] modified electrospun PLA fibrous scaffold by surface
grafting, and then BMP-2 peptide-loaded liposomes were immobilized. As observed by
confocal laser scanning microscopy, the prepared scaffolds showed higher attachment
efficiency of liposomes compared to those not modified.

Surface Drug carrier

treatment g immobilizationl
Electrospun fiber Functionalization Delivering drug on surface

Figure 10. Electrospun fibrous drug delivery system built by immobilizing drug carriers onto the
modified surface [81].
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For further improvement of the effect of delivered drugs, the fabrication of drug-loaded
carriers can be optimized by several technique. Microfluidic (MF) technique was selected
to produce drug-loaded carriers with desired size and excellent cell viability. For
example, Doosti-Telgerd et al. [93] prepared polyplexes nanoparticles loading BMP-2
plasmid DNA through MF platform (Figure 11). Compared to bulk prepared drug-
loaded carriers, those fabricated by MF platform showed lower toxicity and higher cell
viability due to the fine mixing reaction based on molecular diffusion. In addition,
Aragon et al. [11] proposed combination of electrospinning and electrospraying for
fabrication of fibrous scaffolds decorated with PLGA-BMP-2 particles (Figure 12). As a
simple and low-cost approach, electrospraying can be used to prepare drug-loaded
nanoparticles without significant phase separation, ensuring a stable release during
bone regeneration [11].

(ﬁ) s
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Pldsmld solutmn
o f//‘

plasmid DNA
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'PANIA]\’T pD]\A
Dendriplex
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v

High Voltage Power Supply

Syringe Pump

) ='n o '/\,/ fv

i “'—’T'

Transitio

Mesenchymal stem cell
\\' Hydroxyapatite nanoparticle (HA)

0 PAMAM-pDNA Dendriplex

Figure 11. (a) Schematic representation of MF preparation of drug-loaded carriers and (b) scaffolds
fabrication. Reprinted from [93] with CC-BY license. Copyright © 2021 Doosti-Telgerd et al.
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Electrospinning Electrospraying

High Voltage
Power

Figure 12. Fibrous drug delivery system prepared by electrospinning and electrospraying.
Reproduced with permission [11]. © 2021 Elsevier Inc. All rights reserved.

Moreover, by designing and optimizing electrospinning process, the corresponding
microstructure can be obtained to customize the desired drug release model. Coaxial
electrospinning provides a strategy to fabricate core—shell structure nanofibers as a drug
delivery system. It was reported that coaxial nanofibers exhibited lower release rates
compared to that of uniaxial nanofibers, resulting in a prolonged release [156]. Recently,
various drug delivery systems fabricated by coaxial electrospinning were reported.
Generally, drugs are loaded in the core of coaxial nanofibers and continuously released
for inducing bone regeneration [12,14,20,21]. However, a few examples were reported in
which the outer shell encapsulated drugs while the inner core part acted as mechanical
support [19]. In order to achieve desired release pattern, several attempts focused on
optimizing the structure of coaxial nanofibers. For example, Huang et al. [67] developed
BMP-2 loaded core-shell nanofibers with shish-kebab (SK) structure on the surface
(Figure 13). After electrospinning, the prepared nanofibers were immersed in PCL
solution and SK structure was obtained by polymer chain crystallization in a folded and
periodic fashion with solvent evaporation. An in vitro drug release study showed that
the SK structure nanofibers provided a gentler release than those of coaxial nanofibers
without SK structure. Gong et al. [17] incorporated redox-responsive nanogels into the
outer shell of prepared coaxial nanofibers (Figure 14). The disulfide bonds of nanogels
linked or disconnected under different concentration of glutathione (GSH), leading to
the establishment or disappearance of nanochannels to release BMP-2. Therefore, the

programmed drug delivery process could be achieved by this method.
D Drug PVA

~ J

P C.L\ immersion

PCL Polymer solution

Coaxial eletrospun fiber , "

/
¢ [0
| Chain-folded
| polymer

\

N\
~

Solvent evaporation

~

-——

Figure 13. Illustration of the fabrication of the PCL/polyvinyl alcohol (PVA) shish-kebab-structured
scaffolds. Reproduced with permission [67]. Copyright © 2021, American Chemical Society.
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( a) Coaxial Electrospinning (b) Reduction-sensitive switched release

-GSH +GSH

Shell : PCL/ c-6A PEG-PCL Nanogels

-~
I
J

-~

PCL/GSH trigged Nanogels/BMP-2 NP ~ ~ ~ _

Figure 14. (a) Illustration of the fabrication of nanogel-in-nanofiber device with coaxial
electrospinning; (b) schematic representation of the redox-switched release with the nanogel.
Reprinted from [17], with permission from American Chemical Society. Copyright © 2021,
American Chemical Society.

In short, different drug delivery strategies were proposed for controllable and
sustainable release, especially for a suitable release rate to match the process of bone
regeneration. As mentioned above, drug carriers and optimized fiber structure were both
introduced to achieve the expected release profile. It should be noted that fine tuning of
the release rate remains a challenge. Therefore, introducing stimuli-responsive functions
could be considered to fabricate a fibrous scaffold with sensitive and smart drug release
feature.

5. Summary

The BTE scaffold is required to exhibit excellent biocompatibility, biodegradability,
and suitable mechanical properties, which provide an extracellular environment similar
to natural ECM. Electrospinning is a simple technique for preparing fibrous scaffolds. The
properties of polymers employed in electrospinning are required to be close to natural
bone tissue. Meanwhile, electrospinning methods are optimized, and the prepared
scaffolds are post-treated in order to effectively simulate bone structures. In addition,
significant efforts are made to fabricate electrospun scaffolds with hierarchical structures
in order to improve mechanical properties similar to those of bone tissue. Moreover, a
drug delivery system is introduced in scaffold fabrication, which effectively reduces the
time of bone tissue repairing and the biodegradation period of scaffolds. However, the
application of electrospun scaffolds in BTE remains a great challenge and further
improvement of the properties of electrospun scaffolds is still under exploration, which
might shed new light on their applications in BTE.
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