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Abstract

The repair of tendon to bone junction (TBJ) remains a tremendous challenge in tissue engineering due to the complicated
structure, components, mechanical properties, and cell types. In order to reconstruct the tissue and restore its functionality,
biomedical scaffolds with hierarchical and gradient structures have been fabricated by various strategies. In recent decades,
electrospinning has become one of the most popular methods in fabricating TBJ scaffolds due to easy fabrication, high
porosity, and ECM-like nano-scale structure. However, mechanical properties are the pain point of electrospun biomedical
scaffolds. Traditional textile technology can be exploited to compensate for this weakness, which will be deeply discussed
here. This review will start with a brief introduction to the structure and function of the native TBJ tissue and a short over-
view of electrospinning technology. Then, different electrospun biomedical scaffolds for TBJ repair will be summarized and
compared. Furthermore, some advanced technologies and modification methods in fabricating functionalized electrospun
TBJ scaffolds are discussed. In the end, current challenges and solutions are being proposed, which would provide instruc-

tion for the research of electrospun textile TBJ scaffolds.
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Introduction

The human body is composed of multiple functional tissues
that work in tandem to support our daily activities. The mus-
culoskeletal system is the most representative multi-tissue
unit in human bodies, which is composed of skeletal muscle,
tendon, bone, and their interfaces (Fig. 1a). According to the
research report, tendon and ligament injuries account for up
to 30% of all musculoskeletal consultations with 4 million
new incidences among the annual musculoskeletal clinical
cases [1], while physical training accounts for up to 80% of
injuries [2]. The rotator cuff tendon of the shoulder and the
anterior cruciate ligament (ACL) of the knee are two of the
most common injury sites. Failures in the repair site of the
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musculoskeletal system usually occur with the generation
of scar tissue, which results in defects in the regenerated
tissue. They may unable to withstand the external load to
the same degree as the native tissue [3, 4]. The interface,
tendon to bone junction (TBJ), is relatively complicated in
structure, components, and mechanical properties [5]. TBJ
is the place for tendon and bone connection and withstands
higher pressure and tension during movement. It plays the
role of dissipating energy, and the mechanical properties
are extremely difficult to restore after injury. Collagen fib-
ers in tendons and ligaments show very strong tension and
withstand tensile stress, while bone tissues are excellent in
anti-compression loading. Therefore, TBJ exhibits a gradient
in collagen fiber alignment, compositions, and mechanical
properties. For the tissue engineering strategy in the TBJ
regeneration, challenges still exist to replicate the intricate
gradient micro- and nano-structure, as well as the gradient
components and mineralization.

Traditional clinical therapeutic methods to repair the
injury of TBIJ include surgical sutures and autologous
transplantation. However, scar tissue tends to generate in
the process of tissue repair, and this defective tissue is hard
to bear force loading as much as the native one. So, the
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Fig.1 a The cross-section overview of the native TBJ tissue; Repro-
duced with permission from ref [16], Copyright 2015, Elsevier. And
a schematic illustration of gradient biomimetic scaffold for TBJ. b A

repaired site is easy to be damaged during exercise. Autolo-
gous transplantation also requires suturing process. In the
meantime, the autologous graft might cause immune rejec-
tion and inflammation, which make it worse at the injured
tendon. Using biomedical scaffolds to repair and reconstruct
the injured TBJ has been studied a lot, and it has been testi-
fied to be an important and effective way for the repair. Fig-
ure la shows the native TBJ tissue, the biomimetic design
of the gradient structure, as well as the biomimetic design
of the scaffold. Such scaffolds include single-layer or multi-
layered films, hydrogels, foams, electrospun nanofibers, and
textiles. However, all of the films, hydrogels and foams show
relatively poor mechanical properties, which are difficult to
withstand the force loading during scaffold implantation and
tissue regeneration. In this way, electrospun textile is a better
format for constructing scaffolds.

Nanofibers show great potential in clinical applications
for the following reasons: (1) Nanofibers could be easily
fabricated using different top-down or bottom-up methods,
with different structures and sizes according to the clinical
need. (2) Nanofiber scaffolds resemble the ECM, which is
suitable for cell adhesion and guiding tissue regeneration. (3)
The large specific area provided by the nano-size fiber offers
more places for cells to adhere and migrate. In the mean-
time, the high porosity benefits cell migration and nutri-
tion exchange. Thus, nanofibers show enormous potential
for clinical applications such as wound dressings, sutures,
tissue engineering, etc.

Among the diverse methods to fabricate nanofibers, elec-
trospinning is a simple and convenient approach to fabricate
2D and 3D microfibers and nanofibers bulk scaffolds. It has
emerged as a facile method in fabricating tissue engineering
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scaffolds due to the ECM-like structure, which is suitable
for constructing tissue resembling native structure and
function [6]. As one of the main methods to fabricate tis-
sue engineering scaffolds for musculoskeletal injury repair,
many researchers have designed and fabricated scaffolds for
single tissue repair, including tendon, ligament, bone, and
cartilage [7, 8]. These scaffolds showed positive effect on
reconstructing the injury site with bio function and structure.
Nevertheless, the repair of the tendon to bone junction (TBJ)
remains a challenge because of its complexity in structures
and components. Many efforts have been made to fabricate
scaffolds that mimic the native TBJ tissue to facilitate the
reconstruction. Electrospinning could easily achieve the gra-
dient and hierarchical structure in the 2D or 3D scaffolds,
which has been reported to be applied for TBJ healing [9,
10]. However, traditional electrospun nanofiber membranes
hardly meet the dimensional need and mechanical proper-
ties in the repair of the native tissue. This defect could be
compensated by combining the electrospun nanofiber into
the textile structure. Moreover, a textile structure composed
of electrospun nanofiber yarns could be made with a hier-
archical structure to mimic the native tissue better. In order
to promote the regeneration of TBJ, growth factors and
mechanical stimulation are also important.

The number of research work on electrospun nanofiber
scaffolds for TBJ treatment is increasing remarkably in the
recent 20 years, as summarized in Fig. 1b. Electrospun scaf-
folds for the bone, cartilage, and tendon have been reported
earlier than the TBJ. In 2009, electrospun nanofiber scaf-
folds with gradient and mineral structure were reported by
Li et al., which were used for connecting soft and hard tissue
at TBJ [11]. The fabrication and construction of scaffolds
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to mimic the native insertion to facilitate the connection of
tendon (soft) and bone (hard) tissue still is a big challenge
for researchers. Hence, it is important to summarize and
overview the current research works, which would instruct
future work. However, although there are some review
papers focused on the electrospun scaffolds for tissue engi-
neering [12], textile technologies for tissue engineering [13],
nanofiber-based and textile scaffolds for bone and tendon
[14, 15], gradient fabrication strategy for TBJ treatment
[16-18], an overview on the research works on electrospun
scaffolds for TBJ treatment cannot be found.

This review aims to present a brief overview of current
research on fabricating tissue engineering scaffolds using
electrospinning and textile strategy for tendon to bone junc-
tion regeneration. Meanwhile, it also aims to introduce and
promote the strategies of constructing biomimetic micro-
and nano-hierarchical and gradient textile structure. This
review will start with a brief discussion of the structure and
traditional therapeutic methods of TBJ injury and followed
by a short elaboration of electrospinning technology. The
fourth part covered the fabrication method of electrospun
nanofibers in different formats, including membranes, yarns,
and textiles. Furthermore, current challenges in the fabrica-
tion of electrospun textile scaffolds for TBJ treatment with
advanced functions will be discussed.

Structure and Repair Strategy of Tendon-
Bone Junction (TBJ) REPAIR

Structure of TBJ

The main function of tendons is to transfer force between
muscles and bones. In this case, tendons must remain elastic
and flexible enough to require high mechanical properties
[17, 19]. Therefore, tendons have the following three main
characteristics: first, there are uniaxially oriented nanomet-
ric collagen fibrils. Second, collagen fibrils are organized
into fiber bundles according to a hierarchical structure. The
collagen fibrils in the relaxed state appear wavy, and when
the tendon is stretched, the curly collagen fibrils begin to
straighten. And the muscle forces are transferred to the bone
by the fiber bundles and ultimately cause movement. Third,
the gradual transition of tendon—bone junction (TBJ) and
tendon—-muscle junction (TMJ) can achieve effective load
transfer and minimize stress concentration [16, 19, 20]. The
tensile modulus of the tendon in the direction of muscle
force is only ~ 0.4 GPa and of bone is~20 GPa. Tendons are
much stronger than TBJ or TMJ. So, in overload, it is more
common for MTJ or TBJ to be damaged before the tendon
[16, 17].

The specific morphology of the TBJ is called the enthe-
sis (also known as fibrocartilage entheses). To reduce these
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mechanical stress concentrations and allow for efficient
stress transfer at such scales, it is necessary for effective
force transfer between soft tissue, such as ligaments, ten-
dons, joint capsules, and hard bones [16, 20]. Thus, the
enthesis shows special gradients at all levels, including
matrix composition, cell phenotype, tissue structure, and
mechanical properties, while realizing the purpose of func-
tional grading. According to this gradient concept, the enthe-
sis can be divided into four continuous regions (Fig. 2a) with
different components [16, 19, 20]: Regions I, the tendon.
This region has 90% (v/v) well-aligned collagen fibers
(predominantly type I), small amounts of the proteoglycan
decorin, and water; Regions II, the non-mineralized fibro-
cartilage. This area is mainly composed of collagen Types
IT and III. It also contains small amounts of types I, IX and
X, and of the proteoglycans aggrecan and decorin; Regions
III, the mineralized fibrocartilage. This area is composed of
round and hypertrophic fibrochondrocytes. This area is also
called “tidemark” as the mineralization front and a boundary
between soft and hard tissue. In the final region, the mineral-
ized fibrocartilage fuses into bone tissue containing osteo-
blasts, osteocytes, and osteoclasts. The bone zone contains
~ 40% (v/v) of type I collagen following the hierarchical
structure of the tendon and contains ~ 50% (v/v) by volume
of a stiff, carbonated apatite mineral.

Treatment Strategy of TBJ Repair

TBIJ injury is a kind of motor system trauma occurring at
the tendon and bone junction, such as rotator cuff injury,
anterior and posterior cruciate ligament injury, and Achil-
les tendon injury. According to statistics, about 30% of all
clinical musculoskeletal cases are related to injuries of the
TBJ. Globally, there are 4 million new cases of TBJ injuries
each year, most of which require surgical intervention and
long-term rehabilitation [17, 19, 21-23]. Clinically, there
are many ways to repair and reconstruct TBJ injuries. Most
acute tendon injuries can be treated by suturing the ten-
don to the tendon or re-inserting the tendon into the bone
(Fig. 2b). However, according to clinical data statistics, the
recurrent rate after rotator cuff injury is about 25%, and the
recurrent rate after large rotator cuff defect is higher than
that of 57% [24-26]. Tendon transplantation is considered
a viable option for tendon reconstruction. However, the dis-
advantages are the need to kill healthy tissue and are prone
to anchor failure, and lack of mechanical strength [19, 20].
Animal tissues from mammalian can also be used to replace
human tissue to realize tendon transfer. Because it has good
feasibility in theory, the related research develops rapidly
[17, 19, 20]. Lu et al. [27] first reported a special gradient
heterogeneous decellularized ECM scaffold by bone, fibro-
cartilage, and tendon tissue in 2020 (Fig. 2b). The compli-
cated pretreatment and high cost are the disadvantages that
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cannot be ignored. Artificial synthetic and natural material
scaffolds do not have this risk and have strong advantages
in cost and preparation methods [15, 23, 28].

The three core factors of TBJ engineering technol-
ogy are ideal scaffolds, growth factors, and cultured cells
(Fig. 2¢) [17]. The ideal scaffolds would provide mechanical
strength, support cell adhesion and growth, and ultimately
guide three-dimensional tissue formation. Therefore, the
ideal scaffolds should be biocompatible, highly porous, and
biodegradable [21, 28-30]. With the rapid development in
recent years, researchers have proposed many methods for
the preparation of artificial scaffolds. Sol-gel method is a
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commonly used method because many gel materials have
very good cytocompatibility and biodegradability and have
hydrophilic groups on the surface [31, 32]. The freeze-dry-
ing method has obvious controllability and maneuverability
in endowing artificial scaffold materials with three-dimen-
sional pores and anisotropic structures. Tellado et al. [33]
designed a two-phase silk fibroin protein scaffold with ani-
sotropic/isotropic pore arrangement through freeze-drying
and salt-leaching treatment. Harley’s group demonstrated a
collagen-GAG (CG) scaffold via freeze-drying [34]. This
scaffold has a consistent mineralized gradient and geomet-
ric anisotropy at the primary TBJ. Braiding yarns into 3D
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scaffolds by machine or hand can control its 3D macro-
structure well [35]. Besides, it is easy to fabricate layered or
multiphase scaffolds with layered structures to simulate the
multilayered structure, mechanical properties, and grading
characteristics of TBJ [36]. Gomes’s group obtained Poly-
caprolactone (PCL)/gelatin and PCL/gelatin/hydroxyapatite
nanoparticle (HAp) continuous microfiber via wet spinning
[37]. By adjusting the extrusion rate, microfibers with com-
position gradients were obtained to simulate soft (tendon)
and hard (bone) tissues to form the TBJ scaffold. The coating
method has the best operability and simplicity in construct-
ing gradients of three-dimensional materials’ composition
or properties. Xia’s group developed a biomimetic approach
to design hierarchical scaffolds for tendon-to-bone repair
[38]. The length scale of the mineral gradients of this scaf-
fold (a tunable distance of 25-50 pm) matches the length of
the enthesis.

But for now, these methods more or less have some dis-
advantages that cannot be ignored. In terms of the sol—gel
method and the freeze-drying method, they have poor con-
trol over morphology and cannot design materials at the
micro-scale. Moreover, the obtained scaffolds often have a
certain thickness and rigidity, which is not conducive to the
repair of TBJ in the human body. The limitations of braiding
and wet spinning also regulate the material at the micro-
scale and complex preparation steps. In addition, it is chal-
lenging to fabricate large-scale scaffolds efficiently by using
these two methods, which are not cost-effective and time-
consuming. In the end, the coating method cannot be used
as an individual fabrication method for scaffolds.

At present, electrospinning is the most widely used
method in the research of artificial scaffolds for TBJ repair.
The advantages of electrospinning technology in this field
can be summarized as follows [6, 19, 21]: (1) Good control-
lability. The pore size, diameter and orientation morphology
of electrospun nanofibers as well as the physical proper-
ties (thickness, number of layers, mechanical strength and
area) and chemical properties (wettability, conductivity, bio-
compatibility, etc.) of electrospun membranes can be deter-
mined or controlled artificially [39, 40]. This advantage is
also beneficial to the construction of structural gradient and
component gradient of electrospinning scaffold. (2) There
is a wide range of polymers (natural and synthetic) with
benign biocompatibility and biodegradability, as well as
composites containing inorganic materials that can be used
for electrospinning [17, 22]. This can give the electrospin-
ning scaffolds more functionality. (3) Electrospinning mem-
brane usually has high porosity and large surface area to load
and wrap active biological species, such as ECM protein,
enzyme, nucleic acid, and growth factor. This is very con-
ducive to cell differentiation and proliferation [19, 20, 41].
(4) Electrospinning materials can have a variety of different
macro-morphology in three-dimensional space, including
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one-dimensional yarns, two-dimensional membranes, or
three-dimensional scaffolds. Therefore, different combina-
tions can be stacked, arranged, and composed. Because of
these advantages, electrospinning technology has made great
contributions in this field and obtained a series of significant
research achievements [6, 22, 28, 39].

Principle and Development
of Electrospinning Technology

Nanofibers have attracted great interest from materials sci-
entists for their unique features of large specific surface area
and high porosity to apply them in advanced application
fields. Methods to fabricate nanofibers have been summa-
rized and discussed elsewhere [42]. Current nanofiber fab-
rication strategies include electrospinning, polymerization,
self-assembly, CO, laser supersonic drawing, solution blow
spinning, plasma-induced synthesis, electrohydrodynamic
direct writing, centrifugal jet spinning, etc. Electrospinning
is the most established and widely adopted nanofiber fabri-
cation strategy for its easy manipulability. The electrospin-
ning strategy and its application in the biomedical field will
be discussed in this section.

Principle and Equipment of Electrospinning

The advantages of artificial electrospun scaffolds for TBJ
repair are due to the chemical and physical properties of
the scaffolds. These properties are largely determined by
the essence and principle of electrospinning. The moderni-
zation of electrospinning, historically, has been traced to
Anton Formbhals’ first patent on electrospinning in 1934
[43, 44]. After nearly 100 years of development, the elec-
trospinning mechanism is constantly improving, and tech-
nology is constantly developing. At present, it has developed
into a convenient, efficient and controllable nanomaterial
preparation technology. As to laboratory research, the basic
electrospinning equipment mainly includes a power supply,
conductive needle, injection pump and collector (Fig. 3a)
[43, 45]. The electrospinning research can be popularized
in the common laboratory because the easy construction of
the equipment. As to the electrospinning process, from the
high voltage applied to the needle to the formation of the
nanofiber membranes, there are four successive stages [46]:
In the first stage, the syringe pushes the polymer liquid out
of the needle to form small droplets. It generates an induced
charge under the action of a high-voltage electric field,
resulting in a repulsive force in the opposite direction to the
surface tension. This leads to the formation of Taylor’s cone.
As the voltage rises, the electrostatic repulsion overtakes
the surface tension, and the charged liquid shoots out of the
tip of Taylor’s cone as a fiber. In the second stage, the fibers
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appear straight in the near field and travel in a stable state for
some distance (Fig. 3b). In the third stage, after entering the
far-field region, the viscoelastic properties of the liquid itself
could no longer restrain Rayleigh instability, resulting in
bending disturbance and beginning to transform into a spiral
state [47]. In the final stage, the helical jets solidify on the
receiver to form solid fibers. The repetition of these stages
leads to the continuous superposition of a large number of
fibers and the formation of porous electrospinning nanofiber
membranes [48-50].

It can be inferred from the whole electrospinning process
that many factors have a decisive influence on the morphol-
ogy of electrospinning fibers. The first important factor is
the spinning solution parameters, which include viscosity,
concentration, surface tension, and conductivity of polymer
precursor [43, 44]. For example, when the viscosity is too
low, the liquid cannot form continuous and stable nanofiber
but form independent micro/nanodroplets; the second one
is the processing parameters, which include collecting dis-
tance, voltage and receiver state. If the receiving distance is
too small, the stabilized nanofibers have not been formed.

When the distance is too large, the fiber may not reach the
receiver; the third one is the environmental parameters,
including temperature and humidity, which are extremely
for quality control. Both of these factors affect the conduc-
tivity, viscosity and evaporation rate of the solution [51].
Therefore, the expected electrospun nanofiber membrane
is the result of the synergy of many factors. Researchers
can also control some factors and design electrospinning
nanofiber membranes to achieve specific functions. This is
very important for artificial electrospun scaffolds for TBJ
repair design [45, 51-54].

With the development of technology and the change in
demand, basic electrospinning equipment has been unable
to meet scientific research needs, especially in industrial
production. In recent years, electrospinning technology
has undergone many iterations and upgrades, mainly in the
following two aspects: One is the design of needles with
complex structures (Fig. 3c) [55-58], and another is the
breakthrough of needle-free electrospinning technology
[59-61]. For example, co-axial, triaxial, or eccentric nee-
dles can produce nanofibers with cores, hollow structures,
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or Janus structures [58]; the multi-nozzle needle design
enables simultaneous spinning of many different solutions,
and the electrospinning core-spun yarn can be generated
on a single collector using a dual-system conjugated elec-
trospinning technique [43]. The multi-needle system can
improve electrospinning efficiency to a certain extent, but
it is still out of reach for industrial production. By exploit-
ing single, co-axial, multi-axial, eccentric, and side-by-side
needles, nanofibers with different morphologies could be
produced, such as single-component nanofibers, multi-com-
ponent nanofibers, core—shell nanofibers and Janus fibers.
These nanofibers have been applied in tissue engineering
with unique functions. The multi-component (especially the
blending of natural polymer and synthetic polymer) nanofib-
ers combine biocompatibility and high mechanical proper-
ties to make the scaffolds. In contrast, the core—shell fiber
could protect the drugs or bioactive components in the core
and achieve a controlled release effect. The Janus fibers pos-
sess two individual polymers with different properties and
could load two separate bioactive components to achieve
multi-function. Combining different types of nanofibers
could achieve better treatment effects for TBJ. Therefore,
needle-free electrospinning driven by industrialization tech-
nology emerged as required. Development so far, a variety
of needle-free electrospinning technology, has been very
mature, and many related enterprises have been established
[60, 62]. By mechanism, they first attach polymer solutions
to one-dimensional lines or two-dimensional surfaces. A
high voltage is then applied to the solid, resulting in a large
number of filamentous sites on the surface. Sometimes,
however, the polymer solution solidifies on a solid surface,
making it unconducive and unable to spin. Therefore, the
technology has high requirements for environmental param-
eters and physical parameters of the solution.

Electrospinning Materials

As mentioned earlier, one of the great advantages of electro-
spinning technology is the wide selection of raw materials,
which can be divided into synthetic polymers and natural
polymers. The synthetic polymer shows favorable spinnabil-
ity, high tolerance and good extensibility. Synthetic poly-
mer (like PVDF and PU) electrospun nanofiber membranes
possess benign mechanical strength that could be used for
protective clothing, separation membrane, etc. [22, 43, 63].
However, these synthetic polymer materials are often non-
biodegradable, so their prospects for biomedical applica-
tions are limited. Apart from them, some synthetic materials
possess good biocompatibility and biodegradation proper-
ties, such as PGA, PLGA and PCL [21, 29]. But in general,
natural polymers generally show better biocompatibility and
lower immunogenicity. In this way, natural polymers are
usually co-spun with synthetic polymers to acquire scaffolds
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with biocompatibility and robust mechanical properties. In
recent years, electrospinning with collagen, gelatin, elastin
and silk fibroin blended with synthetic polymers has been
reported, and such scaffolds showed favorable clinical func-
tion [54, 64, 65].

Here are a few representative examples. Collagen is a
major component of human tissues such as skin. It is highly
conserved and relatively non-immunogenic that has been
used in a variety of tissue-engineering applications, particu-
larly in wound dressings. The critical problem of collagen
electrospinning lies in the control of the concentration. Col-
lagen can be dissolved properly at a sufficient concentration
and become the original electrospinning solution. Gelatin is
a natural polymer hydrolyzed from collagen, which shows
biodegradability and biocompatibility in physiological envi-
ronments. Electrospun gelatin fibers are easily fabricated
due to the favorable spinnability of the gelatin solution. This
electrospinning system is also environmentally friendly and
non-toxic since the gelatin is dissolved in acidic or high-
temperature aqueous solutions. However, its poor mechani-
cal performance hinters at the application in tissue engineer-
ing alone. Silk fibroin protein extracted from silk is also a
commonly used natural materials in biomedical scaffolds.
Its advantages lie in the minimal inflammatory response,
good mechanical properties and optional wettability. Sol-
vent selection is the most important problem in silk fibroin
electrospinning [54, 66]. Chitosan, which can be extracted
from shrimp shells and crab shells, is an economically safe
and biodegradable natural polymer. In earlier studies, chi-
tosan needed to be mixed with other polymers to be electro-
spun. It was not until 2004 that pure chitosan electrostatic
fabrics were successfully prepared. Direct electrospinning
of pure chitosan was carried out by using tetrahydrofuran
(THF) and acetic acid as a mixed solvent. For the electro-
spinning scaffolds for TBJ repair, it is extremely important
to deeply understand natural polymer materials and their
selection. However, it should be emphasized that natural
polymer materials also have some limitations, such as easy
degeneration, uncontrollable degradation time, poor chemi-
cal stability and the weak mechanical stability mentioned
before [52, 53, 67].

Electrospun Textiles for Biomedical Application

After the rapid development in recent years, electrospinning
technology has been gradually applied in various research
fields [43, 44, 49, 55, 68-70]. For example, in the fields of
environment, energy, and especially in the textile, the con-
tribution of electrospinning technology is of epoch-making
significance [71-73]. Innovative technologies such as water-
proof and moisture permeability, radiation refrigeration,
thermal cloth and intelligent fabrics are inseparable from
the contribution of electrospinning technology [74-82].
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Electrospinning technology is also applied in biomedical
applications, including TBIJ repair. In this respect, due to the
advantages of natural polymer materials and the advantages
of electrospinning technology, some applications of great
significance to human health have been gradually developed
(Fig. 4).

Novel medical dressings for wound healing need to have
a number of specific properties, such as promoting wound
healing, appropriate interaction with wound exudates, good
mechanical properties, and comfort. Electrospun nanoma-
terials have a higher surface area to volume ratio, which
makes efficient packaging and controlled release kinetics of
drugs possible. Therefore, it can meet the special require-
ments mentioned above [64, 83]. In addition, the potential
for nanoscale fibrous materials to interact with the wound
area is increased, improving contact with the wound site and
thereby influencing cell behavior at the wound site. Mean-
while, the physical and chemical properties of electrospun
nanomaterials are easily modified and can be designed to
mimic ECM or other cellular components, making them
more immune system-friendly [52, 67]. Recently, Qi’s
Group reported on an electrospinning wound dressing with
great methicillin-resistant Staphylococcus aureus (MRSA)
inhibition ability [84]. Tang’s group proposed a new per-
sonalized electrospinning nanofiber dressing with in-situ
deposition [85].

Drug delivery and wound dressing have certain simi-
larities in their modes of action. Electrospinning nanofibers
show advantages in material selection, preparation method,
drug packaging, and drug release controllability [86, 87].
Parin et al. proposed a synchronous method of electrospin-
ning and electrospraying to prepare electrospun nanofiber
membranes containing folic acid [88]. Celebioglu and Uyar
developed the electrospinning of polymer-free and free-
standing acyclovir/cyclodextrin nanofibers for the first time
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[86]. Although significant progress has been made in vitro
and in vivo research on on-demand nanofiber drug delivery
systems, most studies are still limited to laboratory valida-
tion. Meanwhile, clinical transformation of such technolo-
gies remains to be further developed. The main challenges
are the chemical complexity, biological reactivity and pre-
dictability of electrospinning carriers used in an in vivo
physiological environment.

Electrospun nanofibers play an important role in the con-
struction of diagnostic sensing platforms due to their large
surface area to volume ratio, high porosity, and versatility in
structure and composition [89, 90]. Crapnell and coworkers
have fabricated nylon 6,6 fibers incorporating polypyrrole
(PPy) molecular-imprinted polymers (MIPs) for the selec-
tive detection of D-glucose by electrospinning [91]. This
research has a very important contribution to the health of
human beings, especially diabetics. Andrade’s group has
designed hierarchal composite polyaniline-(electrospun
nanofiber) hydrogel mat (ENM) [92], which can realize
simultaneous enrichment and simultaneous detection of
Zika virus particles.

TBIJ, the focus of this review, is an important part of the
field of tissue engineering. In fact, electrospinning has more
than one application in tissue engineering. Similarly, bone
tissue regeneration, artificial blood vessels, and the nerve
can be achieved by electrospinning biological scaffolds [12,
18, 66, 67, 93]. They all take advantage of the fact that the
structure of electrospun biological scaffolds is highly similar
to the ECM structure of natural tissues. Also, the advan-
tages of high porosity and surface area volume promote
the cell migration and differentiation. For another example,
Electrospun materials for skin repair is a new frontier field.
Water-soluble electrospun nanofibers were used to achieve
antimicrobial, anti-UV, and oxidation resistance. Integrat-
ing of these applications in tissue engineering will be very
enlightening for TBJ repair research [20, 40, 53, 65, 94, 95].

Macroscopic Structure of Electrospun
Scaffolds in Tendon-Bone Junction
Treatment

Electrospun Nanofiber Membrane Scaffold

Electrospun nanofiber membranes are fabricated by collect-
ing nanofibers using a metal plate or roller, which is the most
traditional method and most convenient method to fabricate
nanofiber membranes with high porosity. Fibers inside the
membranes could be separated inside the membranes ran-
domly or aligned. Regarding the specific hierarchical struc-
ture of the TBJ, scaffolds for the treatment of this site are
required to possess a gradient fiber structure from random to
aligned, as well as a gradient mineralization content. Highly
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aligned fibers and non-mineralized components lead to the
proliferation of tenocytes, while random matrix and highly
mineralized content facilitate osteoblast formation. The
early fabrication method of gradient mineralization structure
on electrospun scaffolds was reported by Li et al. in 2009
(Fig. 5a). Highly aligned nanofiber membranes are mechani-
cal anisotropic and perform well in the force load direc-
tion. In the regeneration of tissues like tendons, ligaments,
muscles, of which the extracellular matrix is highly aligned
in the longitudinal direction for superior mechanical perfor-
mance, scaffolds are in need to be made with high alignment
for the guidance of cell proliferation and migration. Meth-
ods to prepare highly aligned electrospun fiber membranes
required some modification of the collector, such as high
rotational roller, gap assisted metal, magnetic, centrifugal
electrospinning apparatus, near field, and the post drawing
of samples could also achieve the alignment [96]. In order to
improve the mechanical properties of electrospun scaffolds,
some researchers used traditional textiles as the substrate for
enhancement (Fig. 5b).
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Fig.5 Schematic illustration of the application of electrospun
nanofiber membrane scaffolds. a Fabrication process of gradient
calcification of electrospun membrane; reproduced with permission
from Ref. [11], Copyright 2009, American Chemical Society. b The
cross-section of electrospun nanofiber membrane on woven fabric
substrate; reproduced with permission from Ref. [104], Copyright
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To achieve better treatment, the structure of the fibers
could be varied to acquire other functions. These novel fiber
structures could provide scaffolds with advanced functions
in the treatment of enthesis. For example, the core—shell
nanofibers are suitable for loading and protecting the drug
or active bio factors from the extra environment during pro-
cessing. Side-by-side nanofibers are of great significance
in loading two drugs separately. The blend electrospinning
with two or more components could exploit the advantage
and mediate their performance to meet the practical need.

Regarding the characteristic of the enthesis, electrospun
fibrous membranes have been designed and applied in the
TBJ for evaluation. Zhao, etc. [97] exploited the stagger-
electrospinning technology to produce a hierarchical and
stretchable fibrous membrane containing PCL and chi-
tosan. Results exhibited that the combination of chitosan
significantly enhanced new bone formation. This kind of
method is relatively simple, but it is difficult for TBJ regen-
eration. By mineralization, the strength and toughness of
the TBJ scaffold were both enhanced as well as the treat-
ment performance [98]. Further, in Wang’s work, they used

Supraspinatus — \é \ ~————————— Supraspinatus

——— Humerus
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tendon-to-bone

HA growth

2015, Elsevier. ¢ Bipolar eletctrospun nanofibrous membrane with
PLLA layer and nHA-PLLA layer to mimic the normal fibrocarti-
lage enthesis; reproduced with permission from Ref. [10], Copyright
2018, PubMed Central. d Bi-layered eletrocspun membrane scaffolds
with aligned and random layers; reproduced with permission from ref
[103], Copyright 2017, Elsevier



Advanced Fiber Materials (2023) 5:764-790

773

a solvent-post-treated method to treat the PU/gelatin electro-
spun scaffold to make crimped nanofibers and welded joints
to mimic the intricate natural TBJ site. This method stabi-
lized the fiber network and facilitated the proliferation and
differentiation of stem cells [99]. Different cytokines and
bioactive materials can be incorporated into the nanofibers
to stimulate the differentiation of MSCs. Kartogenin could
stimulate chondrocyte differentiation of MSCs and it has
been embedded in the PCL aligned nanofibers fibrous mem-
branes. It showed that the incorporation of KGN has signifi-
cantly stimulated the chondrogenic and tenogenic differenti-
ation [100]. The gradient structure could also be constructed
into single nanofiber membranes via post-treatment. In Li’s
work, they achieved the gradient alignment structure using
the solvent vapor-induced welding method. In this work,
PLGA electrospun nanofibers were first fabricated with high
alignment and followed by immersing part of the membranes
in ethanol and exposed to its vapor. The post-treated part had
a welding effect on the fibers so as to change the porosity
and fiber direction. This scaffold mimicked the natural con-
nective tissue and promised the integrity of newly generated
tissues. Yu et al.. reported a similar work with the method of
photothermal-triggering on the aligned membranes, which
is a novel and smart method to modulate the arrangement of
the fiber alignment [9].

In order to recapitulate the structure and component of
the native TBIJ tissue, biphasic, triphasic and multiphasic
biomimetic scaffolds have been fabricated and shown great
potential in practical surgery uses. Zhu et al.. [38] fabricated
a hierarchically structured scaffold with a channel array and
gradient mineralized inverse opal region. The channel is
suitable for cells to infiltrate and proliferate, and the stem
cells differentiate into tenocytes within one direction and
into osteoblasts along the mineral gradient direction. Based
on the same mechanism, dual-layered [10, 101] and multi-
layered [102] electrospun membranes with hierarchical and
gradient structures are designed and fabricated to facilitate
the regeneration of TBJ with desired functions. According to
the natural structure of enthesis tissue, the fibers are highly
aligned in the tendon side but randomly dispersed in the
bone side.

Regarding this characteristic, multi-layered membranes
should be produced with high alignment to guide the cell
migration in the tendon side. Cai et al. [10] designed and
fabricated the dual-layer nanofibrous scaffolds for improv-
ing the healing of the TBJ in a rabbit model. In this scaffold,
one layer is highly aligned for tendon regeneration while
the other layer is random for the healing of bone (Fig. 5¢).
Histological assessment showed that the dual-layered scaf-
fold decreased the interface width and enhanced the gradi-
ent structure. Based on the structure gradient, the gradient
of mechanical properties could also be created to meet the
real application need. In the meantime, the nanofillers and

bioactive factors are also graded and distributed in the scaf-
folds from the tendon to the bone side in order to induce dif-
ferent cell proliferation. Li et al. [103] designed the flexible
bipolar nanofiber membranes to improve the formation of
gradient microstructure in enthesis healing. Briefly, two lay-
ers of the PLLA nanofiber membranes were deposited on the
collector successively, and apatite nanoparticles grew in situ
on the lower layer while the upper layer kept its original
properties for the purpose of inducing tendon regeneration.
Implanting the bipolar membrane induced bone formation
and fibrillogenesis (Fig. 5d). Although many research works
have testified to the feasibility of electrospun nanofiber
membranes for TBJ healing, the 2D dimension and poor
mechanical properties still hamper the practical application.
In this way, textile technology stands out to be an excellent
method for fabricating 3D and robust nanofiber scaffolds for
biomedical applications.

Electrospun Nanofibrous Textiles SCAFFOLD

Textile is a traditional and mature manufacturing technique.
Textile is an excellent technology for constructing hierar-
chical scaffold structures that mimic the native tissue and
facilitate the reconstruction of the injured tissue. Apart from
electrospun nanofibers and nanoyarns, researchers have been
processing the yarns into textiles via mature manufacturing
in order to improve the mechanical properties and other per-
formance. Textile technology is superior in changing the 2D
electrospun nanofiber matrix into 3D scaffolds to mimic the
natural tissue better and improve mechanical performance.
These kinds of textiles could be categorized into woven
fabric, knitted fabric, and braided fabrics according to their
structure, and these will be discussed in detail in this part.

Electrospun Nanofiber Yarns Scaffolds

Yarn is the secondary structure of the textiles, which pre-
sents a slim and continuous strip composed of fibers or fila-
ments. Compared with nonwovens, the textile format without
yarn structure, yarn structure makes it possible to construct
textiles with advancing biomimetic hierarchical 3D structure
and better mechanical properties. The nanofiber yarns are
microscale (size) composed of fibers in the nanoscale (size),
making it possible to produce textiles with higher specific
area and porosity that are beneficial in the biomedical scaf-
fold application. In the early research, electrospun nanofiber
yarns were produced by cutting the electrospun films into
slim strips and then twisting them into the so-called yarns
[105, 106]. This method produced yarns with limited length
and the yarn diameters and evenness were hard to control.
Later, the electrospinning apparatus is updated and modi-
fied to produce continuous nanofiber yarns, as presented
in Fig. 6. They are mainly achieved by water bath method
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Fig.6 Schematic illustration of fabrication process and SEM images
of electrospun nanofiber yarns. a Wet-electrospinning; reproduced
with permission from ref [107], Copyright 2021, American Chemical
Society. b Water vortex assisted method; reproduced with permission

or conjugated spinning [107-110]. The water bath method
is achieved by collecting the nanofibers that first being
stretched by the high voltage from the water bath and then
drawn by the rotation of the collecting roller (Fig. 6a). Jiang
et al., has used this method to prepare PCL nanofiber yarns
and then fabricated into textile scaffolds for vascular [107]
and skin tissue engineering [108]. In Smit’s work [109], they
used a similar method to produce the nanofiber yarns with
the assistance of a water reservoir collector. However, bead
structure could be clearly observed on the nanofiber yarns,
which may result in poor mechanical performance. Tian
etc. [111] also used this wet-electrospun method to produce
nanofiber yarns. They modified the mechanical properties
by post-treating them with plying and twisting. Besides, an
innovative and clever method to fabricate nanofiber yarns
is using of the water vortex to collect and twist the as spun
nanofibers into yarns (Fig. 6b) [112]. The authors have testi-
fied the oriented nanoyarns, and larger pore size was positive
for cell growth.

Conjugated electrospinning is another method to produce
nanofiber yarns [113, 114]. Li [114] used the conjugate elec-
trospinning method to produce PLLA/zein nanofiber. Two
high electrical voltage suppliers were applied to the two
spinnerets and fibers were merged at the center and then
collected (Fig. 6¢). The yarns produced by this method are
relatively incompact and show poor mechanical properties.
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ning; reproduced with permission from ref [114], Copyright 2009,
John Wiley and Sons. d Using funnel collector, scale bar 200 pm;
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Later, conjugated electrospinning is updated with a funnel-
shaped metal collector. Funnel-shaped metal collector-
assisted electrospinning apparatus has been reported in
many references to produce continuous nanofiber yarns
with adjustable fiber alignment and yarn twist. In Wu’s work
[115], PLGA/PLA nanofibers/microfibers hybrid yarns were
fabricated by the funnel-shaped collector assisted appara-
tus (Fig. 6d). The yarns were loaded with thymosin Beta-4
loaded and the yarns could promote tendon tissue engineer-
ing effect by improving tenogenesis of adult stem cells.

In the application of biomedical use, electrospun yarns
are very suitable for degradable sutures. However, in other
tissue engineering scaffolds, including the TBJ treatment,
yarns are limited by their dimension and mechanical per-
formance and should be further processed into textiles for
better application.

Woven Scaffolds

Weaving is an ancient textile processing method to create
clothing. The most convenient and traditional fabricating
method is to interlace two systems of yarns (warp yarn and
weft yarn) perpendicular to each other by hand. By exploit-
ing the weaving loom, fabrics with more complicated struc-
tures could be fabricated effectively and uniformly. Woven
fabrics have been used as the tissue engineering scaffold



Advanced Fiber Materials (2023) 5:764-790

775

by utilizing excellent mechanical properties and biomi-
metic bulk construction. Compared with knitting, weaving
is the better method of producing fabrics with anisotropic
mechanical properties. Hence, weaving is more suitable for
making scaffolds for anisotropic tissue regeneration in ten-
dons [104, 116], cartilage [117], vascular conduit [118], etc.
Woven fabrics exhibit better stable dimensional structure
and higher stiffness when compared with knitted fabrics,
which makes them the better candidate for the treatment of
TBJ. By changing the inserted weft yarns, woven scaffolds
with gradient structure could be easily acquired to facilitate
the formation of graded tissue. Recently, it has been found
that the combination of weaving and electrospinning in the
fabrication of biomedical scaffolds significantly improves
the scaffold performance in accelerating the regeneration
of repaired tissue.

There are two methods to combine electrospinning and
weaving to fabricate tissue engineering scaffolds. One of
them is to use traditional woven fabric as the substrate for
mechanical support, while the electrospun membranes pro-
vide an environment for cell adhesion. However, such a
combination of woven fabric and electrospun membranes is
easy to delamination when treated with water or mechani-
cal stress. The other one is to fabricate the woven fabric
directly using the nanofiber yarns produced by electrospin-
ning. This method provides the fabric structure with more
integrity and avoids delamination. Micropores in the yarns
and fabrics provide a path for cells to migrate and nutri-
tion exchange, leading to a better regeneration effect on
tissue repair. Because electrospun nanofiber yarns do not

a b

Microfibers

£\

Microfibers

possess comparative mechanical properties with the tradi-
tional yarns; they are usually applied in the weft system to
guarantee the structure and properties. Besides, due to the
ECM-like structure, these fabrics are also suitable for cells
to adhere, migrate and penetrate. Drug-loaded electrospun
nanofiber yarn-woven fabrics have been made by Padma-
kumar et al. [119] for drug delivery systems in peritoneum.
They showed that this nanotextile is mechanically strong and
exhibited therapeutic efficacy.

In the healing of TBJ, weaving could be exploited to
easily manipulate the hierarchical scaffold structure for the
gradient tissue structure formation. Xie et al. [120] have
reported a novel woven scaffold made from electrospun
aligned nanofiber yarns. The woven scaffold had a gradi-
ent HAp component from tendon part to bone part in order
to induce the differentiation of tenocytes and osteocytes
and the different mineralization of tendon and bone. They
achieved the gradient structure by gradually changing the
inserted weft yarns that contain different ratios of HAp. The
in vivo study revealed that the mineralized segment pro-
moted the osteogenic differentiation of rBMSCs, while the
non-calcified part improved the tenocyte differentiation of
rBMSC:s. Figure 7 presents the fabrication and structure of
the hierarchical and gradient structure of the woven scaffold.

Weaving is a facile fabrication method to construct scaf-
folds with anisotropic structure and tunable mechanical
properties to mimic the properties of native TBJ tissue and
enable the regeneration of junctions with gradient composi-
tion and structure. Cell behavior could be modulated and
controlled by regulating the weaving pattern. Meanwhile,
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the toughness and structural stability of woven scaffolds are
better than knitted scaffolds.

Knitted Scaffolds

Knitting is a mature textile manufacturing method for fab-
ricating fabrics with 2D or 3D structures. Knitted fabrics
are constructed by interlooping yarns to form a sheet-like
cloth with a connected and uniform porous structure with
yarn loops. According to the direction of yarn loops, the
knitting process could be classified into two major catego-
ries, warp knitting and weft knitting. The yarn loops are
arranged vertically in warp-knitted fabrics and horizontally
in weft-knitted fabrics. Due to the existence of yarn loops,
knitted fabrics are more stretchable and ductile than woven
fabrics. Knitting has been extended to many fields besides
apparel, including the biomedical field as scaffolds for tis-
sue engineering. Knitted fabrics possess high flexibility,
and the pore size could modulate by yarn loops structure
to meet the properties of scaffolds for vascular, tendon and
bone et al. According to the references we have found, in the
1980s, knitted Dacron fabrics have been explored to be arte-
rial graft in artificial circulation, and the thrombogenicity
of fabrics with different structures have been studied [121].
Although Dacron is a kind of traditional and representative
textile fiber that shows favorable mechanical properties, it
is nonbiodegradable and the poor biocompatibility hinters
at its application in biomaterials. Thus, coating the knitted
scaffolds with biocompatible materials, such as collagen, is
a facile method to improve the scaffolds’ biocompatibility
[122]. The better solution is fabricating the scaffold by using
biodegradable and biocompatible yarns. In 2003, Ouyang
etc. [123] studied and evaluated the morphology and biome-
chanical function of regenerated tendons using a PLGA knit-
ted scaffold. Results showed that the knitted scaffold effec-
tively promoted structure and function restoration. More
recently, knitted silk-collagen fabrics have been explored to
be scaffolds for ACL reconstruction [124]. Apart from these,
knitting could be used as biomaterials in combination with
electrospinning technologies to utilize both advantages of
them. One of the methods is to exploit knitted fabric as the
substrate to provide excellent mechanical support. It was
reported that the knitted silk and collagen sponge scaffolds
improve functional ligament regeneration by regulating col-
lagen fibril assembly [125]. Another method is to fabricate
the knitted fabrics with electrospun nanofiber yarns. The
knitted fabrics could be used as the template for guiding
the regeneration of the new tissue. Cai et al. [126] reported
work on using electrospun core—shell yarns to fabricate knit-
ted fabrics for tendon tissue engineering (Fig. 8). Both the
core micro yarns and the shell nano yarns were made of
biodegradable polymers, and the electrospun shell part was
blended with silk fibroin to improve the biocompatibility.
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This weft-knitted scaffold showed good mechanical perfor-
mance and could promote cell adhesion and proliferation
and enhance the tenogenic differentiation of rBMSCs. The
regenerated tendon tissue performed well in the failure load
and stiffness after 6 months.

Electrospun knitted fabrics have been studied exten-
sively in tissue engineering, but this method is still diffi-
cult to adjust properties in different directions. Especially
in the TBJ repair, the isotropic mechanical property is of
great significance. Thus, in the combination of knitting and
electrospinning for the application of bone to tendon tis-
sue engineering, structure design should be modified. These
methods include using highly aligned electrospun nanofiber
yarns for knitting, depositing highly aligned nanofiber mem-
branes onto the knitted substrate, etc.

Braided Scaffolds

Braiding is a versatile way of producing strip-like textiles
by interlacing three or more sets of yarns in one direction.
2D and 3D textile structures could be produced on the braid-
ing machine. Braiding is an easy method to produce an ani-
sotropic structure to meet the mechanical requirement of
anisotropic tissues like vascular stents, tendons, ligaments,
etc. The braided fabrics are stable in dimension and pos-
sess favorable mechanical properties, especially in the axial
direction. Yarns in the braided textile are arranged along
the axial direction, making it an anisotropic structure with
favorable mechanical performance in the axial direction. By
exploiting 3D circular braiding technology, a 3D circular
braided chitosan scaffold has been fabricated for tendon aug-
mentation. The 3D scaffold well mimicked the native tendon
tissue and possessed better mechanical performance than
the native tendon tissue [127]. The research work proposed
a facile method for designing tendon analogs, which main-
tained important flexibility in scaffold design and improved
the mechanical properties of the resulting scaffold. It has
been reported that cell adhesion and proliferation could be
enhanced by increasing the specific surface area. Thus, elec-
trospinning is a simple way to achieve this. In the meantime,
by using aligned electrospun nanofiber yarns for braiding,
scaffolds with higher fiber alignment could be produced to
guide the formation of regenerated anisotropic tissue. Hence,
braiding is the most widely studied textile technology for
constructing scaffolds for tendons, bones, and TBJ repair.
Porosity and yarn alignment could be tuned by adjusting
the braiding angle. Research reported an electrospun aligned
nanoyarns braiding scaffold for tenogenic differentiation
from MSCs. It has testified that the braiding angle is sig-
nificant for the tissue-specific commitment of HIPSC-MSCs
[128]. Microfibers produced by wet-spinning have been
made into the braided textile with a gradient structure for
TBJ treatment [37]. In this report, PCL/gelatin microfibers
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with different content HAp were fabricated by wet spinning.
Then these fibers were braided into the textile with a gradi-
ent structure by gradually changing the fibers with higher
HAp content (Fig. 9a). This gradient scaffold could mimic
the characteristics of TBJ and facilitate the regeneration.
Another method to achieve the transition of tendon/ligament
to bone by braiding is shown in Fig. 9b, which is fabricated
by destructing the yarn structure at the bone segment to
make the fiber randomly align.

However, compared with nanofibers, microfibers have
fewer pores for cells to penetrate and migrate. By reducing
the diameter of the fibers to the nanoscale, the higher spe-
cific surface area will benefit the adhesion of the cells. Thus,
electrospun nanofiber bundles and yarns are exploited in
braided scaffolds. By varying the braiding angle, nanofiber

diagram of the PCL-SF/PLCL knitted scaffolds for tendon regenera-
tion; reproduced with permission from Ref. [126], Copyright 2020,
Royal Society of Chemistry.

braiding scaffolds change their yarn alignment to satisfy
different tissue regeneration (Fig. 9c). Continuous aligned-
nanofiber threads from PCL/CHT/CNT have been spun and
braided into a scaffold for artificial tendon construction
[129]. Rothrauff, etc. [130] fabricated the braided scaffold
from electrospun nanofibers by cutting the nanofiber mem-
branes into strips and stacking them and then braiding. The
mechanical performance and differentiation of MSCs could
be enhanced by the braided structure. However, although
such scaffolds were produced by braiding, they are not the
real braided textile due to the lack of yarn structure. Com-
pared with knitted and woven textiles, the braiding structure
is more anisotropic and possesses better mechanical tensile
stress in the axial direction, making it suitable for scaffolds
for TBJ.
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Fig.9 a Braided scaffold with HA gradient content; reproduced with
permission from Ref. [37], Copyright 2019, John Wiley and Sons. b
Braided ligament scaffolds with structure of the bone segment and
intra-articular zone; reproduced with permission from Ref. [131],

Functional Electrospinning Scaffolds
in Tendon-Bone Junction Repair

Piezoelectrical Electrospinning Nanofiber Scaffold

As mentioned above, the three major elements of interfacial
tissue engineering are scaffold materials, growth factors, and
cells [17, 19, 28]. Although this review focuses on scaffold
materials, the effects of materials on growth factors and,
ultimately, cell growth are essential factors that researchers
must consider. In tissues like TBJ, signaling pathways are
often dynamically transmitted through electrical synapses
or chemical protrusions to better reshape their function
[132, 133]. The transmission of these signaling pathways
is controlled by the cell and extracellular matrix. However,
when we introduce artificial tendons and bone repair scaffold
materials, it is easy to adversely affect these natural signal-
ing pathways. So, researchers began exploring intelligent
artificial scaffolds to solve this challenge.

When stimulated by external stimuli, intelligent materials
will output at least one stable, reproducible and significant
signal of at least one characteristic. Electrical stimulation is
closely related to tissue repair among many signal stimula-
tions. Therefore, electroactive intelligent artificial scaffold
plays a crucial role in TBJ repair research. Piezoelectric
materials, in particular, can generate electrical signals in
response to pressure. In the absence of an external power
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supply, piezoelectric artificial scaffolds can be forced to
produce specific electrical stimulation and stimulate tissue
regeneration through certain pathways [134-138].

In electrospinning materials, many polymers, such as
PVDF and nylon, show good piezoelectric properties [43,
139]. The structure of piezoelectric polymers requires per-
manent molecular dipoles and the ability to align or orient.
In addition, these polymers need to be able to withstand
periodic and repeated strains under mechanical stress.
Notably, many components in tissues, such as tendons
and bones, also have piezoelectric properties. Collagen,
for example, the main component of bone and cartilage,
is piezoelectric, generating electrical signals in response
to internal forces. Tissue can, therefore, interact with the
material, allowing these signals to be transmitted via ECM
to voltage-gated channels in the cell membrane. In general,
electrospinning is an excellent strategy for constructing a
piezoelectric TBJ scaffold [135].

However, in the field of tissue engineering, there is
much research on bone repair and cartilage repair using
piezoelectric materials, but little research on TBJ repair.
The lack of research on this topic may be due to the com-
plexity of TBJ’s structure and composition. It is a signifi-
cant problem to stimulate the electrical signals generated
by piezoelectric supports. In 2021, Biggs and Coworkers
proposed an electrospun nanofiber scaffold made from a
ferroelectric material poly (vinylidene fluoro-co-trifluoro-
ethylene) [133]. The results showed that motion-driven
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Fig. 10 a This mechanical stress is borne by a highly anisotropic
extracellular matrix composed of collagen type I, a high-tensile,
piezoelectric material which undergoes electrical polarization in
response to mechanical loading. b Direct comparison of piezore-

electromechanical stimulation of the tendon tissue with
piezoelectric electromechanical devices could regulate
ion channels and specific tissue regeneration signaling
pathways in vitro. Using a rat model of acute Achilles
tendon injury, the authors demonstrated the potential of
piezoelectric bioelectronic devices in regulating the ten-
dinopathy-related processes in vivo (Fig. 10). This work
showed that electromechanical stimulation can regulate
mechanosensitive ion channel sensitivity and can promote
tendon-specific over non-tenogenic tissue repair processes.
From the perspective of future development, it is a promis-
ing and significant new research field that is advantageous
to repair TBJ by piezoelectric scaffolds.

Muscular
Contraction

o
g
*
i

$
.t
=
«

-
o
1

Piezoresponse (pm/V)
S 8
43
FB
T
<
<
L

-
S o

o g

Injury MTR

Injury

Non-Piezo

ﬂ‘
l” .,, ,-
=8 n"

& }
,‘i" w

sponse values between samples. ¢ The progression of calcification is
observed in the Injury group; reproduced with permission from Ref.
[133], Copyright 2021, John Wiley and Sons

Metal lon-Stimulated Electrospinning Nanofiber
Scaffolds

In addition to electrical signals, some metal ions also
play an essential role in maintaining human biological
functions and promoting tissue repair [140, 141]. These
metal ions are essential trace elements in the body and
play a key role. Iron, for example, is involved in oxygen
transport and blood cell production; Copper ions and zinc
ions can promote the formation of bone, skin, and connec-
tive tissue [142—144]. Magnesium ion (Mg) can stabilize
the transition state of high negative charge during ATP
hydrolysis [101]. Therefore, it can be inferred that trace
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metal elements can act as bioactive structural factors and
therapeutic elements for tissue repair during TBJ repair.
In an earlier study (2015), calcium and zinc have been
shown to play an important role in the normal growth, min-
eralization, and repair of the fibrochondral region (TBJ) at
the bone—tendon junction [145]. More importantly, calcium
and zinc showed a special gradient distribution pattern
in PPTC fibrous cartilage region. For example, zinc was
enriched in the transition zone between uncalcified fibro-
cartilage and calcified fibrocartilage, with the highest zinc
content at the fibrocartilage band TM, 3.17 times that of the
patellar tendon. Inspired by this gradient morphology of the
tendon—bone interface, Yang et al. proposed a bipolar metal
flexible electrospinning fiber film based on a metal-organic
framework (MOF) [101]. MOF was integrated into flexible
biomaterials using electrospinning technology. First, the
coated MOF particles will be released gradually with the
degradation of electrospinning nanofibers. In turn, metal
ions bound to the spatial structure of the MOF particles were
released from the MOF particles and can maintain biologi-
cal effects (Fig. 11). The experimental results showed that
the bipolar membrane possessed good mechanical properties
and continuous release of metal ions, which can promote
biological mineralization and angiogenesis. Meanwhile,
the side containing PLA-H showed good tendon formation
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Fig. 11 The schematic illustration of the fabrication and implantation
method of the bimetallic bioinspired bicomponent integral nanofi-
brous membrane and the effect of regulating the synchronous regen-
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ability in vitro. In general, in vitro and in vivo experiments
have verified the ability of tendon—bone interface integration
regeneration of bipolar metal flexible electrostatic spinning
fiber. Metal ion-stimulated electrospinning nanofiber scaf-
fold of TBJ repair is a novel strategy with promising clinical
application. In future studies, the selection of metal ions, the
distribution of gradients, the release ability and the stability
of materials are all factors that can be studied.

External Field-Assisted Electrospun Nanofiber
Scaffolds

The morphology, structure, and composition of artificial
scaffolds have a decisive influence on the structure of TBJ
repair [21, 29, 146]. As discussed in Sect. 3, the structure
and morphology of electrospun nanofibers can be regulated
by many factors, and the external environment is a crucial
factor in regulating the morphology of the macroscopic
nanofiber membranes [147]. For example, the needle and
receiver are modified to obtain electrospun films with Janus
asymmetry or gradient morphology [43, 60, 148]. Another
more controllable and convenient way is to construct
nanofiber scaffolds with orientation or gradient structure
with the help of the external field. The number of studies in
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this area is large and has achieved outstanding therapeutic
effects [149-151].

To achieve precise spatial control of fiber alignment to
better simulate structural gradients in interfacial tissues such
as the tendon—bone interface, a modularized magnetic field-
assisted nanofiber scaffold with gradient orientation was pre-
pared by Tindell et al. [152]. If the magnet is fixed to the
receiver, it is found that the fibers near the magnet are highly
oriented, while the fibers farther away are more disordered.
This is because the magnetic field strength increases with
decreased distance away from its surface. The obtained gra-
dient nanofibrous scaffold can be divided into three regions:
magnetic (M) region, transition (T) region, and nonmagnetic
(NM) region (Fig. 12a). This is similar to the natural struc-
tural gradients present in many interfacial tissues, such as
TBJ. The strength of these three regions was tested along
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fabrication process. The photographs and SEM images of the corre-
sponding nanofiber scaffolds with gradient morphologies and miner-
alization; reproduced with permission from Ref. [9], Copyright, 2022,
Springer Nature

the scaffold direction to correspond to the fiber alignment
direction in the magnetic region. The results showed that
the aligned fibers had a statistically higher Young’s modulus
in the magnetic region than those of the randomly aligned
fibers without a magnetic region. Cell experiments dem-
onstrated that cells implanted with gradient fiber scaffolds
were elongated and aligned on aligned fibers, but showed no
preference for randomly aligned fibers. This gradient struc-
ture benefited stem cells differentiated towards a tenogenic
lineage and an osteogenic lineage on separate aligned and
randomly aligned nanofibers, respectively. Although the
researchers did not conduct further human or animal stud-
ies, this method is expected to lead to a regenerative TBJ
tissue-engineered scaffold.

In addition to magnetic fields, thermal fields are also an
effective method for constructing gradient structures. Yu
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and coworkers introduced indocyanine green (ICG), a near-
infrared (NIR) dye, into electrospinning nanofibers [9]. The
ICG is excited by laser irradiation, which eventually leads
to welding and even fusion of the nanofibers at the intersec-
tion. The degree of welding can be controlled by adjusting
the power and duration of the NIR laser in different regions,
thus generating gradient structural characteristics from
alignment to randomness. By using the method of gradual
soaking time, the authors proposed a graded mineralization
strategy, which successfully realized the gradient increase
of hydroxyapatite content in the direction of the structural
gradient (Fig. 12b). Finally, the researchers constructed an
electrospun nanofiber scaffold with double gradients. This
scaffold could simultaneously realize the tendinous and
osteogenic differentiation of tendon-derived stem cells. This
dual-gradient nanofiber scaffold has been demonstrated to
have broad potential in clinical TBJ healing. However, the
author also pointed out that the two-dimensional electrospun
scaffold material still has some limitations in clinical experi-
ments. The design of a three-dimensional artificial scaffold
with spatial gradients in fiber alignment, mineral contents,
and cell types will be of great clinical significance [40, 147].

Magnetic and photothermal fields not only play a positive
role in modulating the morphology of the nanofiber scaffolds
but could also accelerate tissue regeneration. It is reported
that inorganic nanomaterials such as Mexne [153], black
phosphorous (BP) [154, 155], titanium sheet [156] and tel-
lurium [157] show the photothermal therapeutic effects for
pathological tissue by killing the cancer cells in a mild and
non-contact way. BP is biocompatible and biodegradable,
which is suitable for biomedical applications, while the tox-
icity and biocompatibility of Mexne remain to be deeply
investigated. By incorporating these photothermal nanoma-
terials into nanofibers, smart scaffolds, which are sensitive
to external stimulation, could be fabricated and structure
mediation could be achieved even after scaffold implanta-
tion. To our knowledge, some research is now using thermal
therapy for bone regeneration. However, there is little report
on the thermal therapeutical for TBJ, which shows tremen-
dous potential in facilitating the repair of TBJ.

Mechanical Stimulation

Mechanical stimulation is another crucial factor in facili-
tating the regeneration and maturation of the TBJ [158].
Although a great number of researchers reported that the as-
made electrospun scaffolds showed a positive effect on the
regeneration, they are based on the static culture of the cells.
However, in the real application, scaffolds are always under-
going mechanical stress, including compression and stretch.
Mechanical stress during the TBJ maturation has been
shown partially influence cell differentiation and cell mor-
phology changes. In general, high tensile stress positively
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affects tenogenesis, while low tensile stress is associated
with osteogenesis [159]. In the investigation of mechanical
stimulation on the effect of MSCs proliferation and collagen
secretion and alignment, a bioreactor with a stretching ses-
sion is needed to provide stretching on the scaffold during
cell culturing. Researchers have testified that the external
force that generates mechanical stimulation will induce the
proliferation of the MSCs. In Wu’s work [160], they cultured
the constructs in a dynamic environment and demonstrated
that dynamic stretching positively promoted total collagen
secretion and tenogenic differentiation. In their work, PCL
nanofiber yarns were prepared and made into woven fabrics
with better mechanical properties and fiber alignment. Fibro-
blast morphology changed under the incubation of static and
dynamic conditions [161].

Thus, shape memory polymers could be introduced
into the scaffolds for TBJ regeneration to provide dynamic
mechanical stimulation. Shape memory polymers could
respond to external changes, including water, temperature,
and other signals, and change the bulk shape. For example,
when the thermal sensitive polymers were applied onto the
scaffolds, the shape of the scaffold could be dynamically
changed under the external temperature variation. In this
way, the MSCs on the implanted site will better prolifer-
ate into tenocytes and benefit the regeneration. Tseng et al.
[162] prepared an electrospun scaffold using shape memory
polymer and testified that the shape-memory stimulated
change in scaffold fiber alignment showed the effect on con-
trolling the behavior of attached and viable cells. The pro-
gramming of the electrospun scaffold was conducted under
strain to induce alignment. After incubation at a physiologi-
cal temperature (37 ‘C) for 24 h, the fibers inside the scaf-
fold returned to the original random state. They found that
before shape memory actuation (with fibers highly aligned),
cells preferentially aligned along with the fiber direction.
After the shape memory actuation (with fibers returned to
the random state), cells remained attached and viable but
lost preferential alignment. The results demonstrated that
the shape memory effect could be used to manipulate cell
attachment and cell alignment and thus develop functional
tissue engineering. Therefore, shape memory polymers are
suitable for fabricating functionalized scaffolds to imitate
the hierarchical structure of native TBJ tissue.

Growth Factor Delivery

Pure polymeric scaffolds, including electrospun nanofiber
scaffolds, usually cause severe inflammatory cell infiltra-
tion and limit tissue regenerative capability, which hin-
ders the formation of functional native collagen tissue at
the insertion. To facilitate tissue regeneration, bio factors
are expected to be embedded in nanofibers to improve
the proliferation of MSCs and enhance the regeneration
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of the enthesis. A variety of growth factors have been
exploited to stimulate and promote stem cell proliferation
and differentiation in musculoskeletal tissue engineering.
Based on the gradient nature of native TBJ tissue, growth
factors should be loaded onto scaffolds with gradients to
provide cell proliferation and differentiation into differ-
ent cells, such as tenocytes and osteoblasts. After being
implanted at the insertion, growth factors will slowly
release from the scaffolds and work on the cells. In the
fabrication process of electrospinning, growth factors are
usually embedded inside the nanofibers to avoid destruc-
tion from the electrical field. The main growth factors
for bone regeneration include BMP and VEGF. GDFs,
TGF-B3, bFGF, PDGF, and Scx are growth factors for
tendon regeneration. Regarding the regeneration of the
interface, BMPs, TGF-f1, and PDGF-BB have been tes-
tified to facilitate the healing at the TBJ. Wu etc. fabri-
cated electrospun microfiber yarns to construct tendon
tissue grafts, which were loaded with thymosin Beta-4
(Tp4) [115]. TP4 presented a sustained release behavior
for 28 days and effectively improved on migration, pro-
liferation, and tenogenic differentiation. TGF-B3 has been
embedded in an electrospun PCL nanofibers scaffold and
used for rotator cuff tear repair. The effect of the TGF-
B3 was also testified in vivo study on rats [163]. TGF-$3
could alleviate inflammation and reduce scar formation,
leading to a more robust tissue reconstruction. Melatonin
is an endogenous molecule widely applied in regenerative
medicine [164]. It is reported to induce chondrogenesis of
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BSCs in an inflammatory environment due to its immu-
nomodulatory, anti-inflammatory, and anti-oxidative
effects [165]. In Song’s work [166], they fabricated a kind
of melatonin-loaded aligned PCL electrospun nanofiber
membrane for TBJ healing (Fig. 13). They found that at
the early healing stage after membrane implantation, mel-
atonin-loaded PCL nanofiber membranes inhibited mac-
rophage infiltration at the TBJ interface. In the meantime,
the membranes increased the chondroid zone formation
and promoted collagen maturation and finally enhanced
the biomechanical strength of the regenerated enthesis.
Growth factors are important in the healing of TBJ to
promote cell proliferation and differentiation, reduce scar
tissue, and facilitate the formation of robust insertion tis-
sue that resembles the native one.

Conclusion and Perspective

The regeneration of tendon to bone junction by electrospun
scaffolds to provide functional grafts integration after injury
surgery to meet the mechanical need and for cell adhesion
and proliferation, which might result in better regeneration
of the gradient structure of the enthesis. However, the repair
of the TBJ remains a big challenge because of the com-
plicated structure, components, and cell types. Via electro-
spinning, 2D membranes with gradient structure could be
produced to mimic the native tissue, with fibers highly align-
ing at the tendon side and gradually transiting to randomly

Enthesis

- Tendon

Fig. 13 Fabrication process of pro-chondrogenic and immunomodulatory melatonin-loaded aligned PCL electrospun membranes and the appli-
cation in a rat rotator cuff tear model; reproduced with permission from Ref. [166], Copyright 2012, Royal Society of Chemistry.
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disperse at the bone side. MSCs will adhere to the fibers and
proliferate along the direction of fiber alignment, resulting
in the reconstruction of a structure that resembles the native
one. The 3D electrospun scaffolds for TBJ repair usually
involve more complex methods by first fabricating nanofiber
yarns and then processing them into textiles with different
structures, including braiding, knitting, and weaving. The
textiles possess a hierarchical structure that resembles the
native tissue, which could facilitate the generation of hierar-
chical structure in the tissue. After being integrated into tex-
tiles, the mechanical properties will be enhanced to resemble
the native tissue.

However, Designing and fabricating scaffolds with bio-
mimetic structures is not enough to achieve the regenera-
tion of TBJ tissue and restore functionality. Growth factors
and mechanical stimulation are also indispensable factors
for facilitating the repair. Growth factors also need to be
embedded in the scaffolds in a gradient manner to facili-
tate cell proliferation into different phenotypes and exhibit
their function. Mechanical stimulation shows a significant
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positive effect on cell proliferation. So, the functionalization
of electrospun scaffolds could promote tissue regeneration.
More stimulations could be added, such as heat, magnetic
and electrical. In summary, using electrospinning technol-
ogy to prepare scaffolds for TBJ repair is a simple and suit-
able method that could construct micro- and nano-structures
that mimic the native tissue. And the repair effect could be
significantly improved by functionalization.

Challenges still exist in the fabrication, experiment, and
practical application of this research field, as illustrated in
Fig. 14. Most importantly, the mechanical properties of
electrospinning technology remain the pain points in the
application of tissue reconstruction, especially in the repair
of robust tissue like TBJ. In this case, textile structure is
crucial in improving mechanical performance. In function-
alization, the first existing challenge is the scale issue. It
is reported that the length of the TBIJ is at the millimeter
scale, and many of the current research reports on con-
structing hierarchical scaffolds are actually magnified to
the centimeter scale. Thus, it is still difficult to precisely
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Fig. 14 Current challenges and perspectives for electrospinning scaffolds in TBJ repair
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fabricate the gradient structure with 1 mm. The second one
is the in vivo experiment. In vitro experiments have been
conducted, and most of the electrospun scaffolds showed a
positive effect on inducing MSCs adhesion, proliferation,
and differentiation. Meanwhile, dynamic culture of the cells
in vitro has also been achieved. Nevertheless, the in vivo
experiments are still only conducted in animal rather than
human. Thirdly, the in-body tissue is growing under multi-
stimulation, and this complicated environment is difficult
to replicate in in vitro experiments. To mimic the growth
environment of native tissue, scaffolds could be designed
to be field sensitive, such as electrical sensitive, mechani-
cal sensitive, and thermal sensitive. These signals could
stimulate the cell growth and differentiation into tenocytes
and osteoblasts, facilitating the formation of the gradient
components in TBJ. Another difficulty is the monitoring of
the tissue regeneration process. Currently, for observing the
regeneration process of tissue after scaffold implantation in
animals, the closure will be reopened and the tissue will be
taken out, observed, and analyzed after preparing the tissue
section, which is not applicable in the practical treatment
in the human body. Regarding this problem, conductive
elements could be incorporated into the scaffold, a remote
monitoring device could be designed and connected with the
scaffolds via Bluetooth, and the regeneration progress could
be displayed for monitoring and observation. Hence, multi-
discipline will help solve the challenges mentioned above.
The fabrication and application of gradient and hierarchical
electrospun nanofiber scaffolds with multifunction for TBJ
treatment are significant and still need to be explored.
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