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Nanofibrous scaffolds for the healing of the
fibrocartilaginous enthesis: advances
and prospects

Xin Li,†a Yan Ren,†ab Yueguang Xue,b Yiming Zhangb and Ying Liu *b

With the current developmental advancements in nanotechnology, nanofibrous scaffolds are being widely

used. The healing of fibrocartilaginous enthesis is a slow and complex process, and while existing treatments

have a certain effect on promoting their healing, these are associated with some limitations. The

nanofibrous scaffold has the advantages of easy preparation, wide source of raw materials, easy adjustment,

easy modification, can mimic the natural structure and morphology of the fibrocartilaginous enthesis, and

has good biocompatibility, which can compensate for existing treatments and be combined with them to

promote the repair of fibrocartilaginous enthesis. The nanofibrous scaffold can promote the healing of

fibrocartilaginous enthesis by controlling the morphology and ensuring controlled drug release. Hence, the

use of nanofibrous scaffold with stimulative response features in the musculoskeletal system has led us to

imagine its potential application in fibrocartilaginous enthesis. Therefore, the healing of fibrocartilaginous

enthesis based on a nanofibrous scaffold may be a novel therapeutic approach.

1. Introduction

The interface where tendons or ligaments attach to bones is
called an enthesis, and its role is to smoothly transition the
stress from soft tissue to hard tissue, promote joint movement,

and transfer physiological loading.1 Degeneration of enthesis
can be caused by injury, disease, and aging.2 The enthesis can
be broadly classified as direct (fibrocartilaginous) or indirect
attachment (fibrous) according to the structure.3 Fibrous
enthesis is the connection between tendons or ligaments and
collagen fibers in bone through Sharpey fibers.4 Fibrocartilagi-
nous enthesis healing typically consists of four different
regions: tendons/ligaments, non-mineralized fibrocartilage,
mineralized fibrocartilage, and bone, including the insertion
of rotator cuff, anterior cruciate ligament (ACL), Achilles ten-
don, and patellar tendon.1,5 These are also the most common
clinical locations for injury and are the main focus of this
study. Damage to the fibrocartilaginous enthesis can lead to
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severe disability and likely, osteoarthritis.3 At present, the main
treatment methods for rotator cuff and ACL are surgical repair
and reconstruction.6 Although the repair and reconstruction
techniques for ligaments/tendons continue to improve, they
still have limitations.7 For example, in ACL reconstruction
surgery, autologous transplantation has drawbacks such as
relatively long tendon bone interface healing time, expensive
surgery, and poor long-term efficacy.10,89 It is estimated that
there are over 100 000 cases of ACL reconstruction in the United
States alone each year, with a cost of over $1.5 billion.11 As the
gold standard for treating rotator cuff tears, the incidence of
retearing can even reach 94%.12,13 Surgical repair and recon-
struction typically only restore the anatomical structure of the
fibrocartilaginous enthesis, and the scar tissue formed after
healing lacks natural gradient structure and collagen fiber
arrangement, resulting in poor mechanical properties that do
not promote fibrocartilaginous enthesis regeneration.14,15 In
addition, some non-surgical therapies also have limitations. As
is known, the natural healing process of the injury is complex,
including inflammation, rapid proliferation, and gradual
remodeling.14 Although musculoskeletal tissue has natural
self-healing ability, its efficiency is relatively low.16 Therefore,

improving the healing of fibrocartilaginous enthesis poses
great challenges.1

At present, various materials are widely used in the field of
biomedicine.17–27 Nanofibrous scaffolds made of various mate-
rials have shown their potential in nanotechnology.28 Nanofi-
bers are fibers with a diameter ranging from 1 to 1000 nm.29

The small diameter of the nanofibers is very consistent with the
extracellular matrix (ECM).29 Nanofibrous scaffolds is an arti-
ficial ECM that can mimic the natural tissue environment. Its
large surface area-to-volume ratio can effectively promote cell
adhesion, proliferation, differentiation, and drug loading.29,30

In recent years, nanofibrous scaffolds have been widely used in
the field of tissue engineering.31–36 The morphology of nanofi-
brous scaffolds is easy to adjust, as it appears that simulating
the composition and structure of fibrocartilaginous enthesis is
more beneficial to its regeneration and improving the mechan-
ical properties of tissues. Nanofibrous scaffolds can control
drug release during early healing of fibrocartilaginous enthesis.
This is reflected not only in the continuous release of a very low
concentration throughout the body but also in the significant
reduction of side effects of the drug. In addition, electrospun
nanofibers have been endowed with ‘‘stimulus response’’ prop-
erties to enable a variety of new applications.

The review focuses on the application of nanofibrous scaffolds
in fibrocartilaginous enthesis healing. Some existing therapies to
promote healing of fibrocartilaginous enthesis will also be briefly
described. Nanofibrous scaffolds as a type of nanotechnology
show their unique characteristics such as controllable morphol-
ogy, controlled release of drugs, and stimulus response character-
istics, which have been explored in this review. In summary,
nanofibrous scaffolds have great potential for application in the
field of promoting fibrocartilaginous enthesis healing.37–41

2. Healing mechanism of
fibrocartilaginous enthesis injury

Fibrocartilaginous enthesis is a layered organization with mul-
tiple scales, which is beneficial for minimizing force
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concentration to the greatest extent possible.42,43 Each region
exhibits unique characteristics in terms of cell type, ECM,
collagen arrangement, and mineralization, which helps to
effectively transmit stress and promote mutual fixation of bone
and soft tissue grafts.5,14,44 The main component of ECM in
tendon/ligament area is type I collagen (Col I) (about 60–85% of
its dry weight), and the rest is composed of proteoglycan,
glycosaminoglycan (GAG), glycoprotein, and other collagen
subtypes.45 Non-mineralized fibrocartilage is rich in type II
collagen, with high levels of type III collagen, and a small
amount of type I and X collagen, decorin, and polysaccharides.
Mineralized fibrocartilage is composed of hypertrophic fibro-
chondrocytes, ECM is mainly composed of type II collagen and
a large amount of type X collagen and aggrecan.5 The boundary
between these two fibrocartilage regions is delineated by a
‘‘tidal marker’’, which represents the boundary between soft
and hard tissues.46 Finally, mineralized fibrocartilage is fused
into the bone tissue area containing osteoblasts, osteocytes,
and osteoclasts, as well as Col I and hydroxyapatite.5,8 When a
sudden load is applied in the direction of muscle stress, the
tensile performance of the tendon end is better than that of the
bone end.30

The natural healing process of the fibrocartilaginous
enthesis is complex and can be divided into three stages:
inflammation (0–7 days), rapid proliferation (5–14 days), and
gradual remodeling (414 days).8 Fibrocartilaginous enthesis
healing is typically usually achieved by the formation of dis-
organized fibrovascular scar tissue rather than natural gradient
tissue regeneration. Abnormal or inadequate genetic expres-
sion, insufficient undifferentiated cells at the healing interface,
and excessive mechanical load on the healing tendon can lead
to the formation of disorganized fibrovascular scar.47

In the early stage of fibrocartilaginous enthesis injury, the
levels of inflammatory factors such as interleukin (IL)-1b, IL-6,

IL-8, tumor necrosis factor (TNF), matrix metalloproteinase
(MMP)-1, MMP-3, and MMP-13 have been reported to be up-
regulated.14 At the same time, the release of chemokines
(including vascular endothelial growth factor (VEGF), trans-
forming growth factor beta (TGF-b), and platelet-derived growth
factor (PDGF)) at the fibrocartilaginous enthesis recruits fibro-
blasts, which in turn recruit neutrophils, macrophages, and
osteoclasts to the injury site to repair the damaged tendons,
ligaments, fibrocartilage, and bone.48 However, excessive pro-
duction of reactive oxygen species (ROS) by immune cells
during the inflammatory stage can cause fibrosis at the
enthesis, leading to the formation of excessive scar tissue and
poor biomechanical properties.37,49 Because scar tissue with
low biomechanical properties lacks a gradient structure and
collagen fiber arrangement similar to natural fibrocartilaginous
enthesis, this results in an increased risk of re-injury.50 Even
after surgical repair, the incidence of re-tearing after repair
surgery can be as high as 94%.12 Therefore, early inhibition of
inflammation is essential to promote fibrocartilaginous
enthesis healing.

During the rapid proliferative phase, fibroblasts, fibroblasts,
fibrochondrocytes, osteocytes, and vascular endothelial cells
proliferate rapidly, and fibroblasts produce collagen type III
(the major component of scar tissue).14,51 It has been suggested
that TGF-b1 reaches peak levels at this stage and is abundant in
fibrous scar tissue.52 This may be a therapeutic target to
prevent scar tissue formation.

During the final remodeling phase, the total cell density
decreased and the production of collagen and GAG decreased,
and the production of Col I increased progressively. Moreover,
the number of fibroblasts continued to increase and the
deposited collagen III was converted into highly organized
collagen I.14,53 In the rat rotator cuff insertion site model, it
was found that although the structural properties of the healing

Fig. 1 The structure of the fibrocartilaginous enthesis and the healing mechanism. Injury to the fibrocartilaginous enthesis occurs most frequently in the
shoulder and knee joints, and the healing process goes through inflammatory, proliferative, and remodeling phases. The structure of the fibrocartila-
ginous enthesis consists of tendons/ligaments, non-mineralized fibrocartilage, mineralized fibrocartilage, and bone. Abbreviations: SST, supraspinatus
tendon; IST, infraspinatus tendon; SCT, subscapularis tendon; TMT, teres minor tendon; TGF-b, transforming growth factor beta; Col I, type I collagen;
Col II, type II collagen.
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tissue reached two-thirds of the undamaged specimen after 8
weeks, it was still significantly weaker.46 Complete regeneration
of the fibrocartilaginous enthesis has not been achieved.54 The
structure and healing mechanism of the fibrocartilaginous
enthesis is shown in Fig. 1.

3. Existing therapies at the healing of
the fibrocartilaginous enthesis
3.1 Limitations of existing therapies

Currently, a number of therapies are available to promote
healing of the fibrocartilaginous enthesis (Fig. 2). Rotator cuff
repair (RCR) and ACL reconstruction surgery remain the pri-
mary treatments for injuries or tears at the fibrocartilaginous
enthesis, although the choice of surgical therapy is influenced
by a variety of factors, such as patient’s age, symptoms, and
desired effect.55,56 For example, to protect the meniscus and
articular cartilage, the guidelines of the American Academy of
Orthopaedic Surgeons (AAOS) highlights that ACL reconstruc-
tion surgery should be performed.57 However, autologous
transplantation as the main clinical method in ACL reconstruc-
tion surgery has drawbacks such as relatively long healing time,
high costs, and poor long-term efficacy. Furthermore, they even
carry a risk of infection.8,9,10 Nonetheless, compared with
physical therapy and unhealed rotator cuff repairs, moderate
evidence supports that healed rotator cuff repairs show
improved patient-reported and functional outcomes.58 Further-
more, an observation of functional, radiological, and revision
rates at least 10 years after RCR showed that the total

recurrence rate of rotator cuff tears in asymptomatic patients
can reach 30%.59

In addition to surgical repair and reconstruction, research-
ers have been developing adjunctive treatments based on the
physiological process of fibrocartilaginous enthesis healing for
the past decade, such as stem cell therapy,60 platelet-rich
plasma (PRP),61 and local physiotherapy.62 First, the main
objective of using stem cell therapy is to improve the healing
environment of the fibrocartilaginous enthesis and simulate
enthesis healing process by differentiating mesenchymal stem
cells (MSCs) into different tissues.63,64 However, there is a high
risk of cell death when using stem cell therapy, thereby making
it difficult to adhere to the tissue in need of repair.12 In
addition, although some studies have injected stem cells into
the site of injury, the same site cannot be ensured for each
injection. Therefore, it is difficult to guarantee its reliability.64

Second, PRP therapy is performed by centrifuging autolo-
gous blood to obtain platelets that can be applied locally to
damaged tissues to improve healing.65 Studies have shown that
the use of PRP during tendon implantation into bone tunnel
can induce fibrocartilage formation to promote fibrocartilagi-
nous enthesis healing and relieve pain.61,66 However, because
of individual differences, the concentration and platelet activity
of autologous PRP are difficult to control.67 Furthermore, the
American Academy of Orthopaedic Surgeons (AAAS) clinical
practice guidelines state that there is no high level of evidence
to support the use of platelet-derived products for biologically
enhanced RCR, and that the evidence for the reduction of RCR
with PRP is limited.58 Third, physical therapy with non-invasive
characteristics has been gradually applied to promote fibrocarti-
laginous enthesis healing.68,69 Low-intensity pulsed ultrasound
(LIPUS) has been shown to improve the healing of fibrocartilagi-
nous enthesis by increasing the osteogenic differentiation of
mesenchymal stem cells to promote the remodeling of fibrocarti-
laginous enthesis.70 Unfortunately, its impact on the enthesis is
mainly observed on the bone.71 In addition, extracorporeal shock
wave (ESW) therapy can promote the regeneration of bone and
fibrocartilage at the fibrocartilaginous enthesis, and play a posi-
tive role in delaying the healing.72 However, ESW has potential
adverse effects, such as skin pain and redness, accounting for
4.8% and 21.1%, respectively.69 Hence, physical therapy has
potential side effects and treatment-site limitations.

Strategies such as growth factors, exosomes, and even gene
therapy have also been applied to promote fibrocartilaginous
enthesis healing.73–75 However, these therapies also have the
limitation of having to be combined with biomaterials to
control their release, the relatively small number of studies
that make their application difficult in clinical practice, and the
need to confirm their biosafety.7,54 In short, these therapies can
improve the healing of the fibrocartilaginous enthesis in some
ways, but there are still limitations that need to be addressed.

3.2 Nanotechnology at the healing of the fibrocartilaginous
enthesis

Nanotechnology has been widely used in the field of preven-
tion, diagnosis, and treatment of diseases.76–79 In the field of

Fig. 2 Existing therapies to promote healing of fibrocartilaginous
enthesis. The main therapeutic approaches to promote fibrocartilaginous
enthesis healing include surgical repair and reconstruction, followed by
stem cell therapy, platelet-rich plasma, LIPUS, ESW, and nanofibrous
scaffolds to assist surgical repair. Abbreviations: ACL, anterior cruciate
ligament; LIPUS, low-intensity pulsed ultrasound; ESW, extracorporeal
shock wave.
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medical imaging, nanotechnology can overcome the limita-
tions of nuclear medicine reagents in molecular imaging and
improve the possibility of low-radiation, high-resolution ima-
ging of diseases.28 Compared with traditional drug therapy,
nanotechnology can regulate the distribution and targeted
accumulation of drugs and reduce drug toxicity.80 In the field
of regenerative medicine, nanoparticles have a larger surface
area to promote cell adhesion than traditional scaffolds, and
have good biocompatibility and stimulus response. However,
nanoparticles do not have a continuous structure like nanofi-
bers; thus, nanofibers are more suitable as scaffolds than
nanoparticles.28

Over the past two decades, nanofibers have found wide-
spread use in various biomedical fields. Human tissues and
organs are composed of nanofibers in the ECM, and nanofibers
can mimic the layered structure of the ECM, which facilitates
cell adhesion and nutrient transport.31,81 By changing the
structure and properties of nanofibers such as porosity, dia-
meter, alignment, patterning, surface functional groups, and
mechanical properties, cell differentiation and controlled
release of drugs can be promoted, to enhance the skin, nerve,
blood vessels, and musculoskeletal system and tissue interface
repair. In addition, electrospun nanofibers with ‘‘stimulus-
responsive’’ properties such as shape memory, self-cleaning,
self-healing, and sensing have been widely developed.82 Nano-
fibrous scaffolds have high surface area-to-volume ratio, easy
adjustment, and easy modification, which make them very
attractive for repair at the fibrocartilaginous enthesis.32,38,83

Various methods such as electrospinning, phase separation,
molecular self-assembly, use of bacterial cellulose (BC), tem-
plate synthesis technique, and drawing process can be used to
prepare nanofibrous scaffolds in the field of tissue
engineering.84–86 Nanofibrous scaffolds used for fibrocartilagi-
nous enthesis repair are mainly prepared by electrospinning,
self-assembly, and phase separation. Among them, electrospin-
ning technology is the most widely used.34 Compared with the
others, electrospinning technology has the advantages of low-
cost, high operability, versatility, and flexibility.87 In the pro-
cess of electrospinning, the polymer solution forms a polymer
jet after electrostatic charge, mechanical pumping, and gravity.
The increase in surface charge density during flight causes the
ejected jet to extend and form nanofibers.88 Nanofibers man-
ufactured by electrospinning technology have more porous
structures and a larger surface-to-volume ratio than those
manufactured by other techniques; this also creates better
conditions for cell attachment and the loading and delivery of
drugs or other bioactive molecules, and has great application
potential in the field of tissue repair.36,89 In phase separation
technology, the polymer is dissolved in the solvent and quickly
cooled with the poor polymer of the induced solution and the
rich polymer. Then, the solvent is exchanged with water and the
material is frozen and dry, and the proper gelling temperature
leads to nanofiber formation.36 Similar to electrospinning
technology, phase separation technology also has the charac-
teristics of easy and simple manufacturing, but its processing
time is long, and it is difficult to control the structure and

stability of nanofibers. More importantly, the polymer used
in phase separation technology has certain limitations and
is not as abundant as the polymer that can be used in
electrospinning.36,90,91 A powerful approach for fabricating novel
supramolecular architectures is molecular self-assembly.92

In self-assembly technology, noncovalent interactions
between molecules are usually activated by factors such as
temperature, acid–base level (pH) to build nanofibers from
proteins, small molecules, peptides, and nucleic acids.36 The
nanofibers made by self-assembly are thinner than those made
by electrospinning and are on the small end of the natural ECM
scale.92,93 However, the use of self-assembly technology to
manufacture nanofibers has obvious disadvantages, such as
complex processing, low productivity, high cost, and poor
mechanical properties of the manufactured nanofibers, which
may limit their application in tissue engineering.36,94

Nanofibrous scaffolds can be prepared using a variety of
materials with different properties, enabling the preparation to
meet the different requirements of tissue repair. The materials
most commonly used for nanofibrous scaffolds are polymers,
which can be classified as natural or synthetic polymers accord-
ing to their source.30,95 Natural polymers include fibroin,
gelatin, collagen, and chitosan, which have excellent biocom-
patibility and biodegradability in common, and are conducive
to cell proliferation, adhesion, and differentiation.34 However,
natural polymers have poor mechanical properties and often
need to be used with synthetic polymers.96 The synthetic
polymers are polylactic acid (PLA), polyglycolic acid (PGA),
and poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone
(PCL), which have the advantages of easy processing, can
change size according to needs, and slow degradation.34 How-
ever, as synthetic polymers degrade in the body, acidic products
build up, occasionally leading to an inflammatory response.
The hydrophobicity of some synthetic polymers even leads to
reduced cell-scaffold interaction.34 Therefore, to make nanofi-
brous scaffolds better suited to the needs of tissue repair,
researchers have blended natural and synthetic polymers to
produce nanofibrous scaffolds that combine the advantages of
both. To make nanofibrous scaffolds work better, natural
synthetic polymers can be mixed. The hybrid nanofiber
scaffold not only has the biocompatibility and biodegradability
of natural polymers, but also has excellent mechanical
properties.74 A summary of the synthetic methods, fundamen-
tal properties, materials, and advantages and disadvantages of
the nanofibrous scaffolds for fibrocartilaginous enthesis repair
is presented in Table 1.

4. Nanofibrous scaffolds for the
healing of fibrocartilaginous enthesis

Currently, many therapies have been used clinically to promote
fibrocartilaginous enthesis healing, including surgical recon-
struction and other non-surgical therapies such as stem cell
therapy, chemical and biological agents, and biophysical
modalities.54 Although these can improve the healing of the
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fibrocartilaginous enthesis in some ways, there are still limita-
tions. Fortunately, the use of nanofibrous scaffolds can com-
pensate for their shortcomings to some extent, showing great
potential in the field of promoting fibrocartilaginous enthesis
healing.

The first implant to be cleared by the FDA, a synthetic
nanofibrous scaffold (Rotiumt; Atreon Orthopedics) made by
poly(L-lactide-co-caprolactone) (PLCL) and PGA, can be used in
conjunction with suture anchors for the reattachment of ten-
don to bone in RCR. The scaffold has an ECM biomimetic
structure, which contributes to a likely mechanism that pro-
motes a healing response similar to natural tissue.97–99 During
the operation, doctors insert absorbable nanofibrous scaffolds
into the suture line between the bone and tendon, and use
double-row repair technology to insert nanofibrous scaffolds
between the bone and tendon.99 When the inner end of the
fibrocartilage is broken, the Rotiumt scaffold can promote its
healing and improve its strength. Meanwhile, as a synthetic
scaffold, it can decrease inflammatory reaction and cause less
scarring at the fibrocartilaginous enthesis than biological
scaffolds.99 In a rabbit model of anterior fork ligament injury,
the researchers wrapped biomimetic nanofiber membranes
around autologous hamstring tendons. Eight weeks after sur-
gery, they found that the biomimetic nanofibrous membrane
formed new bone tissue between the tendon and bone, possibly
because its biodegradable nanofibrous membrane facilitated
the penetration of bone tissue into the fibrocartilaginous
enthesis and promoted bone formation. In addition, the max-
imum failure load and failure stiffness were significantly
higher at 8 weeks than in the control group.100 In a small
retrospective study, patients who used nanofibrous scaffolds to
enhance RCR had significant improvements in the joint range
of motion and functional outcome scores at an average of 10.5
months, with a cure rate of 91%.99,101 Therefore, nanofibrous
scaffolds are convenient to use during the operation and can
effectively enhance the mechanical properties of postoperative
fibrocartilaginous enthesis, thereby promoting the healing of
the fibrocartilaginous enthesis and improving the functional
outcome. Thus the use of nanofibrous scaffolds in clinical
surgery shows promising therapeutic potential.

The application of nanofibrous scaffolds offers a good
solution to solve non-surgical treatment problems. Nanofi-
brous scaffolds have a high aspect ratio surface area and good
permeability and porosity, hence making them customizable to
resemble the natural ECM.102 This is beneficial for cell adhe-
sion, proliferation, and differentiation.103 By modifying the
surface structure and chemical properties of the nanofibrous
scaffold, it can encourage its positive interactions with cells and
play a better role in promoting osteogenesis.104 In contrast to
PRP, nanofibrous scaffolds can be made to suit people’s needs,
and the quality of nanofibrous scaffolds can be controlled, both
in terms of mechanical properties and biodegradability.105,106

For example, nanofibrous scaffolds made from natural poly-
mers have good biosafety, as they degrade slowly during tissue
recovery without the production of toxic metabolites. Nanofi-
brous scaffolds made from synthetic polymers have a stableT
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chemical structure and controlled physicochemical properties.
There are also composite nanofibrous scaffolds combining
natural and synthetic polymers that can have excellent mechan-
ical properties and ensure biosafety.107 The nanofibrous scaf-
fold can also mimic the ECM structure, tightly fit the
fibrocartilaginous enthesis, and promote the healing of the
whole enthesis.108

In summary, the nanofibrous scaffold has the advantages of
easy preparation, wide source of raw materials, easy adjustment
and easy modification, can mimic the natural structure and
morphology of the fibrocartilaginous enthesis, and has good
biocompatibility; all these advantages can compensate to a
certain extent for existing surgical and non-surgical treatments
and be combined with them to promote the repair of fibrocar-
tilaginous enthesis.

4.1 Nanofibrous scaffolds with controllable morphology

The composition and structure of the fibrocartilaginous
enthesis show gradient changes, which is conducive to smooth
stress transfer.51,109 Therefore, it is important to simulate the
graded transition. At present, nanofiber scaffolds can promote
the recovery of mechanical properties and regeneration of
fibrocartilaginous enthesis by changing the morphology, such
as fiber arrangement, and mineral content (Fig. 3a).110–112 A
summary of the composition, synthetic methods, regulatory
mechanism, and function about nanofibrous scaffolds with
controllable morphology are presented in Table 2.

The controllable morphology of nanofiber scaffolds is ben-
eficial to promote the regeneration of fibrocartilaginous
enthesis.113 Therefore, some scholars have simulated the gra-
dient mineralization of the fibrocartilaginous enthesis by
photothermal welding to transform the nanofibers into nano-
fiber scaffolds with random gradient structures.96 The tempera-
ture of the stent surface is positively correlated with the
irradiation time. Under the same irradiation time, the higher
the laser intensity, the faster the temperature increase of the
stent surface. In the case of the same laser intensity, the higher
the indocyanine green (ICG) content, the shorter the time to
reach the surface temperature of the stent.114 Researchers have
set the irradiation times to 0, 5, 8, and 10 s to Orient the
nanofiber arrangement from uniaxial to random (Fig. 3b).
Then, the polyurethane (PU) fiber film was immersed in
simulated body fluid (SBF) at 0, 0.5, 1, and 2 h later to form a
mineralization gradient (Fig. 3c). Regions I, II, III, and IV
represent irradiation with 2 W cm�2 for 0, 5, 8, and 10 s. For
the cells on the scaffold in the photothermal welding (PW) plus
graded mineralization (PW + GM) group, the ratio of tendon-
derived stem cells (TDSCs) (length to width) in region I was 3.3-
times greater than in region IV. In the case of PW, the ratio was
2.8 times greater than in region IV, but there was no significant
change in cell proliferation between the two groups (Fig. 3d).
Fluorescence fiber images showed high expression of Tenascin
C protein and low expression of Runt-related transcription
factor 2 (Runx2) protein in region I (uniaxial arrangement),
and high expression of Runx2 gene and low expression of
Tenascin C in region IV (random arrangement) (Fig. 3e). This

suggests that this double-gradient nanofiber scaffold promotes
tendinogenic differentiation of TDSCs in region I and osteo-
genic differentiation in region IV. Masson’s trichome staining
after 3 and 6 weeks of implantation of the double gradient
nanofiber scaffold found obvious damage in each group at the
third week (Fig. 3f). The PW + GM group produced more
connective tissue at the sixth week than the control group,
and obvious chondroid tissue hyperplasia could be observed.
Therefore, regulated nanofiber scaffolds are beneficial to guide
cell osteoblastic or tendinogenic differentiation, thereby pro-
moting the regeneration of fibrocartilaginous enthesis. Simi-
larly, Jiang et al. distributed bone morphogenetic protein 2
(BMP-2) and nanohydroxyapatite (nanoHA) gradients on the
nanofiber scaffold with fiber orientation from random to
gradually arranged,111 effectively guiding the morphology of
bone marrow stem cells (BMSCs) from disordered to arranged.
The region with high mineral content promoted the maturation
of osteoblast phenotype, which may be conducive to the regen-
eration of fibrocartilaginous enthesis.

In addition, the adjustable nanofibrous scaffolds are bene-
ficial to improve the mechanical properties of the fibrocartila-
ginous enthesis.115 Therefore, Chen et al. manufactured a
gradient mineral silk fibroin (GSF) nanofibrous scaffold with
an SBF gradient coating in which the L region of GSF is
immersed in SBF for the shortest time and therefore has the
least mineral content, the M region contains a moderate
amount of SBF, and the H region is immersed in SBF for the
longest time and has the most mineral content (Fig. 4a).116

Fig. 4b shows the gradual thickening of mineral layers from
zone L to zone H. Histological staining shows that the organism
has good biocompatibility after 8 weeks of implantation and
produces a continuous transition zone (Fig. 4c). The GSF group
(10.61 � 0.83 N) was significantly stronger than the other
groups (Fig. 4d and e). Therefore, this gradient mineralization
of nanofiber scaffold significantly improves the mechanical
energy of the adhesion point of fibrous cartilage, which is
beneficial to the consolidation of tendon and bone. In addition
to using SBF coating, graphene oxide (GO) can also be evenly
distributed on nanofiber scaffolds.117 In addition to using SBF
coating, graphene oxide can also be evenly distributed on
nanofiber scaffolds. This highly interconnected GO-PLGA nano-
fiber film has high porosity (Fig. 4f). Hematoxylin-eosin (H & E)
staining analysis showed that GO-PLGA staining was gradually
arranged regularly (Fig. 4g), while the control group still
showed granuloma staining. Metachromasia staining analysis
showed that GO-PLGA staining generated more cartilage tissues
at the 12th week (Fig. 4h). Most importantly, the ultimate load
and stress values between the supraspinatus tendon and
humerus in the GO-PLGA group were significantly higher than
those in the control group. Therefore, the controllable mor-
phology of nanofiber scaffolds can not only achieve regenera-
tion of fibrocartilage attachment sites but also significantly
improve its biomechanical properties. In addition, nanofibrous
scaffolds mixed with microfibers can also improve the mechan-
ical properties of the fibrocartilaginous enthesis.118 The scaf-
folds with PCL microfibers and PLGA nanofibers were prepared
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using the interleaved electrospinning method, which signifi-
cantly improved the strength and failure strain and stiffness of
the torn tissue.119

In conclusion, the morphology of nanofibrous scaffolds can
be easily changed to promote the regeneration of fibrocartila-
ginous enthesis and improve their mechanical properties.

Fig. 3 Nanofibrous scaffolds with adjustable morphology can promote the regeneration of fibrocartilaginous enthesis. (a) Schematic diagram of a
morphologically adjustable nanofibrous scaffold. (b) Polyurethane (PU)/indocyanine green (ICG) nano-scaffold infrared images, photographs, and SEM
images show the surface temperature and morphology of nanofibrous scaffolds containing 1% ICG after exposure to lasers 0, 5, 8, and 10 s (from left to
right) at 2 W cm�2 irradiance. (c) SEM images showing the corresponding nanofibrous scaffolds treated with mineralization solution for 0, 0.5, 1, and 2 h.
(d) Fluorescence micrographs showing the morphologies of tendon-derived stem cells (TDSCs) after co-culture with the nanofibrous scaffolds treated
by photothermal welding (PW) or photothermal welding plus graded mineralization (PW + GM) for 3 days. The plain glass was used as a control group.
The arrow represents the direction of nanofiber orientation. The ratio of length and breadth of TDSCs incubated on different regions of the PW and PW +
GM groups. The proliferation of TDSCs on the different samples tested by CCK-8 assay at 1, 3, and 7 days. (e) Tenogenic and osteogenic differentiation of
the TDSCs on the different regions of the dual gradient scaffold. Fluorescence micrographs showing the expression of Tenascin C and Runx2 of TDSCs
after co-culture with the nanofibrous scaffold treated by photothermal welding plus graded mineralization for 2 weeks. Cell nuclei are stained by DAPI.
The arrow represents the direction of nanofiber orientation. (f) Masson staining at 3 and 6 weeks of implantation. Abbreviations: PW + GM, the
photothermal welding plus graded mineralization group; PW, photothermal welding group. Fig. 3b–f have been reproduced from ref. 96 with permission
from Springer Nature, copyright 2022.
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4.2 Nanofibrous scaffolds for controlled release of drugs

Following damage to the enthesis, immune cells produce
excessive amounts of ROS during the inflammatory stage of
the healing pathway, inducing oxidative damage and causing
chronic inflammation and fibrosis at the interface, leading to
excessive scar tissue formation. In contrast, inhibition and

clearance of excess ROS can accelerate the transition from the
inflammatory phase to the later healing phase, which is impor-
tant for alleviating local inflammation and promoting
tissue regeneration.120,121 Nanofibrous scaffolds have shown
more advantages in controlling drug release because of the
characteristics of low dose and sustainable release of drugs

Fig. 4 Nanofibrous scaffolds with adjustable morphology can improve mechanical properties and regeneration of fibrocartilaginous enthesis. (a)
Schematic illustration of fabrication of a gradient mineralization SF scaffold for integration of tendon to bone interface in a rat model. Areas L, M, and H
represent low, medium, and high mineralization levels, respectively. (b) The SEM images and corresponding energy spectra of region L, region M, and
region H of the gradient scaffold. Scale: 10 mm. (c) HE staining tissue sections of the tendon-to-bone interface 8 weeks after surgery. Histological analysis
of the representative hematoxylin and eosin-stained tissue section of the tendon-to-bone interface. #p o 0.05, compared with the control group; *p o
0.05. Data presented are in the form of mean � SD; scale bar: 100 mm. t, tendon; if, interface; b, bone. (d) Representative load displacement curves for
biomechanical tests of tendon bone integration and (e) ultimate loads of control, SF, and GSF groups at 8 weeks post-surgery. *p o0.05. Data are
presented as mean � SD. Fig. 4a–e have been reproduced from ref. 116 with permission from the American Chemical Society, copyright 2021. (f)
Scanning electron microscope image of GO-PLGA nanofibrous membrane (g) Representative H & E-stained tissue sections (40�) of the supraspinatus
tendon insertion site at 4 and 8 weeks postoperatively. (h) Representative histology images of the cartilage tissue at the insertion. Abbreviations: SBF,
simulated body fluid; SF, silk fibroin; HFIP, hexafluoroisopropanol; GO, graphene oxide; PLGA, poly (lactic-co-glycolic acid). Fig. 4f–h have been
reproduced from ref. 117 with permission. International Journal of Nanomedicine, 2019, 14, 1835–1847 Originally published by, adopted, and used with
permission from Dove Medical Press Ltd.
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supported by nanofibrous scaffolds, thus minimizing systemic
side effects.122,123

Nanofibrous scaffolds can be surface modified to achieve
effective loading and on-demand release of drugs to scavenge

ROS and improve the inflammatory response (Fig. 5a). There-
fore, a multifunctional nanofiber scaffold with antioxidant
function and promotion of fibrocartilage formation was pre-
pared by polydopamine (PD) modification and kartogenin

Fig. 5 Nanofibrous scaffolds for controlled release of drugs. (a) A schematic illustration of a nanofiber scaffold that can be modified to achieve effective
loading and on-demand release of drugs, improving inflammatory responses. (b) Scanning electron microscope (SEM) image of modified nanofibrous
scaffold. Bars represent 2 mm. (c) Characteristics of modified nanofibers (KGN-PD-SF). (i) Strain–stress curve of KGN-PD-SF. (ii) Young’s modulus of KGN-
PD-SF. (iii) Elongation at breaking of KGN-PD-SF. (d) Representative immunofluorescence images of inflammatory markers (COX-2 and IL-1b) in bone
tunnels in the SF, PD-SF, and KGN-PDSF groups 1 week after surgery. Scale bar: 200 mm. (e) Histological characterization of the SF group, PD-SF group,
and the KGN-PD-SF group at 4 and 8 weeks after surgery. Bars represent 50 mm. (i) Results of picrosirius red staining evaluation of the SF group, PD-SF
group, and the KGN-PD-SF group at 4 and 8 weeks after surgery. Images observed under normal conditions. (ii) Interface width analysis with H & E-
stained slides. Fig. 5b–e have been reproduced from ref. 37 with permission from Elsevier, copyright 2022. (f) In vivo release of doxycycline in tissues and
blood over time. (g) H&E staining of the Achilles tendon at 4 weeks post-surgery. (i) Doxycycline group (ii) control (surgery only, no membrane) group.
(Magnification: �160, Pink represents collagen fiber. Arrow: white blood cell accumulation indicating inflammation). Abbreviations: PD, polydopamine;
KGN, kartogenin; SF, silk fibroin; COX-2, cyclooxygenase-2; IL-1b, interleukin -1 beta; B, bone; IF, interface; T, tendon. H&E, hematoxylin and eosin.
Fig. 5f and g have been reproduced from ref. 124 with permission from MDPI.
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(KGN) carboxylation reaction on the surface of silk
nanofibers.37 The morphology of the modified nanofibrous
scaffolds was analyzed by scanning electron microscopy
(SEM). The results showed that the nanofibrous scaffolds form
a porous network with an ECM-like structure (Fig. 5b). The
mean diameter of the modified nanofibers increased and they
exhibited better tensile properties, higher Young’s modulus,
and elongation at breaking (Fig. 5c). In addition, the implanta-
tion of multifunctional nanofiber scaffolds into rats with ACL
injuries was effective in reducing the inflammatory response
induced by oxidative stress in vivo. The inflammatory response
at the interface was analyzed by immunofluorescence staining
for cyclooxygenase-2 (COX-2) and IL-1b. A significant decrease
in the local inflammatory response in the bone tunnel of
the PD-silk fibroin (SF) group and KGN-PD-SF group at 1 week
after surgery could be observed (Fig. 5d). The analysis of
picrosirius red staining at 4 and 8 weeks after surgery showed
that the collagen organization in the KGN-PD-SF group was
significantly more than that in others, and oriented collagen
fibers could be seen at 8 weeks. At the same time, the interface
width of the KGN-PD-SF group was significantly smaller than
that of other groups at 8 weeks, which indicated better integra-
tion (Fig. 5e).

For the same purpose, PLGA nanofiber pads doped with
doxycycline were prepared and evaluated in vivo using a rabbit
model.124 As shown in Fig. 5f, this PLGA nanofiber pad pro-
vides continuous release of doxycycline for more than 42 days
in vitro. In addition, doxycycline was released in tissues and
blood over time, and the systemic drug concentration was
significantly lower in vivo. Furthermore, H & E staining per-
formed 4 weeks after implantation of the PLGA nanofiber pad
showed that the tendon cells in the doxycycline group were
mature and lined up, while those in the control group without
the nanofiber pad had a large accumulation of white blood cells
and a significant inflammatory response (Fig. 5g). Therefore,
the drug-loaded nanofiber pad effectively controls the inflam-
matory response and can be released continuously and in low
doses. To control inflammation and promote tissue regenera-
tion, loading inflammation-responsive prodrugs onto nanofi-
ber scaffolds is also a good choice.123 Chronic inflammation
greatly inhibits the repair or regeneration of tissues. Therefore,
Ye et al. constructed nanofiber-based scaffolds that can reg-
ulate chronic inflammation by releasing anti-inflammatory
drugs in response to the occurrence of inflammation. In vitro
studies have shown that the inflammation-responsive nanofi-
ber scaffold can effectively inhibit the cytokines secreted from
RAW264.7 macrophage cells, which indicated that nanofibrous
scaffolds have great potential in regulating chronic inflamma-
tion in tissue regeneration.125

Nanofiber scaffolds can not only load anti-inflammatory
drugs but also carry some small molecule drugs to induce the
regeneration of fibrocartilaginous enthesis.126 Zhu et al. encap-
sulated KGN in an array of nanofibers to prevent it from
spreading to other areas. Studies have shown that the biological
effects of KGN can be maintained for 20 days, and the nano-
fiber membrane extends the action time of KGN.

In short, the nanofibrous scaffold is an excellent biomater-
ial. Nanofiber scaffolds have the characteristics of low dose,
extending release time, and minimizing systemic side effects.
Therefore, nanofiber scaffolds show certain advantages in
controlled release of drugs.

4.3 Stimulus-responsive nanofibrous scaffolds

In recent years, with the increasing demand for precision
medicine and personalized medicine therapy, materials with
stimulus-response characteristics have attracted widespread
attention. Stimulus-responsive materials can respond to elec-
trical and ROS signals and produce physical and physiological
changes.127 Compared with other polymer fibers or nano-
particles, electrospinning fibers with stimulation response
characteristics have high sensitivity and response rate due to
their high surface-volume ratio, high porosity, and easy
adjustment.128 They can play their role by communicating with
the environment, and nanotechnology allows them to have a
high surface-to-volume ratio, which can effectively sense
changes in the surrounding environment. After passing
through the nanofibers made by electrospinning technology,
the stimulation is accelerated, resulting in a faster response
owing to the nanofibers’ small diameter, large surface area-to-
volume ratio, and highly porous structure. Various types of
stimulus-responsive nanofibers have been applied to muscu-
loskeletal system repair; hence, they are likely promising tar-
gets for the healing of fibrocartilaginous enthesis (Fig. 6a).129

Electrical stimulation is one of the most commonly used
stimuli.128 Recently, it has been found that Col I in tendon has
piezoelectric properties, which has prompted people to conduct
in-depth research on the role of bioelectricity in tissue
repair.130,131 A synthetic compliant ferroelectric polymer
(PVDF-TrFE) was integrated into a nanofiber scaffold with
electrical, mechanical, and morphological properties of Col I
to simulate the bioelectrical signals provided by collagen piezo-
electricity to maintain the tendon cell phenotype and promote
tendon regeneration (Fig. 6b).129 To simulate the layered struc-
ture of the tendon collagen fibers, the collector velocity was
controlled between 4.2 m s�1 and 29.3 m s�1 (Fig. 6c). The
scaffolds obtained under the condition of 29.3 m s�1 had a
highly organized fiber morphology, while those obtained under
the condition of 4.2 m s�1 had a wider distribution of oriented
fibers. Because of the geometric boundary variables that control
the piezoelectric response of a single PVDF-TrFE fiber,
the fibered piezoelectric scaffold exhibits higher piezoelectric
properties than the piezoelectric film (Fig. 6d). When tendon-
derived cells were inoculated on the commercial PVDF-TrFE
membrane with lower piezoelectric coefficient and the piezo-
electric nanofiber scaffold with the highest piezoelectric coeffi-
cient and fiber alignment (Fig. 6e), it was evident that the
piezoelectric nanofiber scaffold with high fiber orientation and
piezoelectric coefficient improved the gene expression of Scler-
axis (Scx) and Tenomodulin (Tnmd). Previous studies have
shown that tendon stem cell differentiation can enhance the
expression of Scx and Tnmd, thereby promoting the healing of
fibrocartilaginous enthesis.132 At the same time, transcription

Nanoscale Horizons Review

Pu
bl

is
he

d 
on

 1
2 

sr
pn

a 
20

23
. D

ow
nl

oa
de

d 
on

 1
6.

07
.2

02
4 

21
:2

8:
08

. 
View Article Online

https://doi.org/10.1039/d3nh00212h


1326 |  Nanoscale Horiz., 2023, 8, 1313–1332 This journal is © The Royal Society of Chemistry 2023

factor Scx plays an important role in the development and
maturation of fibrocartilaginous enthesis.133 Histological stain-
ing analysis of Scx-knocked out (cKO) mice and wild-type (WT)
mice on day 56 after birth showed that the lumen of mature
cKO was full of round chondrocyte-like cells, and there were no
obvious wet marks compared with WT, suggesting that the
fibrochondral lumen of cKO mice was damaged because of
maturation. The stress–strain curve from uniaxial tensile test to
failure of the supraspinicular fibrocartilaginous enthesis of WT
and cKO mice, and the final failure strength of WT mice is
higher than that of cKO mice. The fibrocartilaginous enthesis

of WT mice have better biomechanical properties. Therefore,
increasing the expression of Scx and Tnmd is beneficial to the
healing of fibrocartilaginous enthesis. Moreover, piezoelectric
nanofiber scaffolds have also been shown to increase the
expression of Sox and Tnmd;129 therefore, we speculate that
piezoelectric nanofiber scaffolds may also promote the healing
of fibrocartilaginous enthesis.

In addition, REDOX response is also one of the common
stimulus responses.128 It is well-known that ROS are produced
during the inflammatory period of healing after tissue injury,
which is one of the defense mechanisms of the human body

Fig. 6 Nanofibrous scaffolds in response to electrical stimulation. (a) A schematic illustration of a nanofiber scaffold that can be modified to achieve
effective loading and on-demand release of drugs, improving inflammatory responses. This figure was created with BioRender.com. (b) Schematic
diagram of activation of tendon specific regeneration pathway by piezoelectric derived electric field generated during physiological movement. (c)
Scanning electron microscope (SEM) image of modified nanofibrous scaffold. (d) The morphology of scaffolds obtained by electrospinning collected at
low (4.2 m s�1 rpm) and high (29.3 m s�1) linear speeds. Fast Fourier transform (FFT) spectra showed a broad distribution of intensities for low speed
(4.2 m s�1) and a clear peak for high speed (29.3 m s�1), characteristic of highly anisotropic structures. (d) PFM amplitude and phase images for a
piezoelectric scaffold and film. (e) Cells demonstrated differential expression of tenospecific proteins and morphological changes when cultured on
electrospun scaffolds or planar PVDF-TrFE films. hTDCs maintained their phenotype and expression levels of TNMD and Scx when cultured on aligned
piezoelectric scaffolds; this effect was absent on 2D planar films (N = 3, r = 3, mean � SD, ***p o 0.001). Abbreviations: GSH, glutathione. Fig. 6b–e have
been reproduced from ref. 129 with permission from Wiley-VCH, copyright 2021.
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Fig. 7 REDOX-responsive nanofibrous scaffolds. (a) Schematic diagram of fabrication of REDOX-sensitive nanofibers. (b) REDOX-sensitive release
behavior of nanofibers with different BMP-2 in different GSH contents at 37 1C. (c) The stepwise response of nanofibers on increasing GSH concentration
at fixed intervals. (d) Confocal laser scanning microscope images of immunostained cellular components (merged) for the rBMSCs, stained for F-actin
(red), OCN protein (green), and nuclei (blue) (Scale bar: 20 mm). These cells were also cultured at days 7 and 14 post seeding, respectively, on such
surfaces as Control, PCL/NF/BMP-2 NF, and PCL/NG/BMP-2 NF (PBS 2 GSH) with GSH at fixed intervals. (e) Histomorphometric results of the bone
defect area (NB: New Bone). Fig. 7a–e have been reproduced from ref. 134 with permission from the American Chemical Society, copyright 2018. (f)
Representative immunofluorescence images of ROS levels detected in rotator cuff derived cells: (i) non-diabetic controls and (ii) diabetic groups. DCFH–
DA staining (green) is indicative of the accumulation of ROS in rotator-cuff-derived cells; the nuclei are counterstained with 40,6-diamidino-2-
phenylindole (DAPI; blue). (g) Relative quantification of the ROS-positive cells. ROS-positive cells and DAPI-positive cells in four rectangular areas
(0.75 mm� 1.0 mm) on each slide were counted and their mean values were analyzed. The ROS-positive cells rate (number of ROS-positive nuclei/DAPI-
positive nuclei) is given as the mean of the four areas. Data are presented as the mean � SD. The independent t-test was performed for determining
significant differences: *p o 0.001. Abbreviations: ROS, reactive oxygen species; DAPI, 4,6-diamidino-2-phenylindole; PCL, polycaprolactone; GSH,
glutathione; BMP-2, bone morphogenetic protein 2. Fig. 7f and g have been reproduced from ref. 135 with permission from MDPI, copyright 2022.
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against foreign body invasion and pathogens.120,121 Increased
glutathione synthesis can be detected in the abnormal reactive
oxygen microenvironment,127 so it is feasible to detect the level
of glutathione (GSH) as an oxido-reduced nanofiber scaffold.
Gong et al. prepared a novel REDOX responsive drug-loaded
nanofiber for bone reconstruction (Fig. 7a).134 Polyethylene
oxide (PEO) and BMP-2 form the inner core region, and a
mixture of PCL and redox reaction c-6A PEG-PCL nanogels
form the shell. Fig. 7b shows the BMP-2 release curve of
core–shell nanofibers in response to different concentrations
of GSH in PBS. After incubation for 48 h, 10 mM, 0.1 mM, and 1
mM GSH released 13 � 1.5, 55 � 2.5, and 90 � 2.9% of BMP-2,
respectively, while only 3% BMP-2 was released in the group
without GSH, indicating that the core–shell nanofibers had
good oxidation-reducing properties. To demonstrate the oxida-
tive switch release behavior of the nanofibers, they used an
ELISA instrument to monitor the amount of BMP-2 released
(Fig. 7c). It can be found that the concentration of BMP-2
increases sharply at 0.1 mM GSH and only slightly in PBS,
suggesting that the release triggered by oxygen reduction is
adjustable. Subsequently, immunofluorescence staining was
used to detect the osteoblast differentiation of MSCs in vitro
by oxidation-sensitive nanofibers releasing BMP-2, and the
expression of osteocalcin (OCN) was used as a marker for
detecting osteoblast differentiation (Fig. 7d). The OCN expres-
sion of the PCL/nanogels (NG)/BMP-2 NF and PCL/NG/BMP-2
NF (PBS 2 GSH) group was significantly increased compared
with the control group, while the OCN expression level of the
PCL/NG/BMP-2 NF (PBS 2 GSH) group was the highest. This
suggests that the REDOX-sensitive nanofibers can promote
osteogenic differentiation of MSCs in vitro. Histological analy-
sis of the in vivo osteogenic ability of oxidation sensitive
nanofibers in the mandibular defect repair was performed
(Fig. 7e). Compared with the control group, the PCL/NG/BMP-
2 NF group had new bone formation near the defect side. Thus,
this REDOX-sensitive nanofiber scaffold controls the release of
BMP-2 by responding to GSH levels in ROS. Intracellular ROS
levels in patients with rotator cuff tear were measured by
DCFH-DA staining and quantitative analysis of ROS-positive
cells (Fig. 7f and g).135 The results showed that diabetic patients
with rotator cuff tears had high levels of ROS. Therefore, we
speculate that REDOX-responsive nanofiber scaffolds may also
contribute to the synthesis of GSH in ROS in diabetic patients
with rotator cuff tears to release drugs and promote repair of
the rotator cuff fibrocartilaginous enthesis.

In addition to electrical stimulation response and reduction
response, nanofibers also have shape memory, thermal response,
pH response, and other characteristics.128,136,137 Shape memory
polymers are active materials that can remember permanent
shapes through chemical or physical crosslinking.138 Their shapes
can be changed in a predetermined way under external stimuli,
and their applications in medicine have attracted widespread
attention. Electrospun nanofibers with shape memory character-
istics have special response to temperature and are also
suitable for remote or self-regulating drives.136 At the same, it
has good biocompatibility and flexibility and can regulate cell

behavior, which is promising for surgical repair of fibrocartilagi-
nous enthesis.139,140

In summary, the stimulation-responsive nanofibers have the
characteristics of high specific surface area, high porosity, and
adjustability, and can quickly perceive internal or external
stimuli and make appropriate responses, which has potential
application prospects in promoting the healing process of
fibrocartilaginous enthesis.

5. Conclusion

Over the past two decades, nanofibers have been widely used in
various biomedical fields.141 To achieve perfect healing of the
fibrocartilaginous enthesis, it is necessary to have a deep
understanding of its structure and composition. However, at
present, the healing mechanism of fibrocartilaginous enthesis
is still unclear, such as the molecular mechanism of inflamma-
tion, proliferation, and remodeling period. A clear mechanism
will help us to control the disease and alleviate the burden of
musculoskeletal system diseases.

There are a variety of treatments to promote fibrocartilagi-
nous enthesis, but they all have certain limitations. Nanofi-
brous scaffolds show potential in the field of nanotechnology.
However, most current studies have used animal models to
evaluate the repair effect, and there is still a long way to go
before it can be used in the clinic, but only if the implantation
of nanofibrous scaffolds is not harmful to humans.

The morphology of nanofibrous scaffolds can be changed by
changing fiber arrangement, porosity, and mineral content.
Simulating the morphology of fibrocartilaginous enthesis is
conducive to improving mechanical properties and tissue
regeneration. We are looking forward to more ways to change
the morphology of nanofibrous scaffolds to promote the heal-
ing of fibrocartilaginous enthesis, and combining them with
the advantages of various materials seems to be an option.

Nanofibrous scaffolds with controlled drug release have
shown great potential in inhibiting early inflammation and
regeneration of fibrocartilaginous enthesis. At present, artifi-
cial intelligence (AI) technology can analyze the distribution
imaging and tissue imaging of drugs in the body,142 and it may
also be possible to use AI technology in the future to explore the
characteristics of the distribution of controlled release drugs in
the human body with nanofiber scaffolds.

The application of stimulus-responsive nanofibrous scaf-
folds in the musculoskeletal system has led us to speculate
the possibility of their use in fibrocartilaginous enthesis. Our
current literature is limited to electrical response, REDOX
response, and shape memory, and more types of stimulus
response should be explored in the future. For example, pH-
responsive nanofibers have received a lot of attention in drug
delivery because they can trigger the release of drugs in
inflammatory tissues or locally low pH environments in
tumors.143 Moreover, the pH of the fiber triggers drug release
more superiority than that of the drug in the particle, but the
specific mechanism is still not well understood.144

Review Nanoscale Horizons

Pu
bl

is
he

d 
on

 1
2 

sr
pn

a 
20

23
. D

ow
nl

oa
de

d 
on

 1
6.

07
.2

02
4 

21
:2

8:
08

. 
View Article Online

https://doi.org/10.1039/d3nh00212h


This journal is © The Royal Society of Chemistry 2023 Nanoscale Horiz., 2023, 8, 1313–1332 |  1329

In conclusion, nanofibrous scaffolds have certain applica-
tion prospects in promoting the healing of fibrocartilaginous
enthesis, but further extensive research is still needed to realize
its practical clinical application.
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