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A B S T R A C T   

Tendon/ligament-to-bone healing poses a formidable clinical challenge due to the complex structure, compo-
sition, cell population and mechanics of the interface. With rapid advances in tissue engineering, a variety of 
strategies including advanced biomaterials, bioactive growth factors and multiple stem cell lineages have been 
developed to facilitate the healing of this tissue interface. Given the important role of structure-function rela-
tionship, the review begins with a brief description of enthesis structure and composition. Next, the biomimetic 
biomaterials including decellularized extracellular matrix scaffolds and synthetic-/natural-origin scaffolds are 
critically examined. Then, the key roles of the combination, concentration and location of various growth factors 
in biomimetic application are emphasized. After that, the various stem cell sources and culture systems are 
described. At last, we discuss unmet needs and existing challenges in the ideal strategies for tendon/ligament-to- 
bone regeneration and highlight emerging strategies in the field.   

1. The interfacial musculoskeletal diseases as a global burden 

Tendons and ligaments connect muscles to bone or bone to bone, 
respectively, which enable locomotion, and the interface where tendon 
or ligament attaches to bone is known as the enthesis [1,2]. The enthesis 
displays gradients in tissue organization, composition and mechanical 
properties that have several functions, from effectively transferring 
mechanical stress between mechanically dissimilar tissues to sustaining 
heterotypic cellular communications for interface function and ho-
meostasis [3–5]. The complexity of the enthesis enables musculoskeletal 
function but also imposes formidable challenges in tissue repair and 
regeneration. 

Tendon and ligament injuries account for 30% of all musculoskeletal 
clinical cases with 4 million new incidences worldwide each year [6]. 
Two of the most common injury sites are rotator cuff tendon of the 
shoulder and anterior cruciate ligament (ACL) of the knee [7,8]. Within 

the shoulder, rotator cuff tendon consists of the supraspinatus infra-
spinatus, teres minor and subscapularis, and connects the muscles sur-
rounding the scapula to the humerus, which in turn supports the rotation 
and stability of the humerus [9]. Rotator cuff tears have become 
increasingly common with more than half of adults >65 years being 
affected, which are contributed to significant levels of morbidity and 
shoulder pain [9,10]. More than 1.1 million rotator cuff tendon surgical 
procedures are performed around the world each year [11]. Since 
several factors influence the rate of retear, surgical therapy is extremely 
challenging, with the rate of retear ranging from 26% for small (<1 cm) 
and medium (1–3 cm) tears, and up to 94% for large (3–5 cm) and 
massive (>5 cm) tears [9,12]. In the knee, ACL is the primary static 
stabilizer in the anterior translation of the tibia in relation to the femur, 
which prevents extreme tibial rotations and plays an important role in 
enabling functional movements [13]. ACL rupture is a common sports 
injury that can be attended by a series of secondary symptoms, including 
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meniscus and cartilage damage, movement dysfunction, knee laxity and 
even early post-traumatic osteoarthritis [14]. About 400000 ACL re-
constructions are performed worldwide each year [13]. Collectively, the 
injury of the tendon/ligament-to-bone tissue has become a serious 
health problem, which significantly reduces the quality of life for mil-
lions of people around the world. 

Therefore, the tendon/ligament-to-bone interface regeneration has 
increasingly become a subject of intense interest within the field of or-
thopedic research. Clinically, traditional conservative treatment or 
surgical repair cannot achieve enthesis healing and regeneration effec-
tively to recapitulate the complex transition between tendon/ligament 
and bone. During the past decades, the important role of the enthesis 
and unsatisfactory results of current clinical treatment modalities have 
spurred the development of interface tissue engineering to facilitate the 
regeneration of the soft-to-hard tissues. 

With greater understanding of enthesis structure and further tech-
nological advancement, utilizing biomaterial-based strategies, growth 
factor-based strategies and stem cell-based strategies alone or in com-
bination have shown promising outcomes. In this review, given the 
important role of structure-function relationship, we will begin with a 
description of enthesis structure and composition. Next, we will examine 
biomimetic strategies, focusing on well-designed biomaterials, empha-
sizing key issues in the biomimetic utilization of growth factors, and 
describing potential stem cell sources and culture systems (Fig. 1). 
Finally, the present challenges and future development directions of 
enthesis tissue engineering will be highlighted. 

2. The structure and composition of enthesis 

The enthesis can be broadly classified as direct and indirect attach-
ment according to structure. Direct enthesis have a fibrocartilaginous 
region between the bone and the ligament/tendon, such as the insertion 
of achilles tendon, patellar tendon, anterior cruciate ligament and ro-
tator cuff, as well as femoral insertion of medial collateral ligament [15]. 
Indirect enthesis are characterized by dense fibrous tissue that are 
attached to bone indirectly through the periosteum, such as the tibial 
insertion of the medial collateral ligament and the insertion of the del-
toid tendon into the humerus [15]. Due to clinical relevance, this review 
will focus on the fibrocartilaginous enthesis. 

The enthesis is a specialized transitional region between tendon/ 
ligament and bone for the proper transmission of forces, which exhibits 
gradients in cell phenotype, matrix composition, tissue organization, 
and mechanical properties. The histology of fibrocartilaginous enthesis 
consists of four distinct regions: ligament/tendon (I), non-mineralized 
fibrocartilage (II), mineralized fibrocartilage (III), and bone (IV) 
(Fig. 2A) [8]. The tidemark is a basophilic line that separates the un-
calcified and calcified fibrocartilage zones (Fig. 2B) [16]. 
Tendon-to-bone insertion exhibited a gradual mechanical transition 
from tendon (200 MPa tensile modulus) to bone (20 GPa tensile 
modulus) [17]. The fibrocartilage regions span 300–800 μm in width on 
average, depending on the species [18]. To alleviate these concentra-
tions of mechanical stress and allow for effective stress transfer at such 
scale, several mechanisms at various scale levels are involved. 

Fig. 1. The schematic of scaffolds, growth factors and stem cells as the biomimetic components for tendon/ligament-to-bone interface regeneration. ECM, extra-
cellular matrix; PRP, platelet-rich plasma. 
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At the nanometer scale, the mineral organization relative to collagen 
theoretically shifting the load-sharing mechanism among the various 
components of the enthesis [19,20]. There are various collagenous 
mineralized tissues in the human body, whose basic structural and 
functional element is mineralized collagen fibrils [21]. The precursor 
phase for mineral formation is amorphous calcium phosphate (ACP, 
amorphous phase) rather than hydroxyapatite (HA, crystal phase) 
[22–24]. The ACP stabilized by non-collagenous proteins enters the 
collagen fibers and bind to charged amino acid residues within collagen, 
particularly residues containing carboxyl groups [24]. Subsequently, the 
amorphous phase transforms into the crystalline phase and gradually 
becomes a hierarchical structure. At the micrometer scale, the tissue 
displays varying gradients in collagen orientation, mineral content and 
protein type across the interface [20]. In terms of fiber orientation, the 
collagen fibers are aligned and parallel at tendon/ligament region [25]. 

The tendon fibers unravel into thinner and smoother interface fibers and 
splay out symmetrically along the insertion before attaching to bone 
(Fig. 2C) [26]. These features might contribute to the durability of 
enthesis by reducing stress concentrations and increasing toughness 
[26]. In terms of the mineral content, there is a sharp increase in mineral 
content between the mineralized and non-mineralized region, and its 
content increases exponentially across the mineralized fibrocartilage 
toward bone (Fig. 2C) [27,28]. In terms of molecular composition, dif-
ferential molecular composition across the interface are responsible for 
distinct structural and functional features. Tendon/Ligament is mostly 
composed of collagen I, which is very sparse in Zone II-III (Fig. 2C) [25, 
26]. Zone II consists mostly collagen II, and also has high levels of 
pericellular collagen III, together with small amounts of collagen I and X 
(Fig. 2C) [25]. Zone III is mainly composed of collagen II, together with 
significant amounts of collagen X (Fig. 2C) [25]. Bone consists mainly of 

Fig. 2. The histological staining and schematic of tendon/ligament-to-bone insertion. (A) The H&E staining of rabbit supraspinatus tendon (a) and anterior cruciate 
ligament (c) insertion sites. The Masson staining of rabbit supraspinatus tendon (b) and anterior cruciate ligament (d) insertion sites. Reproduced with permission 
from Ref. [8]. Copyright 2017, Springer Nature. (B) The tidemark stained with H&E. Reproduced with permission from Ref. [32]. Copyright 2002, Elsevier Science 
Inc. (C) The schematic of tendon/ligament-to-bone insertion. The fibrocartilaginous enthesis is composed of four distinct zones: tendon/ligament, non-mineralized 
fibrocartilage, mineralized fibrocartilage, and bone. RCT, rotator cuff tendon; ACL, anterior cruciate ligament; NFC, non-mineralized fibrocartilage; MFC, mineralized 
fibrocartilage; UF, uncalcified fibrocartilage; CF, calcified fibrocartilage; T, tidemark; ECM, extracellular matrix. 
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collagen I and has a high mineral content (69%) of which 99% is HA 
(Fig. 2C) [25]. Moreover, negatively-charged hyalectan proteoglycans 
are upregulated in Zone II-III, which leads to a counteracting osmotic 
pressure (Fig. 2C) [26]. In addition, the different small leucine-rich 
proteoglycans that are highly-expressed in Zone I-III may be the prime 
cause of the splaying and subdividing of the fibers at the molecular level 
(Fig. 2C) [26]. In terms of the cell phenotypes, the tendon/ligament is 
populated by interspersed elongated fibroblasts organized in arrays 
(Fig. 2C) [18,25]. The Zone II is populated by fibrochondrocytes ar-
ranged in rows (Fig. 2C) [18,25]. The Zone III is populated by hyper-
trophic fibrochondrocytes arranged in columns (Fig. 2C) [18,25]. The 
bone is populated by osteoblasts, osteocytes and osteoclasts (Fig. 2C) 
[18,25]. Recently, Kuntz et al. presented a transcriptomic study at the 
tendon-to-bone interface and identified several interface biomarkers by 
combining transcriptomics with proteomics, which provides a 
bench-mark to study whether the differentiation of seeded MSCs to-
wards a physiological phenotype [29]. However, the precise identifi-
cation of the cell subpopulations at the interface remains unknown. 

The healing of enthesis occurs in three phases: inflammatory phase 
(0–7 days), repair phase (5–14 days) and remodeling phase (>14 days) 
[16]. Tendon/ligament-to-bone healing typically occurs through the 
formation of disorganized fibrovascular scar tissue rather than the 
regeneration of natural gradient tissue. The disorganized fibrovascular 
scar can be due to abnormal or inadequate genes expression that direct 
insertion site formation, insufficient undifferentiated cells at the healing 
interface, and excessive mechanical loading on the healing tendon [30]. 
The disorganized scar tissue is mainly comprised of collagen ІІІ and gets 
gradually replaced with collagen І without collagen ІІ [31]. The me-
chanical strength of the neo-fibrovascular scar tissue is much lower than 
the native interface, due to lack of gradient mineral distribution and 
continuity of collagen fibers, thus resulting in the high failure rate [25]. 

In conclusion, a better understanding of the enthesis structure is the 
basis for guiding biomimetic strategies to achieve functional enthesis 
regeneration. 

3. Biomaterials as biomimetic strategy 

Among the three major components (biomaterials, growth factors, 
cells) of interface tissue engineering, the biomaterials play the most 
important role to facilitate tissue regeneration, which provide structural 
support, as well as appropriate biomechanical and biochemical prop-
erties that mimic the native microenvironment. In this section, we will 
focus on decellularized extracellular matrix (ECM) scaffolds and syn-
thetic-/natural-origin scaffolds (Fig. 1). 

3.1. Decellularized ECM scaffolds 

It is extremely important to develop constructs with similar hetero-
geneous transition regions to achieve enthesis regeneration. However, it 
is greatly challenging to develop a scaffold to completely mimic the 
natural complex structure. Tissue engineering the native tissue which 
provides a naturally occurring three-dimensional scaffold with specific 
ECM could overcome the complications. During the past decades, scaf-
folds derived from decellularized allogeneic and xenogeneic ECM have 
been widely applied in surgical reinforcement of rotator cuff tears, 
which are mainly derived from mammalian ECM such as porcine small 
intestinal submucosa, human dermis and porcine dermis [4,12,33]. As is 
known, each tissue has a unique ECM with specific physical, topological, 
and biochemical composition, which provides the necessary physical 
scaffold for cell components, as well as initiates important biochemical 
and biomechanical clues for tissue morphogenesis, differentiation and 
homeostasis [34]. The varying ECM deriving from distinct tissues may 
exert tissue-specific regeneration functions [35]. For example, our pre-
vious study reported that tendon-derived decellularized matrix pro-
moted the tenogenic differentiation while inhibited osteogenic 
differentiation of tendon stem/progenitor cells (TSPCs), even under 

osteogenic induction conditions [35]. Bone-derived decellularized ma-
trix robustly induced osteogenic differentiation of TSPCs, while 
dermis-derived decellularized matrix did not have obvious effect on 
TSPCs differentiation [35]. Therefore, ECM derived from native 
tendon-to-bone tissue might be more appropriate for enthesis 
regeneration. 

Acellular tendon/ligament/fibrocartilage scaffolds are suitable to 
enhance tendon-to-bone healing owing to their good biodegradability, 
high biocompatibility, low immunogenicity and high similarity to the 
structure and composition of ECM [36]. Due to the native tendon/li-
gament/fibrocartilage being a dense and compact tissue, it is greatly 
challenging to completely remove internal cell, while mostly conserving 
the native ECM [37,38]. Therefore, several studies physically sectioned 
tissues into slices which could facilitate the infiltration of acellular 
agents into tissues, thus less exposure time is needed and more native 
ECM ingredients can be preserved [37–40]. Ning et al. developed scaf-
folds based on decellularized tendon slices with excellent cytocompati-
bility, adequate mechanical strength and multiple growth factors, which 
supported proliferation and tenogenic differentiation of tendon-derived 
stem cells (TDSCs) and bone marrow-derived stem cells (BMSCs) [37, 
39]. In a further study, Liu et al. repaired rabbit large rotator cuff tears 
using decellularized tendon slices scaffold [40]. This scaffold promoted 
cell ingrowth and tissue integration, facilitated fibrocartilage, Sharpey 
fibers and new bone formation, and improved biomechanical properties. 
Inspired by book shape, Chen et al. sectioned the fibrocartilage to 
fabricate a book-shaped acellular scaffold [38]. The scaffold exhibited a 
superior cell-loading capacity and chondrogenic inducibility in vitro. 
The scaffold with or without adipose-derived stromal cells sheets 
improved fibrocartilage regeneration and mechanical properties in a 
rabbit partial patellectomy model. Recently, they synthesized a recom-
binant stromal cell-derived factor-1α capable of binding collagen and 
chemotactic activity, which was then tethered on the collagen fibers of a 
book-shaped acellular fibrocartilage scaffold [41]. The scaffold 
enhanced the tendon-to-bone healing with larger cartilaginous meta-
plasia region, additional bone formation, better fibrocartilage regener-
ation, and improved biomechanical properties in a rabbit partial 
patellectomy model. Further, they proved that the scaffold could recruit 
postoperative injected CXCR4+ cells into the healing site to circumvent 
in-vitro loading of cells [42]. 

Demineralized bone matrix as an osteoinductive scaffold has been 
widely utilized for the tendon-to-bone repair [43–47]. Hexter et al. have 
systematically reviewed the utilization of demineralized bone matrix on 
tendon-to-bone healing [47]. The review indicated that the demineral-
ized bone matrix could improve tendon-to-bone healing, while the 
application remains in the exploratory stage with no clinical research. As 
is known, acellular bone scaffold displays better osteoinductivity, 
whereas acellular fibrocartilage scaffold displays better chondrogenic 
inducibility. To compare the efficacy of the two scaffolds, Lu et al. 
implanted book-type acellular bone scaffold and book-type acellular 
fibrocartilage scaffold in a rabbit partial patellectomy model [36]. The 
implanted book-type acellular fibrocartilage scaffold resulted in more 
new bone formation, more fibrocartilage regeneration, better failure 
load and stiffness, which thus suggested that the book-type acellular 
fibrocartilage scaffold is a more promising scaffold for tendon-to-bone 
repair. 

In some studies, decellularized tendon-bone composite tissues have 
been used to replace the injured interface, which avoids the challenges 
of mimicking the complex tendon-to-bone interface. For example, Far-
nebo et al. utilized decellularized Achilles tendon-calcaneus graft for 
tendon-bone reconstruction [48,49]. Decellularized grafts display su-
perior biomechanical properties at earlier healing time points with 
decreased immune responses, as compared with untreated grafts [48]. 
Besides, the graft promoted more well-organized ECM and better 
biomechanical properties at early time points, as compared to conven-
tional pullout repair [49]. Recently, Su et al. prepared decellularized 
bone-fibrocartilage-tendon composite scaffolds using differential 
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decellularization [50]. The triphasic scaffold enabled BMSCs to achieve 
regional differentiation in vitro and enhanced bone formation along the 
bone tunnel within a femur-tibia defect model in vivo [50]. Based on 
book-type design, Liu et al. and Tang et al. developed book-type acel-
lular tendon-fibrocartilage-bone scaffold and they further combined 
acellular triphasic scaffold with BMSC cell sheet for rotator cuff tears 
repair and patella-patellar tendon interface injury repair, respectively 
[51,52]. These studies demonstrated that the combination of acellular 
composite tissue and BMSC cell sheet was an effective strategy for 
tendon-to-bone healing. 

Considering mineral gradients of the natural enthesis, the bone could 
be demineralized or the tendon could be mineralized in a gradient 
manner to more accurately mimic the native enthesis. Recently, Boys 
et al. demineralized trabecular bone spatially using a top-down 
approach, exhibiting mineral gradients on the scale of 20–40 μm, 
which will be available for tendon-to-bone repair [53]. Besides, several 
studies have utilized calcium phosphate to mineralize the native tendon. 
For example, Mutsuzaki et al. hybridized tendon graft with calcium 
phosphate for ACL reconstruction, which could reduce bone-tunnel 
enlargement and the gap area associated with the cartilage layer and 
new bone formation [54–56]. Qu et al. achieved mineralization of the 
tendon by combining Na2HPO4 extraction and fetuin enhancement, to 
convert the tendon-to-bone healing into bone-to-bone healing, and a 
200 μm-layer of bone was reported to be generated within the tendon 
[57]. Recently, Grue et al. developed decellularized bovine tendon 
sheets and mineralized tendon collagen sheets using an alternate soak-
ing method that incorporates a polymer-induced liquid precursor pro-
cess to promote intrafibrillar mineralization [58]. In the future, the 
tendon could be mineralized in a gradient manner, transforming the 
tendon to the tendon-bone tissue for interface regeneration. 

3.2. Synthetic-/Natural-origin scaffolds 

Stringent processing requirements as well as secondary wound site 
creation have limited the availability of acellular tissue scaffolds [59]. 
Instead of utilizing native tendon-bone tissues, advanced tissue engi-
neering has applied various biomaterials for tendon-to-bone healing 
including synthetic polymers (e.g. polyethylene terephthalate (PET), 
poly-L-lactic acid (PLLA), polylactid-co-glycolid acid (PLGA), poly-
glycolic acid (PGA), and poly (ϵ-caprolactone) (PCL)), natural polymers 
(e.g. collagen and silk), and calcium phosphate biomaterials (e.g. cal-
cium phosphate silicate ceramic (CPS), hydroxyapatite (HA) and tri-
calcium phosphate (TCP)). Table 1 has summarized the advantages and 
disadvantages of several different kinds of biomaterials. Synthetic 
polymers exhibit excellent mechanical properties, degradation rates and 
ease of processing, but their low bioactivity and acidic degradation 

products are limitations [12]. Natural polymers have been widely used 
for tissue engineering due to their intrinsic biocompatibility and 
biodegradability, but they lack sufficient mechanical properties [12]. 
Overall, the ideal biomaterial for enthesis tissue engineering not only 
needs to be biocompatible to ensure the growth and differentiation of 
transplanted and local cell populations and promote controlled matrix 
heterogeneity, but also needs to be biodegradable in order to be grad-
ually replaced by newly-regenerated tissue [60]. 

To overcome the shortcomings of using a single type biomaterial in 
tendon-to-bone tissue engineering, the combination of different mate-
rials can exploit advantageous properties of each biomaterial and endow 
the composite scaffold with remarkable properties. For example, our 
previous study developed a knitted silk-collagen sponge scaffold, in 
which the silk provided excellent mechanical strength and the collagen 
increased the surface area and enhanced cell adhesion [61]. The knitted 
silk-collagen sponge scaffold promoted ACL and ligament-to-bone 
regeneration as well as prevented cartilage degeneration and osteoar-
thritis progression in both the short and long term. Recently, Zhang et al. 
fabricated a hybrid ligament combining biodegradable PCL nanofibrous 
membrane with non-degradable PET mesh fabric to overcome the lim-
itations of conventional degradable and non-degradable scaffolds [62]. 
The PCL could promote new bone ingrowth and PET could maintain the 
biomechanical properties when PCL was degraded, which prevented 
reduction in ACL mechanical strength. Overall, the combination of 
varying biomaterials could meet the requirements of enthesis healing. 

3.2.1. Biphasic/Multiphasic scaffolds 
Given the graded composition and structure of the complex tendon/ 

ligament-to-bone interface, it is generally believed that biphasic/ 
multiphasic scaffolds are more suitable than single-phase scaffolds for 
interface tissue engineering. Because each layer can be made into 
different properties using distinct biomaterials so as to mimic the 
structural and compositional gradients of the enthesis, which enables 
phase-specific changes in supporting interface heterotypic cell pop-
ulations and matrix and exhibits graded mechanical properties. 

Inspired by the ECM composition of the enthesis, several studies have 
focused on the incorporation of inorganic calcium phosphate and/or 
natural biomaterials into specific regions of the scaffold to facilitate 
tendon/ligament-to-bone healing. To mimic non-mineralized and 
mineralized fibrocartilage, Li et al. fabricated integrated bipolar fibrous 
membranes, the upper and lower layer of which are PLLA fibrous 
membrane and nanohydroxyapatite (nHA)-PLLA fibrous membrane 
respectively (Fig. 3A) [70]. In a rabbit rotator cuff tear model, bipolar 
fibrous membrane increased glycosaminoglycan formation, improved 
collagen organization, induced bone formation and fibrillogenesis, and 
yielded a better ultimate load-to-failure and stiffness than the simplex 

Table 1 
The summary of advantages and disadvantages of common biomaterials for tendon/ligament-to-bone healing.   

Material Advantages Disadvantages Ref. 

Synthetic polymers PLLA, PGA, PLGA ∙Excellent mechanical properties 
∙Biodegradability 
∙Ease of processing 

∙Acidic degradation products [12,60,63–65]  

PET ∙High mechanical property ∙Non-degradable 
∙Inferior biocompatibility 

[62] 

Natural polymers Silk ∙Biocompatibility 
∙Slow degradability 
∙Excellent mechanical properties 

∙Poor cell recruitment properties [61,66,67]  

Collagen ∙Intrinsic biocompatibility 
∙Biodegradability 

∙Insufficient mechanical strength [61,66,67] 

Calcium phosphate biomaterials HA ∙Excellent osteoconductivity ∙Slow biodegradation [68]  
CPS ∙Excellent osteoconductivity 

∙Superior biodegradability  
[68]  

CaP cement ∙Excellent osteoconductivity 
∙Injectable 

∙Slow biodegradation [69] 

PLLA, poly-L-lactic acid; PGA, polyglycolic acid; PLGA, poly (lactide-co-glycolid acid); PET, polyethylene terephthalate; HA, hydroxyapatite; CPS, calcium phosphate 
silicate ceramic; CaP, calcium phosphate. 
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PLLA fibrous membrane at 12 weeks. However, the better histological 
and mechanical performance was not observed at the early timepoint, 
which may result in re-tear in the first weeks after surgery. As the het-
erogeneity from soft tissue to hard tissue, the ideal scaffold should 
promote bone-to-scaffold ingrowth as well as tendon-to-scaffold 
ingrowth. For example, Sun et al. fabricated co-electrospun dual 
nano-scaffold of PLGA-PCL. Further, the collagen and nHA were incor-
porated into PLGA fibers and PCL fibers respectively to improve 
biocompatibility (Fig. 3B) [71]. The PLGA or the PLGA/collagen side 
was connected to the tendon stumps, whereas the PCL or PCL/nHA side 
was inserted into the bone tunnel. In vitro, fibroblasts seeded on 

PLGA/collagen scaffold showed better growth and collagen secretion 
compared with the PLGA scaffold. Osteoblasts seeded on the PCL/nHA 
scaffold showed better growth with higher mineralization compared 
with PCL scaffold. In a rabbit rotator cuff tear model, the PLGA/collagen 
scaffold induced better collagen ingrowth compared with PLGA scaffold, 
and the PCL/nHA scaffold induced more new bone versus PCL scaffold, 
and the PLGA/collagen-PCL/nHA showed better biomechanical prop-
erties versus PLGA-PCL scaffold. 

To better mimic the hierarchical structure of native enthesis, fabri-
cating multiphasic scaffolds has attracted great interest. Li et al. devel-
oped a triphasic silk scaffold to mimic ligament-to-bone insertion 

Fig. 3. The biphasic/multiphasic scaffolds for tendon/ligament-to-bone healing. (A) The schematic of the application of bipolar nanofibrous membrane. Reproduced 
with permission from Ref. [70]. Copyright 2017, Acta Materialia Inc. (B) The co-electrospun dual nano-scaffolds and the fixation technique. Reproduced with 
permission from Ref. [71]. Copyright 2016, The Royal Society of Chemistry. (C) The schematic of manufacturing triphasic silk graft used for restoration of 
osseointegration in the rabbit anterior cruciate ligament-defect model. Reproduced with permission from Ref. [72]. Copyright 2016, Elsevier Ltd. (D) Macroscopic 
images of a collagen-based four-layer scaffold and the cross-sectional images of the tendon layer, uncalcified fibrocartilage layer, calcified fibrocartilage layer, and 
bone layer. Reproduced with permission from Ref. [73]. Copyright 2014, Wiley Periodicals, Inc. 
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(Fig. 3C) [72]. The different region of the silk scaffold was incorporated 
with various materials: the ligament region is coated with silk fibroin 
solution; the fibrocartilage region is coated with silk fibroin, chondroitin 
sulfate and hyaluronic acid sodium salt; the bone region is coated with 
silk fibroin solution and HA. In a rabbit ACL reconstruction model, the 
triphasic scaffold exhibited enhancement of osseointegration as 
demonstrated by robust mechanical properties together with multilay-
ered tissue formation and corresponding matrix deposition. The ideal 
multiphasic scaffolds should mimic the enthesis as close as possible. 
Thus, generating a scaffold with four layers to better mimic the four 
distinct regions of the native enthesis is of great importance. Kim et al. 
developed a four-layer collagen scaffold with varying compositions 
(Fig. 3D) [73]. The four layers of the scaffold included the tendon layer 
(collagen), the fibrocartilage layer (collagen and chondroitin sulfate), 
the mineralized fibrocartilage layer (collagen and low calcification HA) 
and the bone layer (collagen and high calcification HA). The multilayer 
scaffold supported the adhesion and proliferation of fibroblasts, chon-
drocytes, and osteoblasts within each corresponding matrix layer. 
However, this study did not evaluate the efficacy of the scaffold in an 
animal model. Collectively, these studies demonstrated that the scaffold 
incorporated with specific biomaterials in each layer mimicking the 
native enthesis would better promote tendon/ligament-to-bone 
regeneration. 

3.2.2. Gradient mineral scaffolds 
In multiphase designs, scaffolds are segregated into two or more 

layers with abrupt transition from one layer to another. However, the 
native enthesis not only display region-specific properties but also 
exhibit gradient changes such as gradient mineral content. Conse-
quently, several studies have developed gradient scaffolds, in which 
these changes are more gradual with no discrete segregation between 
layers [7]. Gradient scaffolds with continuous transition in composition 
and mechanical properties have been suggested to achieve a smoother 
integration of dissimilar tissues [74]. 

Given the gradient mineral distribution at the interface, several 
studies have modified the nanofibers scaffold with spatial control of 
mineral content, which not only mimics the mineral changes but also 
creates a mechanical gradient. There are varying methods to fabricate 
mineral gradient nanofibers scaffold. For example, Li et al. deposited 
gradient mineral content in PCL and PLGA nanofibers, by adding 10 x 
simulated body fluid at a constant rate to linearly reduce the deposition 
time from the bottom to the top end of the substrate (Fig. 4A) [75]. Their 
further study demonstrated that cell proliferation was negatively 
correlated with the mineral content, while the gradient mineral content 
could drive graded differentiation of adipose-derived mesenchymal 
stem cells (ASCs) toward osteoblasts [76]. In another method, PCL was 
doped with nHA and co-electrospun with poly(ester urethane) urea 
elastomer from offset spinnerets to form graded meshes (Fig. 4B). Sub-
sequently, these meshes were treated with a 5 x simulated body fluid 
that selectively deposited mineral crystallites on nHA-PCL fibers to 
create mineral gradients [77]. The gradient mineral content could pro-
mote BMSCs to differentiate into a spatial gradient of varying 

Fig. 4. The gradient mineral scaffolds for tendon/ligament-to-bone healing. (A) The schematic of the procedure for generating a graded coating of calcium phosphate 
on a nonwoven mat of electrospun nanofibers. Reproduced with permission from Ref. [75]. Copyright 2009, American Chemical Society. (B) The diagram of 
electrospinning apparatus depicting offset spinnerets and the fluorescent images of nHAP-PCL fibers (green) (a), transition region (b) and PEUUR2000 fibers (red) (c). 
Reproduced with permission from Ref. [77]. Copyright 2011, Acta Materialia Inc. (C) The 3D scaffolds produced by crochet using PCL/gelatin and PCL/gelatin/HAP 
microfibers. Micro-CT scans of different sections of the scaffold and HAP particles content. Reproduced with permission from Ref. [80]. Copyright 2019, WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. (D) The schematic of the fabrication of a hierarchically structured scaffold for tendon-to-bone repair. Reproduced with 
permission from Ref. [81]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. PCL, polycaprolactone; HAP, hydroxyapatite; nHAP, nano-
hydroxyapatite; PLGA, poly (lactic-co-glycolic acid). 
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osteoblastic phenotype [78]. Similarly, Ramalingam et al. developed a 
2-spinnerette that can directly electrospun PCL and PCL/ACP together 
into a nonwoven mat in the form of a gradient [79]. Higher ACP content 
can enhance adhesion and proliferation of osteoblast, thus yielding a 
graded osteoblast response. However, these studies did not generate a 
3D structure. Recently, Calejo et al. developed PCL/gelatin and 
PCL/gelatin/HA scaffolds using wet-spinning to mimic tendon and bone 
respectively [80]. Further, the PCL/gelatin and PCL/gelatin/HA scaffold 
were knitted together to form a gradient scaffold which displayed a 
gradient of mineral content along the scaffold mimicking the 
tendon-to-bone junction (Fig. 4C). Although the mineral gradient of 
these scaffolds mimics the trend in the enthesis, there was a mismatch in 
the length scale of the mineral gradients. Zhu et al. designed a hierar-
chically structured scaffold containing three regions for facilitating 
tendon-to-bone repair (Fig. 4D) [81]. In the transitional area, a series of 
PLGA solutions with varying HA concentrations were coated layer by 
layer to form a gradient calcium content in a thickness of ≈37 μm. The 
seeded ASCs exhibited graded tenogenic and osteogenic differentiation 
along the mineral gradient with monotonically changing mechanical 
properties. This hierarchically structured scaffold combined the multi-
phasic and the mineral gradient achieving a better biomimetic structure. 

Overall, there have been remarkable advancements in design and 
material organization strategies, with current multiphasic or mineral 
gradient scaffolds showing great potential in enhancing interface heal-
ing. As is known, the difference in mineral content between mineralized 
and unmineralized region is sharp and increases across the mineralized 
fibrocartilage towards bone. Therefore, the combination of multiphasic 
and gradient mineral scaffolds can better mimic the native enthesis. In 
addition, the current studies only mimic the enthesis at the micrometer 
scale. It is still a great challenge to recreate the structure and composi-
tion of the natural interface at the nanometer scale, such as mimicking 
the interaction between mineralized deposits and collagen fiber. 
Recently, Lausch et al. fabricated multiphasic collagen scaffolds using an 
in-well mineralization system, which would be useful for tendon-to- 
bone healing [82]. Within the mineralized layer, the mineralized 
collagen fibrils have intrafibrillar oriented mineral resembling bone at 
the nano scale. In the future, we can have a greater breakthrough in 
scaffold design, only with a comprehensive understanding of the struc-
ture on a smaller scale. 

3.2.3. Topographical cues 
Topographical cues such as the fiber orientation and pore size of 

scaffolds, are also are key parameters that influence the healing process. 
The niche-mimicking features of physical topographic cues have pro-
found effects on cellular behavior and tissue formation [83]. For 
instance, our previous study indicated that the aligned nanofiber pro-
moted tenogenic differentiation of mesenchymal stem cells (MSCs) in 
vitro and induced more tendon-like tissue in vivo, while the random 
nanofiber promoted osteogenic differentiation of MSCs in vitro and 
induced more bone formation in vivo [83]. Similarly, Qian et al. seeded 
BMSCs onto random collagen scaffold and aligned collagen scaffold. The 
aligned scaffold promoted tenogenic induction while the random sca-
ffold promoted osteogenic induction [66]. Among a variety of topo-
graphical cues, the fiber alignment at the enthesis has been widely 
studied in the interface tissue engineering. 

There are various methods of fabricating nanofibers. Electrospinning 
is the most popular method for fabricating nanofibers due to the ability 
to control the morphology, orientation, mechanical, electrical and 
chemical properties of the nanofibers, which could mimic the structure 
of the ECM [9,84]. Based on the graded fiber orientation from tendon to 
bone, several studies have designed aligned-to-random electrospun 
nanofiber scaffolds to mimic the change of collagen fiber orientation at 
the insertion site [85–87]. The aligned-to-random scaffold could direct 
the specific cell morphology and orientation along the scaffold. In 
addition to fabricating the scaffold from a single material, Samavedi 
et al. fabricated electrospun meshes by electrospinning two different 

polymers from offset spinnerets (Fig. 5A) [88]. The scaffold consists of a 
random PLGA region, a transition region, an aligned PCL region and a 
random PCL region (Fig. 5A). On the random PLGA region, BMSCs 
exhibited low aspect ratios and random orientations. On the aligned PCL 
region, BMSCs exhibited high aspect ratios and alignment. However, 
these studies did not apply the collagen fiber orientation-mimicking 
scaffold in vivo. Cai et al. fabricated a dual-layer aligned-random scaf-
fold and investigated the effect of the scaffold in a rabbit extra-articular 
model [89]. The dual-layer scaffold facilitated fibrocartilage formation, 
improved collagen organization and maturation, and resulted in higher 
ultimate load-to-failure and stiffness compared to the random scaffold 
and the unwrapped control. 

In addition to electrospinning nanofiber, natural biomaterial was 
also able to be modified with specific topographical cues. For instance, 
Tellado et al. developed a biphasic silk fibroin scaffold with anisotropic 
at the tendon/ligament side and isotropic at the bone side using direc-
tional freezing, freeze-drying, and salt leaching [90]. The scaffold 
induced gene expression gradients of tendon/ligament and cartilage 
markers depending upon pore alignment along the scaffold. Besides, our 
previous study developed a random-aligned-random tendon ECM com-
posite scaffold via ultrasound treatment for ligament-to-bone repair 
(Fig. 5B) [91]. BMSCs can spread along aligned collagen fibers with a 
spindle-shaped morphology, while it can spread unidirectionally on 
random fibers with a polygonal morphology. The random ECM pro-
moted BMSCs differentiation into the chondrogenic and osteogenic 
lineage, unlike the aligned ECM. In a rabbit ACL reconstruction model, 
the random-aligned-random scaffold enhanced the bone and fibro-
cartilage formation. 

To better mimic the physiology of the native enthesis, some studies 
have incorporated the biomimetic composition and topographical 
properties together into the composite. For example, Lin et al. fabricated 
an integrated random-aligned-random PCL nanofibrous scaffold, the 
random region of which was soaked in simulated body fluid to form a 
mineral layer [84]. The BMSCs displayed an up-regulation of 
tendon-specific markers in the aligned region and an up-regulation of 
bone-specific markers in the mineralized region [84]. Recently, Echave 
et al. fabricated a gelatin-based multiphasic hydrogel (Fig. 5C) [92]. For 
mineralized phase that mimics bone, HA particles were incorporated 
into hydrogel. For anisotropic phase that mimics tendon, cellulose 
nanocrystals were incorporated and exposed to magnetic fields to induce 
anisotropic structure. The randomly distributed cells were observed in 
the mineralized phase and the aligned cell growth was observed in 
anisotropic phase (Fig. 5C). Besides, the biphasic constructs could 
induce a distinct differentiation trend of ASCs as evidenced by a gradient 
of OPN and TNC deposition (Fig. 5C). Caliari et al. fabricated a biphasic 
collagen-glycosaminoglycan scaffold containing gradient mineralization 
and geometric anisotropy, which promoted spatially specific tenogenic 
and osteogenic differentiation of MSC within a single 3D scaffold [93]. 
Considering the graded extracellular matrix and collagen fiber align-
ment, Cong et al. fabricated multilayered co-electrospinning nano-
scaffolds which contained aligned PCL-collagen I layer, nonaligned 
PCL-collagen II layer and nonaligned PCL-nHA layer to mimic tendon, 
fibrocartilage and bone layers respectively [94]. The 
enthesis-mimicking scaffold had more regularly arranged cells, more 
collagen organization, more fibrocartilage formation, higher tendon 
maturing score and better biomechanical performance in a rat massive 
rotator cuff tear model. 

4. Growth factors as biomimetic strategy 

In recent years, the application of growth factors to promote tendon/ 
ligament-to-bone regeneration has attracted increasing attention. 
Growth factors are vital for cell proliferation, differentiation, recruit-
ment and ECM synthesis during the healing process [10]. The enthesis 
healing process is a carefully-timed and organized event involving 
multiple factors [95]. To apply growth factors in tissue engineering, the 
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most important challenge is the utilization of optimal factors and 
appropriate delivery vehicles that deliver factors to the repair site for a 
relevant period with suitable concentrations [16,30]. In this section, we 
emphasize the importance of utilizing the appropriate combination, 
concentration and location of growth factors for interface healing 
(Fig. 1). 

4.1. The optimal combination of growth factors 

Several individual growth factors have been examined indepen-
dently for their capacity to facilitate tendon-to-bone healing. Table 2 
summarizes several in vivo studies that applied growth factors for 
enthesis healing. However, single factor can not fully mimic the complex 

process of physiological events during the interface healing. To enhance 
the regeneration of tissues with heterogeneous cell types and matrix 
compositions, delivering multiple bioactive growth factors into the 
target region is essential [96]. For example, Kim et al. fabricated 
platelet-derived growth factor-BB (PDGF-BB)/bone morphogenetic 
protein-2 (BMP-2)-immobilized membrane to facilitate interface healing 
in a rat patellar tendon avulsion model [96]. The results demonstrated 
that delivery of single growth factor might be insufficient to reconstruct 
the tendon-to-bone interface with a multiphasic structure, whereas the 
delivery of both PDGF-BB and BMP-2 may provide a synergistic effect to 
generate a multiphasic structure similar to the native enthesis structure. 
Gene therapy can also be utilized to deliver combined growth factors 
and yield better results than single gene therapy. For instance, the 

Fig. 5. The topographical cues incorporated into the scaffold. (A) Three spinnerets were used to form two transition regions (a). The photograph and scanning 
electron microscopy micrographs of electrospun mesh comprising 4 regions: random PLGA, transition, aligned PCL, and random PCL (b). Reproduced with 
permission from Ref. [88]. Copyright 2014, Wiley Periodicals, Inc. (B) The preparation of random-aligned-random tendon extracellular matrix composite scaffold. 
The microstructure of the cross section of the random ends (a). Surface morphology of the transitional region (b) of the aligned (c) and random (d) portions. 
Reproduced with permission from Ref. [91]. Copyright 2017, Elsevier Ltd. (C) The schematic of developed gelatin-based hydrogels. The F-actin filaments (a), 
osteogenic differentiation-related marker OPN (b) and tendon tissue-related marker TNC (c) expression evaluation in each of the different phase. Reproduced with 
permission from Ref. [92]. Copyright 2019, American Chemical Society. PLGA, poly (lactide-co-glycolide); PCL, polycaprolactone. 
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Table 2 
The application of growth factors for tendon/ligament-to-bone repair in vivo.  

Animal model Growth 
factor 

Delivery Dose Release Major results Ref. 

Rat supraspinatus 
tendon repair 

TGF-β1 Fibrin glue 5, 10 ng/mL  High concentrations of TGF-β1 resulted in 
more collagen type III proportion, 
stronger load and stiffness. 

[105]  

TGF-β1 HA 0.2 μg  The HA-TGF-β1 improved novel bone 
formation, collagen organization, 
fibrocartilage formation and load-to- 
failure force. 

[106]  

TGF-β3 Heparin/fibrin- 
based gel 

100 ng Gels without the heparin released 99% 
of TGF-β3 by day 10, whereas the gels 
with the heparin at ratios of 1:100, 
1:1,000, and 1:10,000 released 88%, 
74%, and 52%, respectively. 

The TGF-β3 increased inflammation, 
cellularity, vascularity, cell proliferation, 
ultimate force and stiffness at early 
timepoint, and increased extracellular 
matrix remodeling, ultimate stress and 
modulus at late timepoint. 

[107]  

TGF-β3 Injectable 
calcium 
phosphate 
matrix 

2.75 μg  The TGF-β3 improved biomechanical 
strength at 4 weeks and resulted in an 
increased collagen I/III ratio. 

[108]  

BMP-7 Gelatin 
hydrogel sheet 

500 ng The BMP-7 released in a sustained 
manner over 3 weeks. 

The gelatin hydrogel sheet with BMP-7 
induced the favorable cartilage matrix 
production and tendon orientation and 
the highest tendon-to-bone maturing 
score and ultimate force-to-failure at 8 
weeks. 

[109]  

FGF-2 PLGA 
membrane 

2 μg The cumulative releasing percentage 
was 62.2% during 24 days. 

The membrane loaded with FGF-2 
improved fibrocartilage formation and 
collagen organization, and induced the 
highest ultimate load-to-failure, stiffness 
and ultimate stress. 

[63]  

FGF-2 Gelatin 
hydrogel sheet 

3, 30 μg The FGF-2 released within 1 day up to 
about 30% and the remaining FGF-2 
was persistently released for 
approximately 2 weeks. 

The FGF-2 treatment resulted in histologic 
and biomechanical improvements at 6 
and 12 weeks and ectopic calcification 
formation in some specimens from each 
group. 

[110]  

FGF-2 Fibrin sealant 100 μg/kg  The FGF-2 treatment resulted in higher 
tendon-to-bone insertion maturing scores 
and mechanical strength than 
untreatment at 2 weeks and exhibited 
similar maturing scores and strength at 4 
and 6 weeks. 

[111]  

PDGF-BB Gelatin 
hydrogel sheets 

0.5 μg  The PDGF-BB impregnated hydrogel 
induced greater collagen fiber orientation, 
ultimate load to failure, stiffness, and 
ultimate load to stress at 12 weeks. 

[112]  

PDGF-BB Type I collagen 0.6, 2, 6 μg  The rhPDGF-BB enhanced cellular 
proliferation and angiogenesis in a dose- 
dependent response at 5 days, but had no 
effect on fibrocartilage formation, 
collagen fiber maturity and mechanical 
properties at 28 days. 

[113] 

Rat supraspinatus 
tendon chronic 
repair 

FGF-2 Gelatin 
hydrogel 

5 μg  The FGF-2 increased the mesenchymal 
progenitors and influenced genes 
expression at 2 weeks. The FGF-2 
enhanced the formation of tough tendon- 
like tissues and tendon marker genes 
expression at 12 weeks. 

[114] 

Rat infraspinatus 
tendon repair 

PDGF-BB PCL/Pluronic 
F127 
membrane 

PCL (123.01 ± 13.13 ng); 
PCL/Pluronic F127 
(140.31 ± 8.68 ng), PCL/ 
Pluronic F127/heparin 
(276.07 ± 5.49 ng) 

The heparin-bound membrane showed 
a moderate initial burst release of 
PDGF-BB and then sustainably released 
up to ~90% of the initial loading over 
42 days. 

The PDGF-BB-immobilized membrane 
group showed greater regeneration of 
rotator cuff tendon in histological and 
biomechanical analyses compared with 
the suturing groups and membrane 
without PDGF-BB immobilization group. 

[115] 

Sheep 
infraspinatus 
tendon repair 

PDGF-BB Type I collagen 
matrix 

75, 150, 500 μg  The 75-μg and 150-μg rhPDGF-BB groups 
showed higher ultimate load to failure 
and increased tendon-to-bone 
interdigitation compared with suture only 
group and 500-μg rhPDGF-BB group. 

[116] 

Rabbit 
infraspinatus 
tendon repair 

BMP-2 β-tricalcium 
phosphate 

10 μg  The rhBMP-2 treatment resulted in a more 
abundant organized fibrocartilage and 
improved biomechanical properties at 4 
weeks. 

[117] 

Rabbit ACL 
reconstruction 

BMP Injected 
calcium 
phosphate 

4 mg BMP per 2.5 g 
calcium phosphate 
cement, 2 mg BMP per  

The calcium phosphate cement composite 
improved the new bone formation 
gradually during the whole process, while 

[69] 

(continued on next page) 
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BMSCs transfected with BMP-2 or basic fibroblast growth factor (bFGF) 
were injected into the tendon-to-bone interface in a rabbit ACL recon-
struction model [97]. The implantation of BMSCs transfected with 
BMP-2 or bFGF induced better cellularity, new bone formation and 
greater mechanical properties. Furthermore, the co-transfection of these 
two genes induced the broadest zone resembling the native 
tendon-to-bone interface, the smallest bone tunnel area and the greatest 
mechanical strength, indicating the combination of these two growth 
factors exerted a much more potent effect than either single growth 
factor. Although the combination of multiple growth factors has shown a 
better potential to enhance enthesis healing, the optimal combination is 
still unknown, which should be further explored in the future. 

Since delivery of multiple growth factors yields much better repair 
effects than single growth factor, platelet-rich plasma (PRP) as a rich 
storage vehicle of several growth factors, including platelet-derived 
growth factor, vascular endothelial growth factor, transforming 
growth factor-β (TGF-β), fibroblast growth factor and insulin growth 
factor, may also address the limitations of single factor therapy such as 
inducing only one biological aspect of interface healing [98–100]. 
Moreover, PRP also offers many other benefits such as being safe, 
inexpensive, easy to extract and simple to process, compared to isolating 
purified individual growth factors [101]. However, the beneficial role of 
PRP remains controversial. In vivo, lots of studies showed that PRP 
could enhance the tendon-to-bone healing at early process but failed to 
improve long-term healing [102–104]. In the clinic, Cai et al. carried out 
a meta-analysis to investigate the efficacy of PRP therapy in arthroscopic 
rotator cuff repair [100]. The study found that the PRP therapy would 
not improve the clinical outcome scores in full-thickness rotator cuff 
repairs but significantly decreased the failure-to-heal rate in 
small-to-moderately sized tears, suggesting that PRP therapy may 
improve tendon-to-bone healing in patients with small or moderate ro-
tator cuff tears. 

TGF-β1/β3, transforming growth factor-β1/β3; BMP-2/7, bone 
morphogenetic protein-2/7; rhBMP-2, recombinant human bone 
morphogenetic protein-2; PDGF-BB, platelet-derived growth factor-BB; 
rhPDGF-BB, recombinant human platelet-derived growth factor-BB; 
FGF-1/2, fibroblasts growth factor-1/2; ACL, anterior cruciate liga-
ment; HA, hydroxyapatite; PLGA, poly(lactic-co-glycolic acid); PCL, 
polycaprolactone. 

4.2. The optimal concentration of growth factors 

In a large number of studies, varying doses of different growth factors 
were delivered to repair sites (Table 2). Among these investigations, 
several studies have demonstrated that the growth factors could 
enhance tendon/ligament-to-bone healing in a dose-dependent manner. 
For example, Ma et al. reported a rabbit ACL reconstruction with 
injectable calcium phosphate matrix-recombinant human BMP-2 
(rhBMP-2) and found that rhBMP-2 induced new bone formation at 
the tendon-bone interface in a dose-dependent manner [118]. Zhang 
et al. investigated the efficacy of 5 ng/ml versus 10 ng/ml TGF-β1 on 
tendon-to-bone reconstruction in a rat rotator cuff tears model [105]. 
The 10 ng/ml treatment exerted positive effects with more collagen type 
III formation and better biomechanical properties on tendon healing 
compared with 5 ng/ml and no treatment. Although these growth fac-
tors showed positive dose-dependent effects, an overhigh concentration 
of growth factors may exert adverse effects on the healing process, and 
the optimal concentration should be in the appropriate range. For 
instance, the 75 μg and 150 μg of recombinant human PDGF-BB 
(rhPDGF-BB) combined with collagen matrix significantly increased 
the mechanical properties and improved the morphological appearance 
compared with high-dose (500 μg) rhPDGF-BB treatment in a rotator 
cuff repair model [116]. Another study reported that excessive activa-
tion of TGF-β in bone after partial injury to the Achilles tendon con-
tributes to pathogenesis of enthesopathy [123]. However, if the 
concentration of the delivered growth factor is too low, it would not be 
able to promote repair effectively. In a rat rotator cuff repair model, 
rhPDGF-BB delivered by collagen scaffold enhanced cellular prolifera-
tion and angiogenesis in a dose-dependent manner during the early 
stage, but the treatment did not induce a more structurally organized or 
stronger attachment site during the late stage [113]. This might be 
attributed to insufficient doses and inadequate temporal availability of 
rhPDGF-BB. Hence, there is requirement for an effective delivery vehicle 
that is able to retain growth factors, as well as exhibit continued 
controlled release to mimic the physiological growth factors release of 
natural ECM. 

Currently, growth factors can be delivered by injectable vehicles 
(fibrin glue, collagen gel, hydrogel, calcium phosphate matrix) or 
implanted nanofibers for tendon-bone healing. In addition to delivering 
growth factors by injection, synthetic nanofiber scaffolds with 

Table 2 (continued ) 

Animal model Growth 
factor 

Delivery Dose Release Major results Ref. 

Cement; 
Injected fibrin 
sealant 

0.5 ml injected fibrin 
sealant 

the fibrin sealant composite had a burst 
effect on enhancing healing at 2 and 6 
weeks.  

BMP-2 Injectable 
calcium 
phosphate 
matrix 

11.5, 50, 115 μg  The rhBMP-2 had positive dose- 
dependent effect on osteointegration. The 
rhBMP-2 increased bone formation and 
decrease tunnel diameters with increasing 
time, and increased stiffness at 8 weeks. 

[118]  

FGF-1 Collagen 
solution 

1, 4 μg  Both treatment groups formed Sharpey- 
like fibers at 8 weeks and fibrocartilage 
transition zone at 12 weeks and showed 
higher elastic modulus and stiffness at 8 
and 12 weeks. 

[119] 

Rabbit patellar 
tendon repair 

BMP-2 Fibrin glue, 
collagen gel 

1 μg  The BMP-2 improved more abundant new 
bone, mature bone and organized 
fibrocartilage formation at 4 and 8 weeks. 

[120] 

Rabbit extra- 
articular bone 
tunnel model 

BMP-2 Collagen gel 10 μg The release of rhBMP-2 was maintained 
for over 28 days. 

The rhBMP-2 induced new bone and 
fibrocartilage formation at the interface 
and higher ultimate failure load at 3 and 6 
weeks. 

[121] 

Rabbit Achilles 
tendon repair 

TGF-β3/ 
BMP-2 

Fibrin glue 10 ng  The BMP-2 accelerated tendon-bone 
healing and improved the histological and 
biomechanical properties. The TGF-β3 did 
not significantly improve the 
biomechanical properties. 

[122]  
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appropriate degradation properties could also be utilized for growth 
factor delivery. Some studies have encapsulated growth factors within 
electrospun nanofibers to achieve the continuous release of growth 
factors. Besides, several studies have applied heparin to improve the 
efficiency of delivery systems, which can protect their biological activity 
and slow their diffusion from the matrix [124]. For example, Kim et al. 
immobilized PDGF-BB/BMP-2 on PCL/Pluronic F127 membrane via 
heparin-mediated binding, which exhibited continuous release of over 
80% of the initial loading amount after 5 weeks without a notable initial 
burst [96]. Lee et al. fabricated poly(L-lactide-co-ϵ-caprolactone) (PLCL) 
scaffold containing fibrocartilage and ligament regions, and delivered 
BMP-2 to the fibrocartilage region using heparin-based hydrogel [125]. 
The heparin-based hydrogel and the hydrogel-containing PLCL scaffold 
released BMP-2 up to 60 days without an initial burst. In addition to the 
important role of sustained release, delivering growth factors with 
appropriate dosage at the proper time should be considered. Previous 
studies have demonstrated that different growth factors exhibit unique 
functions at specific stages during the healing process [126–128]. 
Therefore, stimuli-responsive polymers can be incorporated into the 
scaffold or combining different delivery systems to achieve programmed 
release. For example, Silva et al. incorporated magnetic nanoparticles in 
a hydrogel that can be further manipulated by an external magnetic 
field, which could modulate the release of platelet lysate-derived growth 
factors [129]. 

Because the effects of growth factors were dose- and time-dependent, 
gene therapy based on stem cells has been introduced to achieve the 
continuous and stable concentration of these factors at the interface. 
Table 3 summarizes the main results of in vivo studies applying gene 
therapy for enthesis healing. Overall, gene therapy based on stem cells 
exerts a strong, positive, continuous and stable expression of growth 
factors that effectively promote tendon-bone healing. As the 

proliferation and differentiation of transfected stem cells, the efficacy of 
the growth factors secretion could be enhanced [14]. Even though gene 
therapy ensures a steady and continuous delivery of growth factors, a 
decrease of growth factors with time may lead to a loss of the desired 
therapeutic effects after several weeks [14]. Furthermore, the safety of 
gene therapy in vivo is not guaranteed due to mutagenesis, development 
of malignancy and other uncontrollable side effects [14,99,130]. 

4.3. The optimal location of growth factors 

The natural enthesis exhibits different growth factors requirements 
in each tissue region. To mimic the native enthesis and induce stem cells 
to differentiate into specific target cells, the proper spatial distribution 
of growth factors along the scaffold is essential for interface region 
regeneration. In recent years, scaffolds presenting graded growth factors 
have been developed. For example, Harris et al. engineered a bi-layered 
alginate-fibrin scaffold mimicking the ligament-to-bone interface [139]. 
The alginate region was maintained in medium supplemented with 
TGF-β3, while the fibrin region was maintained in medium supple-
mented with connective tissue growth factor (CTGF). The alginate re-
gion induced cartilaginous phenotype with increased GAG and collagen 
type II staining, and the fibrin region induced ligamentous phenotype 
with more intense collagen type I staining in the ligamentous portion. 
Recently, Tarafder et al. fabricated a three-layered scaffold by 3D 
printing for spatiotemporal delivery of multiple growth factors to the 
tendon-to-bone interface (Fig. 6A) [140]. In the 3D scaffold, CTGF and 
BMP-2 were separately encapsulated within PLGA microspheres and 
respectively embedded in PCL microstrands at the top and bottom layer 
to facilitate tendon and bone formation, while both CTGF and TGF-β3 
encapsulated within PLGA microspheres were embedded in PCL on the 
middle layer to promote fibrocartilage formation (Fig. 6A). The spatially 

Table 3 
The application of gene therapy for tendon/ligament-to-bone repair in vivo.   

Animal model Cell Vehicle Major results Ref. 

TGF-β Rabbit ACL 
reconstruction 

BMSCs Injection The over-expression group exhibited tighter tendon-bone interface, 
increased number of chondrocyte-like cells and fibrochondrocytes, more 
collagen fibers, better biomechanical properties and greater bone formation 
than the inhibition, empty vector and untreated groups. 

[131] 

TGF-β3, 
BMP- 
2 

Rabbit ACL 
reconstruction 

BMSCs Genes-immobilized 
triphasic silk scaffold 

The gene-modified silk scaffold seeded with BMSCs induced approximately 
complete osseointegration as a result of multilayered tissue formation and 
robust mechanics as early as 12 weeks. 

[132] 

BMP-2 Rat supraspinatus 
tendon repair 

ASCs Aligned nanofibrous 
PLGA scaffold 

The transduced cell group showed evident bone loss at 28 days, decreased 
strength and modulus at 28 and 56 days. 

[64]  

Rat ACL 
reconstruction 

ACL-derived CD34+

cells 
Cell sheet The cells transduced with BMP-2 had the smallest cross-sectional areas of 

bone tunnels. Tensile strength was highest in the cells transduced with BMP- 
2 (100%) group at 4 weeks, and in cells transduced with BMP-2 (25%) group 
at 8 weeks. Graft-bone integration occurred most rapidly in the cells 
transduced with BMP-2 (25%) group. 

[133]  

Rabbit ACL 
reconstruction 

BMSCs Gastrocnemius tendons 
wrapped by BMSCs 

The infected BMSCs with BMP-2 virus or control virus groups exhibited 
better biomechanical properties, and an increased perpendicular collagen 
fibers formation. The cartilage-like cells proliferation and the fibrocartilage- 
like tissue formation were highest in the infected BMSCs with BMP-2 virus 
group. 

[134]  

Rabbit ACL 
reconstruction 

Normal rat kidney cells Fibrin scaffold The transfected cell group showed no significant difference of bone mineral 
density, better contact between tendon and bone, higher failure load and 
maximal graft tension, more bone tissue and less fibrous tissue, enhanced 
new vessel formation, cell activity, and remodeling compared with the 
control group. 

[135] 

BMP-12 Rabbit supraspinatus 
tendon repair 

BMSCs PLGA scaffold The BMP-12-overexpressing promoted the tendon-to-bone healing, 
improved collagen fiber organization and fibrocartilage formation at the 
interface. 

[136] 

BMP-13 Rat supraspinatus 
tendon repair 

BMSCs Fibrin glue The transduced cell group showed no differences in the amount of new 
cartilage formation, collagen fiber organization, and biomechanical strength 
compared with untransduced cell group. 

[137] 

FGF-2 Rabbit extra-articular 
model 

Human amniotic 
mesenchymal stem 
cells 

Human acellular 
amniotic membrane 

The scaffold loaded with transfected cell group had the narrowest bone 
tunnel, higher macroscopic and histological scores, the best mechanical 
strength. 

[138] 

TGF-β, transforming growth factor-β; TGF-β3, transforming growth factor-β3; BMP-2/12/13, bone morphogenetic protein-2/12/13; FGF-2, fibroblasts growth factor-2; 
ACL, anterior cruciate ligament; BMSCs, bone marrow-derived stem cells; PLGA, poly(lactic-co-glycolic acid). 
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delivered growth factors promoted the recruitment of endogenous 
tendon progenitor cells, gradient fibrocartilaginous matrix and 
densely-aligned tendon collagen fibers formation at the tendon-to-bone 
insertion site, and induced more bone volume and higher tensile 
maximum load and stiffness. 

Gene transfer strategy is also able to induce specific stem cell phe-
notypes. Sun et al. developed a chondroitin sulfate-hyaluronate acid-silk 
fibroin hybrid scaffold with each end being modified with lentiviral- 
transfected TGF-β3 gene, which could induce the chondrogenic 

differentiation of MSCs [141]. Fan et al. developed a transgenic 
vector-immobilized triphasic silk scaffold, which contained ligament, 
fibrocartilage and bone tissue regions [132]. The fibrocartilage and bone 
tissue regions were immobilized with customized lentiviral vectors 
encoding TGF-β3 and BMP-2 respectively. The scaffold had the ability to 
induce the seeded BMSCs to differentiate into the chondrogenic and 
osteogenic lineages in vitro and in vivo. 

Instead of delivering the different growth factors in each phase, 
incorporated growth factors within the scaffold could be distributed in a 

Fig. 6. The region-specific growth factors incorporated into the scaffold. (A) Design of 3D-printed scaffolds with spatiotemporal delivery of CTGF, TGFβ3 and BMP2 
(a) and implantation site (b). The 3D-printed, growth factors embedded three-layered PCL scaffolds were prepared as sheets (c) with high flexibility to fit to 
anatomical contour of humeral heads (d). Reproduced with permission from Ref. [140]. Copyright 2019, IOP Publishing Ltd. (B) The schematic of the formation of 
PCL/Pluronic F127 membrane with reverse gradients of PDGF-BB and BMP-2 (a). The immunohistochemical images for tenomodulin (red) and bone sialoprotein 
(green) of ASCs cultured on the membrane with reverse PDGF-BB and BMP-2 concentration gradients (b). Reproduced with permission from Ref. [142]. Copyright 
2013, Acta Materialia Inc. (C) The polydopamine gradient on substrate by spatially controlling oxygen availability could be used as template for graded immobi-
lization of PDGF (a). The immunofluorescence images for scleraxis and tenomodulin of ASCs on PDGF gradient aligned nanofiber (b). Reproduced with permission 
from Ref. [143]. Copyright 2018, Elsevier Ltd. (D) The generation of a concentration gradient of osteogenic induction medium to promote the cultured stem cells in 
the scaffold differentiation into different cell types to mimic the tendon-to-bone interface. Reproduced with permission from Ref. [144]. Copyright 2020, The Royal 
Society of Chemistry. (E) The schematic of growth factor layout (a). The immunofluorescence images for aggrecan (green) and decorin (red), collagen I (green) and 
collagen II (red), and osteopontin (green) and tenomodulin (red) (b). Reproduced with permission from Ref. [145]. Copyright 2020, IOP Publishing Ltd. PCL, 
polycaprolactone; ASCs, adipose-derived stem cells. 
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gradient manner. For example, Min et al. developed reverse PDGF-BB 
and BMP-2 concentration gradients on porous membrane using a 
diffusion method and investigated the differentiation of ASCs on the 
membrane (Fig. 6B) [142]. The higher PDGF-BB and lower BMP-2 
concentrations could better promote tenogenic differentiation of ASCs, 
while higher BMP-2 and lower PDGF-BB concentrations could better 
promote osteogenic differentiation of ASCs (Fig. 6B). In another method, 
PDGF-BB was immobilized on an aligned nanofiber in a gradient manner 
by controlling oxidative polymerization of dopamine, which can 
spatially control tenogenic differentiation of ASCs (Fig. 6C) [143]. 
However, these studies only incorporated one or two growth factors that 
might not function the optimal regulatory effect of multiple growth 
factors. Recently, Lyu et al. modified decellularized tendon with 
gradient concentration of the osteogenic induction medium containing 
multiple essential growth factors across the scaffold as controlled by the 
microfluidic chip (Fig. 6D) [144]. In an achilles tendon model, the 
seeded BMSCs and TDSCs performed differentiation into desired cell 
types in response to the concentration gradient and presented a similar 
three-layer structure to normal tendon-to-bone interface at 8 weeks. In 
another study, a multi-phasic hydrogel construct that combined a 
gradient of BMP-4 and a region of TGF-β3 was developed (Fig. 6E) 
[145]. The top region was cast with BMP-4 which induced MSCs towards 
osteogenesis tendency, the middle region was cast with an increasing 
concentration of BMP-4 which induced the combination of chondro-
genic, osteogenic, and tenogenic marker expression, and the bottom was 
cast with TGF-β3. Altogether, region-specific growth factor concentra-
tions are necessary to induce cell differentiation for 
tendon/ligament-to-bone healing. 

Collectively, abundant investigations have confirmed the capacity of 
growth factors to enhance enthesis healing. In the future, it is highly 
desirable to fabricate more sophisticated systems incorporated with 
multiple growth factors, with optimal doses to be delivered to the repair 
sites at specific stages controllably. In addition, enthesis healing requires 
varying biophysical, biochemical and biological cues to achieve func-
tional tissue regeneration. Thus, the enthesis-mimicking scaffold should 
incorporate multiple cues. For example, Madhurakkat Perikamana et al. 
fabricated a bone-patella tendon-bone mimicking graft, in which the 
gradient PDGF was immobilized on a continuous random-aligned- 
random oriented nanofiber and both ends of the nanofiber were 
mineralized [143]. Tellado et al. designed a biphasic silk scaffold with 
integrated anisotropic and isotropic pore alignment as described above 
and they further loaded TGF-β2 and GDF5 on the scaffold [146]. The 
combined effect of chemical (growth factors) and biophysical (pore 
alignment) cues could enhance tenogenic/ligamentogenic, fibrochon-
dogenic, or chondrogenic differentiation pathways in the different zones 
of the scaffold. Future studies should consider combining multiple bio-
mimetic cues at the same time to develop an all-in-one system. 

5. Stem cells as biomimetic strategy 

Cells play a pivotal role in the regeneration, composition and ho-
meostasis of the graded interface tissue [25]. Various stem cell types 
have shown promising prospects and have drawn increasing attention to 
enthesis healing. In this section, we will describe the different stem cell 
sources from widely used BMSCs and ASCs to 
tendon/ligament/synovium/periosteum-derived stem/progenitor cells, 
followed by the culture systems to mimic the native cell populations 
(Fig. 1). 

5.1. Stem cell sources 

The generally used cell types of enthesis tissue engineering include 
terminally differentiated cells and MSCs. Instead of differentiated cells, 
MSCs are more suitable than differentiated cells for interface tissue 
engineering owing to their nonimmunogenicity, ease of isolation, high 
responsiveness to distinct environmental cues and capacity for self- 

renewal and differentiation [147]. For example, Liu et al. compared 
the cellular responses of rabbit ACL fibroblasts and BMSCs on combined 
silk scaffolds, and observed that BMSCs displayed better cell prolifera-
tion, GAG excretion, gene and protein expression of ligament-related 
ECM markers and in vivo survivability than ACL fibroblasts [148]. 
Compared to the local injection of chondrocytes versus MSCs in the 
Achilles tendon, a new enthesis was clearly produced in both groups, but 
only the MSC-injected rats exhibited uniform collagen II distribution at 
the tendon-bone junction and an organized enthesis with columnar 
chondrocytes [149]. 

For enthesis healing, the most widely utilized stem cells are BMSCs 
and ASCs, which could be differentiated into almost every connective 
tissue lineage, including bone, cartilage and tendon [150]. Compared to 
BMSCs, ASCs can be readily isolated from an abundant autologous cell 
source from adipose tissues with relatively lower donor site morbidity 
and pain. Besides, ASCs display higher in vitro proliferative capacity, 
lower senescence and higher capacity for generating tendon, bone and 
cartilage-like tissues [151–154]. Although MSCs of different origins 
share similar biological potential, MSCs may display some tissue-specific 
properties and hence functional differences, which indicate that certain 
MSC populations are better than others for specific tissue regeneration 
[147,155]. Apart from widely-used BMSCs and ASCs, MSCs isolated 
from other tissues, such as tendon, ligament, synovium and periosteum, 
have shown the potential to enhance enthesis healing. 

TDSCs as a cell source have shown much potential for interface tissue 
engineering. Compared with BMSCs, TDSCs exhibit higher clonogenicity 
and proliferative capacity, as well as display higher expression of oste-
ogenic, chondrogenic, tenogenic and adipogenic markers and pose 
higher differentiation potential to these lineages, thus making it a much 
better alternative cell source than BMSCs for musculoskeletal tissue 
repair [147]. In a rat ACL reconstruction model, the tendon graft 
wrapped with TDSCs sheet induced better graft osteointegration, higher 
intra articular graft integrity, and better biomechanical properties dur-
ing the early stages [156]. 

Additionally, ACL-derived cells isolated at the site of ACL rupture 
have shown to be capable of differentiating into multiple lineages in 
vitro including osteogenic, chondrogenic, adipogenic and endothelial 
cell lineages [157]. Upon assessing the efficacy of transplanted 
ACL-derived CD34+ cells in an ACL reconstruction model, it was found 
that ACL-derived CD34+ promoted greater collagen fiber formation, 
enhanced angiogenesis and osteogenesis, increased perigraft bone mass 
and exhibited the greatest failure load of tensile [158]. Additionally, 
ACL-derived CD34+ cell sheet wrapped grafts was further developed to 
deliver cell more efficiently, which increased proprioceptive recovery, 
graft maturation and biomechanical strength in a rat ACL reconstruction 
model [159]. Recently, our study incorporated ligament stem/progeni-
tor cell sheet within knitted silk-collagen sponge scaffold [67]. The 
scaffold with cell sheet resulted in higher ligament repair markers 
expression, better collagen fibril formation, good integration of bone 
and ligament, and no obvious cartilage and meniscus degeneration in a 
rabbit ACL reconstruction model. 

It has been reported that MSCs derived from the synovium have a 
higher proliferation and differentiation potential than other mesen-
chymal tissue-derived MSCs from both human and rat sources [160]. 
Furthermore, the efficacy of the synovial MSCs on tendon-to-bone 
healing was investigated [160]. The implantation of synovial MSCs 
increased collagen fibers production at 1 week, and formed more obli-
que collagen fibers connecting the bone to tendon, which resembled 
Sharpey’s fibers at 2 weeks, but the effect was not observed at 4 weeks, 
indicating the potential to promote early tendon-to-bone healing. 

In a few studies, the periosteum was selected as a source of multi-
potent cells for tendon-to-bone regeneration. There is an outer fibrous 
layer and an inner cambium layer, while the cambium layer consists of 
chondroprogenitor and osteoprogenitor cells that can differentiate into 
cartilage and bone [161]. Chang et al. evaluated periosteal progenitor 
cell sheets for promoting tendon-to-bone healing in a rabbit 
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extra-articular bone tunnel model [161]. The periosteal progenitor cell 
sheets promoted collagen fiber and fibrocartilage formation at the 
tendon-bone junction. In another study, Chen et al. developed injectable 
hydrogel seeded with periosteal progenitor cells and incorporated with 
BMP-2 to enhance tendon-bone healing [162]. 

5.2. Culture systems 

Since the interfacial regions typically have a mix of different cell 
types, specific cell populations need to be incorporated into the scaffold 
to reestablish normal formation, homeostasis and insertion sites repair 
effectively [5]. Tissue engineering strategies have developed different 
culture systems to mimic the native cell populations including co-culture 
of differentiated cells, culture of stem cells alone and co-culture of 
differentiated cells with stem cells. 

5.2.1. Coculture of differentiated cells 
Several studies have co-cultured relevant differentiated cells 

including fibroblasts, osteoblasts, chondrocytes within different regions 
of the scaffolds to mimic the native cell phenotype and investigated the 
interaction between these different cell types [163–166]. To determine 
the effects of heterotypic interactions on cell phenotype, Wang et al. 
used a co-culture fibroblast and osteoblast model [164]. Co-culture of 
fibroblasts and osteoblasts leads to changes in their respective pheno-
types as well as the increased expression of interface-relevant markers. 
The study suggested that the osteoblast-fibroblast interactions may lead 
to transdifferentiation and initiate fibrocartilage formation. Spalazzi 
et al. performed a in vivo study using tri-cultured fibroblasts, chon-
drocytes, and osteoblasts on triphasic scaffold and found phase-specific 
matrix deposition with distinct mineral and fibrocartilage-like tissue 
formation [165]. Taken together, coculture of differentiated cells could 
simply mimic the native cell populations. However, the lower regener-
ation ability of mature fibroblasts, chondrocytes and osteoblasts has 
limited the application. Besides, isolating mature fibroblasts, chon-
drocytes, and osteoblasts from separate sites involves complicated pro-
cedures and considerable cost and pain. Therefore, applying coculture of 
differentiated cells exhibited limited clinical translation potential for 
interface regeneration. 

5.2.2. Monoculture of stem cells 
An enormous amount of research cultured stem cells alone on the 

scaffold. Controlling cellular response is the critical strategy to ensure 
the stem cell efficiency for enthesis regeneration. However, this strategy 
should explore the appropriate biophysical or biochemical cues to 
induce MSCs differentiation. For instance, a study reported that the 
addition of BMSCs for rotator cuff repair could not improve the 
composition, structure, or biomechanical strength, which might due to 
the lack of necessary molecular or cellular signals to induce appropriate 
differentiation of MSCs [167]. In interface tissue engineering, a variety 
of biomimetic signals have shown the ability to promote the stem cells 
towards differentiation into targeted cells. 

The biophysical properties, such as surface topography and me-
chanical stimulation, play a vital role in regulating stem cell fate [168]. 
Among various biophysical properties, the surface topography, espe-
cially the fiber orientation, was evaluated extensively in interface tissue 
engineering. As discussed above, it is evident that the aligned fiber could 
promote tenogenic differentiation of MSCs, while the random fiber 
could promote osteogenic differentiation of MSCs. Besides, stem cells 
have also been shown to be highly mechanosensitive and mechanical 
stimulation is able to induce or enhance stem cells differentiation into a 
wide variety of tissue specific cells including tenogenesis and osteo-
genesis [169]. However, few studies have applied mechanical stimula-
tion to induce stem cell differentiation for interface healing. Liu et al. 
fabricated a decellularized tendon-fibrocartilage-bone composite scaf-
fold seeded with BMSCs sheets, which was subjected to mechanical 
stimulation for up to 7 days [170]. The mechanical stimulation 

significantly upregulated early tenogenesis maker scleraxis gene 
expression [170]. Recently, Grier et al. applied cyclic tensile strain to the 
collagen-glycosaminoglycan scaffold [171]. The mineral compartment 
on its own has shown to robustly promote MSCs osteogenic differenti-
ation, the cyclic tensile strain had limited effects on the osteogenic ca-
pacity of MSCs in the mineralized region of the scaffold, while cyclic 
tensile strain promoted significant upregulation of tenogenic markers 
and cellular metabolic activity in the anisotropic nonmineral region. In 
the future, the precise control of mechanical stimulation to direct stem 
cell differentiation for interface healing is promising. 

The biochemical properties, such as the characteristics of the mate-
rial itself, small molecules, growth factors, oxygen concentration, could 
also modulate stem cell fate and induce differentiation. In terms of 
material itself, mineral gradient scaffolds have the ability to induce 
graded osteogenic differentiation due to the release of calcium and 
phosphate ions in aqueous environments [78,79]. In addition, growth 
factors are often used as inducers of differentiation. As discussed above, 
the spatial distribution of growth factors through immobilization or 
encapsulation along the scaffold has demonstrated good ability to 
induce stem cell differentiation toward different phenotypes in a single 
system for interface repair. Besides, oxygen tension in the culture 
environment is also an important regulator determining stem cells dif-
ferentiation [172]. For example, hypoxia promotes the chondrogenic 
differentiation of MSCs, while hypoxia promotes osteogenic differenti-
ation with less than 3 h preconditioning and inhibits osteogenic differ-
entiation with more than 4 h preconditioning [173]. Soft-to-hard tissue 
interfaces present a gradual transition in oxygen concentrations [174]. 
Thus, the spatial control of oxygen concentration in a single structure 
could enable control over stem cell differentiation toward different 
lineages for interface healing. 

5.2.3. Co-culture of stem cells with differentiated cells 
Instead of co-cultured differentiated cells or culture of stem cells 

alone, co-culture of stem cells with differentiated cells is possible to 
mimic the tendon-to-bone insertion and promote the stem cell differ-
entiation. To investigate the influence of cell interaction on BMSCs 
differentiation, He et al. seeded fibroblasts, BMSCs and osteoblasts on 
hybrid silk scaffolds, with the osteoblast section being coated with HA 
[175]. In this tri-culture system, osteoblasts and fibroblasts maintained 
their cell lineage phenotype, while BMSCs differentiated towards the 
fibrocartilage lineage. In another study, Wang et al. investigated the 
effects of co-culture with fibroblasts and osteoblasts on either ACL fi-
broblasts or BMSCs response [176]. In the tri-culture model, fibroblasts 
and osteoblasts were seeded on each side, while BMSCs or fibroblasts 
were seeded in the middle. BMSCs exhibited greater fibrochondrogenic 
potential than ACL fibroblasts. Besides, the effects of 
fibroblast-osteoblast physical contact and paracrine interactions were 
investigated. The paracrine factors from different conditioned media 
model regulated BMSCs response, and fibroblast-osteoblast contact 
promoted proteoglycan and TGF-β1 production and SOX9 upregulation 
in BMSCs indicating the fibrochondrogenic differentiation. This study 
demonstrated that fibroblast-osteoblast interactions play a vital role in 
BMSC differentiation, which are contributed to both paracrine factors 
and cell physical contact [176]. However, these studies only investi-
gated the cell interactions in vitro without the application in vivo. 
Recently, Cao et al. developed a 3D printed biomimetic multiphasic 
PCL/TCP-PCL/TCP porous scaffold [177]. Fibroblasts, BMSCs and os-
teoblasts were separately encapsulated in gelatin methacrylate and 
seeded on PCL phase, intermediate phase and TCP phase respectively. 
After subcutaneous implantation in mice, the gene expression of teno-
genic, chondrogenic and osteogenic markers showed an overall 
increasing pattern during 8 weeks. Particularly, the collagen type X 
increased drastically indicating regenerative potential of mineralized 
fibrocartilage. However, the scaffold was implanted subcutaneously but 
not evaluated in an enthesis repair model. Altogether, these in-
vestigations suggested that cellular communication plays a key role in 
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influencing stem cells fate and co-culture of stem cells with differenti-
ated cells has the potential to promote fibrocartilage formation. 

6. Conclusions and perspectives 

During the past decades, the regenerative strategies including the 
application of biomaterials, growth factors and stem cells have shown 
the capacity to promote tendon/ligament-to-bone healing. Successful 
biomimetic strategy for enthesis tissue engineering requires a complete 
understanding of the structure and composition of native enthesis. 
However, the structure-function relationship and enthesis healing pro-
cess are not completely understood at present. It’s still a long way to find 
the structural correlations between cells, ECM and mineral at the nano- 
scale. Recently, researchers have decoded the nano-structure of the bone 
[178]. Similarly, there will be a demand for more high-definition 
description of the tendon/ligament-to-bone insertion site in the near 
future, which will undoubtedly greatly promote the advance of bio-
mimetic strategy for enthesis tissue engineering. 

Advances in manufacturing techniques enable the development of 
scaffolds with specific regional cues to effectively mimic the microen-
vironment of native enthesis. Currently, well-designed scaffolds have 
the ability to enhance the interface healing, from inducing organized 
collagen fibers to new bone formation. Despite the positive achieve-
ments of interface tissue engineering, current biomimetic scaffolds could 
not fully regenerate the functional interface with similar mechanical 
properties to native tissue. This might be due to most of the scaffolds 
mimicking native enthesis at the micro-scale, while it remains chal-
lenging to recreate functionally native enthesis at the nano-scale. 

Multiple growth factors participate in the complexity of enthesis 
regeneration process at different time points. Although the growth 
factors-based strategy has shown the capacity to improve tendon/ 
ligament-to-bone healing in animal models, the optimal delivery com-
bination, dosage, distribution and timing of multiple growth factors that 
interact with the tissue during the healing process are still unknown. In 
the future, a more comprehensive understanding of the complex 
mechanisms between the signal molecules and physiology could provide 
guidance to precisely mimic the native environment for effective treat-
ment. Furthermore, to achieve accurate spatiotemporal control of 
growth factors delivery for enthesis repair, there is a pressing need to 
develop more sophisticated delivery systems based on the functional 
materials and advanced fabrication. 

Stem cell transplantation has become a promising approach and acts 
a pivotal role in tissue engineering due to their capacity for differenti-
ation into the targeted lineage and for improving the microenvironment 
at the repair sites. The appropriate signals regulate the stem cells to 
differentiate into targeted cells are critically important. The various 
signals, such as scaffold composition, structural topographies, chemical 
cues, have shown the capacity to induce stem cell differentiation, 
achieving graded cell phenotype, ensuring region-specific ECM deposi-
tion, and supporting tissue regeneration. The ideal microenvironment 
requires a combination of various cues to mimic the ECM as close as 
possible to guide stem cell differentiation more efficiently. To regenerate 
the functional interface, the precise cell subpopulations in native 
enthesis and interface regeneration process need to be identified. 
However, there have yet been no studies on enthesis cell sub- 
populations to date. In recent years, single-cell RNA sequencing has 
become an established and powerful method to reveal new cell types, 
study developmental processes and investigate transcriptomic cell-to- 
cell variation [179]. In the future, it is possible to dissect cell sub-
populations and find the most suitable cell population for enthesis 
regeneration via single-cell RNA sequencing, achieving enthesis regen-
eration more safely and efficiently. 

The damaged interface lacks the sufficient endogenous signal cues to 
regenerate a functional tissue, thus the addition of exogenous bio-
mimetic components to stimulate the body’s endogenous repair is 
necessary. To supply sufficient signals and achieve precise 

recapitulation, the biomimetic strategy should integrate the biomate-
rial-, growth factor- and stem cell-based strategies to develop an all-in- 
one system. In this ideal system, the interplay between scaffolds, 
growth factors and cells are rather critical to create a biomimetic envi-
ronment for the regeneration of functional tissues. In recent years, 3D 
printing has attracted much interest and may provide a powerful strat-
egy for producing graded scaffolds, and enable incorporation of multiple 
cellular, biophysical, biochemical, biological gradients into scaffolds 
with high resolution, which will recapitulate the heterogeneous micro-
environment of native enthesis with high spatiotemporal control. 

In addition, understanding the interactions between biomimetic 
systems and biological systems is also important for interface tissue 
engineering. Although the biomimetic components have presented 
excellent performance, most of the current studies focused on the repair 
outcomes in animal models and lacks the in-depth mechanism research, 
such as the cell tracking of stem cells, the involved signal pathway, the 
cell interaction and the critical role of immune cells. Future studies 
should pay more attention on exploring how the biomimetic compo-
nents interact with enthesis regeneration to clarify the potential 
mechanism. 

Although these biomimetic strategies are advanced, translating these 
innovations into clinical practice is of great challenge. For clinical 
translation, the assurance of safety and effectiveness is critically 
important. In terms of the side effects and safety, the potential health 
risks of novel treatment such as nanomaterials, gene therapy, supra- 
physiological level dosage of growth factors should be examined 
before clinical trials. In terms of the efficacy, large animals are required 
to test the treatment outcomes of the promising strategy as compared to 
available counterparts. However, most of the investigations have been 
conducted in small animal models, which limits its potential for clinical 
translation. Besides, there are great differences between varying animal 
models and the human, such as the intrinsic healing capabilities, path-
ological condition, chronic degenerative changes, underlying diseases, 
biomechanical loading, age, etc. Therefore, there is an urgent need to 
establish standardized animal models to evaluate the clinical translation 
potential. More recently, the emphasis in the field of orthopedic tissue 
engineering has shifted from tissue formation to tissue function. Suc-
cessful clinical translation will also require comprehensive measure-
ment to determine the performance of interface regeneration. Therefore, 
it is necessary to uniform quantitative measurements to evaluate treat-
ment efficacy. Other issues such as commercial manufacturing, regula-
tory, economic, and ethical challenges related to the innovative 
strategies must be taken into consideration. 

Collectively, a biomimetic scaffold system with appropriate cell 
types, combined together with specific biophysical and biochemical 
cues would be required to achieve functional tendon/ligament-to-bone 
regeneration. There is still a long way to go to realize the translation 
from theoretical tissue engineering to clinical application technology. 
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[44] Ö.İ. Kiliçoğlu, G. Dikmen, Ö. Koyuncu, B. Bilgiç, A.K. Alturfan, Effects of 
demineralized bone matrix on tendon-bone healing: an in vivo, experimental 
study on rabbits, Acta Orthop. Traumatol. Turcica 46 (2012) 443–448. 

[45] V. Lovric, D. Chen, Y. Yu, R.A. Oliver, F. Genin, W.R. Walsh, Effects of 
demineralized bone matrix on tendon-bone healing in an intra-articular rodent 
model, Am. J. Sports Med. 40 (2012) 2365–2374. 

[46] T. Thangarajah, S. Shahbazi, C.J. Pendegrass, S. Lambert, S. Alexander, G. 
W. Blunn, Tendon reattachment to bone in an ovine tendon defect model of 
retraction using allogenic and xenogenic demineralised bone matrix incorporated 
with mesenchymal stem cells, PloS One 11 (2016), e0161473. 

[47] A.T. Hexter, C. Pendegrass, F. Haddad, G. Blunn, Demineralized bone matrix to 
augment tendon-bone healing: a systematic review, Orthop J Sports Med 5 
(2017), 2325967117734517. 

[48] S. Farnebo, C.Y. Woon, J.A. Bronstein, T. Schmitt, D.P. Lindsey, H. Pham, A. 
B. Castillo, J. Chang, Decellularized tendon-bone composite grafts for extremity 
reconstruction: an experimental study, Plast. Reconstr. Surg. 133 (2014) 79–89. 

[49] S. Farnebo, C.Y. Woon, M. Kim, H. Pham, J. Chang, Reconstruction of the tendon- 
bone insertion with decellularized tendon-bone composite grafts: comparison 
with conventional repair, J Hand Surg Am 39 (2014) 65–74. 

[50] M. Su, Q. Zhang, Y. Zhu, S. Wang, J. Lv, J. Sun, P. Qiu, S. Fan, K. Jin, L. Chen, 
X. Lin, Preparation of decellularized triphasic hierarchical bone-fibrocartilage- 
tendon composite extracellular matrix for enthesis regeneration, Adv Healthc 
Mater 8 (2019) 1900831. 

[51] Q. Liu, Y. Yu, R.L. Reisdorf, J. Qi, C.K. Lu, L.J. Berglund, P.C. Amadio, S.L. Moran, 
S.P. Steinmann, K.N. An, A. Gingery, C. Zhao, Engineered tendon-fibrocartilage- 
bone composite and bone marrow-derived mesenchymal stem cell sheet 
augmentation promotes rotator cuff healing in a non-weight-bearing canine 
model, Biomaterials 192 (2019) 189–198. 

[52] Y. Tang, C. Chen, F. Liu, S. Xie, J. Qu, M. Li, Z. Li, X. Li, Q. Shi, S. Li, X. Li, J. Hu, 
H. Lu, Structure and ingredient-based biomimetic scaffolds combining with 
autologous bone marrow-derived mesenchymal stem cell sheets for bone-tendon 
healing, Biomaterials 241 (2020) 119837. 

[53] A.J. Boys, H. Zhou, J.B. Harrod, M.C. McCorry, L.A. Estroff, L.J. Bonassar, Top- 
down fabrication of spatially controlled mineral-gradient scaffolds for interfacial 
tissue engineering, ACS Biomater. Sci. Eng. 5 (2019) 2988–2997. 

[54] H. Mutsuzaki, M. Sakane, Calcium phosphate-hybridized tendon graft to enhance 
tendon-bone healing two years after ACL reconstruction in goats, Sports Med. 
Arthrosc. Rehabil. Ther. Technol. 3 (2011) 31. 

[55] H. Mutsuzaki, M. Sakane, H. Fujie, S. Hattori, H. Kobayashi, N. Ochiai, Effect of 
calcium phosphate-hybridized tendon graft on biomechanical behavior in 
anterior cruciate ligament reconstruction in a goat model: novel technique for 
improving tendon-bone healing, Am. J. Sports Med. 39 (2011) 1059–1066. 

T. Lei et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S2452-199X(21)00035-9/sref2
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref2
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref2
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref3
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref3
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref3
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref4
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref4
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref4
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref5
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref5
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref5
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref6
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref6
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref6
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref7
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref7
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref7
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref7
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref8
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref8
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref8
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref9
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref9
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref10
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref10
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref10
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref11
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref11
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref11
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref12
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref12
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref12
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref13
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref13
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref13
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref14
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref14
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref14
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref15
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref15
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref16
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref16
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref16
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref17
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref17
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref17
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref18
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref18
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref18
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref19
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref19
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref19
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref19
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref20
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref20
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref20
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref21
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref21
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref22
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref22
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref22
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref22
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref23
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref23
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref23
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref23
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref24
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref24
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref24
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref25
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref25
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref25
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref26
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref26
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref26
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref26
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref27
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref27
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref27
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref28
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref28
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref28
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref29
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref29
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref29
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref30
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref30
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref31
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref31
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref31
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref32
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref32
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref32
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref33
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref33
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref34
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref34
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref35
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref35
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref35
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref35
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref36
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref36
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref36
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref37
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref37
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref37
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref38
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref38
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref38
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref38
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref39
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref39
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref39
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref39
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref40
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref40
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref40
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref41
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref41
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref41
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref42
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref42
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref42
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref42
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref43
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref43
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref43
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref44
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref44
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref44
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref45
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref45
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref45
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref46
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref46
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref46
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref46
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref47
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref47
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref47
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref48
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref48
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref48
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref49
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref49
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref49
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref50
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref50
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref50
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref50
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref51
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref51
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref51
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref51
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref51
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref52
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref52
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref52
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref52
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref53
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref53
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref53
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref54
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref54
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref54
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref55
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref55
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref55
http://refhub.elsevier.com/S2452-199X(21)00035-9/sref55


Bioactive Materials 6 (2021) 2491–2510

2508

[56] H. Mutsuzaki, M. Sakane, H. Nakajima, N. Ochiai, Calcium phosphate-hybridised 
tendon graft to reduce bone-tunnel enlargement after ACL reconstruction in 
goats, Knee 19 (2011) 455–460. 

[57] J. Qu, A.R. Thoreson, Q. Chen, K.N. An, P.C. Amadio, C. Zhao, Tendon gradient 
mineralization for tendon to bone interface integration, J. Orthop. Res. 31 (2013) 
1713–1719. 

[58] B.H. Grue, S.P. Veres, Use of tendon to produce decellularized sheets of 
mineralized collagen fibrils for bone tissue repair and regeneration, J. Biomed. 
Mater. Res. B Appl. Biomater. 108 (2019) 845–856. 

[59] S.R. Caliari, B.A. Harley, The effect of anisotropic collagen-GAG scaffolds and 
growth factor supplementation on tendon cell recruitment, alignment, and 
metabolic activity, Biomaterials 32 (2011) 5330–5340. 

[60] J. Guo, W. Su, J. Jiang, C. Ning, J. Zhao, X. Liu, Enhanced tendon to bone healing 
in rotator cuff tear by PLLA/CPS composite films prepared by a simple melt- 
pressing method: an in vitro and in vivo study, Compos. B Eng. 165 (2019) 
526–536. 

[61] W. Shen, X. Chen, Y. Hu, Z. Yin, T. Zhu, J. Hu, J. Chen, Z. Zheng, W. Zhang, 
J. Ran, B.C. Heng, J. Ji, W. Chen, H.W. Ouyang, Long-term effects of knitted silk- 
collagen sponge scaffold on anterior cruciate ligament reconstruction and 
osteoarthritis prevention, Biomaterials 35 (2014) 8154–8163. 

[62] P. Zhang, F. Han, T. Chen, Z. Wu, S. Chen, Swiss roll"-like bioactive hybrid 
scaffolds for promoting bone tissue ingrowth and tendon-bone healing after 
anterior cruciate ligament reconstruction, Biomater Sci 8 (2020) 871–883. 

[63] S. Zhao, J. Zhao, S. Dong, X. Huangfu, B. Li, H. Yang, J. Zhao, W. Cui, Biological 
augmentation of rotator cuff repair using bFGF-loaded electrospun poly(lactide- 
co-glycolide) fibrous membranes, Int. J. Nanomed. 9 (2014) 2373–2385. 

[64] J. Lipner, H. Shen, L. Cavinatto, W. Liu, N. Havlioglu, Y. Xia, L.M. Galatz, 
S. Thomopoulos, In vivo evaluation of adipose-derived stromal cells delivered 
with a nanofiber scaffold for tendon-to-bone repair, Tissue Eng. 21 (2015) 
2766–2774. 

[65] S. Yokoya, Y. Mochizuki, K. Natsu, H. Omae, Y. Nagata, M. Ochi, Rotator cuff 
regeneration using a bioabsorbable material with bone marrow-derived 
mesenchymal stem cells in a rabbit model, Am. J. Sports Med. 40 (2012) 
1259–1268. 

[66] S. Qian, Z. Wang, Z. Zheng, J. Ran, J. Zhu, W. Chen, A collagen and silk scaffold 
for improved healing of the tendon and bone interface in a rabbit model, Med Sci 
Monit 25 (2019) 269–278. 

[67] D. Ruan, T. Zhu, J. Huang, H. Le, Y. Hu, Z. Zheng, C. Tang, Y. Chen, J. Ran, 
X. Chen, Z. Yin, S. Qian, D. Pioletti, B.C. Heng, W. Chen, W. Shen, H. Ouyang, 
Knitted silk-collagen scaffold incorporated with ligament stem/progenitor cells 
sheet for anterior cruciate ligament reconstruction and osteoarthritis prevention, 
ACS Biomater. Sci. Eng. 5 (2019) 5412–5421. 

[68] S. Zhao, L. Peng, G. Xie, D. Li, J. Zhao, C. Ning, Effect of the interposition of 
calcium phosphate materials on tendon-bone healing during repair of chronic 
rotator cuff tear, Am. J. Sports Med. 42 (2014) 1920–1929. 

[69] W. Pan, Y. Wei, L. Zhou, D. Li, Comparative in vivo study of injectable 
biomaterials combined with BMP for enhancing tendon graft osteointegration for 
anterior cruciate ligament reconstruction, J. Orthop. Res. 29 (2011) 1015–1021. 

[70] X. Li, R. Cheng, Z. Sun, W. Su, G. Pan, S. Zhao, J. Zhao, W. Cui, Flexible bipolar 
nanofibrous membranes for improving gradient microstructure in tendon-to-bone 
healing, Acta Biomater. 61 (2017) 204–216. 

[71] Y. Sun, F. Han, P. Zhang, Y. Zhi, J. Yang, X. Yao, H. Wang, C. Lin, X. Wen, J. Chen, 
P. Zhao, A synthetic bridging patch of modified co-electrospun dual nano- 
scaffolds for massive rotator cuff tear, J. Mater. Chem. B 4 (2016) 7259–7269. 

[72] H. Li, J. Fan, L. Sun, X. Liu, P. Cheng, H. Fan, Functional regeneration of 
ligament-bone interface using a triphasic silk-based graft, Biomaterials 106 
(2016) 180–192. 

[73] B.S. Kim, E.J. Kim, J.S. Choi, J.H. Jeong, C.H. Jo, Y.W. Cho, Human collagen- 
based multilayer scaffolds for tendon-to-bone interface tissue engineering, 
J. Biomed. Mater. Res. 102 (2014) 4044–4054. 

[74] G. Criscenti, A. Longoni, A.D. Luca, C. De Maria, C.A. van Blitterswijk, G. Vozzi, 
L. Moroni, Triphasic scaffolds for the regeneration of the bone-ligament interface, 
Biofabrication 8 (2016), 015009. 

[75] X. Li, J. Xie, J. Lipner, X. Yuan, S. Thomopoulos, Y. Xia, Nanofiber scaffolds with 
gradations in mineral content for mimicking the tendon-to-bone insertion site, 
Nano Lett. 9 (2009) 2763–2768. 

[76] W. Liu, J. Lipner, J. Xie, C.N. Manning, S. Thomopoulos, Y. Xia, Nanofiber 
scaffolds with gradients in mineral content for spatial control of osteogenesis, 
ACS Appl. Mater. Interfaces 6 (2014) 2842–2849. 

[77] S. Samavedi, C.O. Horton, S.A. Guelcher, A.S. Goldstein, A.R. Whittington, 
Fabrication of a model continuously graded co-electrospun mesh for regeneration 
of the ligament-bone interface, Acta Biomater. 7 (2011) 4131–4138. 

[78] S. Samavedi, S.A. Guelcher, A.S. Goldstein, A.R. Whittington, Response of bone 
marrow stromal cells to graded co-electrospun scaffolds and its implications for 
engineering the ligament-bone interface, Biomaterials 33 (2012) 7727–7735. 

[79] M. Ramalingam, M.F. Young, V. Thomas, L. Sun, L.C. Chow, C.K. Tison, 
K. Chatterjee, W.C. Miles, C.G. Simon Jr., Nanofiber scaffold gradients for 
interfacial tissue engineering, J. Biomater. Appl. 27 (2013) 695–705. 

[80] I. Calejo, R. Costa-Almeida, R.L. Reis, M.E. Gomes, A textile platform using 
continuous aligned and textured composite microfibers to engineer tendon-to- 
bone interface gradient scaffolds, Adv Healthc Mater 8 (2019) 1900200. 

[81] C. Zhu, S. Pongkitwitoon, J. Qiu, S. Thomopoulos, Y. Xia, Design and fabrication 
of a hierarchically structured scaffold for tendon-to-bone repair, Adv. Mater. 30 
(2018) 1707306. 

[82] A.J. Lausch, L.C. Chong, H. Uludag, E.D. Sone, Multiphasic collagen scaffolds for 
engineered tissue interfaces, Adv. Funct. Mater. 28 (2018) 1804730. 

[83] Z. Yin, X. Chen, H.X. Song, J.J. Hu, Q.M. Tang, T. Zhu, W.L. Shen, J.L. Chen, 
H. Liu, B.C. Heng, H.W. Ouyang, Electrospun scaffolds for multiple tissues 
regeneration in vivo through topography dependent induction of lineage specific 
differentiation, Biomaterials 44 (2015) 173–185. 

[84] Z. Lin, X. Zhao, S. Chen, C. Du, Osteogenic and tenogenic induction of hBMSCs by 
an integrated nanofibrous scaffold with chemical and structural mimicry of the 
bone-ligament connection, J. Mater. Chem. B 5 (2017) 1015–1027. 

[85] J. Xie, X. Li, J. Lipner, C.N. Manning, A.G. Schwartz, S. Thomopoulos, Y. Xia, 
Aligned-to-random" nanofiber scaffolds for mimicking the structure of the 
tendon-to-bone insertion site, Nanoscale 2 (2010) 923–926. 

[86] J. Xie, B. Ma, P.L. Michael, F.D. Shuler, Fabrication of nanofiber scaffolds with 
gradations in fiber organization and their potential applications, Macromol. 
Biosci. 12 (2012) 1336–1341. 

[87] J. Nowlin, M.A. Bismi, B. Delpech, P. Dumas, Y. Zhou, G.Z. Tan, Engineering the 
Hard-Soft Tissue Interface with Random-To-Aligned Nanofiber Scaffolds, vol. 5, 
2018, 1849543518803538. 

[88] S. Samavedi, P. Vaidya, P. Gaddam, A.R. Whittington, A.S. Goldstein, Electrospun 
meshes possessing region-wise differences in fiber orientation, diameter, 
chemistry and mechanical properties for engineering bone-ligament-bone tissues, 
Biotechnol. Bioeng. 111 (2014) 2549–2559. 

[89] J. Cai, J. Wang, K. Ye, D. Li, C. Ai, D. Sheng, W. Jin, X. Liu, Y. Zhi, J. Jiang, 
J. Chen, X. Mo, S. Chen, Dual-layer aligned-random nanofibrous scaffolds for 
improving gradient microstructure of tendon-to-bone healing in a rabbit extra- 
articular model, Int. J. Nanomed. 13 (2018) 3481–3492. 

[90] S. Font Tellado, W. Bonani, E.R. Balmayor, P. Foehr, A. Motta, C. Migliaresi, 
M. van Griensven, Fabrication and characterization of biphasic silk fibroin 
scaffolds for tendon/ligament-to-bone tissue engineering, Tissue Eng. 23 (2017) 
859–872. 

[91] H. Liu, L. Yang, E. Zhang, R. Zhang, D. Cai, S. Zhu, J. Ran, V. Bunpetch, Y. Cai, B. 
C. Heng, Y. Hu, X. Dai, X. Chen, H. Ouyang, Biomimetic tendon extracellular 
matrix composite gradient scaffold enhances ligament-to-bone junction 
reconstruction, Acta Biomater. 56 (2017) 129–140. 
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