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A B S T R A C T   

Bone-tissue defects affect millions of people worldwide. Despite being common treatment approaches, autolo-
gous and allogeneic bone grafting have not achieved the ideal therapeutic effect. This has prompted researchers 
to explore novel bone-regeneration methods. In recent decades, the development of bone tissue engineering 
(BTE) scaffolds has been leading the forefront of this field. As researchers have provided deep insights into bone 
physiology and the bone-healing mechanism, various biomimicking and bioinspired BTE scaffolds have been 
reported. Now it is necessary to review the progress of natural bone physiology and bone healing mechanism, 
which will provide more valuable enlightenments for researchers in this field. This work details the physiological 
microenvironment of the natural bone tissue, bone-healing process, and various biomolecules involved therein. 
Next, according to the bone physiological microenvironment and the delivery of bioactive factors based on the 
bone-healing mechanism, it elaborates the biomimetic design of a scaffold, highlighting the designing of BTE 
scaffolds according to bone biology and providing the rationale for designing next-generation BTE scaffolds that 
conform to natural bone healing and regeneration.   

1. Introduction 

Bone is a highly vascularized and dynamic natural composite that is 
constantly remodeled throughout an individual’s lifespan. It has excel-
lent mechanical properties and fracture toughness, which can provide 
sufficient load-bearing capacity for locomotion, while also acting as a 
casing to protect delicate internal organs [1]. In addition to these 
structural functions, bone tissue also functions as an endocrine organ, 
playing an important role in global minerals (especially Ca and P ions) 
and nutrient homeostasis [2]. In contrast to other tissues and organs, 
bone tissue usually has better self-healing ability, as the damaged part 
can regain its original structure and mechanical strength without leav-
ing fibrotic scars [3]. However, when the range of bone defects exceeds 
the critical-size defect (CSD), the bone defects cannot heal by themselves 
and require reasonable clinical intervention [1,4]. Large-sized bone 

defects can be caused by factors such as trauma, developmental defor-
mity, tumor resection, and infection, which are common issues in clin-
ical treatment. According to an epidemiological study, in 2010–2025, 
the incidence of fractures in Europe increased at an annual rate of 28%, 
with an additional 25% economic burden, drawing extensive attention 
from bone repair medicine research [5]. 

Current clinical approaches for treating large-sized bone defects 
mainly include autologous bone grafts and allogeneic bone grafts. 
Autologous bone grafts are considered the gold standard for bone-tissue 
repair and regeneration because the autogenous bone has good 
osteoinductivity, osteoconductivity, and osseointegration properties, 
which can form a coordinated structure and ensure mechanical strength 
at the bone-defect site. However, allogeneic bone transplantation still 
has inevitable drawbacks, such as donor site neurovascular injury, 
inflammation, infection, limited donor bone transplantation, and high 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. 

** Corresponding author. 
*** Corresponding author. 

E-mail addresses: junliu@scu.edu.cn (J. Liu), yunbing.wang@scu.edu.cn (Y. Wang), zhzhao@scu.edu.cn (Z. Zhao).   
1 Equal contribution. 

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.sciencedirect.com/journal/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2021.03.043 
Received 24 February 2021; Received in revised form 19 March 2021; Accepted 28 March 2021   

mailto:junliu@scu.edu.cn
mailto:yunbing.wang@scu.edu.cn
mailto:zhzhao@scu.edu.cn
www.sciencedirect.com/science/journal/2452199X
https://www.sciencedirect.com/journal/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.03.043
https://doi.org/10.1016/j.bioactmat.2021.03.043
https://doi.org/10.1016/j.bioactmat.2021.03.043
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.03.043&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 6 (2021) 4110–4140

4111

costs [6,7]. To address these shortcomings, allogeneic bone grafts are 
widely used because of their accessibility. However, allograft bone 
transplantation has problems such as poor osseointegration, immune 
rejection, and blood disease transmission [8,9]. Confronted with this 
situation, researchers began to explore artificial alternatives to natural 
bone-derived grafts. Recent advances in BTE have allowed researchers 
to use multiple methods to combine cells, biomaterials, and biological 
factors to create artificial tissues for repairing bone defects [10]. This 
method has the advantages of high modifiability, low risk of infectivity, 
and excellent biocompatibility, and does not result in obvious compli-
cations [11,12]. 

The design of scaffolds is the core of BTE, because, when implanted 
into the bone defect area, the scaffold provides the cells with a substrate 
for adhesion, proliferation, migration, and differentiation. Such regu-
lation of bone-tissue cells (including osteoblast cell lines, angioblast cell 
lines, immune cells, etc.) will direct the cell’s fate and determine the 
ultimate bone repair and regeneration effect [13–16]. In natural bone 
tissues, the biological behavior of bone-tissue cells is regulated by 
extracellular matrix (ECM) interactions. Organic components, inorganic 
components, and soluble bioactive factors in the ECM are crucial in 
regulating the cell’s fate [17,18]. Thus, it is reasonable, and feasible, to 
promote cellular function and bone regeneration by mimicking the ECM 
of natural bone tissue [19]. 

In addition, the purpose of the application of BTE scaffolds is to 
promote bone defect repair. Researchers must realize that the ECM in 
the defect site is not completely consistent with the physiological 
environment, and that it is related to the destruction and reconstruction 
of the structure and function of bone tissues, involving a cascade of 
biological events [20–23]. Therefore, when designing BTE scaffolds, 
researchers should first gain a deep understanding of this special bio-
logical environment, from which they can draw inspiration to create 
scaffolds that promote the natural bone-healing process. Understand-
ably, cognition of the physiological environment of bone tissue and the 
mechanism of bone healing is the cornerstone of a well-designed scaf-
fold. An in-depth understanding of bone biology will also provide 
feasible ideas for the development of next-generation BTE scaffolds. 

In this review, we first recapitulate the hierarchical structure of the 
natural bone tissue and focus on the bone microenvironment that pro-
vides biochemical, physical, and mechanical signals for bone tissue cells. 
We then introduce the bone development and healing process, and 
summarize the underlying bioactive factors. Based on this, we present an 
exhaustive overview of current biomimetic and bioinspired scaffolds 
based on the bone physiological microenvironment and the delivery of 
bioactive factors based on the bone-healing mechanism. We not only 
focus on the recent progress in the field of BTE but also discuss the 
current limitations and problems that still need to be solved. Accord-
ingly, we propose feasible improvement measures. At the end of this 
review, we conclude with an insight into the future perspectives for 
designing next-generation scaffolds. This review uniquely incorporates 
the current knowledge of the natural bone microenvironment and the 
bone-healing mechanism into the design of promising BTE scaffolds, 
which will provide cues for researchers and clinicians in the field to 
design more clinically valuable BTE scaffolds. 

1. Natural bone microenvironment: components and its 
functions 

The mature lamellar bone has a hierarchical and anisotropic struc-
ture. The natural bone tissue with this structure can be divided into 
multiple consecutive research levels. In 1988, Weiner and Wagner first 
divided the natural bone tissue into seven hierarchical levels. Since then, 
classification methods with four to nine hierarchical levels have been 
proposed [24,25]. These methods aim to better explain the bone struc-
ture from the whole-bone scale to macroscale and nanoscale [25]. Re-
searchers in different fields focus on different hierarchical levels. In the 
field of BTE, the scaffold structure of bone tissue and the ECM 

microenvironment with biological functions have drawn research in-
terest. This section provides a detailed overview of the bone support 
structure (macroscopic view) and bone-tissue microenvironment 
(microscopic view), in an attempt to provide ideas for designing BTE 
scaffolds. 

1.1. Mechanical scaffold of natural bone tissue 

The structure that supports the lamellar bone is primarily composed 
of a dense cortical bone and a spongy cancellous bone. The cortical bone 
has a high mechanical strength and encomposses the cancellous bone on 
the periphery, which has a stabilizing and supporting effect. In contrast, 
the cancellous bone has a low mechanical strength and is a light and 
porous structure that provides a suitable space for bone metabolism and 
hematopoietic function, besides facilitating the transmission and sup-
port of multidirectional forces during bodily movement [28]. A table in 
the review by Wang et al. summarized the mechanical properties of 
natural bone tissue [29]. The cortical bone and the cancellous bone are 
inconsistently distributed among different anatomical parts [30], and 
there is a gentle transition between the two structures [27]. On the 
micron level, the cortical bone is composed of osteons arranged along 
the long axis of the bone. An osteon, which is a functional unit of bone 
tissue, is composed of the lamellar bone arranged in a concentric circle. 
Nerve fibers and blood vessels pass through the bone to form a Haver-
sian system. As for the cancellous bone, anisotropically arranged 
rod-like trabecular bones form a honeycomb-like network. The space 
between the trabecular bones is filled by blood vessels and bone 
marrow, which is where hematopoietic stem cells (HSCs) and mesen-
chymal stem cells (MSCs) are found [31]. Such natural bone scaffold 
structures with strong mechanical properties and porosity form a good 
template for BTE scaffold design. The biomimetic application of the 
scaffold structure will be elaborated in the next section. The hierarchy of 
the bone structure is presented in Fig. 1. 

1.2. Extracellular microenvironment of bone-tissue cells 

Cortical bone and cancellous bone provide a supportive and pro-
tective space for the growth of bone-tissue cells. These cells are mainly 
composed of osteoblastic and vascular niche, including HSCs and MSCs 
[31], and are found in the bone marrow. Between them, HSCs are mainly 
responsible for the formation of blood vessels and immune cells besides 
contributing to the formation of osteoclasts [32]. MSCs are primarily 
responsible for the formation of mesenchymal lineage cells, including 
osteoblasts, chondroblasts, adipocytes, and other stromal cells (Fig. 2a). 
These cells are essential for the maintenance of the physiological ho-
meostasis of bone tissue and for the regeneration of bone defects [31]. 
MSCs build the ECM, and in turn are regulated by the ECM. They interact 
with the ECM through a variety of protein receptors on the latter’s 
surface, such as integrin, selectin, and immunoglobulin. The binding of 
cell receptors and multiple ECM ligands not only affects cell adhesion to 
the ECM but also transmits various signals to the cells [33,34]. As a 
highly dynamic and complex network, the ECM mainly regulates the 
biological behavior of cells by the following mechanisms: 1) Provide 
cells with biochemical signals; 2) Provide cells with physical and me-
chanical signals [28]. The following subsections provide a detailed 
overview of the composition and function of the bone extracellular 
microenvironment from these two aspects. 

1.2.1. Extracellular matrix provides biochemical signals to cells 
The main component of the ECM is collagen fibers (85–90%), which 

are periodically arranged by collagen fibrils with a diameter of 
approximately 35–60 nm and a length of 1 μm. Collagen fibrils are 
formed by the self-assembly of unique triple helical biomolecules [28, 
35] (Fig. 1). Hydroxyapatite crystals with superior anisotropic me-
chanical properties are mineralized in the interstices of these collagen 
fibers in a controlled biomineralization process, which involves more 
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than 200 different acid proteins constituting the main inorganic 
component of bone tissue (approximately 65 wt %) [36–38]. 

As a component for strengthening the mechanical properties of 
collagen fibers, hydroxyapatite can increase the collagen matrix tensile 
modulus by four times and induce superior energy dissipation and 
fracture resistance properties in bone tissue [38]. In addition to collagen 
fibers, the ECM contains a considerable quantity of non-collagenous 
proteins (NCPs), which include osteocalcin, osteonectin, osteopontin, 
adhesion proteins (e.g., fibronectin and vitronectin), and proteoglycans 
(e.g., versican, decorin, and hyaluronan) [34] (Fig. 2b1). They are not 
only involved in the construction of the ECM, such as the collagen 
mineralization process, but also participate in the regulation of the cell 
fate of bone tissue [39–41]. A summary of ECM proteins, including the 

type, location, biological function, ligation site, and application can be 
found in the review by Lopes et al. [28]. We will introduce the appli-
cation of these biochemical signals in BTE scaffolds in Section 4. 

In addition to direct interaction with cells, the ECM can also serve as 
a platform to deliver soluble biomolecules secreted from various cells, 
including cytokines (e.g., growth factors and immunomodulatory fac-
tors) and hormones, thereby regulating the biological behavior of cells 
in the microenvironment (Fig. 2c). These soluble biomolecules are an 
important medium for communication between cells and play an 
important role in the homeostasis of the cell microenvironment [42]. As 
for cytokines, growth factors are a type of cytokines that can induce the 
proliferation and differentiation of pluripotent cells, which mainly 
include platelet derived growth factor (PDGF), vascular endothelial 

Fig. 1. Bone hierarchical structure. The V, IV, and III levels construct the mechanical support structure for bone tissues, and the II and I levels construct the 
microenvironment for the bone tissue cells. These structures and components provide a biomimetic template for BTE scaffolds. HAP: hydroxyapatite; GAGs: gly-
cosaminoglycans; NCPs: non-collagenous proteins. This Fig. is adapted from Refs. [26–29]. 

Fig. 2. Bone-tissue cells and extracellular matrix. a) In the bone marrow, HSCs and MSCs adjacent to the blood vessels can differentiate into osteoclasts and os-
teoblasts, which are directly involved in bone formation and resorption. b1) Osteoblasts can secrete the ECM and participate in its mineralization. They are gradually 
wrapped in new bone and differentiate into bone cells. In this process, they continuously receive biological signals from the components and biomolecules of the 
ECM. b2) The cells can also receive mechanical signals through sensors like integrins on the cell membrane. The integrin can adhere to the collagen of the ECM to 
form focal adhesions. The focal adhesions anchor the actin cytoskeleton, which links the LINC complex at the nuclear membrane. The LINC complexes interact with 
the lamins in the nuclear membrane, which finally transmits the mechanical signals to the nucleus and regulates the gene expression. c) In addition to osteoblasts and 
osteoclast cell lines that directly are involved in bone remodeling, the blood vessel growth brings endothelial cell lines. HSCs can also differentiate into the immune 
cell line. These cells communicate through cytokines and maintain the homeostasis of bone tissue. For example, as the most widely studied immune cells, macro-
phages can regulate osteoblast functions via inflammation-related cytokines. Generally, M1-type macrophages mainly inhibit osteogenesis, while M2-type macro-
phages mainly promote osteogenesis; d) Apart from the local regulation, bone homeostasis is also regulated by other organs through growth factors in the 
endocrine system. 
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growth factor (VEGF), fibroblast growth factor (FGF), transforming 
growth factor-β (TGF-β), insulin-like growth factor (IGF), and growth 
and differentiation factor (GDF); they play an important regulatory role 
in tissue regeneration [42]. For example, TGF-β participates in the 
control of bone-tissue homeostasis and remodeling, and the widely 
concerned cytokine bone morphogenetic proteins (BMPs) are members 
of the TGF-β superfamily. 

It is well known that BMP-2, -4, -5, -6, and -7 can bind with type I and 
type II serine-threonine kinase receptors and activate the Smad and 
MAPK pathways, inducing significant osteogenic effects [43]. In another 
example, VEGF is a key growth factor that has been widely studied. It 
can mediate the formation of blood vessels and play a regulatory role in 
vascular development and bone remodeling [44,45]. Other growth 
factors also play a crucial role in the regulation of bone-tissue homeo-
stasis, detailed summaries of their functions have been provided by 
recent reviews [42,46]. In addition to the growth factors involved in 
osteogenesis and angiogenesis, there are cytokines such as apoptosis and 
osteoclastogenesis that are involved in catabolism. 

In this dynamic balance between osteoblastogenesis and osteoclas-
togenesis, immune cell lines derived from HSCs in bone tissues, 
including T cells, monocytes, and macrophages, play a key role. For 
example, M1-and M2-type macrophages can affect the balance by 
secreting inflammation-related cytokines [47]. M1 macrophages are 
regulated by the local microenvironment and can be activated by 
Toll-like receptor (TLR) ligands and interferon-gamma (IFN-γ). They 
mainly secrete pro-inflammatory cytokines, including tumor necrosis 
factor-alpha (TNF-α), interleukin-1beta (IL-1β), IL-12, and IL-23, which 
can promote inflammation and inhibit the synthesis of ECM. Meanwhile, 
M1 can also secrete IL-6 and IL-11 to activate glycoprotein 130, pro-
moting the osteogenic differentiation of MSCs [48]. M2 macrophages 
can be activated by IL-4 and IL-13 and mainly secrete anti-inflammatory 
cytokines, including IL-10, TGF-β, and IL-1RA, which can inhibit 
inflammation and promote osteogenesis, angiogenesis, and other 
anabolism [47,49,50]. 

These cytokines are both the components of bone-tissue microenvi-
ronment and the regulators of bone-tissue homeostasis and repair. 
Although they have their own unique biological effects, cytokines co-
ordinate with multiple cells to perform bone-tissue homeostasis. In 
Section 3, we will elaborate on how these cytokines take effect in an 
orderly manner in bone development and defect repair. In addition, the 
delivery of cytokines through scaffolds to manipulate the bone repair 
effect is an area of interest in the field of BTE [51]. In Section 5, we will 
discuss the rational application of cytokines in BTE scaffolds. 

Another type of biomolecule involved in the regulation of bone- 
tissue homeostasis, hormones are different from the local regulatory 
cytokines. Hormones are generally secreted by system endocrine organs, 
meanwhile, the expression and release of the local and system bio-
molecules are coordinated. The major hormones involved in the regu-
lation of bone-tissue homeostasis include parathyroid hormone (PTH), 
calcitonin, and vitamin D3 [1,25(OH)2 vitamin D3]. (Fig. 2d). They 
mainly respond to changes in Ca levels in the blood circulation and 
participate in the regulation of systemic bone-tissue homeostasis [46]. 
Although this part is not the focus of this review, the understanding of 
these systemic biomolecules can lay a reliable foundation for the treat-
ment of bone defects accompanied by endocrine disorders. Siddique 
et al. [33] presented an exhaustive overview of how the systemic factors 
regulate the physiological bone remodeling. 

1.2.2. Extracellular matrix provides physical and mechanical signals to 
cells 

In addition to providing biochemical background, the ECM also 
provides physical and mechanical cues for cells, including endogenous 
and exogenous stresses [52]. The normal mechanical environment is 
important for maintaining the differentiation potential of stem cells and 
regulating their differentiation direction [53]. Endogenous stress mainly 
comes from the physical and mechanical properties of the ECM, 

including the topological structure and substrate stiffness. Among them, 
the matrix stiffness is a widely reported form of endogenous stress, 
which can regulate the stem cell differentiation independently of protein 
tethering and matrix porosity [54]. At different microenvironmental 
matrix stiffnesses, the expression level of the nucleoskeletal protein 
lamin-A/C in the stem cell nucleus is exhibited in a logarithmic 
dose-dependent manner, which in turn regulates the differentiation fate 
of stem cells such as the adipogenic differentiation in the soft matrix and 
the osteogenic differentiation in the hard matrix [55–58] (Fig. 2b2). 

Topology is another important source of endogenous stress, which 
can regulate the osteogenic and osteoclastic effects of bone tissue [52, 
59]. In this regulatory mechanism, the Yes-associated protein (YAP) and 
the transcriptional coactivator with PDZ-binding motif (TAZ) of the 
Hippo pathway are essential sensors and mediators of mechanical cues, 
which respond to the topological and stiffness signal of the ECM. The 
distribution of YAP in the cells is biphasic and can be transferred from 
the cytoplasm to the nucleus as the mechanical signal increases, thereby 
affecting the differentiation of MSCs [60,61]. The degree of minerali-
zation of collagen and the size of hydroxyapatite crystals directly affect 
the stiffness of the ECM and the morphology of the cell contact surface. 
They are important sources of endogenous stress and can affect the 
adhesion, morphology, migration, and differentiation of MSCs [61–64]. 

Several studies have confirmed that the topological structure formed 
by hydroxyapatite can provide geometrical cues for the in vitro osteo-
genic differentiation of MSCs [61,65–69]. In fact, the trabecular struc-
ture of the natural cancellous bone undergoes topological changes with 
physiological or pathological alterations, such as the conversion be-
tween plates and rods, or even gets disconnected [70], which means that 
the endogenous stress of the ECM is dynamic. In the future, deepening 
the understanding of the ECM topology and geometrical cues can lay a 
foundation for BTE on which researchers can produce scaffold structures 
that mimic the cellular microenvironment at the nanometer level. 

The exogenous stress is another type of mechanical signal. Various 
bodily movements can produce mechanical and physical signals on the 
bone tissue, which can be transmitted to the cells via the ECM. Mean-
while, the tissue fluid in the ECM produces hydrostatic and shear stresses 
that act directly on the cells. These normal exogenous stresses play an 
important role in facilitating bone formation and maintaining bone- 
tissue health [71,72]. As early as 1982, Wolff proposed that bone tis-
sue grows and remodels in response to the mechanical environment 
throughout its life [73]. 

In 1987, Frost proposed the mechanostat theory, demonstrating that 
the physiological stress ranges between and 300 and 1500 microstrains. 
Stresses above 1500–3000 microstrains would contribute to osteo-
genesis, whereas stresses below 100–300 would cause bone resorption 
[74]. However, cells in the bone tissue do not directly respond to the 
bone stress, as described by Frost, they receive microstructural stresses 
from the lacunae and microcracks in the ECM. These stresses can be 
amplified at the cellular level and may regulate the osteogenic differ-
entiation of cells [75]. In addition, when bone tissue bears mechanical 
stress, it presents as compressive stress on one side and tensile on the 
other. Scientists in general agree that cyclic tensile stress is related to the 
osteogenic effect of MSCs, while sustained compressive stress is related 
to the osteoclast effect [57,76–80]. This knowledge has been applied to 
the clinical practice of orthodontic tooth movement and distraction 
osteogenesis. 

Fluid shear stress is another type of exogenous stress from the ECM. 
Compared with most soft tissues, it has a greater impact on bone-tissue 
cells [81]. The interstitial fluid distributed in the ECM provides nutrients 
to cells and remove metabolic waste. During bodily movement, the flow 
rate of interstitial fluid in bone tissue changes due to changes in the 
surrounding blood pressure and mechanical load [82]. When bone tissue 
undergoes deformation due to mechanical load, the interstitial fluid 
flows from the compressive stress area to the tensile stress area through 
the channels where bone cells live (e.g., canaliculi), and generates fluid 
shear stress (0.8–3 Pa) [83]. Several in vitro studies demonstrated that 
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the osteoblast cell lines in bone tissue, including MSCs, osteoblasts, and 
osteocytes, respond to the mechanical stimulation of fluid stress and 
regulate osteogenic differentiation in a dose-dependent manner [72,84, 
85]. 

A recent study demonstrated that fluid stress was also involved in 
osteoclast differentiation. Fluid shear stress with low stimulus ampli-
tudes can activate Piezo1 and sarcoplasmic/endoplasmic Ca2+ reticu-
lum ATPase 2 (SERCA2), reduce extracellular adenosine triphosphate 
(ATP), and inhibit osteoclastogenesis and bone resorption, whereas a 
high stimulus stress can induce hematopoietic progenitor cells to 
differentiate into osteoclasts [86]. In addition, fluid shear stress is also 
involved in the regulation of the ECM morphology, the angiogenic dif-
ferentiation of stem cells, and angiogenesis [83,87], and could be an 
important exogenous stress signal in the microenvironment of 
bone-tissue cells. 

However, the roles of perfusion shear stress and in vivo interstitial 
flow are still unclear, since the channel geometries in bone tissue are 
constantly remodeling. Moreover, the lack of knowledge on the tube 
wall properties has led to difficulties in in vivo research [81]. Therefore, 
it is unrealistic to directly apply fluid shear stress to BTE in vivo. In recent 
years, in vitro finite element analysis and computational fluid dynamics 
analysis have brought new ideas for the applications of fluid shear stress 
to the BTE scaffold design. Based on micro-CT scans and finite element 
models, Hendrikson et al. found that the fluid shear stress in BTE scaf-
folds was mainly affected by the pore shape and size of the scaffold, 
whereas the mechanical strain distribution was affected by the design of 
the columnar support structure. These parameters indirectly affect the 
osteochondral cell differentiation [88,89]. Meanwhile, Ali et al. found 
that the surface roughness of a scaffold affected the internal fluid shear 
stress [90]. These studies indicated that controlling the scaffold struc-
ture could regulate the fluid shear stress on cells. They also highlighted 
the importance of gaining a comprehensive understanding of the 
bone-tissue microenvironment, on the account of the change in one 
parameter in the scaffold design, such as surface topology, will have a 
multi-biomechanical effect on the cells in the scaffold, including 
endogenous stress and fluid shear stress. 

In the next section, we shall focus on the dynamic balance of bone 
tissue, including its physiological homeostasis and the healing process of 
bone defects, to provide more comprehensive guidelines for the BTE 
scaffold design. 

2. Natural bone-healing process and mechanism 

The postnatal bone tissue has a strong ability to maintain homeo-
stasis and is constantly rebuilding in the dynamic balance of bone 
resorption and regeneration. Once a bone defect has occurred, the bone 
may begin to heal itself. Although the healing process of bone defects is 
different from the process of bone development, their osteogenesis forms 
are similar, e.g., intramembranous bone formation and endochondral 
ossification [91]. Providing insight into the bone development mecha-
nisms and bone defect healing process is the basis for designing BTE 
scaffolds. In this section, we first outline the process of embryonic bone 
morphogenesis, and then elaborate on the bone-healing process initiated 
from the cellular cascade. 

2.1. Intramembranous bone formation and endochondral ossification 

Intramembranous bone formation commonly occurs in the devel-
opment of flat bones such as the craniofacial bones and the clavicle. It is 
the process by which stem cells directly differentiate into osteoblasts to 
form new bones [92]. Adult bone stem cells generally are believed to 
originate from the bone marrow mesenchyme. Recently, Debnath et al. 
discovered a periosteal stem cell that exhibits multipotency and 
self-renewal ability, playing a key role in intramembranous bone for-
mation. Inhibiting the osteogenic differentiation of such stem cells can 
cause selective impairments in the cortical bone structure and defects in 

fracture healing [93]. 
Similar to endochondral ossification, intramembranous ossification 

initiates from the proliferation of pluripotent stem cells, which will 
further migrate into clusters to form condensation. As the stem cells 
proliferate, the condensation expand outward. The expanding conden-
sation are the center of osteogenic differentiation and participate in the 
formation of early bone morphology. The MSCs around the condensa-
tion area are loosely arranged to form a thin avascular area, and the stem 
cells inside condensations are induced by cytokines, such as BMPs, 
which upregulate the expression of Runx2 to differentiate into osteo-
blasts. Differentiated and mature osteoblasts can secrete non- 
mineralized type I-collagen-rich osteoids to the surrounding area. 
Before osteoid mineralization is affected by angiogenesis cytokines (e.g., 
VEGF), small bore capillaries move into this avascular layer and then 
invade the condensation approaching the ossification core [94]. 

Subsequently, accompanied by vascular invasion, the ECM continu-
ously forms and mineralizes. This vascularization process in intra-
membranous ossification was described in detail by Percival et al. [92]. 
Finally, the osteoblasts are encapsulated in the mineralized ECM and 
differentiate into osteocytes. The vascularized mesenchymal condensed 
around the mineralized matrix transforms into the periosteum, and the 
trabecular bone under the periosteum is compacted to form a compact 
bone. The ossification core is highly vascularized to form cancellous 
bone and a narrow cavity [28]. A schematic representation of the 
intramembranous bone formation process is depicted in Fig. 3a. 

Endochondral ossification commonly occurs in the development of 
long bones and is initiated by the condensation of stem cells. However, 
unlike intramembranous ossification, these stem cells first differentiate 
into chondrocytes. In the early stage of endochondral osteogenesis, stem 
cells are induced by cytokines (e.g., TGF-β and BMP-2), upregulating the 
expression of SOX9 to condense and differentiate into chondrocytes [95, 
96]. Chondrocytes in the condensation area are stimulated by the 
parathyroid hormone-related protein (PTHrP) secreted by the peri-
chondrium to continuously proliferate and secrete type II collagen [97]. 
As the cartilage matrix continues to expand, the chondrocytes in the 
central area are affected by cytokines (e.g., FGF), stop proliferation, and 
become hypertrophic [98,99]. 

Hypertrophic chondrocytes can secrete cartilage matrix mainly 
composed of type X collagen and release CaP granules, which become 
cores for the growth of apatite microcrystals [91]. Perichondrial cells at 
the edge of the condensation area are induced by hypertrophic chon-
drocytes to differentiate into osteoblasts and then form the bone collar. 
Meanwhile, hypertrophic chondrocytes also secrete cytokines, such as 
VEGF [44], which induce chondroclasts to participate in the blood vessel 
and osteoblast invasion. Recently, Romeo et al. identified a 
non-bone-resorbing osteoclast subtype termed vessel-associated osteo-
clast (VAO) that is dispensable for cartilage resorption and the anasto-
moses of type-H vessels. During this process, H-type endothelial cells at 
the bone/cartilage interface support VAOs through receptor activator of 
nuclear factor-kappa B ligand (RANKL)-RANK signaling [100]. The role 
of H vessels in bone regeneration will be elaborated in Section 5.2. 

After passing through the perichondrial membrane, the peripheral 
vascular endothelial cells enter the cartilage matrix area and form a 
highly vascularized ossification center. With the apoptosis of hypertro-
phic chondrocytes, the cartilage matrix forms the primary spongiosa. In 
the primary spongiosa, the hypertrophic chondrocytes located at the 
“borderland” between cartilage and (non-cartilage) osteogenic tissues 
undergo further differentiation into osteoblast-like cells, and together 
with osteoblasts secrete type I collagen to form the cancellous bone 
matrix [101]. Osteoblasts in the bone collar area form the cortical bone. 
Both ends of long bones undergo hypertrophy of chondrocytes, vascular 
invasion, and osteogenic activity to form secondary ossification centers. 
The area between the primary and secondary ossification centers is 
transformed into a growth plate, which is a reservoir for storing chon-
drocytes and can continue to guide the growth of long bones via endo-
chondral ossification in the postnatal period. Although it is not the focus 
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of this review, endochondral osteogenesis is an important form of bone 
regeneration. Kronenberg provided a detailed summary of this process 
and the underlying molecular mechanism [98]. A schematic represen-
tation of the endochondral ossification process is illustrated in Fig. 3b. 

In the next section, we shall elaborate on the bone-healing process 
involved in intramembranous and endochondral ossifications, as well as 
its potential cytokine regulation mechanism. 

2.2. Process and mechanism of bone healing 

Maintaining the structure and function of the skeletal system is the 
basis of bodily movement, and it also has an important protective effect 
on the fragile internal organs. Once it has been pathologically damaged 
(especially due to trauma), the damaged part of the bone tissue activates 
a cellular cascade to participate in an orderly healing process, greatly 
reconstructing the bone structure and function without leaving scars 
[102]. This regeneration process recapitulates multiple morphogenesis 
events of embryonic bone development, as described above. However, 
bone repair is usually induced by pathological trauma, and some of its 
aspects are distinct from natural bone development, including the 
obvious inflammation stage and the long-term reconstruction process. In 
the following paragraph, we shall provide a detailed overview of the 
bone-healing process, including three stages: 1) inflammation, 2) bone 
formation, 3) remodeling, and the potential cytokine regulation mech-
anisms are also discussed. 

2.2.1. Inflammatory phase 
When a bone tissue is injured, the blood vessels inside the bone 

defect disrupt. The blood enters the bone defect area, forming a hema-
toma. Fibrin in the hematoma coagulates to form a provisional matrix, 
which contains components from the blood, bone tissue, and sur-
rounding tissues. Inside the defect, macrophages and their recruited 
immune cells (granulocytes, lymphocytes, monocytes, etc.) mediate 
inflammatory reactions, playing the most crucial role in this stage. They 
secrete a range of cytokines spatiotemporally to trigger inflammation. 
During this process, the inflammatory cytokines mainly play a role in 

recruiting and regulating cells involved in the healing process. They also 
1) recruit other inflammatory cells through a positive feedback loop to 
amplify the inflammatory response, clean up bone-tissue fragments, and 
fight infection; 2) recruit endothelial cells to participate in the formation 
of new blood vessels and invasion; 3) recruit and promote fibroblast 
proliferation, promote fibrosis of the fibrin clot, and improve stability; 
and, 4) recruit multipotent MSCs and regulate their proliferation and 
differentiation [103,104]. 

In the early stage of inflammation, various components of the he-
matoma participate in the healing regulation. Platelets in the hematoma 
degranulate and release PDGF and TGF-β1. PDGF promotes the prolif-
eration of MSCs, fibroblasts, osteoblasts, and endothelial cells [105], 
and TGF-β1 recruits MSCs [106]. Stimulated by the ischemic and hyp-
oxic environment of the hematoma, as well as the macrophage colony 
stimulating factor (M-CSF) and RANKL secreted by the osteoblast cell 
line, macrophages polarize to M1 type [107,108]. M1 type macrophages 
can secrete a variety of pro-inflammatory cytokines, including TNF-α, 
IL-1, IL-6, etc., recruiting inflammatory and repair-related cells (e.g., 
fibroblasts, MSCs, and osteoprogenitor cells), and release angiogenic 
factors to promote angiogenesis [109–111]. In addition, the hypoxic 
environment can induce the up-regulation of the transcription factor 
hypoxia-induced factor-α (HIFα) in osteoblasts and endothelial cells, 
which can indirectly promote the release of angiogenic factors, 
including angiopoietin-1 and VEGF, to enhance the revascularization 
process [112]. When new blood vessels invade, various cellular com-
ponents respond to chemokines and accompany the blood vessels to 
enter the bone defect area. Subsequently, the fibrin matrix transforms 
into granulation tissue. With revascularization and cell recruitment, the 
hypoxic–ischemic extracellular environment is relieved. Macrophages 
transform from M1-type polarization to M2 type [113], and secrete 
anti-inflammatory cytokines, including IL-4, IL-10, and TGF-β. Gradu-
ally, the inflammatory reaction is weakened, the catabolism transforms 
into anabolic metabolism, and the bone healing enters the next stage. 
This process is depicted in Fig. 4a. 

Fig. 3. Embryonic bone development. a) Intramembranous bone formation; b) Endochondral ossification.  
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2.2.2. Bone formation phase 
When the inflammatory phase is completed, bone tissue gradually 

enhances the anabolic and repair processes [103]. In this phase, the 
anabolism is dominated by fibroblasts, chondrocytes, and osteoblasts. 
The cellular components involved in bone regeneration in the granula-
tion tissue include fibroblasts, osteoprogenitor cells, and MSCs. Osteo-
progenitor cells and MSCs are stimulated by cytokines and hypoxic 
environments to proliferate, concentrate, and differentiate. Fibroblasts 
proliferate and secrete a fibrous matrix, gradually replacing the granu-
lation tissue with a fibrous tissue of enhanced mechanical strength. In 
the process of gradual maturation of the connective tissue, type III 
collagen becomes the main component of the ECM [114], providing a 
template for subsequent bone regeneration. During the bone-healing 
process, four specific repair environments are formed according to the 
location of the bone defect, including the cancellous bone area, cortical 
bone area, periosteum area, and surrounding soft tissue area. The 
cancellous and inter-cortical bone areas are repaired by endochondral 
ossification, while the subperiosteal area and the adjacent soft tissue 
areas are repaired by intramembranous ossification [115]. 

In the cancellous and inter-cortical bone areas, MSCs recruited from 
the bone marrow, periosteum, adjacent soft tissues, and peripheral cir-
culation [114] aggregate and proliferate. They further differentiate into 
chondrocytes and secrete a semi-rigid avascular cartilage matrix, grad-
ually transforming the fiber-rich granulation tissue gradually into a 
fibrocartilage- and hyaline cartilage-rich soft callus. The early soft callus 
is mainly composed of type II collagen and proteoglycan core bio-
markers, which are gradually replaced by type X collagen as the callus 
matures. When chondrocytes secrete a matrix to the ECM and induce 
mineralization, they also release VEGF to promote new blood vessel 
ingrowth and cooperate with BMPs to enhance the bone-healing effect 
[116,117]. During vascular invasion, endothelial cells, osteoblasts, and 
chondrocytes accompanying new blood vessels secrete matrix metal-
loproteinases (MMPs) to degrade the cartilage matrix. Upon completion 
of the revascularization, mature hypertrophic chondrocytes undergo 
apoptosis or differentiate into osteoblast-like cells, which, together with 
osteoblasts, secrete type I collagen and participate in the ECM miner-
alization. Finally, the soft callus is transformed into a hard callus with 
the disordered trabecular bone [114]. This process recapitulates endo-
chondral ossification during embryonic bone development. 

During the establishment and maturation of the soft callus, growth 
factors (e.g., TGF-β, PDGF, GDF-5, FGF-1, and IGF-II) and hormones (e. 

g., PTHrP) are involved in the recruitment and proliferation of fibro-
blasts and MSCs. They also play an important role in inducing the MSC 
differentiation into osteoblasts or chondrocytes [114]. Among them, 
TGFs can recruit MSCs, pre-osteoblasts, chondrocytes, and osteoblasts. 
TGF-β2 and TGF-β3 reach peak expression during cartilage formation 
and participate in chondrogenesis and endochondral ossification [118, 
119]. As mentioned above, BMPs are also members of the TGF-β family. 
They are essential cytokines that initiate intramembranous and endo-
chondral ossification, and induce healing cascades and possibly callus 
formation. BMPs not only promote bone formation but also stimulate the 
production of VEGF-A, which in turn activates endothelial cell angio-
genesis [120]. In addition, the GDF-5/cartilage-derived morphogenetic 
protein-1 (CDMP-1) of the BMP family plays a regulatory role in pro-
moting endochondral ossification [121]. 

Bone defects in the subperiosteal and adjacent soft tissue areas are 
repaired by intramembranous osteogenesis. The periosteum, as the 
outer surface of bone tissue, consists of two distinct layers. The outer 
layer is a fibrous layer composed of fibroblasts, collagen, and elastin 
fibers. The inner layer is a cambium layer, which is a rich source of 
undifferentiated pluripotential mesenchymal cells, differentiated 
osteoprogenitor cells, osteoblasts, and fibroblasts [122]. Once the peri-
osteum is injured, the cells of the cambium layer proliferate, in response 
to inflammation, thickening the periosteum. This is called the perios-
teum reaction. After 7–10 days of bone injury, the repaired periosteum 
initially forms and stabilizes the bone defect. 

The cells involved in intramembranous bone formation mainly 
include osteoprogenitor cells present in the periosteum and MSCs 
recruited from the periosteum, bone marrow, adjacent soft tissues, and 
peripheral circulation. Undifferentiated MSCs release BMPs to promote 
angiogenesis, chemotaxis, mitogenesis, and induce cell differentiation 
into osteoblasts and chondroblasts [123]. With angiogenesis and oste-
oblast secretion and mineralization of the ECM, a hard callus is formed 
directly under the periosteum. Meanwhile, the vascularized matrix 
outside the hard callus condenses to repair the periosteum. This process 
recapitulates the embryonic bone development process of intra-
membranous ossification, as described above. The repair of the perios-
teal area is of great significance for stabilizing and protecting the 
internal bone defect area. 

A series of cytokines are involved in the healing process of the sub-
periosteal bone, including PDGF, FGF, VEGF, TGF-β, BMPs, and stromal 
cell-derived factor-1 (SDF-1). Among them, SDF-1, TGF-β, and BMPs 

Fig. 4. Process and mechanism of bone healing. a) Inflammation phase; b) Bone formation phase; c) Remodeling phase. Bone healing is a dynamic and continuous 
process accompanied by an alternating metabolic model. In each phase, different cells and cytokines play the dominant roles. 
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directly participate in the recruitment of MSCs and induce their osteo-
genic differentiation. FGF is involved in the proliferation of periosteal 
cells and bone progenitor cells, and promotes callus and bone formation 
[113,122,124]. 

Soft callus formation is a nonspecific anabolic process, whereas hard 
callus formation is a specific anabolic process (Fig. 4b). After this 
healing phase, the healing area can regain sufficient mechanical prop-
erties to support low-intensity functional exercise. To further restore the 
normal functional structure and mechanical strength, the healing of 
bone tissue enters the next stage. 

2.2.3. Bone remodeling phase 
Bone remodeling is the last phase of bone healing, and is also known 

as the secondary bone formation, which includes the reconstruction of 
the hard callus into the lamellar bone and the change of configuration of 
the cancellous bone trabeculae. As the new bone gradually supports the 
functional movements, the irregular woven bone responds to mechani-
cal stimulation and remodels through an orderly bone resorption and 
osteogenesis process [109]. Thus, the crosstalk between osteoblasts and 
osteoclasts plays an important role in this phase. Mature osteoblasts can 
balance bone formation and bone resorption by secreting M-CSF and the 
RANKL [125]. M-CSF and RANKL can bind to c-FMS and RANK on the 
surface of HSCs, respectively, to promote the differentiation of HSCs into 
osteoclast cell lines [126]. The OPG secreted by osteoblasts can 
competitively bind to RANKL, thereby inhibiting the differentiation ef-
fect of osteoclasts. Meanwhile, osteoclasts can release extracellular 
vesicles containing RANK on their surface to bind RANKL on the surface 
of osteoblasts, which triggers the production of proteins such as Runx2 
to promote bone formation [127]. This crosstalk is presented in Fig. S1. 
In addition to this specific regulatory mechanism, other cytokines are 
also involved in the regulation of this phase, including interleukins, 
INF-γ, TNF-α, BMPs, VEGF, and TGF-β. The cytokines involved in the 
different phases and their functions are summarized in Table 1. From the 
table, we derive the following knowledge: 1) bone repair is a repair 
process led by a variety of cells that coordinate their functions through 
cytokines; 2) the bone-healing process is a continuous process, which 
can be roughly divided into multiple phases. These phases overlap with 
each other and are mediated by a variety of cytokines, which can have 
synergistic or antagonistic effects. In general, these cytokines can be 
divided into two types that participate in anabolism and catabolism; 3) 
the same cytokine can take effect in one or more healing phases, and 
these effects can be similar or opposite. Thus, in the process of bone 
healing, cytokines form a complex yet orderly network. 

Current research on these cytokines mainly focuses on exploring 
their independent functions. The crosstalk between different cytokines, 
however, remains elusive, and should be discussed in future research. 
Today, the application of cytokines has become an important means to 
promote bone regeneration. However, first, it is necessary to scrutinize 
their role in natural bone healing to avoid negatively influencing the 
healing process. For example, Stegen et al. recently proposed that pro-
longed HIF-1α signaling in chondrocytes can lead to skeletal dysplasia 
by interfering with cellular bioenergetics and biosynthesis, which may 
limit proliferation and curtail collagen synthesis. This effect may 
contribute to other ECM-related diseases such as cancer and fibrosis 
[202]. Therefore, the bone-healing regulatory network will remain the 
focus of bone-regeneration research. 

In addition, although the healing process can restore the pre-injury 
cellular composition, structure, and biomechanical function of 
damaged skeletal organs, approximately 10% of fractures do not heal 
normally, especially for large-volume defects exceeding the critical bone 
defect, which requires reasonable clinical intervention [103]. The 
application of BTE scaffolds has become a promising approach to solve 
this problem. In the following sections, we shall review the biomimetic 
design of a BTE scaffold based on the bone physiological microenvi-
ronment and the delivery of bioactive factors/cytokines based on the 
bone-healing pattern, which will provide comprehensive ideas for 

developing novel BTE scaffolds. 

2.3. Biomimetic modification of scaffold based on bone-tissue 
microenvironment 

The design of scaffolds is key to BTE. This design should be based on 
the natural tissue environment as that would be conducive to promoting 
natural healing and regeneration. In this section, we exhaustively review 
the current biomimetic BTE scaffolds according to the natural bone- 
tissue microenvironment described above. 

2.4. Biomimicking structure and mechanical strength 

At the bone defect site, the mechanical structure of bone tissue is 
damaged, which weakens the bone’s structural strength and functions. 
Therefore, in the process of constructing the BTE scaffold, the first 
consideration should be to restore the bone morphology and mechanical 
structure. In this section, we review the biomimetic design of the BTE 
scaffold structure from both macroscopic and microscopic views. 

2.4.1. Macroscopic morphological structure and mechanical properties 
The primary role of tissue engineering scaffolds is to provide a 

platform for cells involved in bone regeneration. This platform should be 
conducive to blood vessel invasion, cell migration, proliferation, dif-
ferentiation, and communication. The natural cancellous bone structure 
rich in blood vessels is an ideal template for BTE scaffolds. Therefore, 
biomimicry of the porous cancellous bone structure is a reasonable idea 
for the design of BTE scaffolds. 

The parameters of the biomimetic porous structure include porosity, 
surface area, pore size, and connectivity [203]. Pore size has an 
important effect on bone repair. Large pores reduce the scaffold’s sur-
face area/volume ratio and limit the cell’s proliferation space, while 
small pores are not conducive to cell migration and communication. 
Pore size ranging between 100 and 1000 μm is desirable for cellular 
growth, blood flux, and mechanical resistance [204]; incidentally, the 
pore size of current scaffolds is mainly in this range. At present, the 
optimal pore size of BTE scaffolds is still inconclusive, since the change 
in experimental conditions (e.g., scaffold materials and bone defect site) 
can yield different results. However, there is a tendency that small pore 
size (approximately 100 μm) may contribute to early cell attachment in 
vitro, while large pore size (400–600 μm) may be conducive to in vivo 
vascularization and osteogenesis [205–208]. 

In addition to pore size, high porosity and connectivity are also 
critical parameters and are related to the scaffold manufacturing pro-
cess. For example, additive manufacturing (AM; e.g., 3D printing) has 
enabled the flexible control of the morphology of scaffold materials with 
high precision [209,210]. Recently, Gloria et al. first reported the use of 
blends of poly (ε-caprolactone) (PCL) and poly (ester amide) (PEA) for 
the fabrication of 3D additive manufactured scaffolds. This method 
could control both scaffolds’ mechanical properties and morphology. 
Besides, the addition of PEA improved the hydrophilicity of scaffold 
which could further facilitate the adhesion and proliferation of human 
mesenchymal stem cells (hMSCs) [211]. Zhang et al. summarized the 
current manufacturing approaches, including the structure control and 
material selection of 3D-printed scaffolds [212]. In addition, mixing 
additional components (e.g., synthetic polymers) with the matrix ma-
terial or changing the particle properties of the matrix material can also 
enhance porosity and connectivity [213–215]. High porosity and con-
nectivity contribute to the ingrowth of blood vessels, osteogenesis, and 
the uniform degradation of scaffolds, albeit at the cost of weakened 
mechanical properties. Therefore, strengthening of mechanical proper-
ties should be another consideration. 

The first step to strengthening the mechanical properties of a scaffold 
is to choose the right matrix material. Compared with hydrogels, syn-
thetic polymers usually have superior mechanical properties and plas-
ticity. Mixing reinforcing filler, such as hydroxyapatite and iron particle, 
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Table 1 
Cytokines involved in bone healing process.  

Cytokine Phase Expression Main source/location Function 

TNF-α Inflammatory phase Increase and reach peak 
in 24h (Mouse) [128] 

M1 type macrophages; Recruited 
immune cells 

Induced by platelet hyperreactivity, recruit 
megakaryocytes and induce inflammation [129]; 
Recruit MSCs and enhance its proliferation and 
differentiation, but inhibit bone matrix synthesis at the 
injury site [130–132] 

Bone formation phase Decrease [128] M1 type macrophages; Recruited 
immune cells 

Promote angiogenesis, and MMPs production in 
endochondral bone [133] 

Remodeling phase Increase again on day 24 
and 28 (Mouse) [128] 

Macrophages Promote osteoclast migration and differentiation [134, 
135] 

IL-1 Inflammatory phase Increase and reach peak 
in 24h (Mouse) [128] 

M1 type macrophages; Recruited 
immune cells 

Promote catabolism and the degradation of proteoglycan 
[136] 
Enhance the chemotactic effect of immune cells 
migration and is a central role in responses to infections 
[137,138] 

Remodeling phase Increase again on day 24 
and 28 (Mouse) [128] 

M1 type macrophages; 
Recruited immune cells 

Promote osteoclast differentiation via RANKL and M-CSF 
[139,140] 

IL-4 Inflammatory phase Increase M2 type macrophages Inhibit inflammation and bone resorption [141]; 
Recruit and activate osteoblasts [142]; 
Inhibit osteogenic differentiation [143] 

Remodeling phase Increase M2 type macrophages Inhibit osteoclast differentiation and bone resorption via 
the RANKL/RANK/OPG system [144] 

IL-6 Inflammatory phase; 
Remodeling phase 

Increase in 72h (Rat) 
[145] 

M1 type macrophages; 
Monocytes; 
Other recruited immune cells 

Promote osteoblast differentiation [146,147]; 
Enhance the production of VEGF to promote angiogenesis 
[143]; 
Induce osteoclast formation via gp130 [148,149] 

IL-10 Bone formation phase Increase M2 type macrophages; B-cell Suppress the expression of TNF-α and IFN-γ to inhibit 
inflammation and facilitate bone formation [150] 

INF-γ Inflammatory phase; 
Remodeling phase 

Increase T lymphocyte; NK cell Present positive or negative effect in bone formation 
depending on the experimental model and conditions 
used: 
Mediate macrophage polarization to M1 releasing pro- 
inflammatory cytokine [151]; 
Inhibit osteogenesis and bone formation [152–154]; 
Inhibit osteoclastogenesis and bone resorption [155–157] 

BMPs Inflammatory phase Increase and BMP-2 
reach peak in 24h 
(Mouse) [118] 

Osteoprogenitor cells; 
Osteoblasts 

BMP-2 initiate the repair cascade [118]; 
BMP-2, 6, and 9 induce MSCs differentiation to 
osteoblasts [158]; 
Promotes differentiation of MSCs into chondrocytes and 
osteoblasts; 

Bone formation phase BMP-3, 4, 5,6,7 and 8 
increase (Mouse) [118] 

Osteoprogenitor cells; 
Chondrocytes; Osteoblasts 

BMP-3, 4, 7, and 8 specifically participate in osteogenic 
stage, while BMP-5 and 6 engage in intramembranous 
and endochondral ossification [118,159]; 

Remodeling phase BMP-3, BMP-4, 
BMP-7, and BMP-8 
Increase 

Osteoblasts; 
Osteoclast 

BMP-2 and 4 are observed in osteoclast-like cells, as well 
as prerequisites for osteoclast development [160–162]; 
BMP2 enhances osteoclast differentiation [163,164] 

TGF-β Inflammatory phase; Increase Platelets; 
Bone extracellular matrix 

Recruit inflammatory cells and MSCs [165,166]; 
Repress the differentiation of MSCs and chondrocyte, as 
well as relieve catabolism [167–170] 

Bone formation phase TGF-β2 and TGF-β3 
reach peak on day 7 
(Mouse) [118] 

Bone extracellular matrix Promotes osteogenesis and chondrogenesis [119, 
171–173]; 

Remodeling phase Increase Bone extracellular matrix Recruit MSCs to participate in bone remodeling [106, 
166]; 
Induce the bone resorption effect of osteoclast [172,174]; 
Recruit and promote the differentiation of osteoblast 
precursors [175]. 

PDGF Inflammatory phase； 
Bone formation phase 

Increase Platelets; Macrophages; 
Osteoblasts 

Promotes migration, proliferation, angiogenesis and 
osteogenic differentiation of MSCs [176–178] 

FGF Inflammatory phase； 
Bone formation phase 

Increase Macrophages; Mesenchymal 
cells; Chondrocytes; Osteoblasts 

Serve as a mitogen for mesenchymal cells [179]; 
Promote differentiation of osteoblast and chondrocytes 
[180,181]; 
Repress the degradation of cartilage in inflammations 
[182]; 

VEGF Inflammatory phase Increase Endothelial progenitor cells; 
Mesenchymal cells; 
Chondrocytes; Osteoblasts 

Promote macrophage recruitment and angiogenesis 
[183] 

Bone formation phase Increase Hypertrophic chondrocytes; 
Osteoblasts 

Recruit blood vessels and osteoclasts and promote 
cartilage resorption [183] 
Indirectly promote bone formation via BMPs [184,185] 

Remodeling phase Increase Osteoblasts Stimulate osteoclast formation [183] 
IGF-1 Bone formation phase Increase Chondrocytes; 

MSCs 
Enhance the synthesis of cartilage matrix [159,186]; 
Promote MSCs differentiation into osteoblast and 
enhance bone formation [187,188] 

Bone formation phase Increase 

(continued on next page) 
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can help scaffolds achieve the strength of the natural cancellous bone 
(compressive modulus: 10–50 MPa, elastic modulus: 0.01–3.0 GPa) 
[216,217]. For instance, Santis et al. fabricated a morphologically 
controlled scaffold with a fully interconnected pore network via 3D fibre 
deposition technique. Thought the addition of iron oxide (Fe3O4) or 
iron-doped hydroxyapatite (FeHA) nanoparticles, the PCL matrix scaf-
folds gained with enhanced mechanical strength and magnetic property. 
It’s also confirmed that this PCL/Fe3O4 and PCL/FeHA nanocomposite 
scaffolds could promote the adhesion and spread of hMSCs [218]. 
Recently, the use of high-strength nanomaterials to reinforce BTE scaf-
folds has become a novel strategy. Shuai et al. introduced a co-dispersing 
Graphene oxide (GO)-Ag nanosystem in biodegradable polymer (poly 
l-lactic acid (PLLA)/polyglycolic acid (PGA)) scaffolds via selective laser 
sintering (SLS). GO is a high-strength (~130 GPa) and modulus (>0.5–1 
TPa) material. It’s confirmed that the co-dispersing of GO and Ag could 
synergistically enhance the compressive strength and modulus of the 
scaffolds by 102 and 82% respectively and introduce a desirable anti-
bacterial property to the scaffolds [219]. Feng et al. embedded nano-
diamond particles into molybdenum disulfide nanosheets to construct a 
high strength nanosystem. It’s verified that this nanosystem could in-
crease the tensile and compressive strength of the poly (3-hydrox-
ybutyrate-co-3-hydroxyvalerate) (PHBV) bone scaffold by 94% and 52% 
respectively, and the main strengthening mechanisms were crack 
deflection, crack bridging, crack pinning, and pulling out [220]. 

Hydrogels have better porosity and connectivity but limited me-
chanical properties. Although the mechanical properties can be 
improved by adding fillers such as hydroxyapatite and high-strength 
polymer, it is still challenging to achieve the strength of the natural 
cancellous bone [221,222]. In addition, these mechanical strengthening 
methods are isotropic, whereas the natural bone tissue has anisotropic 
mechanical properties. Designing an anisotropic scaffold that has coor-
dinated conductivity with the surrounding bone is challenging. 
Recently, Ghouse et al. provided an approach to determine local bone 
mechanical strengths and developed a locally stiffness-matched scaffold 
for bone regeneration via AM. Six weeks after implanting the scaffold 
into ewes’ femoral condyle, they observed a bone ingrowth of 10.73 ±

2.97%, which proved the desirable osteoconductivity of the scaffolds 
[223] (Fig. 5a). In the future, a combination of computer simulation 
analysis and AM technology should enhance the scaffolds’ morphology 
and mechanical properties closer to those of the natural bone tissues. 

2.4.2. Physical–mechanical signals on microscopic surface 
The natural bone tissue has a hierarchical structure. In addition to 

the macroscopic supporting structure, morphological biomimicry can be 
performed at the microscopic level. Currently, the modification of a 
nanotopological structure on the surface of a scaffold has been exten-
sively investigated. In the natural bone tissue, the physiological 
remodeling and pathological changes affect the topological morphology 
of the trabecular bone and the arrangement of hydroxyapatite nano-
crystals (thickness: 2–5 nm; length: 20–80 nm) at the nanometer scale 
[70,203]. These nanotopological changes will further affect the bio-
logical functions of the osteoblast or osteoclast cell line on the surface. 

Several studies have reported that the manufacturing of two- 
dimensional topological structures with different shapes and arrange-
ments can provide mechanical signals for cells, thereby affecting cell 
adhesion, proliferation, migration, and differentiation in vitro 
[226–229]. These studies provide more accurate knowledge of the ef-
fects of physical and mechanical signals on the cell fate. Recent studies 
have shown that the topology could induce curvature formation in the 
cell membrane, which is recognized by the intracellular 
curvature-sensing protein FBP17, and induce the whole-cell reorgani-
zation of actin fibers [224]. Changes in the cytoskeletal system can 
activate RhoA-ROCK, Akt/Erk, and YAP/TAZ effectors of the Hippo 
pathway, which will further affect the stem cell fate (Fig. 5b) [230,231]. 

As mentioned above, the mechanical microenvironment in the nat-
ural bone tissue is complex and dynamic. Therefore, it is challenging to 
prepare a three-dimensional degradable scaffold with biomimetic sur-
face topology. At present, the topological modification of three- 
dimensional scaffolds is mainly divided into two categories: 1) Modifi-
cation of the topology structure on the surface of the formed scaffold. 
For example, the surface modification of nHA has been widely used in 
BTE scaffolds. 2) Directly using the topology structure to construct the 

Table 1 (continued ) 

Cytokine Phase Expression Main source/location Function 

GDF-5/CDMP-1 
（Homologues of BMP 
family） 

MSCs; Chondrocytes; 
Hypertrophic chondrocytes 

Stimulates the expression of cartilage anabolic Sox-9 to 
enhance chondrogenesis [189]; 
Promote osteogenic differentiation and angiogenic 
activity of stromal cells [190]; 
Promote angiogenesis and indirectly enhance 
osteogenesis [191]; 
Promotion of mesenchymal cell recruitment and 
chondrocyte differentiation [121,192] 

SDF-1 Bone formation phase Increase Stromal cell Recruit stem cells and encourage osteogenic 
differentiation and production of bone [193–195] 

M-CSF Inflammatory phase Increase and reach the 
first peak on day 3 
(Mouse) [128] 

Immune cells; Stromal cells; 
Osteoblast lineage 

Promote macrophage polarization into M1 type releasing 
pro-inflammatory cytokines [108]; 
Promote osteoclast survival, activation and 
differentiation, as well as induce bone resorption [126, 
196–198]; 

Late bone formation 
phase and remodeling 
phase 

Increase and reach the 
second peak on day 14 
(Mouse) [128] 

RANKL Inflammatory phase Increase and reach the 
first peak on day 3 
(Mouse) [128] 

Stromal cells; Osteoblast lineage Promote macrophage polarization into M1 type releasing 
pro-inflammatory cytokines [107]; 
Promote osteoclast differentiation and bone resorption 
[126]; 

Late bone formation 
phase and remodeling 
phase 

Increase and reach the 
second peak on day 14 
(Mouse) [128] 

Stromal cells; Osteoblast lineage Promote osteoclast differentiation and bone remodeling 
[125,126]; 

OPG Inflammatory phase Increase and reach the 
first peak in 24h (Mouse) 
[128] 

Stromal cells; Osteoblast lineage Negatively regulate bone resorption by osteoblast [199] 

Bone formation phase Increase and reach the 
second peak on day 7 
(Mouse) [128] 

Participate in the long-term anabolism of bone healing 
[200]; 

Remodeling phase Increased Inhibit osteoclastogenesis via competing with RANK for 
RANKL [201]  
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scaffold. In recent years, researchers have used electrospinning tech-
nology to prepare polymeric nanofibrous scaffolds with high surface 
area/volume ratios, tunable components, and well-retained topogra-
phies. This nanofiber-based porous structure is also a promising plat-
form for further topological modification and biomimicry [232]. For 
example, Gao et al. integrated a calcium phosphate mineral (HA) and a 
bioactive molecule (BMP-7) into a highly ordered fiber topography PCL 
scaffold to mimic the bone ECM. After in vivo implantation, the ordered 
PCL-HA/BMP-7 composite nanofibers significantly promoted 
lamellar-like bone formation in a rat calvarial critical-sized defect 
(Fig. 5c) [225]. Moreover, Xu et al. designed a core-shell or island-like 
topography with bioactive chitosan (CS) on a PLA electrospun fiber 
surface and demonstrated its ability to improve the cell biocompatibility 
of PLA, as well as the osteogenesis of preosteoblast cells [233]. This 
versatile technology has applied to multiple advanced biomedical ap-
plications. Recently, Ding et al. provided a comprehensive overview of 
the recent progress and potential developments of electrospun polymer 
matrices and their application as biomaterials [234]. Besides, Zhang 
et al. summarized the several properties of polymer fibers and detailed 
their applications in bone, cartilage, and osteochondral tissue engi-
neering comprehensively, which could provide reliable suggestions for 

the development of polymer fiber scaffolds in bone tissue engineering 
[235]. 

Note that, after implantation into the bone defect, the BTE scaffold 
does not only generate endogenous stress, but also changes the local 
exogenous stresses such as fluid shear stress. In addition, the modifica-
tion of the surface topology will inevitably change the exogenous 
stresses. The stress environment of natural bone is complex and difficult 
to simulate. In addition, current BTE scaffolds are biodegradable, and 
the structure of their surface topology can only provide early mechanical 
stimulation signals. During the degradation process, the surface topog-
raphy changes constantly [236]. Khetan et al. demonstrated that the 
degradation of HA hydrogels led to a change in cellular tension, which 
could further affect the osteogenesis or adipogenesis of hMSCs [237]. 
Thus, when designing the surface structure of a BTE scaffold, we should 
recognize its regulatory effect on the cell fate. Meanwhile, we cannot 
simply rely on these physical–mechanical signals due to their instability. 
In addition, there are many types of cells involved in bone repair. The 
regulation of different cells by these signals is still unclear; excessive 
transmission of mechanical signals may hinder the bone-healing 
process. 

The process of bone-tissue healing involves a complex biological 

Fig. 5. Mimic bone’s mechanical and morphological structure. a) Mimicking the mechanical strength of local bone tissues. Combining a CT-scan and a mechanical 
test of natural bone can help establish a relationship between imageological apparent density and bone modulus, which can be used to predict the local bone 
mechanical strength. After predicting the local bone’s mechanical strength, a stiffness-matched scaffold with desirable bone conductivity can be constructed using 
AM. b) Underlying regulation mechanism of scaffolds’ topology structures. The surface topology can cause cell membrane curvature. The curvature can activate 
curvature-sensing protein FBP17, which will further induce F-actin polymerization and actin reorganization in whole-cell. This cytoskeletal system change can 
activate the RhoA-ROCK, Akt/Erk, and YAP/TAZ effectors of the Hippo pathway, affecting the stem cells’ differentiation. The ordered topology pattern and the stiff 
substrate can induce osteogenic differentiation, while actin depolymerization and the soft substrate can induce chondro/adipogenic differentiation. c) Mimicking the 
ECM structure by nanofiber scaffolds. Topology structure nanofibers can be constructed using electrospinning and can be used to develop porous scaffolds. Gao et al. 
modified nanofiber scaffolds with calcium phosphate (HA), to further mimic the bone ECM and release cytokines (BMP-7) and enhance the osteogenesis effects. This 
scaffold was proved to promote the in vitro osteogenic differentiation of hMSCs and enhance in vivo bone formation. This Fig. was adopted from Refs. [223–225]. 
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signal network, and physical–mechanical stimulation such as surface 
topology is only a part of it. When constructing the physical–mechanical 
structure of scaffolds, we should start by providing a proper platform for 
cell migration and proliferation. Regarding the regulation of the cell’s 
biological functions, researchers should further focus on the biochemical 
signals among ECM–cell and cell–cell. In the next section, we shall 
elaborate on the biomimicry of the ECM components to provide an 
appropriate biochemical signal to the cells inside the BTE scaffold. 

2.5. Biomimicking extracellular matrix components 

As described in Section 2.2.1, the component of the natural bone 
ECM can be divided into organic and inorganic components. The organic 
component is mainly collagen and a small amount of NCP, while the 
inorganic part is mainly hydroxyapatite. They constitute the ECM 
structure and possess certain biological functions. This section reviews 
how the current BTE scaffold mimics these three main components to 
promote the bone-healing process. 

2.5.1. Collagen 
As the primary component of bone-tissue ECM, collagen can be 

applied to BTE as a matrix component of scaffolds. Twenty-nine 
different types of collagen have been identified thus far, and collagen 
types I, II, III, V, and IX are known to form fibers. Among them, type I 
collagen secreted by osteoblasts constitutes the main organic component 
of natural bone tissue [238], becoming a desirable biomimetic material 
for the BTE scaffold. Collagen-based scaffolds have the advantages of 
high biocompatibility, high porosity, hydrophilicity, low antigenicity, 
and biodegradability [239]. However, they also have some shortcom-
ings, such as 1) poor mechanical properties, easy deformability under 
applied force; 2) high biodegradability, which may degrade too quickly 
to match the normal tissue-healing process; and, 3) a native structure 
that is easily disrupted by specific fabrication techniques such as 
chemical crosslinking and physical treatments (e.g., UV irradiation) 
[240,241]. Therefore, in the design of collagen-based scaffolds, re-
searchers should improve the fabrication technology or modify the 
collagen-based matrix with other materials to maintain the biological 
properties of collagen and make up for these drawbacks. 

The morphology and structure of collagen-based materials are 
significantly affected by the fabrication approach. Current fabrication 
techniques include freeze-drying, phase separation, electrospinning, gas 
foaming, and 3D-bioprinting [240,241]. The collagen-based materials 
formed by the first several methods have relatively smaller pores. As 
mentioned above, the pore size of a BTE scaffold is critical for cell 
migration, new blood vessels, and bone formation during bone healing. 
In recent years, 3D-bioprinting has become a reliable method for the 
precise control of the collagen-based scaffold structure [242–244]. Lee 
et al. developed a three-dimensional collagen scaffold consisting of 
multilayered nanofibrous collagen using a 3D-printing process and 
Pluronic F-127 (PF-127), which is a nontoxic and thermoreversible 
polymer. By selecting the appropriate processing parameters, such as the 
concentration of PF-127, weight of collagen, and printing stage tem-
perature, researchers could successfully control the pore geometry of the 
three-dimensional scaffold [244]. Therefore, we can generally include 
the design of collagen scaffolds in two major aspects: fabrication ap-
proaches and material selection. 

For material selection, the components of collagen-based scaffolds 
determine the physical–mechanical properties and biological properties 
of the scaffold. In the fabrication of collagen-based scaffolds, the use of 
necessary components such as collagen, photoinitiators, and cross-
linking agents can form a basic matrix that can be further modified by 
other materials. For example, the addition of high-strength fillers (e.g., 
bioinert polymer materials, CaPs, etc.) can enhance the mechanical 
properties and plasticity of the scaffold or biomimic the ECM inorganic 
components [240]. Note that collagen-based materials can also be used 
as a platform for the controlled release of biomolecules, such as 

cytokines [245], osteogenic agents [246,247] and miRNA [248]. An 
exhaustive introduction of the delivery of bioactive molecules is pre-
sented in Section 5. 

In addition to being a matrix component of BTE scaffolds, collagen 
can be used for surface modification. In recent years, surface modifica-
tion has made up for the shortcomings of synthetic polymer materials (e. 
g., aliphatic polyester scaffolds), which have excellent morphological 
and mechanical properties but are bioinert. Among these, the surface 
coating of collagen can be a promising strategy for maintaining the 
scaffolds’ mechanical properties and promoting cell proliferation and 
osteogenesis [247,249]. For example, Martin et al. recently developed 
3D-printed poly (lactic acid) (PLA) scaffolds and coated them with 
collagen, minocycline, and citrate-hydroxyapatite nanoparticles to 
enhance its antimicrobial and osteogenic effects. Collagen improved the 
biocompatibility of the scaffold. It also served as a sustained-release 
matrix for minocycline and a template for hydroxyapatite to enhance 
the osteogenesis effects [243]. The key steps and considerations for 
designing biomimetic collagen-based scaffolds are summarized in 
Fig. S2. 

From the above, it can be seen that CaP, like hydroxyapatite, has 
been widely used in collagen-based scaffolds as a high-strength bioma-
terial. In the next section, we specifically discuss the application of CaPs 
in BTE scaffold. 

2.5.2. Inorganic component 
As mentioned earlier, natural bone is highly mineralized, with a 

composition of approximately 65 wt% mineral phase, achieved by 
intrafibrillar mineralization [36]. These mineral components are mainly 
composed of the CaP family, which can be a desirable biomimetic 
template. As a biomaterial, CaP shows desirable biocompatibility, 
osteoconductivity, and osteoinductivity when mimicking the inorganic 
components of natural bone tissue [250]. Osteoconductivity reflects the 
biomaterials can provide a physical structure for bone growth on the 
surface and across, which is a passive process involved in cell adhesion, 
proliferation, migration [251]. And osteoinductivity indicates that the 
biomaterials are able to stimulate the differentiation of bone precursor 
cells into preosteoblasts which reflects an active process [252]. In term 
of CaP materials, these biological properties are derived from the inor-
ganic chemical groups’ composition and its release. In the following 
paragraphs, we elaborate on the properties, selection, and application of 
inorganic materials for BTE from this perspective. 

HA (Ca10(PO4)6(OH)2) is the main inorganic component of natural 
bone and the most stable CaP under physiological conditions (including 
temperature, pH, and body fluid composition). Therefore, it has become 
a widely used material for BTE [253]. Numerous members of the CaP 
family can be transformed into one another under specific conditions. 
For example, at physiological pH, amorphous CaP is converted to 
octacalcium phosphate (OCP), which can further evolve into carbonate 
hydroxyapatite. At a lower pH, this intermediate phase appears to be 
dehydrated dicalcium phosphate (DCPD) [254]. These phosphates, such 
as HA, are mainly composed of Ca and P groups. 

Shih et al. demonstrated that the phosphate released by the biode-
gradable CaP scaffold can be acquired by stem cells, facilitating the 
conversion of adenosine diphosphate (ADP) to adenosine triphosphate 
(ATP) inside cells. The elevated concentration of ATP can further acti-
vate the intracellular adenosine signaling pathways through autocrine 
and paracrine mechanisms, activating the expression of bone-related 
transcription factors such as osteocalcin and osteopontin, as well as 
enhancing osteogenic differentiation [255]. The release rate of phos-
phate is largely determined by the chemical composition of CaP, and the 
Ca/P ratio is an important indicator for evaluating the solubility and 
acidity of CaP. The higher the Ca/P ratio, the lower the acidity and 
solubility of CaP. The Ca/P ratio of HA is 1.67, which shows lower 
acidity and solubility, consistent with the low degradation of HA as a 
BTE material. It is also one of the main reasons why HA cannot be used 
alone to fabricate a desirable BTE scaffold [250]. 
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β-TCP (Ca3(PO4)2) is a synthetic CaP whose Ca/P ratio is close to 
1.50. Therefore, compared with HA, its degradability is higher in BTE 
applications. Thus, the Ca/P ratio is a critical parameter in applying CaP 
materials, which also laid the foundation for the combined application 
of multiple CaPs. A table containing various CaPs and their Ca/P ratios is 
provided by Vallet-Regí et al. [37]. Currently, the most widely used CaP 
mixture is biphasic calcium phosphate (BCP) ceramics formed by mixing 
HA and β-TCP. Daculsi confirmed that mixing HA and TCP with different 
mass ratios could control the Ca/P ratio of BCP and its degradation rate 
[256]. This study showed that BCP materials have biological effects 
similar to those of natural bone tissues both in vitro and in vivo. As the 
TCP/HA mass ratio increased, the rate of BCP absorption also increased 
because of the change in the mixture Ca/P ratio. In recent years, there 
have been many studies on the development of CaP mixtures for BTE 
[257,258], and understanding the chemical composition and biological 
properties of CaPs is the basis for these studies. 

In fact, the chemical element composition of HA in natural bone is 
not fixed and can be generally expressed as M10 (XO4)6Y2, where M 
represents the partial substitution of Ca2+ by cations (e.g., Sr2+, Mg2+, 
Zn2+, Na+, K+, F+), and X and Y represent the anionic substitutions (e.g., 
HPO4

2− , CO3
2− , F− ) (Fig. 6a). The younger, less crystalline tissue can 

develop and grow faster while storing other elements that the body 
needs during its growth [37]. These substitutions play a fundamental 
role in the crystal structure and dissolution behavior of biological 
apatite. For example, silicates can enhance the mechanical strength and 
biological effects of CaPs, which are important properties for porous 
scaffolds [259]. F− substitution can reduce the solubility of CaPs, while 

carbonate and strontium can increase the solubility, which is beneficial 
to implant absorption [260]. It has also been suggested that the incor-
poration of ions such as Zn2+, Sr2+, Li+, and Mn2+ into CaPs could in-
crease osteogenesis, and the incorporation of Mg2+, Cu2+, and Co2+ may 
enhance neovascularization [261]. There have been reviews discussing 
the biological effects of inorganic substances with different chemical 
groups [37,261]. 

In addition to HA, natural bone also contains other inorganic sub-
stances with different biological properties due to the presence of new 
chemical groups. For example, whitlockite (WH) is the second-most 
abundant inorganic component in the living bone, with an estimated 
20 wt%. based on the amount of Mg [250]. Although the content of WH 
(Ca9Mg(HPO4) (PO4)6) in natural bone tissue is not high, compared with 
HA, WH can continuously release Mg2+ ions, which has been shown to 
play an important role in bone fracture healing. Zhang et al. showed that 
Mg2+ could increase neuronal calcitonin gene-related polypeptide-α 
(CGRP) in both the peripheral cortex of the femur and the ipsilateral 
dorsal root ganglia. CGRP further activates the osteogenic differentia-
tion of periosteum-derived stem cells [263]. 

Recently, Jang et al. demonstrated that, compared with HA, WH- 
modified scaffolds exhibit an enhanced bone-specific differentiation 
ability, and compared with HA and β-TCP, WH implants could induce 
similar or better bone regeneration in vivo, with an intermediate 
resorption rate [264]. In addition, the research group also combined the 
application of WH and HA into BTE scaffolds, which was confirmed to 
facilitate osteogenic differentiation and prohibit osteoclastic activity. 
Finally, WH could transform into HA with enhanced mechanical 

Fig. 6. Modify scaffolds with natural bone 
inorganic components. a) Chemical compo-
sition of HA in natural bone. M represents 
the cationic substitutions, while X and Y 
represent the anionic substitutions. These 
chemical groups are formed to meet the 
body’s needs during growth and play 
essential roles in maintaining bone homeo-
stasis and direct the bone cells’ functions. b) 
Approaches for modifying crystallization on 
BTE scaffolds’ surface. 1) Introduce nucle-
ation sites on the surface followed by incu-
bation in simulated body fluid; 2) 
Alternative exposure to Ca2+ and PO4

3− so-
lutions; 3) Seeding osteogenic lineages on 
scaffold surface to secrete mineralized ECM 
followed by decellularization. This Fig. was 
adopted from Refs. [37,262].   
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strength [265]. Other non-phosphate inorganic materials can also be 
used in BTE, such as bioglass, which is an artificially synthesized oxide. 
It has satisfactory bone integration capability, the mechanism of which 
is still the interaction between SiO2 and calcium phosphate ions to form 
an amorphous calcium phosphate layer, which then crystallizes into a 
hydroxyapatite crystal [250]. Therefore, in-depth exploration of the 
inorganic composition, its biological properties, and the development 
mechanism of the natural bone tissue is the basis for the selection and 
modification of inorganic biomaterials for scaffolds. 

Currently, there are various approaches to applying inorganic com-
ponents into BTE scaffolds, mainly including serving as a scaffold matrix 
and modifying the scaffold surface. As the matrix material of the BTE 
scaffolds, inorganic biomaterials can provide superior mechanical 
properties and osteoconductivity and can be used as a sustained-release 
system for bioactive ingredients. Inorganic materials such as HA, β-TCP, 
and BCP can be directly sintered to construct the morphology of scaf-
folds [266–268]. However, owing to the high sintering temperature, this 
fabrication approach limits the combined application with other bio-
materials, such as protein-based materials. 

In recent years, inorganic biomaterials have been used as particle 
fillers in natural or synthetic polymer material matrices [269,270]. This 
method maintains the biological properties of CaP and facilitates the use 
of various fabrication techniques such as lyophilization, salt leaching, 
gas-forming, 3D-printing, etc., forming scaffolds with various 

morphologies and biological functions [250,262]. However, simply 
mixing CaP fillers with other materials can easily cause CaP to be 
covered and undermine its excellent biocompatibility and osteo-
conductivity. To address this issue, the corporation CaP with biode-
gradable materials could be a satisfactory solution. For instance, Shuai 
et al. developed a (glycolic acid) (PGA) -PLLA- HA BTE scaffold via laser 
3D printing. The incorporation of HA could enhance the bioactivity and 
osteoconductivity of the scaffolds. And the blend of biodegradable 
polymer PGA could make the scaffold exhibit tunable biodegradability 
which facilitated the exposure of HA during the degradation process. It’s 
confirmed that this scaffold displayed desirable cytocompatibility in 
vitro and excellent bone repair capacity in vivo [271]. Feng et al. 
incorporated biodegradable polymer PLLA into Polyetheretherketone 
(PEEK)/β-TCP scaffold to facilitate the exposure of β-TCP during scaffold 
degradation. This method maintained the excellent mechanical strength 
of PEEK and prevented β-TCP from being wrapped inside during mel-
ting/solidifying processing by SLS. The results showed that the degra-
dation of PLLA provided numerous caverns enabling direct contact 
between β-TCP and body fluid. Consequently, the scaffolds display the 
satisfactory cytocompatibility and osteoconductivity in vitro as well as 
bone repair effect in vivo (Fig. 7) [272]. At present, there are many kinds 
of biodegradable polymer materials. In addition to the above, poly 
(lactic-co-glycolic acid) (PLGA) is another widely used biodegradable 
polymer in BTE. Recently, Zhao et al. comprehensively reviewed the 

Fig. 7. Combine CaP with degradable polymer materials for bone tissue engineering. a) PEEK/β-TCP-PLLA scaffold via SLS. b) Degradation behaviors of the scaffolds 
with 0–50 wt% of PLLA content after PBS immersion, including Weight loss curve and SEM micrographs. c) Cell viability on 30 wt% PLLA scaffold after culture for 
different time intervals. d) Bone regeneration ability of the scaffolds. e) Histological analysis of new bone formation by H&E staining [272]. 
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application of this polymer for bone regeneration [273]. 
In addition to serving as a scaffold matrix component, CaP can also 

be used to modify the scaffold surface to promote biological properties, 
especially for synthetic polymer scaffolds that are usually highly plastic 
but biologically inert [274]. There are three main methods for surface 
crystallization modification: 1) introducing nucleation sites (e.g., CaP 
crystals and anionic group) on the scaffold surface followed by incu-
bation in the simulated body fluid (SBF); 2) chemical deposition by 
alternative exposure to Ca2+ and PO4

3− solutions; and 3) seeding osteo-
genic lineages onto the scaffold surface to secrete mineralized ECM 
followed by decellularization [262]. These three methods are presented 
in Fig. 6b. Notably, the research on surface modification focuses not only 
on the inorganic biomaterial’s chemical composition but also on the 
surface microstructure, such as crystal size, morphology, and roughness, 
which could also affect bone formation. Recently, Xiao et al. reviewed 
the effects of CaP surface structure on osteogenesis and its mechanism 
[261]. 

2.5.3. Insoluble non-collagen protein 
In addition to 90% collagen, there are 5% NCPs among the organic 

components of natural bone. Multiple types of insoluble NCPs form a 
meshwork of structural proteins, including adhesive proteins (e.g., 
fibronectin and vitronectin) and proteoglycans (e.g., versican, decorin, 
and glycosaminoglycans). These NCPs play a vital role in bone homeo-
stasis and ECM–cell interactions [275]. Modification of the scaffold with 
NCPs can mimic specific biological properties of the natural bone ECM, 
especially for increasing the binding sites, which can 1) directly interact 
with the cells and affect their biological functions, including adhesion, 
proliferation, and migration; and, 2) promote the binding of other ECM 
components, such as collagen, calcium phosphate, and cytokines, indi-
rectly affecting the biological functions of cells. Therefore, before 
applying the insoluble NCPs to BTE scaffolds, we should understand the 
crosstalk between these proteins and cells. 

Cells can communicate with the extracellular environment via a 
variety of proteins on their surface, including integrins, selectins, and 
immunoglobulins. These proteins can transmit the ECM biochemical and 
physical–mechanical signals to the cell, resulting in specific cellular 
biological effects [28]. Among them, integrins are widely reported 
heterodimeric transmembrane proteins that can respond to ECM signals 
and mediate cell adhesion. Each integrin consists of α and β subunits. 
Currently, eight β and 18 α integrin subunits have been reported. 
Various combinations of these subunits bind different ECM ligands and 
mediate multiple biological effects, including adhesion, proliferation, 
and differentiation, and even mechanical sensing [275–278]. Therefore, 
using specific ECM proteins (ligations) to modify the BTE scaffolds is a 
promising approach to enhance the scaffolds’ biological effects via a 
biomimetic method [279]. Currently, several reviews have detailed the 
composition and function of ECM protein components in the bone tissue, 
as well as the relationship between these proteins and the integrins [28, 
275,280], which can be used as a reference for the selection of NCPs in 
BTE. In addition, Coutu et al. analyzed the distribution of ECM proteins 
in whole mouse femurs through multicolor three-dimensional imaging. 
This study focused on the spatial distribution characteristics and func-
tion of ECM proteins in the bone tissue [281], which provided insights 
for mimicking the ECM components of specific bone structures (e.g., 
cortical and cancellous bone). 

Currently, fibronectin, laminin, and vitronectin are the widely used 
soluble NCPs in BTE scaffolds. Their application forms include full- 
length natural proteins, recombinant fragments, and ECM-derived 
peptides. Full-length natural proteins should be extracted and purified 
from the bone tissue, which has the limitations of high cost, batch-to- 
batch variation, and immunogenicity. These limitations have spurred 
the development of recombinant fragments and ECM-derived peptides, 
which are the minimal functional sequence of the parent protein [275]. 
For example, RGD and PHSRN sequences are responsible for the 
integrin-binding of fibronectin [282]. The recombinant fragment 

FNIII7-10 encompasses the RGD site in the 10th type III repeat and 
PHSRN synergy site in the 9th type III repeat [283]. Agarwal et al. 
coated FNIII7-10 on stainless steel screws and then implanted them into 
healthy and osteoporotic rats, which resulted in enhanced osteointe-
gration and higher mechanical fixation at one and three months 
compared with uncoated implants [284]. 

They hypothesized that the FNIII7-10 coating initiates pro-healing 
responses at the implant surface, resulting in enhanced implant–bone 
integration, which may also be applied to the surface modification of the 
BTE scaffold. Besides fibronectin-derived proteins, there are several 
types of recombinant fragments and ECM-derived peptides, which are 
detailed in the review by Shekaran et al. [275]. Furthermore, the 
modified form of insoluble NCP in the scaffold can also be mixed into the 
hydrogel-based scaffolds to enhance and modify their biological prop-
erties, except for the surface properties [285–289]. Recently, Trujillo 
et al. developed a full-length FN-based three-dimensional hydrogel 
scaffold that had controlled stiffness and degradability, so that it could 
effectively load and release the growth factors (BMP-2 and VEGF). It 
achieved the desirable osteogenesis and angiogenesis effects in vivo 
[290]. In addition, a few researchers have directly used decellularized 
bone scaffolds that imitated the ECM structure and composition of 
natural bone tissue to a great extent and exhibited satisfactory biological 
effects [291,292]. 

As mentioned above, the bone-healing process is orderly and com-
plex. While modifying scaffolds with biological functions, it is necessary 
to consider the influence of these additional biological signals on the 
natural bone-healing process. A decade ago, Siebers et al. proposed 
critical considerations for integrin-related protein modification, 
including 1) the surface modification proteins will be enzymatically 
degraded, denatured, undergo conformational and configurational 
changes, and will even be replaced by other proteins in vivo or culture 
medium; and 2) the in vivo application of integrin–ligand-modified 
biomaterials may yield results different from the in vitro studies because 
the cell on the surface of in vivo implants commonly transform from 
immune cells to bone formation cells. The protein on the implant surface 
is already changed during this process [293]. Present BTE materials are 
generally biocompatible and degradable, and the biological functions of 
integrins have also been investigated. However, those two consider-
ations should still be considered seriously in the design and application 
of scaffolds. In future research, deepening the understanding of bone 
homeostasis, the interaction of cells–ECM during bone healing, and in 
vivo studies should form the basis for the development of 
next-generation insoluble NCP biomimetic scaffolds. 

When designing a BTE scaffold, besides constructing a relatively 
fixed morphology and component based on the bone ECM, the delivery 
of soluble cytokines is also an important way to modify the scaffold’s 
biological properties. Such modification should be based on the cytokine 
release pattern in the bone-healing process. We summarized and 
explained this part in previous sections. Below we provide a detailed 
overview of its application in BTE, and further provide clues and cau-
tions for the design of next-generation scaffolds. 

3. Bioactive molecular delivery based on bone-healing 
mechanism 

As mentioned in Section 3, a variety of bioactive molecules are 
involved in the bone physiological homeostasis and healing process. 
These molecules are secreted by cells, and this process is affected by 
ECM–cell and cell–cell interactions. Since these molecules can effec-
tively participate in and regulate the bone-healing process, researchers 
can load them into scaffolds to modify their biological functions and 
promote the healing process. However, unlike the release of cytokines in 
the natural bone tissue, BTE scaffold materials commonly serve as car-
riers and reservoirs. The delivery of biomolecules is the result of scaffold 
degradation, including surface degradation and bulk degradation. 
Recently, Yang et al. summarized the crosslinking and degradation 
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process of BTE polymer scaffolds, as well as the factors influencing the 
degradation process [294]. In this section, we provide a detailed over-
view of the current applications of BTE scaffolds to deliver biomolecules 
and propose our considerations from the perspective of the bone-healing 
process and mechanism. 

3.1. Biomolecular delivery for osteogenesis 

The main purpose of BTE treatment is to promote bone regeneration 
in the bone defect sites. As mentioned earlier, in the process of bone 
healing, intramembranous and endochondral osteogeneses led by 
chondrocytes/osteocytes are the key processes of bone regeneration. In 
this nonspecific anabolic stage, a variety of cytokines participate in and 
promote osteogenesis. Therefore, exploring the role of these 
osteogenesis-related cytokines in the bone-healing process and applying 
them in BTE has been an important and mainstream idea in the field for 
over 10 years. 

When using BTE scaffolds to deliver biomolecules, it is necessary to 
design the scaffold as a drug release system. Moreover, the biological 
functions of these biomolecules and crosstalk among cells in the bone- 
healing process are the basis for the design of BTE scaffolds. In Section 
3.2, we summarized the osteogenic cytokines in the bone-healing pro-
cess. They all have the potential to promote osteogenesis at the defect 
site, but appropriate delivery is the key to achieving the underlying ef-
fects. When designing BTE scaffolds that deliver biomolecules, two main 
factors must be considered carefully: 1) cytokine types; and 2) delivery 
timing, dose, and duration. These selections should also be based on the 
bone-healing process and mechanism. 

As mentioned above, several biomolecules are involved in cell 
communication and regulation of the bone-healing processes. The 
application of specific cytokines can interfere with the healing process of 
bone defects. Let us take BMP-2 as an example. At the cellular level, it 
can trigger a healing cascade, induce MSCs to differentiate into osteo-
blasts or chondroblasts, and promote osteoblast proliferation [295,296]. 
Accordingly, it has been frequently incorporated into scaffolds for ap-
plications ranging from spinal fusion [297,298] to dental and cranio-
facial regeneration [299–301]. However, a few studies have found that 
the direct delivery of cytokines to bone defects could cause individual 
differences in repair effects. The treatment results of each of these 
studies are different, or even opposite. For instance, in early published 
human studies, rhBMP-2 solution-soaked collagen scaffolds were 
implanted into the bone tissue to stimulate osteogenic effects, which 
yielded varying results in patients, ranging from obvious bone formation 
to no bone formation with fibrous tissue [302]. 

In addition, through a comparative review of FDA documents and 
subsequent publications, Carragee et al. estimated that the rhBMP-2 
used for spinal fusion therapy might cause 10–50% of adverse events, 
including radiculitis, ectopic bone formation, osteolysis, and even life- 
threatening events depending on the approach [303]. The variations 
in the effectiveness and safety of these experimental results may be 
attributed to the release of cytokines that did not meet the physiological 
needs for bone regeneration. As discussed earlier, in the natural 
bone-healing process, cytokines take effects in a specific spatiotemporal 
manner, and have a specific localization and orchestration to guide an 
orderly repair. If this release process is mostly changed, it may lead to 
undesirable bone-healing effects or even harmful results. Thus, a 
well-designed sustained-release and controlled-release system based on 
the bone-healing mechanism is currently necessary for the BTE scaffolds 
to deliver biomolecules. This design has come to the forefront of the field 
of BTE in recent years, and it is also a way to develop next-generation 
BTE scaffolds. 

For the delivery of a single cytokine, it is necessary to deliver the 
cytokine based on the release pattern in the bone-healing process. Let us 
take BMP as an example. Several BMPs are present in the late stages of 
bone healing, and some studies have also confirmed that delayed BMP 
delivery may result in a better bone-regeneration effect [304–306]. In 

particular, Betz et al. investigated whether the BMP-2 administration 
timing influenced the mineralization within the critical-sized femoral 
bone defects in a rabbit. They found that delaying the administration of 
BMP-2 until days 5 and 10 enabled greater bone formation with 
enhanced mineralization and mechanical strength [304]. Notably, this 
administration timing is also consistent with the bone formation phase 
of natural bone healing summarized above. 

PDGF is another example of a cytokine. As mentioned above, its 
release peak is located in the early stage of bone healing (initial days to a 
few weeks depending on the specific condition), which can recruit MSCs 
and other osteoblastic precursors to the bone-healing site [307]. 
Therefore, the application of PDGF in the initial stage of bone healing 
can reasonably and effectively promote bone regeneration. Ranly et al. 
confirmed that the cartilage and bone formation effects of PDGF acted in 
a temporal and dose-dependent manner. Delayed delivery or high dose 
could lead to decreased bone formation [308]. The current sustai-
ned/controlled release of a single cytokine is relatively mature. Thus, in 
the design of the next-generation osteogenic factor-delivery BTE scaf-
folds, researchers should mainly consider the cytokine release pattern in 
the bone-healing process, and then modify the BTE scaffolds as a similar 
spatiotemporal delivery system that could achieve an enhanced 
bone-regeneration effect. 

Each stage of the bone-healing process involves a variety of cyto-
kines. At present, the controlled-release technology allows scaffolds to 
deliver two or more cytokines at a time, which not only provides re-
searchers with more approaches for designing multifunctional scaffolds 
but also requires them to pay more attention to the design rationalities, 
including the administration sequence, timing, dose, duration, and the 
interaction relationship of different cytokines. First, we need to consider 
the types of delivered cytokines. Currently, dual delivery is the most 
common form of co-delivery, especially the use of cytokines that play a 
synergistic effect during bone regeneration, such as BMP and VEGF 
[309]. 

Second, it is necessary to design release sequences. Researchers can 
modify the encapsulation relationship between the BTE scaffold and 
cytokine to release the two cytokines in an orderly manner that complies 
with the natural process and achieves enhanced regeneration effects 
[310–313]. For example, Barati et al. developed a dual-factor sequential 
releasing scaffold, which possessed a hierarchical structure with two 
delivery systems that could release VEGF in 10 days and BMP-2 in 21 
days. They confirmed that, compared with the direct addition of dual 
cytokines, delivering the cytokines in a spatiotemporal manner 
enhanced the osteogenic differentiation of human MSCs and the vas-
culogenic differentiation of endothelial colony-forming cells. These 
co-cultured cells could further couple the mineralization and vascular-
ization in a paracrine fashion [313]. Recently, Tang et al. developed a 
dual modular chitosan-based scaffold. They incorporated rhBMP-2 and 
VEGF into differentiated delivery systems (mesoporous bioactive glass 
and GelMA hydrogel) inside the hierarchical scaffold, resulting in 
well-orchestrated and enhanced osteogenesis and angiogenesis effects in 
vitro and in vivo. This result re-emphasizes the importance of sequencing 
the delivery pattern in multi-cytokine delivery [314]. 

In addition, the release kinetics of cytokines is another factor to 
consider, which includes the released dose, rate, and duration that are 
related to the material and the manufacturing approach. Several 
scholars have outlined this aspect. For example, Bayer et al. in their 
review specifically discussed the fabrication and modification of BTE 
scaffolds with the ability to release cytokines sequentially [315]. Addi-
tionally, a review by Samorezov et al. described the current strategies for 
delivering growth factors in a spatiotemporal manner, which might 
contribute to effectively mimicking the signals present in bone devel-
opment and healing [316]. These reports all implied the important value 
of research on scaffolds with controlled-release capabilities. Recently, 
Cui et al. developed an electroactive BTE scaffold that could control 
release hBMP-4 gene via electrical stimulation. They constructed a 
doxycycline-triggered gene expression carrier by introducing an hBMP-4 
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gene fragment into a non-viral artificial restructuring plasmid vector 
(pSTAR) to form the pSTAR-hBMP-4 plasmid (phBMP-4). Then, they 
corporated the phBMP-4 into an electroactive scaffold which is fabri-
cated by combining a triblock copolymer of poly (l-lactic 
acid)-block-aniline pentamer-block-poly (l-lactic acid) (PLA-AP) with 
PLGA/HA. Regulating the presence of doxycycline (Dox) and electrical 
stimulation could strictly control the release of hBMP-4 gene in the 
composite scaffold. It’s confirmed that the scaffold could improve cell 
proliferation and osteogenesis differentiation in vitro, and effectively 
promote bone healing in a rabbit radial defect model (Fig. 8) [317]. 

In view of these studies, we can see that the development of bioactive 
BTE scaffolds is based on deepening the understanding of bone-healing 
mechanisms, which can help researchers design novel scaffolds that 
comply with and promote the healing process. However, it must be 
noted that the pursuit of the completely consistent with the natural 
healing process would be time- and cost-prohibitive because the cyto-
kine regulation of natural bone results from the dynamic crosstalk be-
tween cell–cell and cell–ECM. As the cytokine delivery mode of the BTE 
scaffold is predesigned, it is difficult to continuously respond to the 
regulatory network during the bone healing process. Therefore, we 
recommend not only pursuing the biomimetic and controlled release of 
biomolecules, but also exploring continuously the biomolecules that 
play a key role in the bone-regeneration process. Ultimately, researchers 
can apply these essential biomolecules to regulate the healing process in 

a simple, safe, and controllable manner. 
In addition, compared with the delivery technology of other bio-

molecules, the controlled-release technology for osteogenic factors is a 
more extensively investigated field. As BTE researchers further focus on 
vascularization and immune regulation, the osteogenic factor-delivery 
methods can still provide reliable references. In the next section, we 
provide a detailed overview of the application of BTE scaffolds for 
angiogenesis in the bone defect areas, which has attracted substantial 
attention in recent years. 

3.2. Biomolecular delivery for angiogenesis 

Bone tissue is rich in blood supply and Bone marrow is the only 
permanent hematopoietic organ in humans [318]. Therefore, normal 
blood supply is extremely important for the homeostasis of bone tissue. 
Insufficient blood supply caused by trauma, etc. could reduce the ac-
tivity of bone cells, and further lead to bone destruction, eventually 
resulting in osteonecrosis. Recently, Zhu et al. discussed this bone dis-
ease and comprehensively detailed how to apply bone tissue engineering 
methods to solve this problem [319]. In recent years, promoting bone 
regeneration by enhancing revascularization has become a focal point in 
BTE. Recently, Rather et al. summarized the characteristics of BTE 
scaffolds with dual effects of osteogenesis and angiogenesis. They 
divided the scaffolds into four categories according to 

Fig. 8. Construction of controlled release BTE scaffold. a) Construction scheme of an electroactive BTE scaffold with ability to control release and expression of 
hBMP-4 and its underlying mechanism. The addition of doxycycline could activate the expression of hBMP4, and the electrical stimulation could accelerate the 
release of hBMP4. b) SEM morphology of the scaffolds which maintained uniform porous structure during construction. c) Dox dose-dependent hBMP4 expression. 
(c1-c2) Detection of hBMP4 expression by RT-qPCR and ELISA methods. (c3-6) Dox regulation on expression of four osteogenesis-related genes. d) In vivo bone repair 
ability of the scaffolds [317]. 
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osteoinductive/conductive and angioinductive/conductive properties 
(Fig. 9a) [252]. Among them, conductivity commonly refers to the 
scaffold’s biocompatibility, which can provide an appropriate niche for 
cell attachment, proliferation, migration, and differentiation. Previ-
ously, we described the design of a biocompatible scaffold by mimicking 
the component and morphology of natural bone. In this section, we focus 
on the application of BTE scaffolds to deliver the angioinductive factors 
properly based on the bone-healing mechanism. We considered four 
essential points: 1) the degradation properties of scaffolds; 2) the de-
livery timing and duration of angioinductive factors; 3) the spatial 
arrangement of angioinductive factors; and 4) the types of angioinduc-
tive factors. 

First, the angioinductive scaffolds need reasonable vascular growth 
space, as determined by the porosity, connectivity, and degradability of 
the scaffolds. During bone embryonic development and healing, cells 
such as vascular epithelium cells and osteoclast cells secrete MMPs to 
guide the degradation and remodeling of the matrix, which provides 
space for vascular invasion and bone regeneration. This process is led by 
the interaction between the surface receptors of vascular endothelial 
cells and the proteins and immunoglobulin superfamily molecules in the 
ECM [322–324]. Thus, to comply with this natural angiogenesis mode, 
BTE scaffolds must have desirable biodegradability. Recently, Ngo et al. 
divided the approaches for constructing these scaffolds into two cate-
gories: top-down and bottom-up vascularization approaches. The 
top-down approach refers to the application of nature-derived materials, 
such as collagen, gelatin, and fibrin, which already contain cell binding 
and degradation motif to instruct the desired cell behavior. 

However, owing to the limitations of high cost and batch-to-batch 
variability, researchers can also use synthetic materials, such as PEG 
and glycosaminoglycans (e.g., hyaluronic acid). Despite lacking any 
inherent biological functionality, these materials can be outfitted with 
bioactive modalities such as growth factors, binding, and degradative 
protein sequences to mimic the aspects of native tissues, which is called 

the bottom-up approach (Fig. 9b) [321,325]. After recognizing the 
biodegradable matrix materials suitable for vascular invasion, re-
searchers can combine them with other BTE materials as needed [252]. 
For example, Tsao et al. combined an MMP-degradable electrospun 
gelatin patch (vascular ingrowth matrix) with PLGA porous silica 
nanoparticles, which performed the sustained release of VEGF and 
PDGF. This scaffold was proven to promote localized neovascularization 
and reduce tissue cytotoxicity in vivo [326]. Apart from serving as the 
matrix components of scaffolds, these degradable materials can be used 
as delivery systems for angioinductive factors. Generally, the delivery 
mode of factors is determined by the scaffold degradation pattern, which 
can be modified via the regulation of the scaffold component, 
morphology, and drug encapsulation approaches, as mentioned previ-
ously [294,315,316]. 

In terms of the delivery timing and duration of the angioinductive 
factors, in natural bone healing, angiogenesis runs through most of the 
healing process (except for early inflammatory reactions). However, 
angiogenesis is the result of the regulation of multiple angiogenic fac-
tors, and researchers must deliver them properly based on the natural 
release pattern. For example, the most widely used angiogenic factor, 
VEGF, can directly stimulate the proliferation and migration of vascular 
endothelial cells [327]. However, it has an inhibitory effect on the 
biological functions of pericytes (e.g., vascular smooth muscle cells). 
Continued expression of VEGF could lead to vessel destabilization and 
leakage [328]. This result indicates that VEGF is an effective angiogenic 
factor, and its administration mode should comply with specific rules 
and limits. 

Researchers noticed that the expression of VEGF is upregulated in the 
early stage of bone healing, which is earlier than the expression peak of 
the osteogenic factor BMP-2. Thus, they preferentially delivered VEGF 
first in the dual-cytokine delivery and obtained enhanced angiogenic 
osteogenesis effects [329,330]. In addition, a recent systematic review 
concluded that there was still a lack of clinical trials or human 

Fig. 9. Scaffolds for angiogenesis a) The category of angiogenesis scaffolds for BTE. 1) Scaffolds that can deliver osteoinductive and angioinductive molecules; 2) 
Scaffolds that deliver molecules with both osteoinductive and angioinductive abilities; 3) Scaffolds conducive for osteogenesis to deliver angioinductive molecules; 4) 
Scaffolds conductive for osteogenesis and angiogenesis without delivering inductive molecules. b) The approach for constructing scaffolds that support vasculari-
zation. The top-down approach represents the use of naturally derived polymer, which has inherent cell binding and degradation motif to construct scaffolds, while 
the bottom-up approach refers to the modification of synthetic polymer with growth factors, binding, and degrading protein sequences to form biodegradable 
angiogenesis scaffolds. c) Kolesky et al. used 3D bioprinting to construct a hydrogel matrix with a pre-designed vascular network. The procedure is as follows. 1) 3D- 
print a vascular network containing thermoreversible polymer pluronic and thrombin. Introduce cell components via printing cell-laden inks that contain gelatin, 
fibrinogen, and cells. 2) Cover ECM material containing gelatin, fibrinogen, cells, thrombin, and transglutaminase. Thrombin can cause the polymerization of 
fibrinogen into fibrin outside the vascular network and inside the ECM. Besides, transglutaminase further diffuses to crosslink gelatin and fibrin; 3) After casting, 
lower the temperature to liquefy pluronic and evacuate the vascular network. 4) Perfuse vascular ECs into the network to achieve vascularization. This Fig. was 
adopted from Refs. [252,320,321]. 
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application related to the use of VEGF. The results of existing in vivo 
studies reveal that the best release time is within the first three weeks, 
and the best effect is before eight weeks [327]. Thus, although the 
angiogenic effect occurs nearly throughout the bone-healing process, 
the application of an angioinductive factor still needs to be based on its 
specific release pattern. Meanwhile, increasing exploration efforts via 
clinical trials should provide a reliable basis for the application of 
angioinductive factors in the future. 

In addition to the delivery timing and duration of angioinductive 
factors, spatial arrangement is also crucial. In large-volume bone de-
fects, especially defects exceeding the critical range, consistent ischemia 
and hypoxia in the center of the bone defect are the main problems 
leading to nonunion bone healing [331,332]. To address this problem, 
researchers are paying attention to the delivery of angiogenic factors in a 
spatially specific manner. For example, Park et al. applied the 3D-print-
ing technology to construct a pre-vascularized scaffold that can spatio-
temporally promote the repair of large-volume bone defects. They 
applied collagen to the sustained release of BMP-2 in the peripheral 
zone, and applied alginate/gelatin to the burst release of VEGF in the 
central zone, which is a hypoxic area. Twenty-eight days after implan-
tation in the back of the mouse, newly formed microvessels were 
observed in the hypoxic area, and larger bone regeneration was found in 
the entire scaffold [333]. 

In the field of vascular engineering, Kolesky et al. used 3D bio-
printing and a sacrificial material (Pluronic F127) to construct a pre- 
designed vascular network and encapsulated it within a hydrogel ma-
trix. After the scaffold was cast, Pluronic F127 was removed, which left a 
perfusion chamber for intravascular flow (Fig. 9c) [320,334]. This 
method of constructing space-specific structures has not been reported 
in the field of BTE, which can be an effective method for the spatial 
delivery of angioinductive factors in future applications. Thus, acceler-
ating revascularization in the ischemic area of the bone defect is a 
promising approach to repair large-volume bone defects. However, 

given that there are few vascular sources that remain around the bone 
defects, regulating the spatial arrangement of angioinductive factors to 
accelerate the vascular ingrowth into hypoxic areas is an idea worthy of 
attention. 

Choosing the type of angioinductive factors depends on the cognition 
of the angiogenic target of the bone-tissue vascular endothelial cells, and 
their interaction with the osteoblast cell lines. In fact, the morphology 
and function of blood vessels in the natural bone tissue are also spatially 
specific. In recent years, researchers have found that blood vessels in 
actively osteogenic bone regions, such as the metaphysis and endos-
teum, are columnar and strongly express CD31/Pecam1 and Endomucin 
(Emcn). Therefore, these blood vessels and ECs have been classified as 
type H (CD31high Emcnhigh). 

The majority of MSCs and osteoprogenitor cells of the bone tissue are 
located around the type-H blood vessels, including Runx2+ (82.63 ±
1.8%), collagen 1α+ (74 ± 3.3%), and Osterix+ cells (70 ± 1.9%) [335]. 
Meanwhile, the main constituent of type-H blood vessels, endothelial 
cells (ECs), can orchestrate the self-renewal and differentiation of 
mesenchymal stem and progenitor cells via the angiocrine (e.g., FGFs, 
PDGFs, and BMPs) and juxtacrine (e.g., notch signaling). This process is 
not only involved in the regulation of bone development and homeo-
stasis, but also plays an important role in bone defect regeneration 
[335–339]. 

In contrast, sinusoidal capillaries distributed in the bone marrow 
area have low expression of CD31 and Emcn; thus, they are classified as 
type L (CD31low Emcnlow). There are no osteogenic-related stem cells 
around this type of blood vessel [335]. Therefore, type-H vascular ECs in 
the metaphysis and endosteum can be a potential target for promoting 
bone regeneration. At present, the factors reportedly involved in 
coupling type-H vessel formation and osteogenesis mainly include 
PDGF-BB, SLIT3, HIF-α, notch, and VEGFA. Their influence on the 
type-H vessels’ biological function and their interaction with osteo-
genesis are summarized in Table 2 and Fig. 10. From these results, we 

Table 2 
Factors involved in coupling type H vessel formation and osteogenesis.  

Factors Property Main source/location Effect on type H vessel Coupling effect on osteogenesis Reference 

PDGF-BB Growth factor Macrophage/non- 
resorbing osteoclast 
lineage cells 

Induce type H vessel formation during 
bone modeling and remodeling 

Promote the migration and differentiation of MSCs and 
endothelial progenitor cells; 
Stimulate bone formation in the ovariectomy induced 
osteoporotic mouse model 

[340] 

Macrophage-lineage 
TRAP+ cells 

Recruit periosteum-derived cells to the periosteal 
surface and direct its differentiation which contribute to 
cortical bone formation 

[341] 

VEGF-A Growth factor Chondrocytes; 
Osteoclasts; Osteoblasts 

Promote type H vessel formation; 
However, persistent VEGFA signaling can 
impair PDGF-BB effects on pericytes 
leading to leaky blood vessels 

Couple angiogenesis to enhance osteogenesis; Direct the 
differentiation of MSCs into osteoblast; 
However, high concentration of VEGF recruit osteoclast 
resulting in bone loss 

[342–345] 

SLIT3 SLIT ligand 
(protein) 

Osteoblast Promote type H vessel formation Mediate osteogenesis by regulating production of type 
H vessel 

[346] 

Osteoclast Promote osteoblast migration and proliferation via 
activating β-catenin; 
Suppress osteoclast differentiation and bone resorption 
in an autocrine manner 

[347] 

HIF-1α Transcription 
factor 

Osteoprogenitors; 
Osteoblast; 
Endothelial cell 

Activation of HIF-1α signaling in ECs led 
to an increased formation of type H 
vessels 

Activation of HIF-1α promote the formation of 
trabecular bone and increase the numbers of Runx2+

and Osterix+ osteoprogenitors; 
The expression of HIF-1α in ECs decreases with age, 
accompanied by a decrease in type H vessels and bone 
mass; 
Promote bone regeneration in a VEGF dependent 
manner 

[335,348] 

Notch 
(Delta- 
like 4) 

Receptor 
(ligand) 

Endothelial cell Promote type H vessel formation and EC 
Noggin (Notch signaling activator) 
secretion 

Promote proliferation and inhibit differentiation of 
mesenchymal progenitors; 
Promote proliferation and differentiation of osteoblasts; 
Activation of endothelial-cell-specific Notch signaling 
increase Runx2+ osteoprogenitors and osteoblastic 
differentiation, as well as promote chondrocyte 
maturation, bone growth and the formation of 
trabeculae 

[335,342, 
349,350]  

G. Zhu et al.                                                                                                                                                                                                                                     



Bioactive Materials 6 (2021) 4110–4140

4129

can see that type-H ECs and osteoblast cell lines are closely linked by 
multiple factors that can be used in next-generation angioinductive 
scaffolds. In the future, researchers should further explore the bio-
molecules that play a vital role in this angiogenesis–osteogenesis inter-
action and apply them in BTE. In the next chapter, we further discuss 
another critical factor in bone healing—immunomodulation—which is 
the initiator of the bone-healing process, as well as the participant 
throughout the process. The current application of immunomodulatory 
factors in BTE is also detailed. 

3.3. Biomolecular delivery for immunomodulation 

Promotion of the osteogenic effect of osteoblast cell lines and the 
angiogenic effect of vascular ECs has been the focus of BTE for many 
years. However, as mentioned earlier, this nonspecific anabolism 
involved in osteogenesis and angiogenesis is only a part of the healing 
process. The immune response triggered by immune cells dominates the 
nonspecific catabolism in the inflammation phase and participates in the 
regulation of catabolism/anabolism in the bone formation and remod-
eling phases, playing a vital role in the healing process. Therefore, the 
immunomodulatory effect of bone healing has become a field of concern 
in recent years, and the design of immunomodulatory BTE scaffolds has 
become a novel approach to promote bone regeneration [47]. Unlike 
scaffolds that directly promote osteogenesis and angiogenesis, the 
immunomodulatory scaffolds generally indirectly affect the healing 
process by regulating the functions of immune cells. Thus, giving insight 
into the biological functions of various immune cells, the crosstalk be-
tween immune cells and their interaction with bone repair-related cells 

is the basis and key to designing such scaffolds. 
Immune cells involved in bone healing mainly include poly-

morphonuclear cells (neutrophils, eosinophils, and basophils), lym-
phocytes (NK cells, γδT cells, innate lymphoid cells, T and B 
lymphocytes), and mononuclear phagocyte cells (monocytes and mac-
rophages) [294]. These immune cells can be activated by ECM changes 
or regulated by other cells. Their primary function is to perform specific 
immune functions. For example, neutrophils are usually recruited soon 
after the injury and are responsible for wound detection and removal of 
dead cells and debris [351]. They can also secrete various antimicrobial 
substances to hinder pathogen growth and release chemokines to recruit 
more neutrophils and other immune cells such as macrophages to the 
injury sites [352]. 

In addition to performing direct immune functions, cytokines 
secreted by immune cells can directly or indirectly affect bone regen-
eration. For example, macrophages, which are responsible for the 
phagocytosis of unwanted debris and the recruitment of other cells, can 
secrete various cytokines to regulate inflammation, as well as control the 
differentiation of MSCs and the function of osteoblasts, thereby playing 
an important role in tissue remodeling and bone turnover [353]. In turn, 
cells involved in bone repair, such as MSCs, also regulate the biological 
activity of immune cells. For example, IL1RA secreted by MSCs can 
control the polarization of macrophages toward the M2 phenotype and 
inhibit B-cell differentiation in vivo [354]. Therefore, bone immune 
regulation is a complex network directed by immune cells, bone-tissue 
cells, and the extracellular environment. Several reviews discussed the 
role of these immune cells in bone healing [47,294,355,356]; however, 
the exact crosstalk pattern between immune cells and other cells 

Fig. 10. Mechanisms coupling angiogenesis and 
osteogenesis. a) Type-H vessels are mainly 
located at the metaphysis and endosteum, which 
are rich in osteoprogenitors and MSCs. Several 
factors have been proved to proliferate type-H 
ECs, including PDGF-BB secreted by pre-
osteoclasts and TRAP+ macrophages (blue ar-
rows), SLIT3 secreted by osteoblasts and 
osteoclasts (green arrows), and VEGF released by 
osteoblasts, osteoclasts and chondrocytes (pink 
arrows). The formation of type-H ECs will further 
facilitate osteogenesis by bone-producing cells 
(dotted arrow). b) The influence of type-H ECs on 
osteogenesis cells. Blood fluid stress can activate 
notch/Dll4 signaling, which can further induce 
the release of Noggin. Noggin promotes the 
proliferation and differentiation of osteoproge-
nitors and the maturation of chondrocytes. In a 
hypoxic environment, HIF-1α is upregulated in 
ECs and osteoprogenitors, which can trigger the 
expression of VEGF and promote vessel growth. 
Besides, the activation of HIF-1α facilitates the 
self-renewal and proliferation of osteoprogeni-
tors. Compared to type L, type-H ECs have a 
strong expression of multiple cytokines, 
including FGF1, TGFβ, and PDGF, which play 
essential roles in the osteoprogenitors’ survival, 
proliferation, and differentiation.   
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involved in bone regeneration has yet to be elucidated. 
At present, macrophages are the most widely reported immune cells 

in BTE. Like other inflammatory cells, two types of macrophages (M1 
and M2 types) play an important role in bone regeneration and pro-
foundly affect the regeneration site’s microenvironment via cytokine 
secretion. As mentioned earlier, M2-type macrophages can secrete anti- 
inflammatory factors (e.g., IL-4 and 10) and growth factors (e.g., PDGF 
and VEGF), participating in the anabolism of bone regeneration. Thus, 
promoting M2-type macrophage polarization has become a common 
immunomodulation idea in BTE. 

Loi et al. co-cultured polarized murine macrophages and preosteo-
blastic MC3T3 cells to investigate the effect of macrophage polarization 
on the MC3T3-E1’s osteogenic ability. They found that modulating 
macrophages into the M2 phenotype by IL-4 increased the osteogenic 
effects of osteoblasts [357]. Recently, Qian et al. fabricated silk fibroin 
(SF)-functionalized electrospun PCL fibers using layer-by-layer assembly 
and decorated SF with IL-4, resulting in macrophage polarization to M2 
at the early stage and a mitigated foreign body reaction at the late-stage 
in a murine subcutaneous model [358]. However, pro-inflammatory 
cells in the inflammation phase are also of great significance. Exces-
sive suppression of the inflammatory response may lead to undesirable 
results. 

Vi et al. confirmed that the depletion of macrophages in transgenic 
mice led to early skeletal growth retardation as they found progressive 
osteoporosis. Besides, they found that the ablation of macrophages 
resulted in a 60% reduction in the number of BMSCs and hindered the 
cells from differentiating into osteoblasts [359]. In turn, the introduc-
tion of pro-inflammatory factors at the proper time could aid in pro-
moting bone regeneration. Guihard et al. found that oncostatin M 
(OSM), a pro-inflammatory cytokine of the IL-6 family, produced by 
monocytes and M1 type macrophages, could induce osteoblast differ-
entiation and matrix mineralization of human MSCs and inhibit adipo-
genesis [147]. This result indicated that the inflammation phase is of 
great significance to normal bone healing. 

When applying these immunomodulatory factors, we should follow 
the spatiotemporal bone-healing process and promote healing without 
affecting the orderly progress. For example, Spiller et al. used BTE 
scaffolds to deliver pro-inflammatory and anti-inflammatory factors in 
an orderly fashion to achieve satisfactory bone repair effects. They 
loaded INF-γ and IL4 on the scaffold using two different approaches, 
enabling it to achieve short-term release of INF-γ and sustained release 
of IL4 to promote the sequential polarization of M1-and M2-type mac-
rophages, resulting in enhanced angiogenesis and healing [360]. This 
process complies with the natural bone immunoregulatory process, 
which provides a feasible guideline for applying immunomodulatory in 
BTE. 

In addition to macrophages, there are other immune cells involved in 
bone regeneration and can be the target for immunomodulatory effects. 
For example, CD4+ regulatory T cells (Tregs)—a distinct subpopulation 
of T cells—are critical regulators of the immune system that prevent 
autoimmunity and maintain transplantation tolerance by suppressing 
the activation and proliferation of other T cells [361]. Tregs as inflam-
mation inhibitors regulate the differentiation of macrophages into M2 
macrophages and play a synergistic role with B cells in bone immuno-
logical homeostasis [362–364]. Recently, Liu et al. developed a PLLA 
nanofibrous spongy microsphere, an injectable scaffold that could burst 
release the Treg recruitment cytokines (IL-2/TGF-β) and controlled 
release the Treg marker miR-10a. This scaffold was proven to induce 
Treg enrichment, expansion, and Treg-mediated immune therapy 
against bone loss in a mouse periodontitis model [365]. 

Another research group fabricated a macroporous hydrogel-based 
scaffold that permitted cellular infiltration and released BMP-2 to 
facilitate the recruitment of host stromal cells and their osteogenic dif-
ferentiation. They confirmed that the differentiated stromal cells pro-
duced delta-like ligand-4 (DLL-4), which could promote Treg generation 
and further mitigate the inflammatory response against allogeneic 

implantation [366]. This result also indicated that the delivery of BMP-2 
could have dual effects, including directly inducing bone regeneration 
and indirectly regulating Treg immunomodulation, which provides a 
new strategy for BTE application. 

According to research thus far, immune cells are important partici-
pants in bone tissue homeostasis and regeneration. They communicate 
and regulate the bone-healing process through immunological cyto-
kines. Thus, delivering an immune cytokine can activate specific im-
mune cell functions, which in turn can affect bone regeneration 
(Fig. 11). However, caution should be exercised when choosing the type 
of regulated immune cells, cytokines, and their administrative patterns. 
Because an immunomodulatory factor could have multiple effects, and 
in each bone-healing phase the immune cell that plays the dominant role 
could be different. Moreover, the communication mechanism between 
immune cells is still unclear, and excessive immunological intervention 
may delay the natural bone-healing process. Thus, an in-depth investi-
gation into the immune mechanism of bone healing is the basis for 
designing immunoregulatory BTE scaffolds. This design should also 
follow the natural bone spatiotemporal healing process, to obtain reli-
able regeneration outcomes. 

In addition to the delivery of immunoregulatory cytokines, we 
should also consider the interaction between the scaffold’s inherent 
properties and the host immune system. Recently, the construction of 
biomimetic scaffolds with excellent immunomodulatory properties has 
become a focal point in BTE. For instance, Mahon et al. developed an 
immunomodulatory scaffold containing bone-mimicking nanosized hy-
droxyapatite particles. They confirmed that, compared with commer-
cially available micron-sized hydroxyapatite, the nanosized 
hydroxyapatite could preferentially polarize human macrophages to-
ward the M2 phenotype, and specifically enhance the production of the 
anti-inflammatory cytokine (IL-10), possessing a greater potential for 
bone tissue repair and regeneration [367]. 

Furthermore, Jin et al. fabricated an immunomodulatory nano-
interface that could recruit host MSCs and promote endogenous bone 
regeneration by inducing macrophage polarization through IL-4 [368]. 
In fact, the biological, chemical, and physical properties of the scaffold 
material all have immune effects to a certain extent. Exploration in this 
field can provide ideas for material selection, morphological construc-
tion, and surface modification of scaffold materials. This, however, is not 
the focus of this review. The reviews by Nair et al. and Lee et al. provided 
detailed insights in that field [47,369]. 

4. Conclusions and future perspectives 

This review reveals that BTE development closely follows the 
cognition of the bone’s physiological environment and healing process. 
The structure of natural bone tissue is complex. In the future, researchers 
in the field will continue to focus on developing materials that mimic the 
hierarchical and anisotropic bone tissue structure since an osteo-
conductive structure is conducive for bone regeneration and vascular 
ingrowth, and can also serve as a desirable template for further bioactive 
modification. 

Notably, the scaffold component is the basis for emulating natural 
structures. Natural bone components are orderly and complex, formed 
by embryonic development, during which the organic and inorganic 
components coordinate and assemble to form the bone ECM. At present, 
the continued update of research on bone compositions and functions 
and the continuous emergence of highly plastic and biodegradable 
materials have provided researchers with a framework for selecting 
scaffold components. Besides, with the emergence of new 
manufacturing approaches (e.g., AM) and the combined use of various 
traditional fabrication technologies, researchers can flexibly combine 
the framework and the method, taking natural bone tissue as a template 
to develop more promising biomimetic scaffolds for BTE. 

However, it should be noted that the goal of designing biomimetic 
BTE scaffolds is not to achieve complete consistency with the natural 
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bone tissue, because the close imitation of this complex structure and 
composition is extremely challenging and unnecessary. The healing of 
bone defects and the physiological remodeling of natural bone tissue are 
dynamic processes, and bone tissue has superior regeneration ability. 
Therefore, the design of a biomimetic BTE scaffold should take natural 
bone tissue as a template to facilitate the natural healing process, which 
is also the original intention of applying biodegradable materials. 

At present, the basic bone-healing process and related cytokines have 
been revealed by several studies, which provide references for research 
into the delivery of biomolecules via BTE scaffolds. The current inves-
tigation on cytokines is mainly focused on the biological function of a 
specific cytokine or cytokine family, and the crosstalk network of cy-
tokines between bone-tissue cells has not been fully understood. Under 
such circumstances, when designing BTE scaffolds to deliver cytokines, 
we should beware that the regulation of natural cytokines in the bone- 
healing process is phased, dynamic, and coordinated, and then 
cautiously apply them without interfering with the natural bone-healing 
process. In addition, with a deeper understanding of the bone cells’ 
crosstalk during the healing process, researchers are not only focusing 
on the direct regulation of osteoblast cell lines, but also are shifting their 
attention to the angiogenesis cell line and immune cells. By regulating 
the biological effects of these cells, they can create scaffolds that comply 
with the natural healing process, indirectly and effectively promoting 
bone regeneration. In the future, researchers should explore the major 
factors that regulate the bone-healing process and apply them to 
construct more valuable and reliable BTE scaffolds. 

Note that the biomimetic and biomolecule delivery designs discussed 
in Sections 4 and 5 are not independent. Both should be considered 
when developing BTE scaffolds that meet the bone’s physiological 

needs. This design consideration is presented in Fig. 12. 
The advancement of BTE will rely on the progress of materials en-

gineering and the exploration of bone biology; the two fields are com-
plementary. The exploration of bone biology will provide ideas for 
constructing BTE scaffolds with specific biological functions, and the 
process of materials engineering will be the basis for realizing those 
ideas. For next-generation BTE scaffolds, researchers should focus on 
both frontier exploration and clinical applications. Apparently, bio-
mimetic scaffolds suitable for clinical applications will be the research 
direction of next-generation scaffold materials. The direction will also 
include 1) designing anisotropic osteoconductive materials based on 
bone defect morphology and local mechanical stress; 2) designing 
individualized spatial structure based on blood supply; and 3) highly 
tunable biodegradability. Precision will be the research direction for 
biomolecule delivery in next-generation BTE scaffolds. The research 
direction will include 1) accurately exploring the release patterns of 
various cytokines, especially the release peak, in the human bone- 
healing process; 2) precisely diagnosing the human bone-healing pha-
ses, to provide a reference for the safe and effective delivery of cyto-
kines; and, 3)accurately delivering and releasing cytokines through BTE 
scaffolds with highly controllable drug delivery systems, which may 
even have a secondary delivery ability under non-invasive or minimally 
invasive conditions, based on this review. The outlook for this part is 
presented in Fig. 13. 
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Appendix A. Supplementary data 

Supplementary data related to this article can be found at https://doi 
.org/10.1016/j.bioactmat.2021.03.043. 

Fig. 12. Considerations for constructing BTE scaffolds. Biomimetic and biomolecule delivery designs are not independent. An integral design consideration is 
needed. The biomaterials of scaffolds largely affect the mechanical strength, the basic biological property, and the biodegradability of scaffolds, while the fabrication 
approaches commonly determine the morphology of scaffolds. The physical–mechanical property (both mechanical strength and morphology) further influence the 
biological properties. The biomolecules inside the scaffolds are delivered via scaffold degradation, which could greatly affect the cell fate, particularly differentiation. 
This property of degradation is consistent with the biomolecules’ delivery pattern, which could be affected by the scaffolds’ matrix material and morphology. We 
should also beware that scaffold degradation must be accompanied by physical–mechanical and biological changes. The combined biological properties will influence 
the cell fate, including vascular cells, bone-producing cell lines, and immune cells. These cells will also interact with each other and determine the final tissue 
regeneration effects. 

Fig. 13. Outlook for next-generation BTE scaffold.  
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