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A B S T R A C T

Osteonecrosis, which is typically induced by trauma, glucocorticoid abuse, or alcoholism, is one of the most
severe diseases in clinical orthopedics. Osteonecrosis often leads to joint destruction, and arthroplasty is even-
tually required. Enhancement of bone regeneration is a critical management strategy employed in osteonecrosis
therapy. Bone tissue engineering based on engineered three-dimensional (3D) scaffolds with appropriate ar-
chitecture and osteoconductive activity, alone or functionalized with bioactive factors, have been developed to
enhance bone regeneration in osteonecrosis. In this review, we elaborate on the ideal properties of 3D scaffolds
for enhanced bone regeneration in osteonecrosis, including biocompatibility, degradability, porosity, and me-
chanical performance. In addition, we summarize the development of 3D scaffolds alone or functionalized with
bioactive factors for accelerating bone regeneration in osteonecrosis and discuss their prospects for translation to
clinical practice.

1. Introduction

Osteonecrosis, a debilitating disease, also known as ischemic ne-
crosis and avascular necrosis of bone [1,2], exhibits rapid progression
and is challenging to diagnose early [3]. Many factors are known to
cause osteonecrosis, such as trauma [4,5], glucocorticoid therapy [6,7],
alcoholism [8], decompression sickness [9], hyperlipidemia [10], and
Gaucher disease [11]. The pathogenesis of osteonecrosis remains con-
troversial [12], and possible pathogenic processes include osteogenic
impairment, an imbalance between osteogenic and adipogenic differ-
entiation, oxidative stress, intramedullary pressure changes, fat embo-
lization, and so forth [13–17].

Insufficient blood supply to bones and bone marrow cells reduces
bone cell activity and further leads to bone destruction [18]. Therefore,
osteonecrosis inevitably results in the progressive collapse of the joints
and subsequent arthritis always, for which arthroplasty is ultimately
required [19,20]. The main underlying reason is that bone regeneration
is hampered in the harsh necrotic microenvironment [21]. Alternative
therapeutic strategies include non-surgical as well as surgical man-
agements. Some non-surgical management techniques, such as cell
therapy [22–24], growth factor therapy [17,25], cytokine therapy [26],
hormone therapy [27,28], and pharmacologic therapy [14,29,30], have

shown varying levels of efficacies. However, this management also has
apparent disadvantages when administered systemically or via local
infusion. Systemic administration results in low concentrations at the
necrotic area and causes side effects, local infusion of biological agents
is also associated with problems, such as leakage, loss of bioactivity,
and initial burst release [31–33]. Surgical management often requires
bone grafting. Autografts and allografts are highly effective in enhan-
cing bone regeneration in osteonecrosis. However, the grafts are asso-
ciated with the risk of numerous complications, such as limited bone
mass, donor site complications, infection, and immune rejection, which
limit their clinical applications [34–37].

Following advances in material and biological sciences, many new
insights into the potential applications of biomaterials to optimize bone
regeneration in osteonecrosis, with prospects for fulfilling clinical re-
quirements, are proposed. Several studies have demonstrated the ad-
vantages of engineered three-dimensional (3D) scaffold-mediated
therapy in enhancing bone regeneration during osteonecrosis [38–40].
The 3D structure of the scaffolds mimics the natural microenvironment
and provides living space for cells [41,42], their porosity promotes
recovery of blood supply and bone ingrowth, and their mechanical
performance compensates for the insufficient support provided by the
subchondral bone. Furthermore, the use of bioactive factors in
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combination with engineered 3D scaffolds makes it possible to limit the
decrease in bioactivity, reduce the occurrence of complications, and
enable targeted therapy.

This review provides a detailed presentation of the biocompatibility
and degradability of engineered 3D scaffolds with an additional focus
on their porosity, mechanical performance, and potential significance
in bone regeneration in osteonecrosis. Additionally, the findings of
previous studies are generalized and explored to expound the devel-
opment and advantages of 3D scaffold-mediated therapy (Scheme 1).
We believe that this review article provides a comprehensive overview
of 3D scaffolds for enhanced bone regeneration in osteonecrosis. Pro-
motion of the theoretical basis and the state of the art of the clinical
application of 3D scaffold-assisted bone regeneration in osteonecrosis is
the expectation of this review.

2. Characteristics of engineered three-dimensional scaffolds for
bone regeneration in osteonecrosis

The implantation of 3D scaffolds is an important strategy for en-
hancing bone tissue regeneration [43]. Natural and synthetic materials
have been investigated for the manufacture of 3D scaffolds for enhan-
cing bone regeneration in osteonecrosis. In addition, mixtures of several

materials have been used to achieve a balance of the desired physical
and chemical properties. Materials whose potential for bone regenera-
tion in osteonecrosis has been studied include organic materials, such as
poly(lactide-co-glycolide) (PLGA) [32,39,44–47], poly(D,L-lactic-co-
glycolide acid)-block-methoxy poly(ethylene glycol) (PLGA−mPEG)
[48], poly(ε-caprolactone) (PCL) [49], Cervi Cornus Colla (CCC) [50],
poly(ethylene glycol) maleate citrate (PEGMC) [51], polylactide (PLA)
[52], poly(methyl methacrylate) (PMMA) [53], peptide-based hydrogel
[33], hyaluronic acid [54], collagen [55], demineralized bone matrix
(DBM) [25], and xenogeneic antigen-extracted cancellous bone (XACB)
[56], and inorganic materials, such as calcium phosphate (CP) [57], β-
tricalcium calcium phosphate (TCP) [39,48,58], hydroxyapatite (HA)
[46,59–62], ceramic [63,64], bioglass [65], and porous titanium (Ti)
[66]. These biomaterials are processed into engineered scaffolds
through a variety of technologies and exhibit excellent biocompat-
ibility, biodegradability, porosity, and mechanical performance. These
characteristics are vital for the successful application of 3D scaffolds to
enhance bone regeneration in osteonecrosis (Table 1).

2.1. Biocompatibility and degradability

Biocompatibility, which is one of the primary requirements for cell

Scheme 1. Engineered 3D scaffold for enhanced bone regeneration in osteonecrosis.
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adhesion, proliferation, and migration is also necessary to ensure that
biomaterials do not cause harmful biological effects [43,67]. In the
osteonecrotic microenvironment, the disruption of blood supply ob-
structs the excretion of metabolites. Therefore, unlike in normal bone
defects, enhanced bone regeneration in osteonecrosis requires that the
engineered 3D scaffolds possess stronger biocompatibility in order to
avoid complications, such as immunological rejection.

Appropriate degradability is also an essential feature for an 3D
scaffold. Degradability allows the materials to merge with the newly
formed tissue and promotes the release of drugs loaded in the 3D
scaffolds [68,69]. Osteonecrosis commonly occurs in joints, such as the
hip joint. The anatomical structure of the joint is complex, and surgery
is challenging and prolonged in duration. Therefore, removal of bone
grafts causes considerable damage to the patient. After the implanted
3D scaffolds have achieved bone regeneration, their complete de-
gradation without the formation of toxic by-products is the key to solve
this problem. In addition, bone regeneration in osteonecrosis is often
impeded, owing to impaired osteogenic capability [70,71]. This re-
quires the 3D scaffolds to maintain structural stability while exhibiting
controlled degradation in order to avoid incomplete bone regeneration
due to inappropriate degradation.

In these respects,3D scaffolds manufactured using a combination of
different materials have outstanding advantages. For example, although
HA, a natural polysaccharide, has outstanding biocompatibility, its
degradability is poor. The addition of lithium (Li) overcomes this lim-
itation and enhances the toughness and osteoinductive ability of pure
HA [60,72]. Based on this theory, Li and co-workers incorporated Li
into the nano-hydroxyapatite (nHA) to construct Li-nHA engineered 3D
scaffolds, which showed excellent biocompatibility and degradability
[59].

In recent studies, researchers have produced an engineered 3D
PLGA/TCP scaffold (Fig. 1A) [44,73]. This 3D scaffold, which was made
of organic and inorganic materials, exhibited both excellent bio-
compatibility and biodegradability and exhibited improved mechanical
performance. The 3D scaffold exhibited excellent adhesion and pro-
liferation behaviors of bone marrow mesenchymal stem cells (BMSCs)
on the 3D scaffold (Fig. 1B), and its degradation matched with the new
bone ingrowth and remodeling (Fig. 1C).

2.2. Porosity

Ideal engineered 3D scaffolds should have a porous structure similar
to that of healthy bone tissue, and the porosities of compact bone and
cancellous bone in humans are 5%–10% and 50%–95%, respectively
[74]. Pore structure allows cells to adhere to the 3D scaffolds and
proliferate. In addition, appropriate pore size and interconnection be-
tween the pores also play critical roles in promoting bone tissue growth
into the 3D scaffolds [75]. Numerous studies indicate that the optimal
pore size ranges from 100 to 500 μm [76–78]. The pores and inter-
connected channels in the 3D scaffolds promote nutrient and oxygen
transport for penetration of cells and boost angiogenesis [79–81]. In
osteonecrosis, the obstruction of blood supply, especially micro-
circulation, is one of the main reasons for the disruption of bone re-
generation [40]. Therefore, engineered 3D scaffolds should possess
excellent porosity and interconnected porous structures in order to
achieve rapid angiogenesis and facilitate the delivery of high levels of
oxygen to the necrotic region, thus enabling the differentiation of
BMSCs into osteoblasts.

Among the various processing technologies, 3D printing technology
has clear advantages in producing the scaffolds with appropriate por-
osity, controllable pore size, and interconnected channels, owing to its
ability to form complex 3D geometries [43,82,83]. Lai et al. [39] en-
gineered an advanced porous 3D PLGA/TCP/Icariin (PTI) scaffold using
a low-temperature 3D printing technology to accelerate the regenera-
tion of the osteonecrotic area in steroid-associated osteonecrosis
(SAON). The 3D scaffold had a porosity of approximately 79.5%, a pore

size of approximately 435.7 μm, and large interconnected pore struc-
tures, which made its structure very similar to that of healthy cancel-
lous bone. Consistent with these findings, studies in vivo also support
the therapeutic effect of the porous 3D scaffolds.

Functionally graded scaffolds (FGS) with differential porosity were
designed and manufactured by 3D printing with PCL and TCP as the
matrix [2]. The porosities of the manufactured 3D scaffolds were ap-
proximately 16.8% for the proximal, 59.5% for the middle, and 16.4%
for the distal segments, respectively (Fig. 2A−C). Their structure was
very similar to the pore structure of the subchondral bone of the fe-
moral head, the cancellous bone of the femoral head, and the cortical
bone of the lateral wall of the greater trochanter, respectively. In vivo,
visible mineralization within the 3D scaffolds elicited excellent pore
connectivity and bone repair ability (Fig. 2D−E).

2.3. Mechanical performance

The skeleton plays a vital role in providing structural support, organ
protection, mobility, and withstanding functional load bearing for the
body [84,85]. Excessive porosity and pore size impair the structural
integrity of the scaffold, resulting in reduced mechanical performance
[78]. Therefore, the mechanical performance of the 3D scaffolds should
not be overlooked in the pursuit of high levels of porosity. 3D scaffolds
should meet the local mechanical requirements in order to achieve a
balance between porosity and mechanical performance. Osteonecrosis
usually involves large joints, which are the weight-bearing parts of the
body [86–88]. Therefore, during bone regeneration in the treatment of
osteonecrosis, insufficient mechanical strength in the necrotic area
renders the new tissue vulnerable to damage by external forces, leading
to failure of repair [64]. Biomechanical support of the local area should
be maintained throughout the management period until the neigh-
boring tissue is fully regenerated and able to undertake its structural
role [89].

Owing to advancements in biological and material sciences, in-
creasing evidence for the importance of mechanical performance in
osteonecrosis is reported. In addition to its excellent tissue affinity and
biodegradability, the inherent microporous structure and mechanical
performance of calcium phosphate cement (CPC) warrant attention
[40]. Zhang et al. [40] used CPC to strengthen bone regeneration in
osteonecrosis. PLGA microsphere loaded with growth factor was pre-
pared and then combined with CPC to form a 3D composite scaffold.
These compositions provided superior compression strength while en-
suring porosity and interconnectivity of pores. Biomechanical studies
have shown that the compressive strength of 3D scaffolds (6.60 MPa)
was similar to that of healthy cancellous bone and enabled the im-
mediate restoration of load function.

Similarly, mixing synthetic polymers with inorganic materials to
fabricate composite 3D scaffolds is a common strategy to enhance
biomechanical performance. Gyawali and co-workers designed an in-
jectable 3D scaffold composite comprising PEGMC, poly(ethylene
glycol) diacrylate (PEGDA), and HA [51]. The composite 3D scaffold
had excellent elastic properties and mechanical strength, and similar
compression strength compared with the acellular cancellous bone of a
porcine model.

DBM, which is derived from bone, is inexpensive and readily
available. It comprises an organic matrix and a small quantity of growth
factor, which makes it osteoconductive and confers excellent mechan-
ical performance [25,90]. Peng et al. [25] used DBM combined with
adenovirus-mediated bone morphogenetic protein-2 (BMP-2) and basic
fibroblast growth factor (bFGF)-transfected BMSCs to regenerate bone
tissue in a canine model of ONFH. After 12 weeks, testing of the com-
pressive strength and bending strength of tissue specimens revealed
that the group that received DBM and BMP-2−bFGF-transfected stem
cells exhibited the most significant mechanical performance (Fig. 3A
and B). The bone morphology of the composite materials group was
superior to that of the control group at 12 weeks after surgery (Fig. 3C).
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In addition to the properties mentioned above, 3D scaffolds should
possess good hydrophilicity, surface roughness, specific surface area,
and osteoconductivity, and additionally be injectable and easy to pre-
pare [54,91,92]. In conclusion, on the premise of ensuring bio-
compatibility and degradability of 3D scaffolds, bone regeneration in
osteonecrosis requires 3D scaffolds to replicate highly porous bone
structures and possess the ability to provide adequate mechanical
support for local tissue, which is a major challenge for researchers in
this field. The combination of natural materials and synthetic polymer
materials offers an outstanding solution in this context.

3. Engineered three-dimensional scaffold-mediated bone
regeneration in osteonecrosis

Strategies to enhance bone regeneration should be implemented as
early as possible to avoid severe consequences like joint collapse. The
combination of core decompression (CD) and bone grafting is com-
monly used for clinical treatment of osteonecrosis. Owing to their
characteristics, e.g., biocompatibility, biodegradability, porosity, and
mechanical performance, engineered 3D scaffolds have clear ad-
vantages as bone graft substitute materials, thus allowing the limita-
tions of autografts and allografts, such as source limitations, immune
rejection, infection, and difficulty in shaping, to be overcome [34,35].

Fig. 1. Manufacture of 3D PLGA/TCP scaffold with excellent biocompatibility and biodegradability for bone regeneration in osteonecrosis [44,73]. (A) Porous PLGA/
TCP (PT) and PLGA/TCP/Mg (PTM) scaffolds produced by 3D printing technology and their in vivo test [44]. (B) SEM (B1) and fluorescent microscope (B2)
observation for attachment and morphology of BMSCs (arrows) seeded on scaffolds after 24 h and 15 days, respectively. T denotes trabeculae of scaffolds, and P
denotes pores of scaffolds. Scale bar, B1 = 50 μm, B2 = 500 μm [73]. (C) Micro-CT images of the new bone formation and the residue of PT and PTM scaffolds in
bone tunnel at each time point after surgery. Control group represents surgery without scaffold implantation. Scale bar = 1 mm [44]. Reproduced with permission
[44]. Copyright 2019, Elsevier Ltd. Reproduced with permission [73]. Copyright 2012, John Wiley & Sons, Ltd.
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However, materials without osteogenic factors, bioactive molecules, or
seeded cells have a limited therapeutic effect [93]. For this problem,
various bioactive factors were used to functionalize 3D scaffolds to
improve the osteoinductivity in osteonecrosis. A variety of functiona-
lized 3D scaffolds were developed, and their efficacies for bone re-
generation were demonstrated in various animal models (Table 2)
[25,32,39,40,46,48–50,54,56,57,59,63,66,94–102].

3.1. Combination of three-dimensional scaffolds and cells

3.1.1. Three-dimensional scaffolds and stem cells
In the past years, a combination of 3D scaffolds and cells represents

an effective management strategy for bone regeneration in osteone-
crosis. Mesenchymal stem cells are characterized by their ability to
differentiate into several cell lineages (e.g., osteocytes, osteoblasts, and
endothelial cells) and possess the homing ability to injury sites
[95,103,104]. BMSCs are easy to culture and amplify in vitro and ac-
celerate bone healing through differentiation into osteoblasts
[105,106]. Therefore, these cells are of significant interest in the field of
bone regeneration in osteonecrosis. Moreover, studies have shown that
BMSCs are decreased in number and activity in patients with osteone-
crosis [107]. These findings indicate that stem cells play a vital role in
the repair of necrotic areas.

3D scaffolds effectively target BMSCs to necrotic areas and provide
mechanical support for them, while stem cell seeding functionalizes the
3D scaffolds. Various inorganic materials, such as biphasic calcium
phosphate (BCP) and HA, may be used for this strategy. Peng et al.
[108] constructed 3D BCP ceramic scaffolds with seeded BMSCs. In vitro
studies showed that the 3D scaffolds demonstrated good biocompat-
ibility and mechanical performance, which were beneficial for seeding
cells. Increased new bone formation at bone defect sites in a canine
model was observed after implantation of functionalized 3D scaffolds.
Therefore, this may represent a promising strategy for enhancing bone
regeneration in osteonecrosis. In addition, modification of the 3D
scaffolds using peptides with affinity to BMSCs enhanced the adhesion
of functionalized 3D inorganic scaffolds to BMSCs, representing an
additional improved method to enhance bone regeneration in

osteonecrosis [58].
Some metal 3D scaffolds are also suitable for loading BMSCs. Porous

tantalum (Ta) has excellent porosity, biocompatibility, and mechanical
performance, and is conducive to the loading of stem cells following
appropriate surface modification [38,109,110]. Recently, Liu and co-
workers established a functionalized 3D scaffold based on porous Ta,
covered with the Bio-Gide® collagen membrane, and seeded with
BMSCs [38]. The cells exhibited excellent morphology and adhesion,
and the foot processes extending out from the cell bodies were con-
nected and oriented in various directions (Fig. 4A−B). Compared with
that of the other groups, the new cartilage in the group of 3D scaffolds
loaded with BMSCs was thicker and showed superior morphology in
vivo (Fig. 4C).

In addition, appropriate pretreatment is beneficial to enhance the
therapeutic effects of BMSCs. Hypoxic pretreatment induces a com-
pensatory response in BMSCs through the activation of endogenous
mechanisms, increases viability, and reduces the apoptosis of cells
during implantation. Furthermore, hypoxia pretreatment has the effect
of enhancing the expression of angiogenic growth factors [95,111]. In
combination with the 3D scaffolds, this represents an excellent strategy.
Fan et al. [95] functionalized absorbable collagen sponge with hypoxia-
pretreated BMSCs and achieved effective bone regeneration and an-
giogenesis. In another study, Li et al. [60] designed and fabricated 3D
Li-doped HA scaffolds, which were demonstrated to exhibit excellent
biological properties. Functionalized 3D scaffolds seeded with hypoxia-
pretreated BMSCs showed commendable potential for osteogenesis and
angiogenesis.

Inducing selective differentiation of stem cells using growth factors
before stem cells combining with scaffolds is an additional promising
option. Seeding bFGF-transfected BMSCs onto tissue-engineered bone
effectively increased the density of new blood vessels, regenerated
osseous tissue, and resolved the problem of the short half-life of bFGF
[56]. Peng et al. [25] synthesized adenovirus-mediated BMP-2 and
bFGF modified BMSCs to functionalize DBM. The application of func-
tionalized 3D scaffolds increased the area of new bone and density of
neovascularization, confirming that this strategy was highly effective.

Fig. 2. 3D scaffolds with different porosities
in different parts for enhanced bone re-
generation in osteonecrosis [2]. (A) Graphic
image shows how the three segments of FGS
with different porosity were distributed in
the femoral head. (B) Micro-CT showed that
the scaffolds had three different porosity
segments and excellent pore connectivity.
(C) An external view of FGS with magnified
view. Scale bar = 2 mm. (D) Micro-CT
image of FGS-implanted group (FGS) and
empty-tunnel group (ET) after drilling of
rabbit femoral head. Drilled tunnel was in-
dicated by a dashed line. Scale bar = 5 mm.
(E1) Representative hematoxylin and eosin
(H&E) staining observed new bone forma-
tion. S refers to scaffolds. Scale
bar = 100 μm. (E2) Magnified image of the
region depicted by a rectangle in E1. Blood
vessels coexisting with osteon-like struc-
tures were indicated by arrows. Scale
bar = 100 μm. Reproduced with permission
[2]. Copyright 2017, John Wiley & Sons,
Ltd.

T. Zhu, et al. Bioactive Materials 5 (2020) 584–601

589



3.1.2. Three-dimensional scaffolds and bone marrow-derived mononuclear
cells

Bone marrow-derived mononuclear cells (BMMCs) are also com-
monly loaded onto 3D scaffolds to enhance bone regeneration in os-
teonecrosis. Many studies have confirmed that BMMCs have stimula-
tory effects on both vascularization and osteogenesis, with distinct
advantages in enhancing bone regeneration in osteonecrosis [112,113].
A decade ago, Yamasaki et al. [114] used porous HA scaffolds combined
with BMMCs for clinical management. The functionalized 3D scaffold
effectively promoted bone regeneration in osteonecrosis. Subsequently,
Kang et al. [57] constructed 3D scaffolds of strontium (Sr)-doped TCP
seeded with BMMCs and analyzed their therapeutic effects. The func-
tionalized 3D scaffolds had excellent porosity, conducive to the pro-
liferation of BMMCs. Furthermore, penetration of newly formed bone
through the functionalized 3D scaffolds was observed by studies. These
findings suggest that 3D scaffolds seeded with BMMCs have a positive
effect on bone regeneration in osteonecrosis.

Recently, Maruyama et al. [48] manufactured and utilized 3D PCL/

β-TCP matrix scaffolds loaded with BMMCs for enhanced bone re-
generation in SAON. This functionalized 3D scaffold exhibited an ex-
cellent porosity and mechanical performance, and had excellent bone
repair capability. In particular, compared with cell therapy alone,
functionalized 3D scaffolds had a higher percentage of bone ingrowth
and reduced numbers of empty lacunae (Fig. 5), thereby demonstrating
decreased necrotic area and promoting healing. This suggested that cell
therapy achieved better performance mediated by the 3D scaffolds than
when used alone.

3.1.3. Three-dimensional scaffolds and stromal vascular fraction cells
Stromal vascular fraction cells (SVFs) are derived from human

adipose tissue, including mesenchymal progenitors, endothelial cells,
and so forth [115,116]. SVFs are useful in accelerating the ingrowth of
tissue and ensuring uniformity of the structure of bone tissue. More-
over, SVFs support the regeneration of vascular structure, especially the
capillary network [117]. Engineered 3D scaffolds facilitate seeding of
SVFs and construct a 3D culture system for SVFs, referred to as

Fig. 3. Role of 3D scaffolds with different
mechanical performances in promoting
bone regeneration in osteonecrosis [25].
(A,B) The compressive (A) and bending
strength (B) testing results at 12 weeks after
surgery. Normal means normal canine bone
without osteonecrosis, Control means ne-
crotic bone without therapy, DBM means
treated necrotic bone by DBM, DBM/BMSCs
means treated necrotic bone by DBM and
BMSCs, Ad-BMP-2-bFGF-GFP means treated
necrotic bone by DBM and BMSCs trans-
fected with adenovirus vector plasmid con-
taining BMP-2 and bFGF, and Ad-GFP
means treated necrotic bone by DBM and
BMSCs transfected with adenovirus vector
plasmid. All P < 0.05 by Student-
Newman-Keuls (SNK) method. (C) H&E
staining images of the canine model at 12
weeks after surgery. Black arrow indicates
trabecular bone. Scale bar = 100 μm.
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osteogenic-vasculogenic constructs [117,118]. This advanced synthe-
sized bone graft has outstanding intrinsic vascularization and rapid
engraftment ability. On this basis, it was shown that SVF-based func-
tionalized 3D scaffolds induced the regeneration of bone necrotic re-
gions [119].

Cell therapy is a promising therapeutic concept. However, it is

difficult to achieve the ideal concentration of cells at the location of the
lesion, owing to the pathological changes that occur during osteone-
crosis. The mediation of 3D scaffolds allows the cells used for treatment
to reach the deepest part of necrotic area, thus achieving the full play to
the therapeutic effect for a sustained release manner. Further, cell
seeding enhances the therapeutic potential of 3D scaffold. Therefore,

Fig. 4. Combination of 3D scaffold with BMSCs for enhanced bone regeneration in osteonecrosis [38]. (A) SEM image after 21 days of co-culture of BMSCs with Bio-
Gide® collagen membrane. Scale bar = 10 μm. (B) Image of BMSCs co-cultured with porous Ta scaffold observed by SEM after 21 days. Scale bar = 10 μm. (C)
Toluidine blue staining at 12 weeks after surgery. Empty control refers to the full-thickness articular defect of femoral head without implantation, BT refers to the
defect filled with 3D scaffolds composed of Bio-Gide® collagen and porous Ta, BBT refers to the defect filled with 3D scaffolds composed of BMSCs, Bio-Gide®
collagen, and porous Ta, the black square was the enlarged area. Reproduced with permission [38]. Copyright 2019, Elsevier Ltd.

Fig. 5. Engineered 3D FGS combined with
BMMCs decreased necrotic area and en-
hanced bone regeneration in osteonecrosis
[48]. (A) H&E staining in each group. CD
refers to core decompression only, FGS re-
fers to CD and FGS filled in, BMMC refers to
CD and BMMCs injected in, FGS/BMMC
refers to CD, and functionalized FGS com-
bined with BMMCs filled in. The red arrow
denotes empty lacunae, and the black arrow
denotes normal osteocyte. Scale
bar = 200 μm. (B) Percentage of the empty
lacunae in each group. Asterisk * indicates
P < 0.05 by Dunn post-hoc test. (C) Micro-
CT reconstructed images of the drill channel
in femoral heads. Reproduced with permis-
sion [48]. Copyright 2018, 2018 Elsevier
Ltd.
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functionalizing 3D scaffolds by combining with cells is of great ther-
apeutic significance in osteonecrosis.

3.2. Combination of three-dimensional scaffolds with growth factors

Growth factors have been widely used in bone regeneration of os-
teonecrosis, owing to their capacity to accelerate the differentiation of
stem cells into osteoblasts and stimulate the generation of blood vessels
[120,121]. However, problems, such as loss of biological activity, short
of half-life in vivo, relatively short storage period, and heterotopic os-
sification related to the applications of growth factors, remain to be
solved [33,56,122]. In this context, the emergence of 3D scaffolds has
provided excellent prospects. As a vehicle, 3D scaffolds effectively
preserve the bioactivity of growth factors, stabilize the latter in the
targeted region, and ensure sustained release. In addition to binding to
3D scaffolds by transfection of stem cells, as mentioned above, the di-
rect binding of growth factors to form functionalized 3D scaffolds shows
promising therapeutic efficacy.

3.2.1. Three-dimensional scaffolds and bone morphogenetic proteins
-BMPs are members of the transforming growth factor-β (TGF-β)

superfamily and play a key role in promoting bone formation [123].
Among the various known endogenous growth factors, BMPs are one of
the most effective osteoinductive proteins. BMPs stimulate osteogenic
differentiation and enhance the activity of osteoblasts [124,125]. In
addition, BMPs are effective stimulators of new vascularization [126].
However, as a protein substance, loss of activity and structural in-
stability are the main problems that limit the application of BMPs, and a
medium, e.g., 3D scaffold, is therefore required. Therefore, the combi-
nation of BMPs and 3D scaffolds has obvious potential for accelerating
bone regeneration in osteonecrosis.

Injectable hydrogels, a popular carrier for growth factors, are ra-
pidly converted from sol to gel, and then degraded to release the loaded
growth factors [127]. Peptide-based hydrogels contained β-sheets,
which optimized all aspects of the performance of the hydrogel and
promoted new bone formation, as shown by Phipps and co-workers
[33], who used peptide-based hydrogels as a vehicle to deliver of BMP-
2 efficiently. When mixed with a radiocontrast agent, functionalized
hydrogel effectively prevented the backflow of BMP-2 in cadaver pig
femoral heads, which was necessary for reducing heterotopic ossifica-
tion after treatment (Fig. 6).

An alternative strategy involves sealing growth factors within the
structure of microsphere, which maintains the activity and sustained
release of the factors. Wang et al. [46] encapsulated BMP-2 in the PLGA-
nHA microsphere and found that the device released sufficient ther-
apeutic concentrations of BMP-2. The biological activity of BMP-2 was
well maintained, and prominent bone creeping in the necrotic region
was observed, which effectively facilitated bone regeneration in os-
teonecrosis.

3.2.2. Three-dimensional scaffolds and vascular endothelial growth factor
Vascular endothelial growth factor (VEGF) is regarded as a critical

regulator of physiological angiogenesis during bone growth and re-
construction [128]. VEGF promotes the growth of vascular endothelial
cells (VECs), stimulates revascularization of the necrotic site, and pro-
motes capillary formation, while also inducing osteoblast adhesion and
proliferation, and promoting new bone formation [40,129]. Therefore,
the crucial role of VEGF in bone regeneration in osteonecrosis is self-
evident. The engineered 3D scaffold-mediated approach is conducive to
achieving the full therapeutic potential of VEGF in this context.

Block copolymers have attractive hydrophilicity, biodegradability,
high loading rate for growth factors, and sustained release ability. Chen
et al. [50] studied the activity of 3D scaffold formed by PLGA-b-mPEG,
and then loaded VEGF onto this scaffold. The release of VEGF and the
proliferation of endothelial cells were found to be excellent. The density
and diameter of new blood vessels increased together with the

formation of new bone, indicating that the scaffolds loaded with VEGF
were conducive to bone regeneration in osteonecrosis.

Many studies have found that the combined use of BMP-2 and VEGF
has a synergistic effect on tissue regeneration that is superior to that
achieved when either is used alone [129,130]. Zhang et al. [40]
achieved the co-loading of BMP-2 and VEGF in the PLGA microspheres
and formed a functionalized 3D scaffold together with CPC. This 3D
scaffold itself had ideal biocompatibility and a porous connection
structure. When co-cultured with the functionalized 3D scaffold, cells
presented remarkable osteogenic and angiogenic abilities (Fig. 7A and
B). These results proved that dual-factor-loaded functionalized 3D
scaffolds accelerated bone regeneration better than when one growth
factor was used in vivo and additionally delayed the development of
osteonecrosis (Fig. 7C and D).

3.2.3. Three-dimensional scaffolds and platelet-rich plasma
Platelet-rich plasma (PRP) is of interest because it contains many

different autologous growth factors, such as VEGF, TGF, and epithelial
growth factor [131]. Its advantages, when used in combination with 3D
scaffolds, are mainly reflected in the effective multi-functional treat-
ment ability. A combination of the advantages of various substances to
achieve the optimal therapeutic strategy represents a promising re-
search direction. For example, 3D scaffolds provide local mechanical
support, while biomaterial coatings on their surface promote pro-
liferation and adhesion of cells. Finally, PRP is introduced to functio-
nalize the 3D scaffolds. Using this strategy, Zhu et al. [66] created a
multi-functionalized 3D Ti/gelatin/PRP scaffold with the capacity to
release growth factors stably. The functionalized 3D scaffolds exhibited
excellent biosafety and elicited accelerated bone growth. These effects
were also demonstrated in an animal model. In another study, TCP/PRP
3D scaffold was designed and manufactured by Zhang et al. [98] The
area of new bone had significantly increased in the group of functio-
nalized 3D scaffold. These studies collectively indicate that the 3D
scaffold is an effective carrier of PRP for enhanced bone regeneration.

3.2.4. Three-dimensional scaffolds and erythropoietin
Erythropoietin (EPO) is a pleiotropic cytokine that stimulates the

generation of blood vessels through various signaling pathways, en-
hances the performance of VEGF, and even accelerates the differ-
entiation of BMSCs into osteoblasts [132–134]. The researchers used Li-
doped nHA as a matrix to produce functionalized 3D scaffold through
the attachment of gelatin microsphere and EPO [59]. In this functio-
nalized 3D scaffold, which had excellent porosity and mechanical per-
formance, cell culture showed that ALP expression was upregulated,
calcium deposition was improved, and angiogenesis was enhanced. This
group of functionalized 3D scaffold achieved the superior new bone
formation and neovascularization in the implantation channel defect of
the animal model than other groups. Therefore, this functionalized 3D
scaffold was extremely useful for promoting bone regeneration in os-
teonecrosis.

Many therapies are aimed at promoting bone regeneration. In ad-
dition, the lack of functional vascular ingrowth in the tissue-engineered
materials has been identified as the primary culprit for regenerative
failure [135]. Adequate angiogenesis is necessary for the long-term
survival of osteoblasts in 3D scaffolds [136]. Growth factors that are
helpful for osteogenesis and angiogenesis offer a natural advantage in
this context. Engineered 3D scaffolds are powerfully effective in
transporting growth factors to the target site and maintaining their
activity. Additionally, this strategy effectively avoids complications
caused by the flow of growth factors to off-target sites.

3.3. Combination of three-dimensional scaffolds with small-molecule drugs

Small-molecule drugs play a critical role in the treatment of many
diseases and are a popular therapeutic option in clinical settings. Small-
molecule drugs have a molecular weight of less than 1000 Da, and
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therefore rarely cause adverse immune reactions. Additionally, unlike
growth factors, small-molecule drugs are often low-cost and stable, and
do not necessarily require structural integrity [137,138]. Numerous
small-molecule drugs have been developed to promote bone regenera-
tion in osteonecrosis, for instance, anticoagulants, vasodilators, statins,
vitamin D, scavenger of free radicals, and Chinese herb extracts, such as
icariin, salidroside, and ginsenoside Rg1, have attracted extensive at-
tention, owing to their effects against various adverse factors that
hamper bone regeneration and cause bone destruction in osteonecrosis.
However, the decline in biological activity, damage to other organs,
and burst release are significant challenges that limit the clinical ap-
plication of these therapies [31,32,139]. Engineered 3D scaffolds are
increasingly recognized to have unparalleled advantages as drug car-
riers and represent effective alternatives [102,140].

3.3.1. Three-dimensional scaffolds and Chinese herb extracts
The advantages of Chinese herbs are recognized globally. In parti-

cular, extracts of the active components have attracted considerable
attention. The Chinese herb epimedium has “kidney-tonifying and
bone-strengthening” effects [141]. Icariin, an effective active extract of
epimedium, promotes the activity and mineralization of osteoblasts,
controls adipogenic differentiation of BMSCs, and promotes capillary
tube formation [102,142–144]. Therefore, icariin meets the diverse
requirements of bone regeneration in osteonecrosis.

Qin and his research team have made significant progress in the
treatment of bone destruction in osteonecrosis using icariin-functiona-
lized 3D scaffolds [39,102]. Recently, these authors developed a PTI-
functionalized 3D scaffold based on PLGA, TCP, and icariin (Fig. 8A)
[39]. Of particular note, because of the strengthened crosslinking en-
abled by hydrogen bonding between the polymer and icariin, the bio-
degradation and compressive strength were more in line with the re-
quirements of bone regeneration than when icariin was not used
(Fig. 8B), while retaining excellent porosity and achieving stable drug

release (Fig. 8C). Studies in an animal model showed that the new bone
mass in the functionalized 3D scaffolds increased with time (Fig. 8D).
Therefore, the unique bone substitute implant promoted bone re-
generation in osteonecrosis and has potential applications in clinical
settings.

Ginseng has a long history of use as a Chinese herbal drug. The
active ingredient of Ginseng, angiogenesis-regulating compound gin-
senoside Rg1, stimulates vascularization by upregulating the expression
of nitric oxide and VEGF [145]. Some researchers added ginsenoside
Rg1 to poly(propylene fumarate) bone cement and showed that the
functionalized 3D scaffolds exhibited appropriate drug release capacity
and angiogenic ability, with potential application for accelerated bone
regeneration in osteonecrosis.

3.3.2. Three-dimensional scaffolds and other drugs
Statins are commonly used clinically to reduce blood cholesterol

levels. Furthermore, statins promote the expression of osteogenic genes
while inhibiting adipocytic differentiation [146]. 3D scaffolds provide a
local treatment pathway for statins and reduce burst release, which is
conducive to the therapeutic effect of statins. Tai et al. [32] synthesized
PLGA/HA microsphere and encapsulated simvastatin within them to
generate drug-loaded functionalized 3D scaffold. After seeding with
cells, the increased expression of osteogenic genes like RUNX-2 and
significant mineralization supported the osteogenic effect of the func-
tionalized 3D scaffold. After implantation of the functionalized 3D
scaffolds, callus formation was found around the necrotic area of mouse
tibia in vivo, along with neovascularization and new bone formation,
indicating that bone reconstruction occurred in osteonecrosis.

Deferoxamine is an iron chelator that stimulates angiogenic gene
expression and promotes the osteogenic differentiation of osteoblasts
[147]. Li and co-workers used deferoxamine loaded by gelatin sponge
for enhanced bone regeneration in osteonecrosis [148]. VEGF, BMP-2,
and osteocalcin were up-regulated, indicating that angiogenesis and

Fig. 6. Peptide-based hydrogel loaded with BMP-2
prevented ectopic ossification during management
[33]. (A) The model was drilled and injected with
functionalized hydrogel (B) Confocal microscopy
images (20× magnification) showed the BMSC nu-
clei after 7 days of being cultured with tissue culture
plastic (Control) or different concentrations of
RADA16 (0.25%, 0.75%, and 1.5%) in vitro. (C) The
micro-CT images showed the amount of backflow of
the radiocontrast solution down the tunnel after
being combined with the peptide-based hydrogel
(RADA16) at different concentrations. The yellow
outline indicates the tunnel inside the femoral head
epiphysis, and the red arrow indicates the backflow
of radioactive contrast outside the femoral head
epiphysis. (D) Percentage of backflow of different
concentrations of RADA16 in the tunnel. Asterisk *
indicates the greater backflow compared with other
test groups, P < 0.05 by Tukey's post-hoc test. Re-
produced with permission [33]. Copyright 2016,
American Chemical Society.

T. Zhu, et al. Bioactive Materials 5 (2020) 584–601

594



osteogenesis were promoted. Therefore, this represented an economical
and effective management option for enhanced bone regeneration in
osteonecrosis. However, the mechanical performance and controlled
drug release of the gelatin sponge was found to be inadequate.

3.4. Combination of three-dimensional scaffolds with metallic elements

Metallic elements play essential roles in biological processes related
to health. Numerous studies have shown that the use of functionalized
3D scaffolds with composite metal elements represents a feasible
strategy for accelerating bone reconstruction in osteonecrosis. Sr is a
bone-seeking element with a chemical structure similar to that of

calcium, which stimulates bone formation, inhibits osteoclast differ-
entiation, and promotes angiogenesis [149–151]. Sr has been used for
enhanced bone regeneration in osteonecrosis, and 3D scaffolds are one
of the most effective options in this context. Sr-doped calcium poly-
phosphate-functionalized 3D scaffolds were revealed to be effective in
repairing osteonecrotic lesions and improving angiogenesis [57].

Magnesium (Mg), which may be used as a type of metallic im-
plantable material, exhibits excellent mechanical performance, biode-
gradability, and enhances bone growth and microvascular dilation
[44]. However, within implants, Mg degrades rapidly in vivo and di-
rectly affects mechanical stability. Furthermore, a large number of by-
products produced have an adverse effect on tissue healing [152]. The

Fig. 7. BMP and VEGF dual-loaded 3D scaffolds for enhanced bone regeneration in osteonecrosis [40]. (A and B) ALP (A) and nitric oxide (B) activities in each group
of BMSCs seeded after 7 and 14 days. The blank control group refers to cell culture with the cell culture plate, and the PLGA−CPC scaffold, BMP-PLGA−CPC
scaffold, VEGF-PLGA−CPC scaffold, and BMP-VEGF-PLGA−CPC scaffold groups refer to cells cultured with the corresponding scaffolds. Asterisk * indicates
P < 0.05 by Bonferroni's post-hoc tests. (C) The model of rabbits undergoing CD (C1) followed by the implantation of scaffolds into the bone defect (C2 and C3). (D)
3D reconstruction images of the femoral head by micro-CT showing newly mineralized tissue in each group in the 6th week (D1−D5) and 12th week (D6−D10). The
C,D group refers to pure core decompression without implantation of scaffolds, and the PLGA−CPC scaffold, BMP-PLGA−CPC scaffold, VEGF-PLGA−CPC scaffold,
and BMP-VEGF-PLGA−CPC scaffold groups refer to the implantation of the corresponding scaffolds. Reproduced with permission [40]. Copyright 2016, Elsevier Ltd.
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application of Mg as a component of 3D scaffolds is a common strategy
to resolve these limitations. Lai et al. [44] applied the low-temperature
rapid prototyping technology to successfully integrate Mg, PLGA, and
TCP into a functionalized 3D scaffold. The addition of Mg significantly
improved the mechanical performance of the functionalized 3D scaf-
folds. After 12 weeks of implantation in the rabbit femoral condyle,
newly formed bone tissue and new vessel in the functionalized 3D
scaffold group were observed. In particular, in the 8th week, the group
of functionalized 3D scaffolds had the most significant proportion of
neovasculature and the best vascular structure. These findings estab-
lished that the Mg-based functionalized 3D scaffolds exhibited great
potential for enhanced bone regeneration in osteonecrosis and was
expected to be useful in clinical practice.

Li is also one of the metallic elements with potential utility for en-
hancing bone regeneration in osteonecrosis, owing to its ability to en-
hance bone formation, promote vascularization, and inhibit adipogen-
esis, and enable rapid tissue repair through the mediation of 3D

scaffolds [153–155]. Li et al. [59,60] established a functionalized 3D Li-
nHA scaffold and confirmed that it improved bone formation and in-
hibited lipogenesis. The functionalized 3D scaffolds achieved the sus-
tained release of Li and enhanced healing ability. The 3D scaffold
containing Li enhanced bone regeneration in osteonecrosis more ef-
fectively than others (Fig. 9).

Bioactive factors were loaded onto 3D scaffolds to reduce the loss of
activity before use and minimize enzymatic degradation during treat-
ment. Furthermore, their controlled and stable release enhanced bio-
safety and reduced toxicity [156,157]. Therefore, the use of 3D scaf-
folds as mediators to enhance the effectiveness of bioactive factors and
application of various strategies in combination to functionalize 3D
scaffolds are of great significance for enhancing bone reconstruction in
osteonecrosis.

Fig. 8. Icariin-loaded 3D scaffolds for enhanced bone regeneration in osteonecrosis [39]. (A) PLGA, β-TCP, and icariin were produced into 3D scaffolds (PTI) by low-
temperature 3D printing technology and used for related studies in vivo and in vitro. (B and C) Changed compressive strength of 3D scaffolds (B) and icariin released
(C) during in vitro degradation. Superscript symbol # indicates P < 0.05 and superscript symbol ## indicates P < 0.01 by Bonferroni post-test. The PT group
denotes only scaffolds, and PTI-L, PTI-M, and PTI-H denote scaffolds with icariin concentrations of 0.16%, 0.32%, and 0.64%, respectively. Superscript symbol $

indicates P < 0.05 and superscript symbol $$ indicates P < 0.01 compared with the PTI-H groups by Bonferroni post-test. (D) 3D reconstruction images of the distal
femora showed the new bone formation in the defect at 2, 4, and 8 weeks after CD. Control refers to CD without implantation, and PT and PTI-M refer to CD with PT
scaffolds and PTI-M scaffolds implanted. Reproduced with permission [39]. Copyright 2018, Elsevier Ltd.
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4. Conclusions and future perspectives

Joints are sites of predilection for osteonecrosis, once the excessive
destruction of bone is formed and bone regeneration is deficient, it will
inevitably lead to insufficient support of the subchondral bone, re-
sulting in joint collapse. Despite advances in the field of skeletal system
repair, it is challenging to restore the normal physiological structure of

the collapsed joint surface, owing to the unique properties of the car-
tilage, such as its multilayered cell structure, different extracellular
matrix composition, and fibril orientation [158].

Therefore, it is critical to repair the necrotic area as early as possible
during management. Engineered 3D scaffolds made of bioactive mate-
rials have effectively overcome many limitations of existing treatments,
owing to their useful properties, such as biocompatibility,

Fig. 9. Combination of 3D scaffolds with Li and EPO for enhanced bone regeneration in osteonecrosis [59]. (A) Schematic of study design. (B) H&E staining images
showed the bone repair at 6 and 12 weeks. Scale bar = 200 μm. (C) At 6 and 12 weeks after surgery, immunohistochemical staining of angiogenic factor VEGF
(green) took place. The blank control group refers to creating the femoral head defect without implantation, and the nHA, Li-nHA, and Li-nHA/GMs/rhEPO groups
refer to repairing the femoral head defect with the implantation of corresponding 3D scaffolds. Scale bar = 100 μm. Reproduced with permission [59]. Copyright
2018, Royal Society of Chemistry.
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biodegradability, porosity, and mechanical performance.
Biocompatibility is a prerequisite for use in vivo. Non-biocompatible
materials may cause inflammatory or allogeneic responses that even-
tually lead to immune reactions or tissue necrosis [159]. Biocompatible
scaffolds provide a suitable microenvironment for adhesion and pro-
liferation of cells, which is critical for bone regeneration in osteone-
crosis.

3D scaffolds should accommodate long-term bone regeneration in
osteonecrosis and ensure the stability of local physiological structures
via controlled biodegradability and the maintenance of appropriate
mechanical performance during degradation. In addition, biodegrad-
ability also avoids the need for re-surgery to remove materials, reducing
physical discomfort and risk as well as economic loss to patients. In
addition to biocompatibility and biodegradability, the porosity of the
engineered 3D scaffolds facilitates the ingrowth of new bone and neo-
vascularization. In particular, angiogenesis and ingrowth of blood
vessels not only promote osseointegration but also enable treatment of
the disease at its source and reduce the risk of osteonecrosis repair
failure and recurrence, which is critical.

Finally, the appropriate mechanical performance of 3D scaffolds
supports the articular surface to avoid collapse during the repair pro-
cess and destruction of regenerated bone. However, most of the current
studies have only explored the mechanical performance of 3D scaffolds
in vitro, and the possibility of differences between the mechanical per-
formance in vivo and in vitro should not be ignored. Therefore, sub-
sequent research should aim to accurately elucidate the specific
changes in the mechanical performance of 3D scaffolds in vivo.
Furthermore, these characteristics have a mutually restrictive re-
lationship. For example, excessive porosity may lead to a decrease in
mechanical strength. In contrast, overly rapid degradation may lead to
the accumulation of by-products, and overly slow degradation may
affect the repair. Therefore, future studies on 3D scaffolds should focus
on establishing a balance of these characteristics to achieve the best
therapeutic effect.

Numerous pathological changes occur during the development of
osteonecrosis. It is difficult to achieve adequate therapeutic effects
using scaffolds alone, so the application of 3D scaffold-mediated man-
agement has become an inevitable tendency of development. D scaf-
folds incorporate bioactive factors to achieve targeted therapy, with
maximal efficacy and reduced side effects. Through the preparation of
appropriate materials, selection of optimal production technique, and
use of a suitable loading strategy, desirable functionalized 3D scaffolds
may be constructed and increasingly effective 3D scaffold-mediated
therapies developed.

Currently known animal models of osteonecrosis fail to completely
simulate the occurrence and development of human osteonecrosis,
which is a considerable obstacle to the translation of basic research
results to clinical practice. Future studies should focus on developing
ideal animal models to enable the application of 3D scaffolds in the
clinic.

In conclusion, 3D scaffolds offer hope for accelerating bone re-
generation in osteonecrosis. Anticipated progress in the field includes
the emergence of personalized 3D scaffolds that meet specific clinical
needs of patients. We believe that such improved techniques will
overcome existing challenges and enable unprecedented advances in
the development of 3D scaffolds for enhanced bone regeneration in
osteonecrosis.
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