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Research and development of the ideal artificial bone-substitute materials to replace autologous and allogeneic
bones for repairing bone defects is still a challenge in clinical orthopedics. Recently, poly(lactic-co-glycolic acid)
(PLGA)-based artificial bone-substitute materials are attracting increasing attention as the benefit of their sui-
table biocompatibility, degradability, mechanical properties, and capabilities to promote bone regeneration. In
this article, we comprehensively review the artificial bone-substitute materials made from PLGA or the com-
posites of PLGA and other organic and inorganic substances, elaborate on their applications for bone re-

generation with or without bioactive factors, and prospect the challenges and opportunities in clinical bone

regeneration.

1. Introduction

Trauma [1], bone infection [2], osteonecrosis [3], osteoporosis
[4,5], bone tumors [6,7], and iatrogenic injury [8] always lead to pri-
mary or secondary bone defects. At present, there are several clinical
managements for bone defects. Among them, bone transport is an ef-
fective bone repair strategy, but it generally needs to break the bone at
one end of the defect and pull it to the other end [9]. The broken bone
has self-osteogenic ability [10]. For example, a bone defect of 3 cm can
be handled by 1 mm per day and will be regenerated in about one
month [11,12]. Bone transport has a long treatment course and shows
some disadvantages, such as the pain during the bone regeneration, the
susceptibility to be infected of the bone defects area, and the high re-
strictions on the location and size of bone defects.

The bone graft is a mainstream strategy for the clinical treatment of
bone defects. By using different grafts, bone defects would efficiently
regenerate under different conditions. The familiar sources of the grafts
roughly divided into three categories [13-15]. 1. Bones taken from the
autologous healthy areas, such as the ilium or vascularized fibula [16].
Autologous bone graft has excellent compatibility and powerful healing
capability. However, patients need to endure the pain in the bone
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removal area. 2. Allogeneic bones, such as post-processing human bone
obtained from the donation of remains. The application of allogeneic
bones may avoid the destruction of patients' healthy bone structure.
However, it still has limitations, such as insufficient supply, ethical
disputes, and immunogenicity [17]. 3. Bone from other species, such as
processed products of bovine bones. The source of xenogeneic bones is
sufficient, but these grafts will put patients at the risk of immune re-
jection and virus transmission [18]. For these reasons, it has become a
demand to prepare artificial bone-substitute materials.

In order to meet the demands, artificial bone-substitute materials
require a variety of properties to maintain bone strength at the area of
bone defects and promote bone regeneration, including similar me-
chanical strength to bone tissue, excellent biocompatibility and biode-
gradability, as well as a porous network structure for cells to grow in
[19-23]. The existing bone-substitute materials are summarized in
Table 1.

Researchers used to select a series of inorganic substances as bone-
substitute materials, such as hydroxyapatite (HA) [24,25], tricalcium
phosphate (TCP) [26,27], biphasic calcium phosphate (BCP) [28,29],
bioglass (BG) [30], and carbon nanotubes (CNTs) [31,32]. Although
these materials showed good biocompatibility, they are too brittle to
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Table 1
Bone-substitute materials.

Material Strength Weakness Reference

HA Excellent biocompatibility, osteoconductivity Poor degradability, lack of osteoinductivity, brittle [24,25]

TCP Excellent biocompatibility, high safety, easy to obtain Poor processability, poor mechanical strength [26,27]

BCP Osteogenesis induction, ALP activity, and mineralization ability Poor degradability, poor processability [28,29]

BG Special bone-bonding ability Disordered bone growth, local pH change, brittle [30]

CNTs Excellent mechanical properties, good biocompatibility, non- - [31,32]
toxicity

Stainless steel High strength, corrosion resistance Non-degradability, stress shielding, inflammation and immune [35,40]

response

Titanium alloy High tensile strength, corrosion resistance, shape memory effect, Non-degradability, stress shielding [36-38]
excellent biocompatibility

Cobalt-chromium alloy Wear resistance, corrosion resistance Non-degradability [39]

Coral High porosity, high mechanical strength, bone conductivity Poor degradability [41,42]

Col Excellent biocompatibility, suitable pore size, good plasticity, Low mechanical strength, difficult to shape, unstable performance,  [45,46]
weak antigenicity easy to be dissolved by collagenase

Chitosan Excellent biocompatibility, controllable degradability, non- Poor mechanical properties [47,48]
toxicity, inhibition of inflammation

Poly(methyl methacrylate) — Durability, easy to process Non-degradability [49,50]

PCL Biodegradability, machinability, high porosity Low mechanical strength [51,52]

PLA Biodegradability, strong mechanical properties, excellent local pH change [53-55]

biocompatibility, promote bone regeneration

maintain bone strength [33]. To address this problem, researchers
prepared a series of metallic bone substitutes with high strength and
stability [34-39]. However, these metallic bone substitutes may lead to
stress shielding and non-biocompatibility degradation products [40].
Some animal-derived materials, such as microwave sintered cuttlefish
bone and coral, are also used as bone-substitute materials [41,42].
However, these materials lack osteoinductivity and have a slow de-
gradation rate. More recently, collagens (Cols) and fibrin glues showed
a wide application in bone defect repair due to the good plasticity
[43-46]. However, the therapeutic efficacy is poor owing to its low
mechanical strength and readily to be degraded by collagenase.
Polymer-based artificial bone substitutes showing great potential in
bone repair [47-57]. In comparison with previous materials, synthetic
polymers have a range of advantages, such as controllable molecular
mass and degradation time, excellent processability, and good me-
chanical properties.

Poly(lactic-co-glycolic acid) (PLGA) is one of the most widely used
biodegradable polymers. PLGA is a linear copolymer of lactic acid and
glycolic acid monomers. Lactic acid could be obtained from the fer-
mentation of corn or other grains [58]. Glycolic acid could be obtained
by the biochemical enzymatic reaction or by chemical synthesis with
chloroacetic acid and sodium hydroxide [59]. The synthesis strategies
for PLGA could be divided into two categories. One of them is the
polycondensation process of lactic acid and glycolic acid [60,61]. This
method usually obtains PLGA with low molecular weight and wide
relative molecular weight distribution. The other method is the ring-
opening polymerization (ROP) of lactide and glycolide [62,63]. This
method could obtain products with a higher molecular weight and more
uniform relative molecular weight. The performance of PLGA could also
be adjusted by the different ratios of lactide and glycolide.

The controllable degradation time is an essential feature of PLGA.
The hydrolysis process of PLGA could be divided into two stages. In the
first stage, the molecular weight of PLGA gradually decreases, while the
overall weight remains stable. In the second stage, the molecular weight
of PLGA drops until the products are soluble in water, and a rapid de-
crease in the overall weight will appear [64]. By controlling the ratio of
lactic acid and glycolic acid, the mechanical properties and degradation
performance could be flexibly controlled [65]. When the ratio of lactic
acid and glycolic acid monomers is 50/50, the degradation rate is the
fastest [66]. Previous studies have shown that PLGA scaffolds with the
lactic acid and glycolic acid ratios of 85/15 and 75/25 have degrada-
tion periods of approximately 8 and 16 weeks, respectively [67].
Compared with in PBS only, in the condition that simulates the

presence of enzymes in the organism, the degradation rate of the porous
PLGA scaffold was further accelerated [68].

PLGA is suitable for bone repair for various reasons [69]. First of all,
PLGA has excellent biocompatibility. Its metabolites are only lactic acid
and glycolic acid, which can be safely eliminated from the metabolic
cycle [70]. Secondly, PLGA has excellent processability. Processors
could use a variety of processes to prepare PLGA scaffolds [71,72].
Third, by adjusting the ratio of lactic acid and glycolic acid, the de-
gradation time of PLGA can be controlled to be around a few months
[67], so that consistent with bone regeneration. With the gradual de-
gradation of PLGA, the stress stimulation to the new bone is gradually
strengthened, which can promote bone regeneration and bone structure
remodeling. Fourth, PLGA has suitable mechanical strength to support
the defect area in the early stage adequately. Fifth, PLGA grafts can be
loaded with a variety of bioactive factors, such as stem cells, growth
factors, and drugs, to promote regeneration of bone defects [73,74].

On account of the aforementioned advantageous properties, PLGA
and composite materials of PLGA and inorganic components have been
widely studied (Scheme 1). PLGA-based bone-substitute materials have
been summarized in Table 2. This article reviews the recent research
and development of single and composite materials based on PLGA in
artificial bone tissue materials. The possible prospect and future de-
velopment are also discussed.

2. PLGA-based bone-substitute materials
2.1. PLGA bone-substitute materials

A variety of PLGA-based drug delivery systems have been approved
for clinical applications by medical institutions in the United States and
Europe. PLGA scaffolds have become an ideal choice for the preparation
of artificial bone-substitute materials. The emergence of bone tissue
engineering makes the combined application of PLGA-based scaffolds,
stem cells, and bioactive agents more promising.

Researchers prepared a series of double-layer PLGA-integrated
scaffolds to achieve synchronous repair of osteochondral tissue
[75-78]. The researchers made two kinds of scaffolds with different
pore sizes and then glued them become an integrated scaffold. They
controlled the pore sizes of PLGA scaffolds in different layers to simu-
late different biomechanical characteristics of bone and cartilage tissue.
The mean Young's moduli of the scaffolds were 91.2 MPa. Moreover,
they also implanted bone marrow-derived mesenchymal stem cells
(BM-MSCs) in the scaffolds. Finally, the scaffolds were implanted into a
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Scheme 1. PLGA-based bone-substitute materials used in treatment of bone defects.

rabbit model of osteochondral defect on the femoral condyle's articular
surface (Fig. 1A). The results showed that the scaffolds with BM-MSCs
had better osteogenesis properties than the pure scaffolds within 12
weeks (Fig. 1B and C). Moreover, the remaining scaffolds had become
sparse at 24 weeks. It showed that PLGA is an artificial bone scaffold
material with well biocompatibility and processability. At the same
time, it is proved that the double-layer PLGA scaffold is beneficial for
the simultaneous regeneration and repair of different tissues.

Dai et al. prepared another PLGA scaffold with directional holes by
radial unidirectional cooling technology [79]. The porosity of the
scaffold is higher than 90%. In the dry state, the compression modulus
of the scaffold is 4 MPa. Researchers characterized the directionality of
the scaffold holes and then repaired the model of rabbit osteochondral
defect with the scaffold. At 12 weeks, new tissue was formed, and the
scaffold was degraded. The results showed that the migration of cells in
the scaffold with directional holes was better, the distribution of the
cells was more uniform, and the regeneration of bone and cartilage was
more substantial than that in the PLGA scaffold with non-directional
holes. The results suggested that the consistency of the hole direction
inside the PLGA scaffold has a beneficial effect on bone tissue repair.

The traditional preparation methods of PLGA-based artificial bone
scaffolds include particle leaching, phase separation, gas foaming, and
fiber bonding methods. Although these methods are mature in tech-
nology and rapid in preparation, there are still some deficiencies: 1. It is
hard to accurately control the size, shape, and overall porosity, 2. It is
weak in preparing stability and has solvent residues in the scaffolds.
The rise of 3D printing technology provides more productive methods

for the preparation of PLGA scaffolds than the traditional preparation
methods.

Liu et al. used 3D printing technology to prepare PLGA scaffolds
with different printing angles [80]. They designed a series of different
scaffolds by controlling the arrangement of the scaffold, the thickness of
each layer, and the porosity (Fig. 2A). The researchers measured
Young's modulus and compressive strength of these scaffolds (Fig. 2B
and C), and observed the adhesion, proliferation, and differentiation of
pre-osteoblasts attached to the scaffolds. The results showed that the
scaffolds with a 0°/90° printing angle achieved best cell adhesion,
proliferation, and differentiation while possessing suitable mechanical
properties and sufficiently long degradation time.

In another research, Lee et al. compared two manufacturing pro-
cesses of 3D-printed PLGA scaffolds [72]. They used the manufacturing
process of the syringe type (ST) and filament type (FT) distribution
modules to print the PLGA scaffold, respectively. After that, researchers
compared the scaffolds prepared with the two processes on molecular
weight, glass transition temperature, biocompatibility, and degrad-
ability. The PLGA scaffold made by the ST method requires high tem-
perature during preparation, so the problems of decreased molecular
weight, thermal degradation, and acid by-products have existed. The FT
method solves the problem in a step-by-step manner. However, the
preparation process is more complicated than the ST method. The
above results suggested that researchers should comprehensively eval-
uate the specific characteristics of materials in 3D printing and chose
the appropriate processing technology.

PLGA scaffolds have been used as carriers of bioactive factors [81].
It has been reported that adding vascular endothelial growth factor
(VEGF) to gels of the combination of PLGA and methoxy poly(ethylene
glycol) (PEG) could achieve the effect of improved local vascularization
and promoted bone regeneration on ischemic necrosis of the femoral
head [82]. Platelet-rich plasma (PRP) is obtained by centrifugation of

autologous whole blood, containing a lot of growth factors and pro-
teins. By adding PRP to the PLGA scaffolds, the bone repairability of the
scaffold is significantly improved [83].

Adipose tissue-derived mesenchymal stem cells (AD-MSCs) have the
ability to differentiate osteoblasts and chondrocytes, are easy to extract,
and have better proliferation ability compared with BM-MSCs [84,85].
Wang et al. prepared a PLGA porous scaffold and seeded AD-MSCs on
the surface of the scaffold [86]. The researchers applied this scaffold
and used low-power laser irradiation (LPLI) to treat a rat skull bone
defect model. The results showed that the combination therapy im-
proved the repair effect of the skull defect. The results enriched the
application of PLGA scaffolds.

2.2. Artificial extracellular matrix-covered PLGA bone-substitute materials

The hydrophobicity of PLGA limited the adhesion of cells and pro-
teins. Moreover, it is difficult for the culture medium to enter the high-
porosity PLGA scaffold under normal circumstances, which will affect
the efficiency of cell seeding [87]. These problems might be effectively
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Osteochondral defect

Scaffold with cells

Toluidine blue

Fig. 1. Effects of PLGA scaffolds with different pore sizes on bone repair [78]. (A) Schematic diagram of double-layer PLGA scaffolds applied to rabbit knee joint
osteochondral defect treatment. (B) Specimen pictures and (C) H&E staining after treatment 12 and 24 weeks. The red circle shows the recovery of the defect model.
Yellow arrow indicates the interface between new tissue and natural osteochondral tissue. The length of the white vertical line is 1 mm.

solved by covering the surface of the materials with an artificial ex-
tracellular matrix [88]. Adding fibronectin, vitronectin, Col, or fibrin to
the surface of materials will enhance the adhesion of cells to the
polymer scaffolds [89].

The researchers proposed a strategy to cover the surface of the
scaffold with an artificial extracellular matrix. This method simulated

the composition and structure of natural bones, thereby improving the
cytocompatibility of PLGA scaffolds [87]. This artificial extracellular
matrix consists of type I collagen (Col I), chondroitin sulfate, and
hyaluronic acid sulfate. They compared the ability of this scaffold with
other scaffolds that did not encapsulate the extracellular matrix to in-
duce the differentiation of hMSCs. The results showed that the content
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Fig. 2. Effects of PLGA scaffolds with different printing angles on bone repair [80]. (A) Structure of PLGA scaffolds printed at different angles. (B) Differences in yield
strength. (C) Compressive strength between different groups of scaffolds. Data are represented as mean *+ SD (standard deviation; n = 5, **P < 0.01).

of alkaline phosphatase (ALP) in the medium increased, and the ability
of stem cells to differentiate into osteoblasts was enhanced in the pre-
sence of an artificial extracellular matrix. The researchers further ex-
plored the influence of the surface microstructures of PLGA scaffolds on
the differentiation of hMSCs [88]. They prepared a PLGA scaffold with
a pore diameter of several hundreds of micrometers and another PLGA
scaffold with two different pore diameters of several micrometers and
hundreds of micrometers. Each of the scaffolds was covered with Col I
and high-sulfated hyaluronan. They cultured hMSCs on scaffolds and
observed their differentiation. The results showed that the expression of
Runt-related transcription factor 2 (Runx2), osteopontin, and bone
sialoprotein II (BSP II) in the bimodal pore distribution group was
higher than that in the single pore distribution one. The results further
complement people's understanding of the effect of scaffold's surface
microstructure on the differentiation of hMSCs. Moreover, the impact of
artificial extracellular matrix-covered PLGA scaffold on hMSCs differ-
entiation was verified again.

Col is an excellent carrier of growth factors. The addition of growth
factors functionalizes the scaffold covered with Col. Researchers com-
bined BMP-2 mimic peptide (BMP2-MP) with Col and covered it on the
surface of PLGA scaffolds [90]. The compressive strength of PLGA/Col
scaffold was 16.03 MPa. Besides, researchers evaluated the surface
characteristics of scaffolds to affect the proliferation and differentiation
of MC3T3-E1 cells. The results showed that the scaffold achieved better

cytocompatibility due to the increased hydrophilicity of the surface
based on the proper biomechanical properties. MC3T3-E1 cells showed
good osteogenic differentiation ability on this scaffold, and the ex-
pression of osteogenic genes was significantly increased. The results
suggested that the coverage of BMP2-MP and Col is an effective method
for improving the osteogenic induction capacity of PLGA scaffolds.

In summary, in order to make PLGA scaffolds have well cell com-
patibility, suitable biodegradability, excellent mechanical properties,
and different functionalization, the researchers conducted multi-layer
composite and surface modification to the scaffolds. They adopted 3D
printing technology to precisely control the scaffold structure. Among
them, 3D printing technology is an essential direction for the future
development of PLGA scaffolds prepared.

3. Composite bone-substitute materials of PLGA and inorganic
components

HA, CP, and BG are all bone-substitute materials with their ad-
vantages. However, due to their inherent shortcomings, their effect of
using them alone is not ideal. Composite materials that combine PLGA
with these inorganic components would achieve better mechanical and
biological properties than using them alone.
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3.1. PLGA/HA composite bone-substitute materials

HA is used as an artificial bone-substitute material, owing to its
similar mineral composition to human bones [91]. HA is osteo-
conductive, so that has a promoting effect on the formation of bone
tissue [92]. However, due to its low fatigue resistance and poor de-
gradability, it is not suitable to be used as artificial bone tissue material
directly. Researchers found that scaffolds made of a mixture of PLGA
with HA would achieve better mechanical properties than using two
materials alone [93]. Therefore, researchers developed a variety of
PLGA/HA composite materials by different manufacturing processes
and explored the influence of various indicators of PLGA/HA composite
materials on bone repair. In recent years, a variety of bioactive factors
is loaded with PLGA/HA scaffolds to promote bone healing.

Researchers found that modifying the surface of the PLGA scaffold
with nano-HA may enhance the bone repairability of scaffolds. This
function comes from the formation of a biomimetic hierarchical na-
nostructure on the surface of the scaffolds, which is conducive to the
proliferation and differentiation of BM-MSCs [94]. In another work,
researchers prepared a variety of PLGA/HA scaffolds by in situ poly-
merization [95]. They control the formation of composite materials by
adjusting the feed ratio to make scaffolds with various PLGA to HA
ratios. The mechanical strength of these scaffolds is 54.3-78.8 MPa, 3—4
times higher than that of pure HA. By co-culturing with osteoblasts, the
researchers confirmed their excellent biocompatibility. At the same
time, the content of ALP in the culture medium proved the induction
performance of the scaffolds on osteoblast differentiation. Besides, the
other researchers explored the effect of grafting process of PLGA and
HA on the performance of the scaffold [96]. They adopted melt grafting
and transesterification methods to obtain PLGA/HA composites with
higher grafting rates (Fig. 3A). The composite material prepared by this
method had two times higher tensile strength (about 55 MPa) than that
of the composite material made by the blending method (Fig. 3B—D).
In another study, the researchers have explored the influence of the
degradation rate of PLGA/HA scaffold on bone repair [97]. They con-
cluded that long degradation time is necessary to obtain good bone
repair results.

PLGA/HA scaffolds loaded with stem cells have also been studied.
The researchers prepared PLGA and PLGA/HA double-layer composite
scaffold by molding/particle leaching [98] (Fig. 4A —C). The two parts
of this composite scaffold have two Young's moduli, 2.8 and 20.3 MPa,
respectively. That successfully simulated the different strengths re-
quired for cartilage and bone repair. The researchers applied the hMSC-
seeded scaffold to repair the osteochondral defects in rabbit knee joints
and obtained an excellent bone repair effect (Fig. 4D). Another re-
searcher prepared the PLGA/HA scaffold through electrospinning
technology and seeded the scaffold with stem cell-derived osteoblasts,
which derived from human endometrial [99]. The outstanding ability
of such scaffold for bone repair was verified by the results of ALP
content, osteogenesis-related protein expression, and cell proliferation
and differentiation.

The addition of other polymers further improves the performances
of the PLGA/HA scaffolds. Zheng et al. introduced poly(y-benzyl-L-
glutamate) (PBLG) in the preparation of composite scaffold. The com-
pression modulus of the PBLG-added scaffold was 2.5 MPa, which was
twice the compression modulus than before. Moreover, the PBLG-added
scaffold achieved outstanding bone repair effect [100]. Li et al. pre-
pared a series of PLGA/PBLG-HA scaffolds containing different pro-
portions of PBLG [101]. Firstly, they polymerized PBLG onto HA, and
then made PLGA/PBLG-HA scaffold by solvent casting/particle leaching
(Fig. 5A). By adjusting the content of PBLG, the scaffold obtained a
1.5-3 MPa compressive strength and achieved different abilities to
promote cell proliferation and differentiation. In the rabbit radius de-
fect model, when the PBLG content was 22% and 33%, the composite
scaffold could obtain the best new bone formation and mineralization
effect (Fig. 5B and C). The above results suggest that a reasonable
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introduction of other polymers to the PLGA/HA scaffolds could enhance
the therapeutic effect of bone repair.

PLGA/HA scaffolds carrying bioactive factors can be implanted
deep into the lesion area of patients to achieve in situ release for the
treatment of local bone defects. Previously, there had been reports of
preparing PLGA/HA/vitamin blend particles to make the controlled
release of vitamin D3 for the treatment of skull defects [102]. Similarly,
local delivery of simvastatin and recombinant human bone morpho-
genetic protein-2 (thBMP-2) in PLGA/HA microspheres had also been
studied [103,104].

Haider et al. reported a scheme of loading insulin to nanoscale HA
and adopting electrospinning technology to prepare the PLGA/HA-I
scaffold [105]. The proliferation and differentiation of osteoblasts were
enhanced by the effect of PLGA/HA-I scaffold. In the study by Wang
et al., MC3T3-E1 cells were cultured on a PLGA/HA composite scaffold
loaded with VEGF and BMP-2 [106]. The cells proliferated and differ-
entiated well on factor-loaded scaffolds, and the functional scaffold
promoted the maturation of osteoblasts. In another study, chitosan
nanoparticle encapsulated with BMP-2 was loaded on PLGA/HA scaf-
fold [107]. After that, the rabbit mandible defect model was treated in
12 weeks, and the BV/TV value of the new bone area reached 33.7%.
The excellent results confirmed its effectiveness in promoting bone re-
pair. Another group of researchers grafted rhBMP-7 with polydopamine
and then modified it to a PLGA/HA composite scaffold [108]. This
scaffold exhibited good osteogenic proliferation and differentiation
characteristics in vitro and was validated in the repair of a mouse skull
defect model.

3.2. PLGA/CP composite bone-substitute materials

CP is another type of inorganic component in natural bone tissue.
Because calcium (Ca) is a favorable factor for bone tissue repair, CP
became a widely used inorganic material for constructing composite
scaffolds with PLGA. In previous studies, bone cement of CP was
combined with PLGA to prepare composite materials for artificial bones
[109]. One day after preparation, the material obtained a compressive
strength of more than 20 MPa and an elastic modulus of more than
9 MPa. After seven days, these intensity indicators further increased.
Rabbit radius defect was repaired in eight weeks, which proved ex-
cellent bone repairability of the composite scaffold. The effect of par-
ticle size on bone repair has also been studied [110]. Results showed
that nanoscale PLGA/CP material had a better bone repair capability
than common PLGA/CP material. By adding BMP, VEGF, and other
active ingredients to PLGA/CP microsphere, researchers achieved sa-
tisfying bone repair results [111].

In the other two studies, PLGA/TCP scaffold carrying rhBMP-2 or
bovine BMP (bBMP) was developed [112,113]. The shape of the scaf-
fold disintegrated at 6 weeks and disappeared completely at 24 weeks.
In animal models, the excellent bone repair effect of the scaffold was
observed. Duan et al. used genetic recombination technology to design
BM-MSCs that express VEGF and then mounted the cell onto a PLGA/
TCP scaffold [114]. This composite scaffold achieved local expression
of VEGF for up to three weeks. This scaffold had shown excellent an-
giogenic effects in vivo and thus enhanced the bone repair. Similarly, it
has been reported that Mg ion was introduced into PLGA/TCP scaffolds
to achieve more robust mechanical properties and better angiogenesis
capabilities than before, so that achieved satisfying bone repair results
(Fig. 6) [115]. The PLGA/TCP scaffold loaded with icariin, a natural
plant component, could promote bone repair by promoting local blood
supply [116-118]. In another report, a therapeutic strategy for a PLGA/
TCP composite scaffold combined with topical aspirin administration
was investigated [119]. A low dose of aspirin combined with the PLGA/
TCP scaffold would improve the local bone regeneration effect by af-
fecting local angiogenic capacity and inhibiting osteoclast activity.
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Fig. 3. Effect of grafting process on
tensile strength of PLGA/HA scaffolds
[96]. (A) Schematic diagram of PLGA/
HA scaffold preparation process. (B)
Schematic diagram of difference in
tensile strength of these scaffolds ob-
tained by different preparation
methods. Tensile strength (C) and ten-
sile modulus (D) elongation of compo-
site scaffolds with different HA grafting
rates. Pre (50) means HA content of
50% in the pre-dispersion process, Pre
(70) means HA content of 70% in the
pre-dispersion process, Pre (80) means
HA content of 80% in the pre-disper-
sion process, and Pre (90) means HA
content of 90% in the pre-dispersion
process. Data are represented as
mean * SD (n = 5). Reproduced with
permission [96]. Copyright 2019, Else-
vier Ltd.
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Fig. 4. Bilayered PLGA/HA composite scaffold for osteochondral tissue engineering [98]. (A) Efficacy comparison. (B) and (C) Schematic of composite scaffold in
treatment of rabbit bone defects. (D) H&E staining pictures of treated specimens. The yellow arrows indicate the initial defect sites. Reproduced with permission [98].

Copyright 2018, American Chemical Society.

3.3. PLGA/BG composite bone-substitute materials

As a class of synthetic bioactive materials based on silicon (Si), BG is
used to repair bone defects because of its excellent bone tissue binding
ability and osteogenic properties [120,121]. However, due to its poor
chemical stability and low mechanical strength, it is not an ideal arti-
ficial bone material. Solutions for applying BG to the preparation of
synthetic bone-substitute materials were explored. Magri et al. prepared
a series of BG-containing composite scaffolds by mixing BG with PLGA
or Col or mixing them three [122] (Fig. 7A). In terms of the effect on the
proliferation, the proliferation ability of osteoblasts implanted on the
PLGA/BG scaffold is better than that of other groups (Fig. 7B). How-
ever, in the ALP activity assay of MC3T3-E1 cells, osteoblasts implanted
on the PLGA/BG/Col scaffold achieved the highest score (Fig. 7C). In

the rat skull defect model, PLGA/BG/Col composite scaffold was ob-
served to degrade gradually at 2 and 6 weeks. The degradation of
products maintained a local physiological pH. Furthermore, the PLGA/
BG/Col group showed the best bone repair effect. This suggested that
the PLGA/BG/Col composite bone-substitute materials have a good
application prospect in the field of bone repair.

3.4. PLGA-based bone-substitute materials compounded with other
inorganic substances

In addition to HA, CP, and BG mentioned above, other inorganic
materials had been used in combination with PLGA to constitute
composite artificial bone-substitute materials. Previous studies had
found that the Si released from the Si-based bioceramics akermanite
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*P < 0.05). Reproduced with permission [101]. Copyright 2019, American Chemical Society.

(AKR) was able to induce differentiation of human-induced pluripotent
stem cells (iPSCs) [123]. Therefore, researchers developed PLGA/AKR
composite scaffolds with different levels of AKR [124]. These scaffolds
were used to induce the active expression of angiogenic and osteogenic
genes in iPSCs. The composite scaffold with 10% AKR content was used
to repair the skull defect in rats. The degradation of the scaffold
maintained a physiological pH value in the local microenvironment and
achieved optimal bone repair effect in 8 weeks.

CNTs are lightweight nanomaterials with a hexagonal structure. It
has many unique mechanical, electrical, and chemical properties. In a
study, nanocomposites of carboxylated multi-walled CNTs (MWCNTs)
and PLGA were prepared [125]. This material has excellent histo-
compatibility and osteogenesis promotion effect. Molecular biology
studies had shown that this composite material would affect the
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phosphorylation of extracellular signal-regulated kinase (ERK1/2),
thereby affecting the DNA synthesis, proliferation, and differentiation
of osteoblasts.

Some researchers believe that although the systemic toxic and side
effects of the PLGA decomposition products are slight, the local acidic
microenvironment after PLGA scaffold hydrolysis is negative to bone
tissue regeneration. In response to this drawback, PLGA/magnesium
hydroxide (PLGA/MgOH) scaffolds were prepared [126]. By neu-
tralizing the acidic decomposition products with MgOH, the scaffold
reduced the lysis of interleukin-1 converting enzyme-mediated death of
BM-MSCs and promoted the differentiation effect of cells. This effect
makes the PLGA-based artificial bone scaffold closer to clinical appli-
cation.

Scaffolds prepared by compounding various inorganic components
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Fig. 6. Osteogenic Mg incorporated into PLGA/TCP porous scaffold by 3D printing [115]. (A) Surface structures of PLGA/TCP/Mg scaffold and deposition of Ca and
Mg. 3D-CT results of bone growth (B) and angiogenesis (C) at 4 and 8 weeks after treatment with different component scaffolds. PT indicates the PLGA/TCP group.
PTM indicates the PLGA/TCP/Mg group. Red rectangle represents the bone tunnel site. Reproduced with permission [115]. Copyright 2019, Elsevier Ltd.
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Table 3
Representative clinical trial projects of artificial bone-substitute materials.
ClinicalTrials.gov identifier ~Material Start year Condition or disease Number of Country/Region Status
patient
NCT03608280 3D-printed titanium 2020 Bone defect in the orbit 92 France Not yet recruiting
implant
NCT03302429 BCP 2020 Alveolar ridge abnormality 18 Egypt Not yet recruiting
NCT04449211 3D-printed titanium 2020 Long bone defect 10 Vietnam Not yet recruiting
implant
NCT04069923 Mg-based bone void filler 2020 Bone voids or defects 6 United States Recruiting
NCT03804086 HA 2019 Periodontitis 28 Egypt Not yet recruiting
NCT03941028 3D-printed titanium 2019 Large segmental bone defect 20 China Recruiting
implant
NCT04480073 Titanium mesh 2018 Bone resorption 24 Italy Recruiting
NCT03588507 HA 2018 Intrabony periodontal defect 12 Egypt Unknown
NCT02803177 TCP 2016 Humerus fracture displaced proximal 55 Germany Completed
NCT02575352 Ccp 2015 Bone defect 500 Multiple Recruiting
countries
NCT03185286 3D-printed titanium 2015 Ankle bone defects 40 China Unknown
implant
NCT02795546 TCP 2015 Intrabony periodontal defect 32 - Completed
NCT02456194 CaSO, 2015 Tibial fracture,intra-articular fracture, 30 Canada Active, not recruiting
fracture fixation
NCT02982681 BG 2015 Bone resorption 10 - Completed
NCT02748343 TCP scaffold 2014 Bone defect, bone nonunion 20 China Recruiting
NCT02000297 CP/CaS04 2013 Knee osteoarthritis 60 Korea Unknown
NCT02474498 TCP/HA 2013 Periodontal disease 41 Brazil Completed
NCT02015390 Titanium cage 2013 Segmental long bone defect 30 United States Unknown
NCT01899807 Titanium/CP 2013 Defect of skull ossification 11 Sweden Unknown
NCT01725698 HA-CaSO, 2012 Bone defect 5 Indonesia Unknown
NCT01159899 HA 2010 Osteonecrosis 50 France Unknown
NCT02218515 Enamel matrix 2010 Intrabony periodontal defect 30 Turkey Completed
derivatives
NCT00841152 BG/TCP 2009 Bone neoplasm 120 Finland Unknown
NCT00496847 TCP 2007 Intrabony periodontal defect 60 India Completed
NCT02827006 CP 2007 Dorsal malunion of the distal radius 20 Norway Completed
NCT01304121 Bioactive glass 2006 Bone tumor 48 Finland Completed
NCT00206791 Ccp 2006 Bone defect 12 France Unknown
NCT00835432 BCP 2005 Alveolar bone defect 40 Germany Completed

with PLGA have excellent mechanical properties, reasonable degrada-
tion time, and osteoconductivity. Furthermore, the combined use of
stem cells, growth factors, and drugs with scaffolds had achieved ex-
cellent bone regeneration effect in different bone defect models. For the
development of bone tissue engineering, the exploration of suitable
inorganic materials and organic materials is the focus of this field. The
ingenious chemical connection between them instead of pure mixing
may have a surprising repair effect.

4. Conclusion and perspectives

In the past few decades, significant progress has been achieved in
the development of artificial bone-substitute materials. Many artificial
bone-substitute materials have entered clinical trials. Clinical trials are
an essential stage for synthetic bone-substitute materials from the la-
boratory to the clinical application. The representative clinical trial
projects of artificial bone-substitute materials are summarized in
Table 3.

PLGA-based artificial bone-substitute materials have obtained ap-
pealing results in bone repair, owing to their suitable properties, such as
biocompatibility, degradability, processability, mechanical properties,
and the ability to promote bone regeneration. First of all, PLGA has
excellent processability, facilitating the fabrication of PLGA scaffolds
with different pore sizes. These scaffolds can be used in combination to
repair various tissues. The application of 3D printing technology has
refined the processing of PLGA scaffolds. By changing the parameters of
3D printing, various PLGA scaffolds could be fabricated with different
morphologies and properties. Researchers also explored printing
methods suitable for different raw materials by comparing ST and FT
3D printing methods. Another fascinating property of PLGA is well
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biocompatibility, a fundamental requirement for the proliferation of
loaded stem cells in bone defect treatment. In addition, the proliferation
ability of stem cells is strictly related to the properties of PLGA. For
instance, increased porosity of the PLGA scaffold may achieve good
proliferation activity of BM-MSCs. The use of the unidirectional cooling
technology to control the direction of the pore in the scaffold is also
beneficial to the proliferation of cells attached to it. Besides, the dec-
oration of artificial extracellular matrix on the surface of the PLGA
scaffolds also achieved benefits to increase the activity of stem cells.

More recently, a variety of PLGA/inorganic composite materials
have shown encouraging bone repair effects. Compared with the PLGA
scaffold, composite scaffold consisting of PLGA and natural bone
component HA has better mechanical strength and bone conductivity.
By adjusting the feed ratio of PLGA and HA and introducing the PBLG,
researchers obtained a composite scaffold with the balanced mechan-
ical and biological properties. PLGA is also combining with other in-
organic materials, such as CP and BG, thereby promoting the me-
chanical properties and increasing the bone tissue binding capacity to
support local bone repair. AKR, CNTs, and MgOH are also combined
with PLGA to improve bone repair effects by locally releasing silicon
ions, promoting the osteogenic differentiation process and adjusting the
local acidic environment. On this basis, the PLGA composite scaffold
implanted with stem cells and drugs obtains an enhancing bone repair
effect.

Considering the advantages of PLGA artificial bone-substitute ma-
terials mentioned above, they have great potential in clinical applica-
tion. However, several obstacles require to be conquered in future
studies. In terms of scientific research, firstly, the process of bone for-
mation is affected by the balance of osteoblast and osteoclast activity.
But existing studies only focus on the businesses of osteoblasts, lacking
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studies focuses on the activities of osteoclasts. Additionally, the de-
gradation of PLGA will cause a local acidic microenvironment, which is
harmful to cell proliferation and bone repair. Since PLGA with different
ratios of lactic acid and glycolic acid have different degradation rates,
the faster the degradation rate, the more significant the impact. It is
possible to solve this problem by introducing alkaline components into
the composite materials. For example, add Mg or Mg alloy to the
scaffolds, or mix alkaline inorganic salt components in the materials. It
will further improve the bone repairability of the scaffold. Moreover,
some of the bioactive factors currently used in combination with scaf-
folds are derived from animals and have limited efficacy in the clinic.
Hopefully, the problem may be solved through the combined applica-
tion of autologous PRP transfusion and autologous stem cell transfusion
technology.

In terms of clinical translation, firstly, there have been several stu-
dies on the influence of PLGA-based scaffolds porosity, mechanical
properties, and other factors on bone defect repair, but no consensus
concerning the optimal values, which is very critical for future clinical
applications. Besides, the conditions of clinical bone defects are diverse.
At present, there is no studies on the indications and contraindications
of PLGA-based scaffolds applied in the treatment of bone defects. This is
a critical step in the transition of PLGA-based scaffolds from laboratory
to the clinic. In addition, personalized therapy becomes a research
hotspot. The areas and shapes of bone defects in each patient are dif-
ferent in clinical practice, but the design of current PLGA-based artifi-
cial bone materials hardly meets the needs of each patient. Fortunately,
relying on the computer design and the advanced 3D printing tech-
nology, scaffolds adapted to different positions, shapes, and mechanical
requirements may be expected to solve this problem. Finally, the cur-
rent production technology of PLGA-based artificial bone materials is
still facing many limitations, such as small production scale and low
efficiency. These problems limited the clinical application of PLGA-
based artificial bone materials and increasing the economic burden on
patients. Therefore, it is necessary to simplify the manufacturing pro-
cess and improve the yield and quality of scaffolds.

In summary, more studies are needed for the development of PLGA-
based artificial bone-substitute materials to become ideal artificial bone
sources for clinical application.
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