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A B S T R A C T

Objectives: The polyester/hydroxyapatite (polyester/HA) composites play an important role in bone tissue
repairing, mostly because they mimic the composition and structure of naturally mineralized bone tissue. This
review aimed to discuss commonly used geometries of polyester/HA composites, including microspheres,
membranes, scaffolds and bulks, and their applications in bone tissue repairing and to discuss existed restrictions
and developing trends of polyester/HA.
Methods: The current review was conducted by searching Web of Science, and Google Scholar for relevant studies
published related with polyester/HA composites. Selected studies were analyzed with a focus on the fabrication
techniques, properties (mechanical properties, biodegradable properties and biological properties) and applica-
tions of polyester/HA composites in bone repairing.
Results: A total of 111 articles were introduced to discuss the review. Different geometries of polyester/HA
composites were discussed. In addition, properties and applications of polyester/HA composites were evaluated.
The addition of HA into polyester can adjust the mechanical and biodegradability of composites. Besides, the
addition of HA into polyester can improve its osteogenic abilities. The results showed that polyester/HA com-
posites can ideal candidate for bone tissue repairing.
Conclusion: Polyester/HA composites have many remarkable properties, such as appropriate mechanical strength,
biodegradability, favorable biological properties. Diverse geometries of polyester/HA composites have been used
in bone repairing, drug delivery and implant fixation. Further work needs to be done to investigate existed re-
strictions, including the controlled degradation rate, controlled drug release performance, well-matched me-
chanical properties, and novel fabrication techniques.
The translational potential of this article: The present review reveals the current state of the polyester/HA com-
posites used in bone tissue repairing, contributing to future trends of polyester/HA composites in the forthcoming
future.
1. Introduction

Bone-related diseases derive from skeletal diseases, infections,
congenital malformations or trauma, which can lead to permanent
damage to many patients and make the treatment of bone-related disease
a clinical challenge [1]. Nowadays, the golden standard for treating bone
defect is autograft or allograft [2]. Autograft is more attractive because
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there is no immune reaction in therapy. Whereas, the development of
autograft is hampered by restricted availability and potential morbidity
at donor sites. Allograft is more readily available, but there is a risk of
disease transmission, immunogenicity and high incidence of non-union
healing [1].

To solve problems mentioned above, as an alternative strategy, arti-
ficial bone repairing materials have been developed [3–6]. The
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commonly used bone repairing materials mainly include polymer mate-
rials, inorganic materials, metals and their composites [7]. Among
polymer materials, polyesters such as poly(lactic acid) (PLA) [8], poly-
caprolactone (PCL) [9,10], poly(lactide-co-glycolide) (PLGA) [11,12],
Poly(L-Lactic Acid) (PLLA) [13] and their composites have attracted
much attention because of their excellent biodegradability and biocom-
patibility. These polymers have no toxicity to human body and with
America Food and Drug Administration (FDA) approval. They can
degrade within body gradually, with no residue, no stimulation and no
toxic side effects to tissues. In addition, through adjusting molecular
weight, choosing different polymerization methods and forming
methods, the degradation rate and the mechanical properties of these
biodegradable polymers can be controlled and adjusted to fulfill various
clinical needs. However, there are some drawbacks with polyester, single
polyester material has low mechanical strength, no biological activity,
and the degraded acid products are not conducive to the growth of cells
and tissues.

To handle with the above-mentioned problems, commonly, the
addition of bioceramic components into polyester can significantly
improve its mechanical strength, bioactivity and regulate the acidic
microenvironment brought from the acidic degradation products of
polyesters to induce bone formation and prevent the inflammatory re-
actions [14]. Hydroxyapatite [Ca10(PO4)6(OH)2, HA] has a similar
inorganic composition with natural bone tissues along with high me-
chanical strength, bioactivity, osteoinductivity, and osteoconductivity
[15–17]. In addition, its medical products such as screws [18], plates
[19] strongly connect to natural bone in vivo. These characteristics make
HA an ideal biomaterial for bone repairing and common bioactive filler
used in biocomposites.

To meet different needs of clinical applications, biocomposites have
been produced in variety of geometries such as microsphere, membrane,
scaffold and bulk. A serious of techniques have been adopted to fabricate
polyester/HA composites, including electrospinning [20],
three-dimensional printing (3DP) [21], freezing emulsions [22], solvent
evaporation method [23], injection molding [24], and forging [25], etc
(Fig. 1). This review attempts to present a comprehensive study on pol-
yester/HA composites. It will provide a comprehensive compendium
regarding the main aspects of polyester/HA research, including the
Fig. 1. Geometries, fabrication techniques, properties and applications for
polyester/HA composites.
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fabricating techniques, properties such as mechanical properties, biode-
gradable properties, biological abilities and applications of the poly-
ester/HA composites. Furthermore, future trends of polyester/HA
composite such as improving mechanical properties, controlling degra-
dation rates and the functionalization of the polyester/HA composite will
be discussed. We hope that this review can and, therefore, stimulate their
future development and biomedical applications.

2. Fabrication techniques to control various geometries of
polyester/HA composites

To achieve desired bone repairing effect, polyester/HA composites
have been fabricated into diverse geometries to satisfy different re-
quirements during bone repairing process. Table 1 Summarizes various
geometries and fabrication techniques for polyester/HA composites.

2.1. Microsphere

Microspheres are kinds of materials which in the form of spherical
particles or hollow spheres. It is suitable for bone defect filling. The main
advantage of this kind of material is injectable. Compared to 3D scaffolds,
they can be used to repair bone defects with noninvasive or minimally
invasive surgeries. Besides, it can fill irregularly shaped bone defects
easily [26]. Due to their stable properties, they can be used as protective
carriers for various biological factors, drugs and cells when used in bone
repairing process. Furthermore, microspheres have high specific surface
area, so they can provide large attachment surface for cells and promote
the transformation of nutrients and oxygen through the space layered by
microspheres. Therefore, they can be wildly applied in bone tissue
repairing and pharmaceutical fields. Since microspheres have great
physical and biological properties, many techniques have been adopted
to fabricate different kinds of microspheres.

2.1.1. In-situ biomimetic mineralized deposition method
In-situ biomimetic mineralized deposition method is to immerse

polyester microspheres in certain aqueous solution and utilize strong
affinity of materials towards Ca2þ in solution [27,28]. Through this
method, a uniform mineralization layer can be formed on the surface of
polyester microsphere.

Aminated modified PLA/nanocrystalline HA (EPLA/nHA) composite
microspheres were constructed for drug delivery via the biomimetic
mineralized deposition method [29]. Firstly, EPLA microspheres were
immersed in Ca(NO3)2 solution. Secondly, the mineralization and crys-
tallization process of nHA crystals on the surface of EPLA microspheres is
achieved by separating the Ca2þ-absorbed microspheres from the solu-
tion and then immersing them in K2HPO4 solution. Lastly, the EPLA/nHA
composite microspheres were obtained by filtration.

2.1.2. Freezing emulsions
Freezing emulsion method is a way which used to fabricate porous

microspheres through controlling the freezing of emulsions. During
freezing, emulsified droplets are converted into solid microspheres and
solvent phase is removed through freeze drying. The frozen solvent mi-
crospheres are trapped in the matrix of water - soluble polymer, which
supports the polymer matrix to remain solidified until it is removed by
the succeeding freeze - drying process. Therefore, there is no problem of
microsphere accumulation during solvent removal.

Moreover, porosity of the microspheres can be tuned simply through
varying the internal emulsion phase or the concentration of the freeze -
drying conditions. In addition, unique aligned porous microspheres can
be achieved by applying a high temperature gradient across the emulsion
droplets [30]. Aligned porous PCL/HA composite microspheres have
been fabricated by Kim et al. [22] using freezing emulsions method. In
this method, firstly, PCL/HA solutions with different HA ratios were
poured into the fabricated PVA aqueous solution and stirred at room
temperature. The beaker containing the mixed solution was then



Table 1
Fabrication techniques of different geometries for polyester/HA composites.

Types Fabrication
methods

Categories
of polyester

Remarks for
fabrication methods

Ref

Microsphere In-situ biomimetic
mineralized
deposition
method

PLA *Form uniform
mineralization layer.

[29]

*Long mineralization
time.

Freezing
emulsions

PCL *Varying the
concentration of the
freeze-drying
conditions or the
internal emulsion
phase, the porosity in
the microparticles
can be tuned.

[22]

*Unique aligned
porous
microparticles can be
achieved by applying
a high temperature
gradient across the
emulsion droplets.

Solvent
evaporation
method

PCL *Fabricate
microspheres by
removing the volatile
solvent of dispersed
phase from the
emulsion.

[31]

*Size of the
microspheres can be
controlled within the
nanometer range.

Electrospinning PLGA *Simpler and more
convenient.

[32]

*The condition of
microspheres
fabricating was mild
and applicable to
adding the bioactive
substance.

Membrane Phase inversion
method

PCL *Simple operation,
simple membrane
making process and
easy control of
membrane structure.

[35]

*Polymer changes
from liquid to solid
by adding non-
solvent into the
polymer.

Air jet spinning PLA *Does not need any
large equipment and
has a low running
cost.

[36]

*Based on the use of
pressurized gas being
dispensed at extreme
velocity.

Electrospinning PLA *Present a high
surface-to-volume
ratio.

[42]

*Controllable
porosity.
*Excellent
mechanical
properties.

Freezing
extraction method

PLLA *The solvent and the
polymer crystallize
in the polymer-poor
phase and the
polymer-rich phase,
respectively.

[45]

Scaffold Electrospinning PCL *Have an extremely
high surface-volume
ration and a complex
porous structure

[55]

Table 1 (continued )

Types Fabrication
methods

Categories
of polyester

Remarks for
fabrication methods

Ref

with excellent pore-
inter connectivity.

3DP PLA, PCL *Fabricate
personalized
biological scaffolds
with high
dimensional
accuracy and
complex structure.

[21]

PLA *Customized shape,
tailored pore size/
porosity, tuned
mechanical
properties.

[60]

*Flexibility in
materials handling
and processing
*High mechanical
properties.

Thermal induced
phase separation
technique

PLLA *Achieve polymer
foams with porosity
over 95%and pore
diameter from 1 to
100 μm.

[61]

Pickering
emulsion
templating

PLLA *Simplicity and
versatility.

[65]

Particulate
leaching method

PLG *Adjusting the size
and proportion of the
soluble particles,
scaffold with
different properties
can be fabricated.

[66]

Bulk Injection molding PCL *Materials with
specific shapes and
sizes.

[24]

Forging PLLA *Obtain forgings
with certain
mechanical
properties, certain
shape and size.

[25]

*Porosity and other
defects generated
during the
preparation of
materials can be
eliminated.

3DP PLA *Simple operation. [67]
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immersed in liquid nitrogen and frozen for 1 h to completely freeze the
emulsion, then freeze dried for 12 h to remove the organic phase and
water, and finally the microspheres were obtained by filtering and
washing.

2.1.3. Solvent evaporation method
Solvent evaporation method is a method to fabricate microspheres by

removing the volatile solvent of dispersed phase from the emulsion. The
size of the microspheres can be controlled within nanometer range.
Usually, the solvent evaporation method is based on the properties of the
solvent and the polymer to produce oil/water (O/W), oil/water/oil (O/
W/O), water/oil (W/O), water/oil/water (W/O/W), and emulsion sys-
tems. After the stable emulsion is formed, the organic solvent is diffused
into the continuous phase and evaporated through the interface between
the continuous phase and the air by means of heating, decompressing
extraction or continuous stirring. Meanwhile, the microspheres are so-
lidified gradually and the final microspheres along with the drug - loaded
microspheres can be obtained through filtration, cleaning and drying.

Cheng et al. [31] fabricated hollow poly (lactic-co-glycolic acid)/-
HA/calcium carbonate (PLGA/HA/CC) microsphere via emulsion solvent
evaporation method. Firstly, PLGA was dissolved in dichloromethane to
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form homogeneous solution. Then, a well dispersed slurry was obtained
by adding HA particles into above mentioned solution with stirring.
Subsequently, the slurry was added into poly (vinyl alcohol) (PVA) so-
lution. Finally, solid PLGA/HA/CC microspheres were collected through
washing and lyophilizing (Fig. 2).

2.1.4. Electrospinning
Electrospinning is a method of forming microspheres by means of

high voltage electrostatic field. In electrostatic field, the polymer liquid at
low velocity delivered to the top of the capillary, a high voltage is applied
to the top of the capillary and electrode. Because electrostatic charges
concentrate on the surface of the droplet which suspended at the top of
the capillary tube, the mutual repulsion of the same charges elongate the
droplet, and at the appropriate voltage and velocity, the droplet deforms
into a cone. A trickle of liquid arises at the top of the cone and splits into
numerous tiny droplets. Finally, microspheres are formed through
quickly dried or cooled liquid polymer droplets. Liu et al. [32] fabricated
3, 4 – dihydroxyphenylalanine – insulin - like growth factor �1 (DOP-
A-IGF-1) coated HA/PLGA microspheres by electrospinning. Firstly,
HA/PLGA solutions with different HA proportions were fabricated. Then,
the fabricated working solution was absorbed with a syringe and placed
in the propeller. Meanwhile, the receiving solution was placed under the
nozzle. The target microsphere can be fabricated by adjusting the
voltage, distance between the nozzle and the receiving solvent, and the
propulsion speed.
2.2. Membrane

Membrane materials have been widely applied to meet different
clinical needs, Guide bone regeneration (GBR) membrane such as arti-
ficial periosteum membrane is often used to induce bone tissue regen-
eration in defect sites. In dental field, GBR is an effective approach for
bone tissue augmentation to address insufficient bone volume around
dental implants [33]. Besides, artificial periosteal materials were
Fig. 2. (A) Formation process of superficial open macropores and (B) hollow struc
sphere: (C, D) morphologies images and (E) cross-section images [31].
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developed based on the structural and functions of the periosteum. It not
only provides stable space for new bone formation but also prevent soft
tissues from penetrating into bone defects areas and assist anatomical
bone reconstruction.

However, there are some drawbacks to GBR membranes, such as lack
of sufficient mechanical strength, bioactivities and suitable degradation
profile [34]. To overcome these problems, polyester/HA composites have
been fabricated as GBR membranes to realize excellent bone regenera-
tion effect. There are several methods have been developed to fabricate
polyester/HA composite membranes including phase inversion method-
ology, air jet spinning, electrospinning and freeze extraction method.

2.2.1. Phase inversion method
Phase inversion method is one of the most used film forming methods

because of its simple operation, making process and easily controlling the
structure of membrane. Phase inversion is mainly a process in which the
polymer changes from liquid to solid by adding non-solvent into the
polymer. This curing process is firstly initiated by the transformation of a
homogeneous liquid into two layered liquids. When the stratification
reaches a certain degree, one of the liquids solidifies and finally forms a
solid body.

Functionalized PCL/HA composite membranes for bone repairing
were fabricated by Basile et al. [35] using solvent - non phase inversion
methodology. Firstly, HA nano - whiskers were predispersed into a little
amount of CHCl3 through sonication, and the dispersion was then added
to the polymer solution with stirring for 30 s. Secondly, the mixture was
poured into a glass petridish and then the dish was immersed in a hexane
contained bath rapidly. A thin skin was formed by the gradual solidifi-
cation at the interface between the polymer solution and the hexane.
Finally, the hardened polymer membrane was received 2 h later.

2.2.2. Air jet spinning (AJS)
As a fresh and facile composite fabricating technique, air jet spinning

(AJS) can produce multifunctional materials used in tissue repairing and
ture in PLGA/HA/CC microspheres. (C-E) SEM images of PLGA/HA/CC micro-



Z. Fu et al. Journal of Orthopaedic Translation 28 (2021) 118–130
tissue engineering fields from biodegradable polymers to bioactive ce-
ramics. Compared with electrospinning, AJS has the advantages of not
requiring large equipment and low operating cost. It stretches a polymer
solution into thin fibers by forcing a pressurized gas out of the nozzle at
high velocity. Meanwhile, the solvent starts evaporating and the fibers
are deposited onto a substrate gradually.

Abdalla et al. [36] fabricated PLA/HA hybrid nanocomposite mem-
brane by AJS. For the preparation of the solution, PLA was dissolved in
dichloromethane (DCM) solvent. Then the synthetic HA powder was
mixed with the fabricated PLA solution and stirred for 24 h. These so-
lutions were deposited using a custom designed airbrush spraying device
at room temperature. Then, hybrid nanocomposite membrane was ach-
ieved (Fig. 3).

2.2.3. Electrospinning
As an emerging and booming technology to fabricate micro -/nano -

fibers, electrospinning technique has arisen great attentions [37–39].
Electrospinning is a unique fiber fabricating process [39]. Under the
action of electric field, when the electric field force of the droplet at the
tip of the needle is greater than its surface tension, the droplet will
change from spherical to conical shape called "Taylor cone", and fibers
are produced by the cone tip extension [40]. It can produce materials
with high specific surface area which provides more space for cell
attachment. In addition, the excellent mechanical properties of the
electrospinning membrane ensure that it can withstand the mechanical
forces during regeneration process [41].

According to the research of Chuan et al. [42], taking poly(D - lactic
acid) (PDLA) grafting and enantiomer PLA as raw materials, composite
nanofiber membranes which are based on stereocomplex PLA and
compatible with bone marrow stem cells (BMSCs) were fabricated by
electrospinning technology. For the preparation process, mixture was
made by dissolving HA and PLA into a solvent. Afterwards, nanofiber
membranes were fabricated by an FM - 1206 electrospinning machine
with collected distance of 12 cm, electrospinning voltage of 18–19.5 KV,
flow rate of 1.1–1.5 ml/h, and total collection time of 4 h for each
membrane.

2.2.4. Freezing extraction method
The freeze extraction method based on the solvent and the polymer

crystallize respectively in the polymer - rich phase and the polymer - poor
phase, producing a similar effect to phase separation [43]. Thus, a porous
morphology can be achieved by removing the crystallized solvent with
the help of a good solvent. To enhance the bioactivity, these membranes
can be modified by plasma treatment [44]. According to the research of
Fig. 3. (A-C) Schematic diagram: (A) Air jet apparatus, (B) collected mat and (C) fab
mats [36].
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Deplaine et al. [45], PLLA/HA composite membranes with various HA
content for bone regeneration were fabricated using freezing extraction
method. Firstly, dispersed HA nano-powder in dioxane by ultrasonic
technology. Secondly, PLLA was added into the mixture and stirred until
completely dissolved. Thirdly, poured the PLLA/HA solution into the
Teflon molds and frozen with liquid nitrogen. Lastly, the porous structure
was obtained by extracting dioxane in a cold ethanol bath. After
extraction, membranes were dried in air atmosphere.

2.3. Scaffold

Scaffolds are one of the most common orthopedic application mate-
rials. The 3D structure is conductive to fill the bone defect arising from
postoperative defect, trauma, infection, neoplasm and failed arthroplas-
try [46]. Besides, 3D scaffolds can well mimic the structure of extracel-
lular matrix (ECM) which is beneficial to cell adhesion and migration
[47,48]. Porous 3D construction is conducive to the transport of nutri-
ents, intravascular growth and waste discharge [49]. Thus, polyester/HA
composite scaffolds are widely used in bone repairing and bone tissue
engineering fields. Herein, we briefly introduce some common strategies
for fabricating polyester/HA compose scaffolds.

2.3.1. Electrospinning
As mentioned before, electrospinning can produce fibers from nano-

scale to microscale continuously [50–52]. Scaffolds produced by elec-
trospinning with porous 3D network structure and excellent pore
interconnection [53,54], which will facilitate the migration of cells into
the electrospinning scaffold and the transportation of nutrients. These
characters make electrospinning become one of the most effective
method to produce bone repairing scaffold materials.

Hu et al. [55] fabricated PLA/HA@polydopamine (PLA/HA@PDA)
composite scaffold via electrospinning technique. A well dispersed
HA@PDA suspension solution was obtained by putting HA@PDA nano-
particles into 20ml CHCl3/DMFmixed solvent with ultrasonic treatment.
Then, homogeneous PLA/HA@PDA electrospinning solution was ob-
tained through putting PLA particles into solution mentioned above and
oscillated. The electrospinning machine was used to fabricate the PLA,
PLA/HA and PLA/HA@PDA composite nanofibers via adjusting the
collected distance, electrospinning time, humidity, electrospinning
voltage, injection rate and environment temperature (Fig. 4).

2.3.2. 3D printing (3DP)
3DP technology, also be called as rapid prototyping and additive

fabricating, using the principle of ordinary printer [56]. Through
rication process diagram. (D) H-PLA and (E) H-PLA/HA0.3 membrane composite



Fig. 4. (A) Schematic illustration of the fabrication method for PLA/HA@PDA composite nanofiber scaffold. SEM (B, D, F) and energy spectrum (C, E, G) of PLA (B, C),
PLA/HA (D, E), and PLA/HA@PDA (F, G) composite nanofibers [55].
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controlling the computer, materials are accumulated layer by layer, and
finally the 3Dmodel in the computer is turned into a physical object [57].
It can fabricate personalized biological scaffolds with high dimensional
accuracy and complex structures. Materials fabricated by 3DP technique
have the following advantages: customized pore size/porosity, tailored
shape and tunable mechanical properties, etc. [58]. Thus, it is an
attractive and promising technology in the fabrication of bone repairing
materials [59]. Hassanajili et al. [21] fabricated PCL/PLA/HA composite
scaffolds using 3DP technology. The morphology, porosity, degradation
rate and mechanical properties of the composite scaffolds can be
controlled by optimizing synthesis parameters.

Fused deposition modelling (FDM) is another usual 3DP method. The
working principle of FDM is to melt filaments of thermoplastic materials
through the nozzle and then the liquid material in the molten state is
squeezed out and solidified. PLA/HA scaffolds using HA microsphere as
inorganic fillers were fabricated by Corcione et al. [60] through FDM.
Firstly, composite PLA/HA filament used for 3D printing was made
through a twin-screw counter rotating extruder. After that, 3D samples
were then fabricated through a FDM printer under the set parameters.

2.3.3. Thermal induced phase separation method
The aim of thermal induced phase separation method is to dissolve

the polymer in the solvent with high boiling point and low volatility at
high temperature to form a uniform solution. Then, phase separation was
achieved by freezing solution. Finally, the volatile reagent was used to
extract the high boiling point solvent to obtain the material with certain
structure and shape.

Thermal induced phase separation technique has been adopted by
Szustakiewicz et al. [61] to fabricate PLLA/HA composites. Briefly, the
composites of PLLA/HA were obtained in 1,4-dioxane with stirring for
24 h. Then, added NaCl into PLLA/HA solution and held the mixture in a
freezer. Afterwards, transferred the frozen samples to freeze - dryer vessel
and removed the solvent. Salt can be removed by putting the dried
123
samples in demineralized water. After leaching, the scaffolds with pre-
supposed structure were obtained.

2.3.4. Pickering emulsion templating
Pickering emulsion is a kind of solid particle - stabilized emulsion

[61–63], which can keep the emulsion stable through the barrier formed
by solid particles almost irreversibly adsorption on the liquid–liquid in-
terfaces to prevent coalescence [64]. The preparation process can be
divided into two parts: firstly, a pickering emulsion was fabricated.
Secondly, the emulsion continuous phase was solidified. In order to
investigate the possibility of materials used for bone repairing and bone
tissue engineering, PLLA/HA composite scaffolds have been fabricated
by Hu et al. [65] via solvent evaporation from templating water-in-oil
(W/O) pickering emulsions. Firstly, the calculated amount of HA nano-
particles was dispersed in CH2Cl2 solution of PLLA through ultra-
sonication. Secondly, a W/O pickering emulsion was obtained by adding
water into the above - mentioned dispersion with homogenization
treatment. Thirdly, samples were fabricated by pouring the pickering
emulsion into cylindrical molds and placed it in a shaker to allow solvents
to evaporate. Lastly, the residual solvent was removed by drying the
fabricated scaffolds in a vacuum oven at room temperature.

2.3.5. Particulate leaching method
Particle leaching is a common method for preparing porous scaffolds.

Usually, soluble particles are added into the scaffold materials, after the
composite material is formed, scaffold with porous structure can be ob-
tained by washing the soluble particles with corresponding solvent. By
adjusting the size and proportion of the soluble particles, scaffold with
different pore size and porosity can be fabricated. Boehler et al. [66]
fabricated PLG/HA composite scaffold using particle leaching method
with salt as the soluble particles. Briefly, PLG microspheres were created
with emulsion method. Then, the mixtures of HA, PLG and NaCl with
various ratios were pressed to 1000 psi in a 5 mm KBr die using a carver
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press. High pressure CO2 gas in a pressure vessel was used to equilibrate
the scaffolds and fuse scaffolds during pressure release. Lastly, salt
removal was carried out by leaching the scaffolds in water.
2.4. Bulk

Fracture often occurred in children and the old, it’s the continuity of
the phalanx structure completely or partially broken. When a fracture
occurs, a fixation device is usually used to keep the fracture in place in
order to avoid further injury and restore motor function. Bulk materials
with proper mechanical strength make it suitable for fixing fracture sites.
Recently, bulk materials with remarkable mechanical properties have
been developed by different methods.

2.4.1. Injection molding
Injection molding is a common and simple material forming tech-

nology, which allows materials with specific shapes and sizes. Injecting
the fabricated materials into the mold, and the materials cool down with
time or the solvent evaporates, then, materials with ideal characters can
be fabricated.

Zhang et al. [24] fabricated an osteo-regenerative, fast-fixing,
biomechanically robust bone screws via injection molding based on PCL
matrix. Firstly, the dried PCL - diol and 4, 4-methylenebis (phenyl iso-
cyanate) (MDI) were poured into a vessel and followed by reacting at 85
�C for 2h to form a polyurethane (PU) oligomer. Then HA nanoparticles
were dispersed into the solution to form composite solution. Subse-
quently, the composite solution was placed in a designed silicon mold to
achieve the shape memory polymer/HA (SMP/HA) screw (Fig. 5).

2.4.2. Forging
Forging is a kind of machining method which uses forging machinery

to exert pressure on materials and causes plastic deformation of materials
to obtain forgings with certain mechanical property, shape and size.
Through forging, porosity and other defects generated during the prep-
aration of materials can be eliminated, the microstructure can be opti-
mized, and the mechanical properties of materials can be improved.
Fig. 5. Components in the shape memory polymer composite (SMPC) screw (A) a
composites; (2) SMPC screw; insert schematic of corresponding surface [24].
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According to Shikinami et al. [25], PLLA/HA forged composites were
used to fabricate bioresorbable devices. For preparation process, the
method of adding ethanol dropwise into a PLLA/dichloromethane solu-
tion was adopted to precipitate polymer solution to collect the small
granules of uniformly distributed HA microparticles within a PLLA ma-
trix. Then, a thick billet was made by extruding these granules. After this,
a thin billet without fibrillation was achieved by forging billet mentioned
above through a process for compression molding. Lastly, a lathe was
used to cut thin billet into devices with various sizes and shapes.

2.4.3. 3D printing (3DP)
As mentioned before, 3DP technology has great flexibility in material

fabricating. According to Yeon et al. [67], PLA/HA/silk composites have
been fabricated for internal bone fracture fixation. For preparation pro-
cess, HA was mixed with PLA to fabricate PLA/HA filament. After that,
the fabricated PLA/HA mixture was placed in a filament maker and
dispensed it via a steel nozzle at 170 �C to make the PLA/HA composite
filaments. Then, the achieved composite filaments were heated to 170 �C.
Finally, the extrusion process was carried via a ceramic nozzle using a 3D
printer.

3. Properties of polyester/HA composites and their controlling
methods

Materials used in bone repairing must meet some restrictive condi-
tions, such as appropriate mechanical strength, biodegradation rate and
biological properties. Different preparation methods and the amount of
HA component will affect the properties of polyester/HA composites
[68]. Table 2 summarizes the properties and controlling methods of
polyester/HA composites.
3.1. Mechanical properties

Mechanical properties refer to the mechanical characteristics of ma-
terials under various external loads and different environments. Proper
mechanical strength is essential in bone repairing, since high mechanical
nd (B) SEM images of: (1) shape memory polymer composite (SMPC) and its



Table 2
Properties and controlling methods of polymer/HA composites.

Properties Preparing
methods

Current situation Strategies Remarks for properties Ref

Mechanical
properties

Phase separation
technique

*Adding HA increases the brittleness
and decrease the toughness of the
composite.

*Choose polyesters with high crosslinking
degree or high molecular weight.

*Proper mechanical strength is
essential in bone repairing.

[72]

Biodegradable
properties

Electrospinning *Through drug releasing, structure
design or surface treatment to promote
bone repairing and achieve the
unification of degradation rate and bone
repairing rate.

*Choose or synthesis materials that are
naturally degradable.

*Be self-degraded in the body, and do
not produce toxic substances, do not
need to be removed again, to avoid
secondary injury.

[77]

Mineralization
abilities

Electrospinning *Apatite formed on the surface of
composites

*Calcium or phosphorus was added to the
material to induce the precipitation of
element ions to form HA.

*Favorable for calcium and
phosphonium ion deposition.

[80]

Cytocompatibility 3D printing *Nanoscale material structure is more
conducive to cell adhesion and
migration.

*Plasma surface modification, dopamine
modification and surface chemical
grafting are beneficial to promote the
cytocompatibility of materials.

*The cytocompatibility is the primary
condition for the material to be used as
biomedical materials.

[87]

*Pore forming materials are beneficial to
fabricate materials with porous structure.

Osteogenic ability 3D printing *Higher osteogenic ability can be found
in HA-adopted composites.

*The osteogenic differentiation rate can
be improved by releasing inducing
factors.

*Promote bone regeneration and
shorten healing time.

[92]
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strength of material may cause stress shielding, while the lowmechanical
strength of materials may make the materials fail to achieve good sup-
porting effect [69]. Generally, single polyester material is hard to meet
the mechanical requirements for bone repairing, while the addition of
HA could efficiently increase the mechanical properties of composite
biomaterials [70]. Composite materials with different mechanical prop-
erties can be prepared by adjusting the proportion of HA. Besides, the
performance of the interface between HA and polyester matrix can
greatly influence the mechanical properties of composites [71]. The key
to ensure the effective transfer of load from the polymer matrix to HA is
to ensure a good interfacial bonding between them. Good interfacial
bonding can reduce stress concentration and improve the mechanical
properties of composites.

Wei et al. [72] fabricated HA/PLLA composite scaffolds using a phase
separation technique. The results showed that the compressive modulus
of HA/PLLA composite scaffolds increased with the content of HA
increased. Besides, when the content of HA increased to 30%, the
compressive modulus of the composite material increased significantly.
Furthermore, when the ratio of HA to PLLA was 50:50, the compression
modulus reached 8.3 MPa.

3.2. Biodegradable properties

Biodegradation of materials in vivo can avoid secondary surgical
injury and can provide growth space for new bone [73]. However, too
fast or too slow degradation rate is detrimental to bone repairing. Be-
sides, during every stage of bone repairing process, the rate of bone
repairing is different. This means it is essential to fabricate materials
which the degradation rate can match the bone repairing rate [21].
Research has shown that the addition of HA into polyester can hinder the
degradation of the composite [74]. Generally, with the increase of water
absorption, the degradation degree will be deepened and the degradation
rate will be accelerated [75,76]. Usually, phosphate buffered saline (PBS)
solution was used to study the degradation behavior of the developed
composite scaffolds [77,78].

According to the research of Song et al. [77], compared with pure
PLGA film, composite film has higher weight loss. The addition of hy-
droxyapatite grafted poly(l-lactide) (HA-g-PLLA) nanoparticles into
electrospinning PLGA fiber membrane enhanced the hydrophilicity and
water absorption of the whole material. In addition, the addition of
HA-g-PLLA nanoparticles could prevent the matrix crystallization to a
certain extent, which was conducive to degradation. Thus, increasing the
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content of HA-g-PLLA nanoparticles can accelerate the rate of weight
loss.

3.3. Biological properties

3.3.1. Mineralization abilities
Simulated body fluid (SBF) is a fluid that mimics the plasma and pH

value of human body. It is widely used to test the mineralization ability of
synthetic materials and indirectly evaluates the osteogenic ability or
bone-bonding ability of materials, which is an effective method to predict
the osteogenic activity of materials in vivo [79]. The addition of HA into
polymer matrix could accelerate the formation of apatite on composite
biomaterials [80].

According to Bhattacharjee et al. [80], non-mulberry silk fibroin
grafted poly (Є-caprolactone)/HA (NSF - PCL/HA) nanofibrous scaffold
has been fabricated via electrospinning technique. The nanofibrous
matrices was incubated in SBF solution for 2 and 3 weeks and shaken
continuously in a water bath at 37 �C for immersion study. Compared to
nHA/NSF-PCL composite scaffolds, there was less amount of CaP pre-
cipitation visible on NSF-PCL scaffold. Indicated that the incorporation of
HA component has a good effect on osteogenesis.

The novel polyester/HA composites were competitive candidates for
bone repairing with enhance mechanical properties, tunable biodegrad-
able properties and well biological properties. However, the matching of
degradation rate and osteogenesis rate remains to be further studied.
Therefore, more researches should be conducted to shed light on this
tissue.

3.3.2. Cytocompatibility
The first requirement for biomedical materials is that they are

harmless to living organisms. It is important to test the biological prop-
erties of composites. Generally, the cytocompatibility of a material is
characterized by seeding it with cells and testing how the cells react to
the material. Usually, MG63 [81], Human bone marrow cells (HBMSCs)
[82], osteoblastic MC3T3-E1 cells [83], rat bone marrow cells (rBMSCs)
[84], Saos-2 osteoblast-like cells [85], primary human osteoblasts [86]
were used to detect the cytocompatibility of polyester/HA composites.

Liu et al. [87] cultured the rat BMSCs on 3D printed PCL/HA scaffold
to test the cytocompatibility. The results showed that better proliferation
behavior was found on PCL/HA scaffold than that on bare PCL scaffold.
According to the fluorescence result, BMSCs were successfully attached
to the scaffolds with the round shape after 1 day of cultivation. With time
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passing, the number of cells on the scaffold showed an increasing trend,
and the morphology of the cells was elongated and expanded. These
results indicate that 3D printed bone scaffolds have good biocompati-
bility, and the addition of HA can promote the proliferation of BMSCs.

3.3.3. Osteogenic abilities
To evaluate the osteogenic abilities of the composite biomaterials,

several osteogenic markers such as alkaline phosphatase (ALP) [88,89],
alizarin red staining (ARS) [90], and the expression of some osteogenic
genes [91] have been investigated. Another method to determine the
osteogenic properties of materials is to characterize the amount of newly
formed bone tissues. Usually, micro-CT scanning, and immunohisto-
chemistry staining and sequential fluorescence staining are adopted to
detect the new bone formation abilities.

Luis et al. [92] fabricated PCL/fibroin/HA porous scaffolds by su-
perficial foaming for bone repairing (Fig. 6). A critical ovarian bone
defect model was used for in vivo testing of the scaffold, and bone
repairing ability was evaluated at the 7th and 14th week after implan-
tation. The results found that there is an excellent biocompatibility be-
tween the scaffold and the host tissue, and no rejection or inflammatory
reaction was observed during the experiment. In each group, foci of
intramembranous ossification appeared in the 7th and 14th week after
implantation. The ossification foci showed newly formed bone trabeculae
with hypertrophic osteoblasts on the surface, surrounded by connective
tissue and fragments of the scaffold. After 7 and 14 weeks of implanta-
tion, the histomorphological analysis of the defect area showed that the
number of ossification foci of the PCL scaffold gradually increased with
time. In addition, after the addition of HA, a greater number of ossifi-
cation foci were found.

4. Applications of polyester/HA composites in bone repairing

4.1. Drug delivery system in bone tissue repairing

Yearly, great efforts have been made to develop novel therapeutic
drugs for the treatment of various diseases, including bone tissue
repairing [93,94]. However, because of their non-specific biological
distribution and rapid eliminated from the body, the efficacy of these
drugs are often diminished [95]. The application of controlled delivery
approaches promising to keep drugs concentrated in target treatment
sites, thus providing more competent and shorter drug treatment with
better selectivity and fewer side effects [96–99]. Biodegradable poly-
meric microspheres are desired materials which suit for acting as drug
Fig. 6. Experimental flow graph (A, B) and Horizontal sections in panoramic view of
weeks after implantation [92].
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carriers, as larger specific surface area allows the microspheres loaded
with more drugs, and they do not require surgical delivery and can be
used directly by subcutaneous or intramuscular injection, simplifying the
operation process. In addition, sustained and long-term drug release at
specific lesion sites can promote tissue repairing and avoid various side
effects of drugs [29]. Vukomanovic et al. [100] fabricated PLGA/HA
core–shell nanosphere as drug delivery carrier. In vitro releasing of the
active substances from the PLGA/HA drug carrier has been studied. Only
1.5% of the drugs were released in the first three days. From day 3 to day
11, the release of clindamycin-2-phosphate increased significantly, while
the release rate of clindamycin was relatively slow. During the third
week, the release pattern leveled off and the release rate of both form of
clindamycin slowed down, and the drug releasing behavior could be
maintained at week 4. These results indicated that PLGA/HA with core -
shell structure is a promising composite material for local drug delivery
in the treatment of infectious bone tissue diseases, thus achieving
controlled drug release.
4.2. Bone tissue repairing

The main goal of bone regeneration engineering is to repair bone
defect sites by fabricating functional replacements. Materials used for
bone repairing can be defined as a synthesis or natural material appro-
priate for interacting with biological systems, with a function to
augment, treat or replace bone defect sites. After the composite materials
are implanted into the bone tissue, as the HA has an affinity for the bone
tissue, it can induce the differentiation of undifferentiated mesenchymal
cells into osteocytes. So, the addition of HA is beneficial to bone
repairing.

Many techniques have been adopted to develop materials with
different geometries for bone repairing. Membrane [101] and scaffold
[102–104] are two common types of materials for bone repairing. Yang
et al. [105] fabricated composite scaffold for promoting bone repairing
and inhibiting bacterial infection using 3DP technique. PLGA particles
and HA powders were mixed to form a uniform paste, then porous stereo
- structured PLGA/HA scaffolds were fabricated layer-by-layer using 3D
printer. In vivo study indicated that chitosan grafted PLGA/HA scaffold
demonstrated great bone repairing effect (Fig. 7).
4.3. Anterior cruciate ligament (ACL) fixation

Anterior cruciate ligament (ACL) is the most important structure to
stabilize the knee joint and the most vulnerable among the ligaments in
the defect site in the different experimental groups, at 7 (C, F) and 14 (D, E, G, H)



Fig. 7. Schematic diagram of the experimental design and protocol (A). Micro - CT reconstructed images of the 3D-printed composite scaffolds (B). Histological images
of rabbits at week 8 (C). The black circular regions indicate bone defect boundary. The black arrowheads indicate degraded scaffolds [105].
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the knee [106,107]. After ACL rupture, the instability of the knee joint
not only affects daily activities and sports, but also causes further damage
to the structures inside the joint. Therefore, in order to restore the
function and structure of the knee joint, it has become a consensus that
the injured ACL needs to be reconstructed. Interface screw is commonly
used in the process of anterior cruciate ligament reconstruction under
arthroscopy. The addition of HA into polyester can enhance the whole
mechanical strength. Zhu et al. [108] combined PLLA and HA to fabri-
cated composites for interface healing using in situ polymerization
method. The addition of HA can neutralize the acidic products degraded
from PLLA, and the best biomechanical and biodegradable properties can
be achieved when the content of HA is 20%. The results showed that the
composite material provides a strong internal fixation and repair effect
on fractures. It is also suitable for the repair of cancellous bone tissue and
can be used as an internal material in orthopedics.

4.4. Implant/fracture fixation

After the bone tumor is excised, the defect will affect the appearance
and have negative psychological impact on the patient. Usually, poly-
methylmethacrylate bone cement [109], synthetic bone materials [110]
and bone autograft are often be used to fill the bone cavity. After the
excision, it is necessary to stabilize the implant especially when the cavity
is concave- or hemispheric - shaped. According to the research of
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Sakamoto et al. [111], unsintered PLLA and HA composite plates/screws
were used to stabilize β-Tricalcium phosphate (β-TCP) bone implants.
The results of the research indicated that the unsintered PLLA/HA
composite plates/screws showed good performance in stabilizing
hard-type β - TCP blocks in the reconstruction of bone tumor resections.
In addition, polyester/HA composites can be used as fracture fixation
materials, as they can be degraded in vivo gradually.

5. Conclusion and outlooks

Polyester/HA composites have many remarkable properties, such as
appropriate mechanical strength, biodegradability, favorable biological
properties, good cell adhesion and interactions, induce tissue repairing,
sustained drug releases, because they mimic the structure and composi-
tion of mineralized tissues. It has been confirmed that diverse polyester/
HA composites fabricated into microparticles, microspheres, membranes,
scaffolds and bulks have been used in bone tissue repairing, drug delivery
and implant fixation. From the results of in vivo and in vitro experiments,
it can be concluded that a satisfactory biocompatibility can be realized by
good adhesion of the surrounding tissues to the surface of the composite
implant after implantation.

Nowadays, there are many questions with regarding to the role of
polyester/HA composites as reformative biomedical materials unan-
swered and unexplored. Much work is needed to analyze the different
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behaviors of cells and their interaction with polyester/HA composites.
Important but unsolved questions can be divided into the following
aspects:

(1) Although many methods have been put forward and studied to
strengthen the mechanical strength of polyester/HA composites,
the ultimate mechanical properties still unsatisfactory when
compared to natural bone tissue. The existing strategies include
crosslinking by chemical, physical and biological method, struc-
ture design, and improving anisotropic strength with aligned HA
wires. More advanced processing methods need to be explored to
enhance the mechanical properties of polyester/HA composites.

(2) Different parts of bone tissue and different regeneration stages
require diverse material degradation rates. Common methods
used to control the degradation rate including change the mo-
lecular weight and crosslinking degree of polyester, the crystal-
linity and composite ratio of HA. However, due to the complexity
of in vivo environment, regulated degradation rate at different
regeneration stages is still a challenge. Thus, more studies should
be carried to investigate the detailed degradation mechanism of
polyester/HA composites in vivo for the development of bone
tissue regeneration engineering.

(3) In order to maximize the biological performance of polyester/HA
composites, it is vital for composite materials mimic the nanoscale
structure and chemical composition of the ECM as much as
possible. Up to now, only devices like electrospinning and 3DP
that can be used for simple mimicking have been developed. For
the forthcoming future, applied devices might be expanded to
wider fields and more breakthroughs are expected.

(4) The further studies might focus on the structure design and
functionalization of the polyester/HA composites to achieve bet-
ter cell biocompatibility, biomechanical compatibility and more
precise control of drug release performance. In summary, poly-
ester/HA composites can be advanced biomaterials and have
wider prospect in biomedical application fields with the advent of
nanotechnology and materials forming techniques.

Declaration of competing interest

The authors declare no conflict of interest.

Acknowledgements

We gratefully acknowledge the supports from the National Natural
Science Foundation of China (81871490, 82072396), the National Key
R&D Program of China (2017YFB1104100), Program of Shanghai Aca-
demic/Technology Research Leader (19XD1434500), Interdisciplinary
Program of Shanghai Jiao Tong University (YG2021ZD12), Shanghai
Collaborative Innovation Center for Translational Medicine
(TM202010), Double Hundred Plan (20191819), and Medical-
Engineering Cross Fund of University of Shanghai for Science and
Technology (10-20-310-402).

References

[1] Sheikh Z, Najeeb S, Khurshid Z, Verma V, Rashid H, Glogauer M. Biodegradable
materials for bone repair and tissue engineering applications. Materials 2015;8(9):
5744–94.

[2] Dou DD, Zhou G, Liu HW, Zhang J, Liu ML, Xiao XF, et al. Sequential releasing of
VEGF and BMP-2 in hydroxyapatite collagen scaffolds for bone tissue engineering:
design and characterization. Int J Biol Macromol 2019;123:622–8.

[3] Abazari MF, Nejati F, Nasiri N, Khazeni ZAS, Nazari B, Enderami SE, et al. Platelet-
rich plasma incorporated electrospun PVA-chitosan-HA nanofibers accelerates
osteogenic differentiation and bone reconstruction. Gene 2019;720:144096.

[4] Diaz-Gomez L, Kontoyiannis PD, Melchiorri AJ, Mikos AG. Three-dimensional
printing of tissue engineering scaffolds with horizontal pore and composition
gradients. Tissue Eng C Methods 2019;25(7):411–20.
128
[5] Rahmani A, Hashemi-Najafabadi S, Eslaminejad MB, Bagheri F, Sayahpour FA.
The effect of modified electrospun PCL-nHA-nZnO scaffolds on osteogenesis and
angiogenesis. J Biomed Mater Res 2019;107(9):2040–52.

[6] Jin S, Sun F, Zou Q, Huang J, Zuo Y, Li Y, et al. Fish collagen and hydroxyapatite
reinforced poly(lactide- co-glycolide) fibrous membrane for guided bone
regeneration. Biomacromolecules 2019;20(5):2058–67.

[7] Pan Q, Li Y, Xu J, Kang Y, Li Y, Wang B, et al. The effects of tubular structure on
biomaterial aided bone regeneration in distraction osteogenesis. J Orthop Transl
2020;25:80–6.

[8] Patel DK, Dutta SD, Hexiu J, Ganguly K, Lim KT. Bioactive electrospun
nanocomposite scaffolds of poly(lactic acid)/cellulose nanocrystals for bone tissue
engineering. Int J Biol Macromol 2020;162:1429–41.

[9] Surucu S, Turkoglu Sasmazel H. Development of core-shell coaxially electrospun
composite PCL/chitosan scaffolds. Int J Biol Macromol 2016;92:321–8.

[10] Cao Y, Yang S, Zhao D, Li Y, Cheong SS, Han D, et al. Three-dimensional printed
multiphasic scaffolds with stratified cell-laden gelatin methacrylate hydrogels for
biomimetic tendon-to-bone interface engineering. J Orthop Transl 2020;23:
89–100.

[11] Kefayat A, Vaezifar S. Biodegradable PLGA implants containing doxorubicin-
loaded chitosan nanoparticles for treatment of breast tumor-bearing mice. Int J
Biol Macromol 2019;136:48–56.

[12] Shi GS, Li YY, Luo YP, Jin JF, Sun YX, Zheng LZ, et al. Bioactive PLGA/tricalcium
phosphate scaffolds incorporating phytomolecule icaritin developed for calvarial
defect repair in rat model. J Orthop Transl 2020;24:112–20.

[13] Yang X, Li L, Yang D, Nie J, Ma G. Electrospun core–shell fibrous 2D scaffold with
biocompatible poly(glycerol sebacate) and poly-l-lactic acid for wound healing.
Adv Fiber Mater 2020;2(2):105–17.

[14] Hench LL. Sol-gel materials for bioceramic applications. State & Materials Science
2017;2:604–10.

[15] Ramesh N, Ratnayake JTB, Moratti SC, Dias GJ. Effect of chitosan infiltration on
hydroxyapatite scaffolds derived from New Zealand bovine cancellous bones for
bone regeneration. Int J Biol Macromol 2020;160:1009–20.

[16] Trakoolwannachai V, Kheolamai P, Ummartyotin S. Development of
hydroxyapatite from eggshell waste and a chitosan-based composite: in vitro
behavior of human osteoblast-like cell (Saos-2) cultures. Int J Biol Macromol
2019;134:557–64.

[17] Mohd Daud N, Sing NB, Yusop AH, Abdul Majid FA, Hermawan H. Degradation
and in vitro cell–material interaction studies on hydroxyapatite-coated
biodegradable porous iron for hard tissue scaffolds. J Orthop Transl 2014;2(4):
177–84.

[18] Sukegawa S, Kawai H, Nakano K, Takabatake K, Kanno T, Nagatsuka H, et al.
Advantage of alveolar ridge augmentation with bioactive/bioresorbable screws
made of composites of unsintered hydroxyapatite and poly-L-lactide. Materials
2019;12(22).

[19] Park B, Jung BT, Kim WH, Lee JH, Kim B, Lee JH. The stability of hydroxyapatite/
poly-L-lactide fixation for unilateral angle fracture of the mandible assessed using
a finite element analysis model. Materials 2020;13(1).

[20] Surmenev RA, Shkarina S, Syromotina DS, Melnik EV, Shkarin R, Selezneva II,
et al. Characterization of biomimetic silicate- and strontium-containing
hydroxyapatite microparticles embedded in biodegradable electrospun
polycaprolactone scaffolds for bone regeneration. Eur Polym J 2019;113:67–77.

[21] Hassanajili S, Karami-Pour A, Oryan A, Talaei-Khozani T. Preparation and
characterization of PLA/PCL/HA composite scaffolds using indirect 3D printing
for bone tissue engineering. Mater Sci Eng C Mater Biol Appl 2019;104:109960.

[22] Kim MJ, Koh YH. Synthesis of aligned porous poly(epsilon-caprolactone) (PCL)/
hydroxyapatite (HA) composite microspheres. Mater Sci Eng C Mater Biol Appl
2013;33(4):2266–72.

[23] Wen G, Xu J, Wu T, Zhang S, Chai Y, Kang Q, et al. Functionalized
polycaprolactone/hydroxyapatite composite microspheres for promoting bone
consolidation in a rat distraction osteogenesis model. J Orthop Res 2020;38(5):
961–71.

[24] Zhang Y, Hu J, Xie R, Yang Y, Cao J, Tu Y, et al. A programmable, fast-fixing,
osteo-regenerative, biomechanically robust bone screw. Acta Biomater 2020;103:
293–305.

[25] Shikinami Y, Okuno M. Bioresorbable devices made of forged composites of
hydroxyapatite (HA) particles and poly(l-lactide) (PLLA). Biomaterials 1999;
20(23):859–77.

[26] Li L, Yu M, Li Y, Li Q, Yang H, Zheng M, et al. Synergistic anti-inflammatory and
osteogenic n-HA/resveratrol/chitosan composite microspheres for osteoporotic
bone regeneration. Bioact Mater 2021;6(5):1255–66.

[27] Zhu J, Tang D, Lu Z, Xin Z, Song J, Meng J, et al. Ultrafast bone-like apatite
formation on highly porous poly(l-lactic acid)-hydroxyapatite fibres. Mater Sci
Eng C Mater Biol Appl 2020;116:111168.

[28] Abouzeid RE, Khiari R, Salama A, Diab M, Beneventi D, Dufresne A. In situ
mineralization of nano-hydroxyapatite on bifunctional cellulose nanofiber/
polyvinyl alcohol/sodium alginate hydrogel using 3D printing. Int J Biol
Macromol 2020;160:538–47.

[29] Chen S, Guo R, Xie C, Liang Q, Xiao X. Biomimetic mineralization of
nanocrystalline hydroxyapatites on aminated modified polylactic acid
microspheres to develop a novel drug delivery system for alendronate. Mater Sci
Eng C Mater Biol Appl 2020;110:110655.

[30] Zhang H, Edgar D, Murray P, Rak-Raszewska A, Glennon-Alty L, Cooper AI.
Synthesis of porous microparticles with aligned porosity. Adv Funct Mater 2008;
18(2):222–8.

[31] Cheng D, Gao H, Hao L, Cao X, Wang Y. Facile development of a hollow composite
microsphere with porous surface for cell delivery. Mater Lett 2013;111:238–41.

http://refhub.elsevier.com/S2214-031X(21)00011-5/sref1
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref1
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref1
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref1
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref2
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref2
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref2
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref2
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref3
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref3
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref3
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref4
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref4
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref4
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref4
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref5
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref5
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref5
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref5
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref6
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref6
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref6
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref6
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref7
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref7
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref7
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref7
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref8
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref8
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref8
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref8
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref9
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref9
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref9
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref10
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref10
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref10
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref10
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref10
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref11
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref11
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref11
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref11
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref12
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref12
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref12
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref12
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref13
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref13
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref13
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref13
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref13
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref14
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref14
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref14
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref14
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref15
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref15
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref15
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref15
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref16
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref16
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref16
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref16
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref16
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref17
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref17
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref17
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref17
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref17
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref17
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref18
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref18
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref18
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref18
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref19
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref19
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref19
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref20
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref20
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref20
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref20
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref20
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref21
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref21
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref21
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref22
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref22
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref22
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref22
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref23
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref23
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref23
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref23
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref23
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref24
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref24
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref24
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref24
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref25
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref25
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref25
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref25
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref26
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref26
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref26
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref26
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref27
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref27
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref27
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref28
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref28
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref28
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref28
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref28
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref29
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref29
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref29
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref29
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref30
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref30
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref30
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref30
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref31
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref31
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref31


Z. Fu et al. Journal of Orthopaedic Translation 28 (2021) 118–130
[32] Liu G, Li Y, Yang S, Zhao A Y, Lu T, Jia W, et al. DOPA-IGF-1 coated HA/PLGA
microspheres promoting proliferation and osteoclastic differentiation of rabbit
bone mesenchymal stem cells. Chem Res Chin Univ 2019;35(3):514–20.

[33] Zhang W, Li P, Shen G, Mo X, Zhou C, Alexander D, et al. Appropriately adapted
properties of hot-extruded Zn-0.5Cu-xFe alloys aimed for biodegradable guided
bone regeneration membrane application. Bioact Mater 2021;6(4):975–89.

[34] Dos Santos VI, Merlini C, Aragones A, Cesca K, Fredel MC. In vitro evaluation of
bilayer membranes of PLGA/hydroxyapatite/beta-tricalcium phosphate for guided
bone regeneration. Mater Sci Eng C Mater Biol Appl 2020;112:110849.

[35] Basile MA, d’Ayala GG, Malinconico M, Laurienzo P, Coudane J, Nottelet B, et al.
Functionalized PCL/HA nanocomposites as microporous membranes for bone
regeneration. Mater Sci Eng C Mater Biol Appl 2015;48:457–68.

[36] Abdal-hay A, Sheikh FA, Lim JK. Air jet spinning of hydroxyapatite/poly(lactic
acid) hybrid nanocomposite membrane mats for bone tissue engineering. Colloids
Surf B Biointerfaces 2013;102:635–43.

[37] de Oliveira MCA, da Silva FAG, da Costa MM, Rakov N, de Oliveira HP. Curcumin-
loaded electrospun fibers: fluorescence and antibacterial activity. Adv Fiber Mater
2020;2(5):256–64.

[38] de Oliveira MCA, de L, Oliveira EG, Pires ICB, Candido ICM, Rakov N, et al.
Carbon dots-doped electrospun fibers for simultaneous metal ion detection and
adsorption of dyes. Adv Fiber Mater 2020;2(6):302–13.

[39] Dong Y, Zheng Y, Zhang K, Yao Y, Wang L, Li X, et al. Electrospun nanofibrous
materials for wound healing. Adv Fiber Mater 2020;2(4):212–27.

[40] Deng L, Li Y, Zhang A, Zhang H. Nano-hydroxyapatite incorporated gelatin/zein
nanofibrous membranes: fabrication, characterization and copper adsorption. Int J
Biol Macromol 2020;154:1478–89.

[41] Barhoum A, Pal K, Rahier H, Uludag H, Kim IS, Bechelany M. Nanofibers as new-
generation materials: from spinning and nano-spinning fabrication techniques to
emerging applications. Appl Mater Today 2019;17:1–35.

[42] Chuan D, Fan R, Wang Y, Ren Y, Wang C, Du Y, et al. Stereocomplex poly(lactic
acid)-based composite nanofiber membranes with highly dispersed
hydroxyapatite for potential bone tissue engineering. Compos Sci Technol 2020:
192.

[43] Goh YQ, Ooi CP. Fabrication and characterization of porous poly(L-lactide)
scaffolds using solid-liquid phase separation. J Mater Sci Mater Med 2008;19(6):
2445–52.

[44] Qu X, Cui W, Yang F, Min C, Shen H, Bei J, et al. The effect of oxygen plasma
pretreatment and incubation in modified simulated body fluids on the formation
of bone-like apatite on poly(lactide-co-glycolide) (70/30). Biomaterials 2007;
28(1):9–18.

[45] Deplaine H, Ribelles JLG, Ferrer GG. Effect of the content of hydroxyapatite
nanoparticles on the properties and bioactivity of poly(l-lactide) – hybrid
membranes. Compos Sci Technol 2010;70(13):1805–12.

[46] Turnbull G, Clarke J, Picard F, Riches P, Jia L, Han F, et al. 3D bioactive composite
scaffolds for bone tissue engineering. Bioact Mater 2018;3(3):278–314.

[47] Huang Y, Huang Z, Liu H, Zhang X, Cai Q, Yang X. Photoluminescent
biodegradable polyorganophosphazene: a promising scaffold material for in vivo
application to promote bone regeneration. Bioact Mater 2020;5(1):102–9.

[48] Godoy-Gallardo M, Portoles-Gil N, Lopez-Periago AM, Domingo C, Hosta-Rigau L.
Multi-layered polydopamine coatings for the immobilization of growth factors
onto highly-interconnected and bimodal PCL/HA-based scaffolds. Mater Sci Eng C
Mater Biol Appl 2020;117:111245.

[49] Zhuang Y, Zhang C, Cheng M, Huang J, Liu Q, Yuan G, et al. Challenges and
strategies for in situ endothelialization and long-term lumen patency of vascular
grafts. Bioact Mater 2021;6(6):1791–809.

[50] Xu T, Li X, Liang Z, Amar VS, Huang R, Shende RV, et al. Carbon nanofibrous
sponge made from hydrothermally generated biochar and electrospun polymer
nanofibers. Adv Fiber Mater 2020;2(2):74–84.

[51] Zhao J, Cui W. Functional electrospun fibers for local therapy of cancer. Adv Fiber
Mater 2020;2(5):229–45.

[52] Jiang S, Schmalz H, Agarwal S, Greiner A. Electrospinning of ABS nanofibers and
their high filtration performance. Adv Fiber Mater 2020;2(1):34–43.

[53] Yoshimoto H, Shin YM, Terai H, Vacanti JP. A biodegradable nanofiber scaffold by
electrospinning and its potential for bone tissue engineering. Biomaterials 2003;
24(12):2077–82.

[54] Huang W, Xiao Y, Shi X. Construction of electrospun organic/inorganic hybrid
nanofibers for drug delivery and tissue engineering applications. Adv Fiber Mater
2019;1(1):32–45.

[55] Hu S, Wu J, Cui Z, Si J, Wang Q, Peng X. Study on the mechanical and thermal
properties of polylactic acid/hydroxyapatite@polydopamine composite
nanofibers for tissue engineering. J Appl Polym Sci 2020;137(36).

[56] Ashwin B, Abinaya B, Prasith TP, Chandran SV, Yadav LR, Vairamani M, et al. 3D-
poly (lactic acid) scaffolds coated with gelatin and mucic acid for bone tissue
engineering. Int J Biol Macromol 2020;162:523–32.

[57] Ngo TD, Kashani A, Imbalzano G, Nguyen KTQ, Hui D. Additive manufacturing
(3D printing): a review of materials, methods, applications and challenges.
Compos B Eng 2018;143:172–96.

[58] Wang C, Lai J, Li K, Zhu S, Lu B, Liu J, et al. Cryogenic 3D printing of dual-delivery
scaffolds for improved bone regeneration with enhanced vascularization. Bioact
Mater 2021;6(1):137–45.

[59] Xu C, Dai G, Hong Y. Recent advances in high-strength and elastic hydrogels for
3D printing in biomedical applications. Acta Biomater 2019;95:50–9.

[60] Esposito Corcione C, Gervaso F, Scalera F, Padmanabhan SK, Madaghiele M,
Montagna F, et al. Highly loaded hydroxyapatite microsphere/PLA porous
scaffolds obtained by fused deposition modelling. Ceram Int 2019;45(2):2803–10.
129
[61] Szustakiewicz K, Gazi�nska M, Kryszak B, Grzymajło M, Pigłowski J, Wiglusz RJ,
et al. The influence of hydroxyapatite content on properties of poly(L-lactide)/
hydroxyapatite porous scaffolds obtained using thermal induced phase separation
technique. Eur Polym J 2019;113:313–20.

[62] Wei Z, Wang C, Liu H, Zou S, Tong Z. Facile fabrication of biocompatible PLGA
drug-carrying microspheres by O/W pickering emulsions. Colloids Surf B
Biointerfaces 2012;91:97–105.

[63] Gulseren I, Corredig M. Interactions of chitin nanocrystals with beta-lactoglobulin
at the oil-water interface, studied by drop shape tensiometry. Colloids Surf B
Biointerfaces 2013;111:672–9.

[64] Luo Z, Murray BS, Ross AL, Povey MJ, Morgan MR, Day AJ. Effects of pH on the
ability of flavonoids to act as Pickering emulsion stabilizers. Colloids Surf B
Biointerfaces 2012;92:84–90.

[65] Hu Y, Zou S, Chen W, Tong Z, Wang C. Mineralization and drug release of
hydroxyapatite/poly(l-lactic acid) nanocomposite scaffolds prepared by Pickering
emulsion templating. Colloids Surf B Biointerfaces 2014;122:559–65.

[66] Boehler RM, Shin S, Fast AG, Gower RM, Shea LD. A PLG/HAp composite scaffold
for lentivirus delivery. Biomaterials 2013;34(21):5431–8.

[67] Yeon YK, Park HS, Lee JM, Lee JS, Lee YJ, Sultan MT, et al. New concept of 3D
printed bone clip (polylactic acid/hydroxyapatite/silk composite) for internal
fixation of bone fractures. J Biomater Sci Polym Ed 2018;29(7–9):894–906.

[68] Huang Q, Liu Y, Ouyang Z, Feng Q. Comparing the regeneration potential between
PLLA/Aragonite and PLLA/Vaterite pearl composite scaffolds in rabbit radius
segmental bone defects. Bioact Mater 2020;5(4):980–9.

[69] Cao XY, Chen C, Tian N, Dong X, Liang X, Xu LJ, et al. Long-term study on the
osteogenetic capability and mechanical behavior of a new resorbable
biocomposite anchor in a canine model. J Orthop Transl 2020;21:81–90.

[70] Ural E, Kesenci K, Fambri L, Migliaresi C, Piskin E. Poly (D, L-lactide/epsilon-
caprolactone)/hydroxyapatite composites. Biomaterials 2000;21:2147–54.

[71] Ferraris S, Yamaguchi S, Barbani N, Cristallini C, Gautier di Confiengo G,
Barberi J, et al. The mechanical and chemical stability of the interfaces in
bioactive materials: the substrate-bioactive surface layer and hydroxyapatite-
bioactive surface layer interfaces. Mater Sci Eng C Mater Biol Appl 2020;116:
111238.

[72] Wei G, Ma PX. Structure and properties of nano-hydroxyapatite/polymer
composite scaffolds for bone tissue engineering. Biomaterials 2004;25(19):
4749–57.

[73] Chakravarty J, Rabbi MF, Chalivendra V, Ferreira T, Brigham CJ. Mechanical and
biological properties of chitin/polylactide (PLA)/hydroxyapatite (HAP)
composites cast using ionic liquid solutions. Int J Biol Macromol 2020;151:
1213–23.

[74] Mao D, Li Q, Bai N, Dong H, Li D. Porous stable poly(lactic acid)/ethyl cellulose/
hydroxyapatite composite scaffolds prepared by a combined method for bone
regeneration. Carbohydr Polym 2018;180:104–11.

[75] Kang Y, Yao Y, Yin G, Huang Z, Liao X, Xu X, et al. A study on the in vitro
degradation properties of poly(L-lactic acid)/beta-tricalcuim phosphate (PLLA/
beta-TCP) scaffold under dynamic loading. Med Eng Phys 2009;31(5):589–94.

[76] Li H, Du R, Chang J. Fabrication, characterization, and in vitro degradation of
composite scaffolds based on PHBV and bioactive glass. J Biomater Appl 2005;
20(2):137–55.

[77] Song X, Ling F, Ma L, Yang C, Chen X. Electrospun hydroxyapatite grafted poly(l-
lactide)/poly(lactic-co-glycolic acid) nanofibers for guided bone regeneration
membrane. Compos Sci Technol 2013;79:8–14.

[78] Nie L, Chen D, Fu J, Yang S, Hou R, Suo J. Macroporous biphasic calcium
phosphate scaffolds reinforced by poly-L-lactic acid/hydroxyapatite
nanocomposite coatings for bone regeneration. Biochem Eng J 2015;98:29–37.

[79] Kokubo T, Takadama H. How useful is SBF in predicting in vivo bone bioactivity?
Biomaterials 2006;27(15):2907–15.

[80] Bhattacharjee P, Naskar D, Maiti TK, Bhattacharya D, Kundu SC. Non-mulberry
silk fibroin grafted poly (capital JE, Ukrainian-caprolactone)/nano hydroxyapatite
nanofibrous scaffold for dual growth factor delivery to promote bone
regeneration. J Colloid Interface Sci 2016;472:16–33.

[81] Petricca SE, Marra KG, Kumta PN. Chemical synthesis of poly(lactic-co-glycolic
acid)/hydroxyapatite composites for orthopaedic applications. Acta Biomater
2006;2(3):277–86.

[82] Fricain JC, Schlaubitz S, Le Visage C, Arnault I, Derkaoui SM, Siadous R, et al.
A nano-hydroxyapatite-pullulan/dextran polysaccharide composite microporous
meterials for bone tissue engineering. Biomaterials 2013;34(12):2947–59.

[83] Liao S, Wang W, Uo M, Ohkawa S, Akasaka T, Tamura K, et al. A three-layered
nano-carbonated hydroxyapatite/collagen/PLGA composite membrane for guided
tissue regeneration. Biomaterials 2005;26(36):7564–71.

[84] Liu h, Peng H, Wu Y, Zhang C, Cai Y, Xu G, et al. The promotion of bone
regeneration by nanofibrous hydroxyapatite/chitosan scaffolds by effects on
integrin-BMP/Smad signaling pathway in BMSCs. Biomaterials 2013;34(18):
4404–17.

[85] Li J, Chen Y, Mak AF, Tuan RS, Li L, Li Y. Aone-step method to fabricate PLLA
scaffolds with deposition of bioactive hydroxyapatite and collagen using ice-based
microporogens. Acta Biomater 2010;6(6):2013–9.

[86] Hickey DJ, Ercan B, Sun L, Webster TJ. Adding MgO nanoparticles to
hydroxypaptite-PLLA nanocomposites for improved bone tissue engineering
applications. Acta Biomater 2015;14:175–84.

[87] Liu D, Nie W, Li D, Wang W, Zheng L, Zhang J, et al. 3D printed PCL/SrHA scaffold
for enhanced bone regeneration. Chem Eng J 2019;362:269–79.

[88] He Y, Li Q, Ma C, Xie D, Li L, Zhao Y, et al. Development of osteopromotive poly
(octamethylene citrate glycerophosphate) for enhanced bone regeneration. Acta
Biomater 2019;93:180–91.

http://refhub.elsevier.com/S2214-031X(21)00011-5/sref32
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref32
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref32
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref32
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref33
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref33
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref33
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref33
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref34
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref34
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref34
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref35
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref35
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref35
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref35
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref36
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref36
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref36
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref36
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref37
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref37
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref37
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref37
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref38
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref38
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref38
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref38
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref39
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref39
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref39
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref40
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref40
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref40
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref40
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref41
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref41
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref41
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref41
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref42
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref42
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref42
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref42
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref43
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref43
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref43
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref43
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref44
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref44
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref44
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref44
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref44
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref45
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref45
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref45
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref45
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref45
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref46
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref46
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref46
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref47
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref47
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref47
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref47
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref48
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref48
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref48
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref48
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref49
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref49
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref49
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref49
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref50
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref50
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref50
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref50
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref51
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref51
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref51
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref52
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref52
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref52
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref53
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref53
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref53
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref53
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref54
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref54
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref54
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref54
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref55
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref55
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref55
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref56
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref56
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref56
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref56
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref57
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref57
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref57
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref57
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref58
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref58
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref58
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref58
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref59
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref59
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref59
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref60
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref60
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref60
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref60
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref61
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref61
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref61
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref61
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref61
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref61
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref62
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref62
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref62
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref62
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref63
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref63
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref63
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref63
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref64
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref64
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref64
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref64
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref65
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref65
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref65
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref65
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref66
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref66
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref66
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref67
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref67
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref67
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref67
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref67
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref68
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref68
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref68
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref68
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref69
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref69
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref69
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref69
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref70
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref70
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref70
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref71
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref71
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref71
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref71
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref71
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref72
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref72
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref72
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref72
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref73
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref73
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref73
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref73
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref73
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref74
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref74
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref74
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref74
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref75
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref75
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref75
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref75
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref76
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref76
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref76
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref76
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref77
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref77
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref77
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref77
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref78
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref78
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref78
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref78
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref79
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref79
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref79
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref80
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref80
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref80
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref80
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref80
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref81
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref81
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref81
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref81
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref82
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref82
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref82
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref82
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref83
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref83
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref83
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref83
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref84
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref84
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref84
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref84
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref84
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref85
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref85
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref85
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref85
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref86
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref86
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref86
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref86
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref87
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref87
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref87
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref88
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref88
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref88
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref88


Z. Fu et al. Journal of Orthopaedic Translation 28 (2021) 118–130
[89] Fang J, Li P, Lu X, Fang L, Lu X, Ren F. A strong, tough, and osteoconductive
hydroxyapatite mineralized polyacrylamide/dextran hydrogel for bone tissue
regeneration. Acta Biomater 2019;88:503–13.

[90] Marycz K, Smieszek A, Targonska S, Walsh SA, Szustakiewicz K, Wiglusz RJ. Three
dimensional (3D) printed polylactic acid with nano-hydroxyapatite doped with
europium(III) ions (nHAp/PLLA@Eu(3þ)) composite for osteochondral defect
regeneration and theranostics. Mater Sci Eng C Mater Biol Appl 2020;110:110634.

[91] Gehring J, Trepka B, Klinkenberg N, Bronner H, Schleheck D, Polarz S. Sunlight-
Triggered nanoparticle synergy: teamwork of reactive oxygen species and nitric
oxide released from mesoporous organosilica with advanced antibacterial activity.
J Am Chem Soc 2016;138(9):3076–84.

[92] Diaz-Gomez L, Garcia-Gonzalez CA, Wang J, Yang F, Aznar-Cervantes S, Cenis JL,
et al. Biodegradable PCL/fibroin/hydroxyapatite porous scaffolds prepared by
supercritical foaming for bone regeneration. Int J Pharm 2017;527(1–2):115–25.

[93] Link H, Martin R. New drugs may improve, complicate treatment for multiple
sclerosis. Nat Med 2010;16(3):272.

[94] Perucca E, French J, Bialer M. Development of new antiepileptic drugs: challenges,
incentives, and recent advances. Lancet Neurol 2007;6(9):793–804.

[95] Mura S, Nicolas J, Couvreur P. Stimuli-responsive nanocarriers for drug delivery.
Nat Mater 2013;12(11):991–1003.

[96] Zhu H, Lai Z, Fang Y, Zhen X, Tan C, Qi X, et al. Ternary chalcogenide nanosheets
with ultrahigh photothermal conversion efficiency for photoacoustic theranostics.
Small 2017;13(16).

[97] Shen S, Chao Y, Dong Z, Wang G, Yi X, Song G, et al. Bottom-up preparation of
uniform ultrathin rhenium disulfide nanosheets for image-guided photothermal
radiotherapy. Adv Funct Mater 2017;27(28).

[98] Zhou X, Chen L, Nie W, Wang W, Qin M, Mo X, et al. Dual-Responsive mesoporous
silica nanoparticles mediated codelivery of doxorubicin and bcl-2 SiRNA for
targeted treatment of breast cancer. J Phys Chem C 2016;120(39):22375–87.

[99] Yang Z, Guo Q, Cai Y, Zhu X, Zhu C, Li Y, et al. Poly(ethylene glycol)-sheddable
reduction-sensitive polyurethane micelles for triggered intracellular drug delivery
for osteosarcoma treatment. J Orthop Transl 2020;21:57–65.

[100] Vukomanovic M, Skapin SD, Poljansek I, Zagar E, Kralj B, Ignjatovic N, et al.
Poly(D,L-lactide-co-glycolide)/hydroxyapatite core-shell nanosphere. Part 2:
simultaneous release of a drug and a prodrug (clindamycin and clindamycin
phosphate). Colloids Surf B Biointerfaces 2011;82(2):414–21.
130
[101] Shebi A, Lisa S. Pectin mediated synthesis of nano hydroxyapatite-decorated
poly(lactic acid) honeycomb membranes for tissue engineering. Carbohydr Polym
2018;201:39–47.

[102] Nga NK, Hoai TT, Viet PH. Biomimetic scaffolds based on hydroxyapatite
nanorod/poly(D,L) lactic acid with their corresponding apatite-forming capability
and biocompatibility for bone-tissue engineering. Colloids Surf B Biointerfaces
2015;128:506–14.

[103] Ragunathan S, Govindasamy G, Raghul DR, Karuppaswamy M,
VijayachandraTogo RK. Hydroxyapatite reinforced natural polymer scaffold for
bone tissue regeneration. Mater Today: Proceedings 2020;23:111–8.

[104] De Luca A, Vitrano I, Costa V, Raimondi L, Carina V, Bellavia D, et al.
Improvement of osteogenic differentiation of human mesenchymal stem cells on
composite poly l-lactic acid/nano-hydroxyapatite scaffolds for bone defect repair.
J Biosci Bioeng 2020;129(2):250–7.

[105] Yang Y, Chu L, Yang S, Zhang H, Qin L, Guillaume O, et al. Dual-functional 3D-
printed composite scaffold for inhibiting bacterial infection and promoting bone
regeneration in infected bone defect models. Acta Biomater 2018;79:265–75.

[106] Ramos DM, Dhandapani R, Subramanian A, Sethuraman S, Kumbar SG. Clinical
complications of biodegradable screws for ligament injuries. Mater Sci Eng C
Mater Biol Appl 2020;109:110423.

[107] Hung C-C, Chen W-C, Yang C-T, Cheng C-K, Chen C-H, Lai Y-S. Interference screw
versus Endoscrew fixation for anterior cruciate ligament reconstruction: a
biomechanical comparative study in sawbones and porcine knees. J Orthop Transl
2014;2(2):82–90.

[108] Zhu W, Huang J, Lu W, Sun Q, Peng L, Fen W, et al. Performance test of Nano-HA/
PLLA composites for interface fixation. Artif Cells Nanomed Biotechnol 2014;
42(5):331–5.

[109] O’Donnell RJ, Springfield DS, Motwani HK, Ready JE, Mankin HJ. Recurrence of
giant-cell tumors of the long bones after curettage and packing with cement. Bone
J Surgery 1994;76:1827–33.

[110] Sakamoto A. Reconstruction with beta-tricalcium phosphate for giant cell tumor of
bone around the knee. J Knee Surg 2017;30(1):75–7.

[111] Sakamoto A, Okamoto T, Matsuda S. Unsintered hydroxyapatite and poly-L-lactide
composite screws/plates for stabilizing beta-tricalcium phosphate bone implants.
Clin Orthop Surg 2018;10(2):253–9.

http://refhub.elsevier.com/S2214-031X(21)00011-5/sref89
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref89
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref89
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref89
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref90
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref90
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref90
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref90
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref90
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref91
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref91
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref91
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref91
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref91
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref92
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref92
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref92
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref92
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref92
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref93
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref93
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref94
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref94
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref94
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref95
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref95
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref95
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref96
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref96
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref96
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref97
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref97
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref97
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref98
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref98
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref98
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref98
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref99
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref99
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref99
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref99
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref100
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref100
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref100
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref100
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref100
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref101
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref101
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref101
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref101
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref102
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref102
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref102
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref102
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref102
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref103
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref103
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref103
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref103
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref104
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref104
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref104
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref104
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref104
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref105
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref105
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref105
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref105
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref106
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref106
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref106
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref107
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref107
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref107
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref107
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref107
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref108
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref108
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref108
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref108
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref109
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref109
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref109
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref109
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref110
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref110
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref110
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref111
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref111
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref111
http://refhub.elsevier.com/S2214-031X(21)00011-5/sref111

	An overview of polyester/hydroxyapatite composites for bone tissue repairing
	1. Introduction
	2. Fabrication techniques to control various geometries of polyester/HA composites
	2.1. Microsphere
	2.1.1. In-situ biomimetic mineralized deposition method
	2.1.2. Freezing emulsions
	2.1.3. Solvent evaporation method
	2.1.4. Electrospinning

	2.2. Membrane
	2.2.1. Phase inversion method
	2.2.2. Air jet spinning (AJS)
	2.2.3. Electrospinning
	2.2.4. Freezing extraction method

	2.3. Scaffold
	2.3.1. Electrospinning
	2.3.2. 3D printing (3DP)
	2.3.3. Thermal induced phase separation method
	2.3.4. Pickering emulsion templating
	2.3.5. Particulate leaching method

	2.4. Bulk
	2.4.1. Injection molding
	2.4.2. Forging
	2.4.3. 3D printing (3DP)


	3. Properties of polyester/HA composites and their controlling methods
	3.1. Mechanical properties
	3.2. Biodegradable properties
	3.3. Biological properties
	3.3.1. Mineralization abilities
	3.3.2. Cytocompatibility
	3.3.3. Osteogenic abilities


	4. Applications of polyester/HA composites in bone repairing
	4.1. Drug delivery system in bone tissue repairing
	4.2. Bone tissue repairing
	4.3. Anterior cruciate ligament (ACL) fixation
	4.4. Implant/fracture fixation

	5. Conclusion and outlooks
	Declaration of competing interest
	Acknowledgements
	References


