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Abstract: Hydroxyapatite (HA) is widely used in bone tissue engineering for its bioactivity and
biocompatibility, and a growing number of researchers are exploring ways to improve the physical
properties and biological functions of hydroxyapatite. Up to now, HA has been used as inorganic
building blocks for tissue engineering or as nanofillers to blend with polymers, furthermore, various
methods such as ion doping or surface modification have been also reported to prepare functionalized
HA. In this review, we try to give a brief and comprehensive introduction about HA-based materials,
including ion-doped HA, HA /polymer composites and surface modified HA and their applications
in bone tissue engineering. In addition, the prospective of HA is also discussed. This review may
be helpful for researchers to get a general understanding about the development of hydroxyapatite
based materials.
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1. Introduction

Bone defects resulting from tumors, trauma or abnormal development frequently re-
quire surgical intervention requiring bone grafts. Autografts present important osteogenic
characteristics that represent the “gold standard” [1]. However, this method has been
associated with various drawbacks, such as donor site morbidity in the way of infection,
pain, and hematoma formation. The limited supply of autograft tissue and the potential
risks with allografts have inspired surgeons and engineers to explore new methods to
repair bone defects. Among all the reported methods, tissue engineering [2], which is a
comprehensive application of multidisciplinary methods to improve or replace biological
tissues, has provided a new choice for the treatment of bone defects. There are several
factors that have critical effects in the process of tissue engineering; the tissue engineering
scaffolds are the primary factor in bone tissue engineering [3]. Furthermore, the ideal mate-
rials used for bone tissue engineering should have good bone conductivity and inductivity
properties [4,5].

Hydroxyapatite (Cajo(PO4)s(OH),, HA), as one of the main components of natural
bone, can increase the concentration of local Ca?*, which can activate the proliferation
of osteoblasts and promote the growth and differentiation of mesenchymal stem cells
(MSC) [6]. Due to its non-immunogenic properties, biocompatibility, bioactivity and good
bone conductivity, HA has been widely used in bone repair [7-10]. Up to now, various types
of HA-based materials such as pure HA, ion-doped HA, and HA /polymer composites,
have been designed and investigated, however, some disadvantages of hydroxyapatite,
such as brittleness and easy aggregation still exist [11]; therefore, there is still a long way to
go to prepare satisfying HA-based materials.

In recent years, many reviews on hydroxyapatite have been published, and most
of them focus on the application and preparation of HA [12-15]. Both physicians and

Crystals 2021, 11, 149. https://doi.org/10.3390/ cryst11020149

https:/ /www.mdpi.com/journal/crystals


https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-6920-7403
https://doi.org/10.3390/cryst11020149
https://doi.org/10.3390/cryst11020149
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cryst11020149
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/2073-4352/11/2/149?type=check_update&version=2

Crystals 2021, 11, 149

20f18

materials scientists have paid much attention to the investigation and application of HA-
based materials. In our opinion, it is a simple and effective method for new researchers
to quickly get a whole understanding about HA by reading review works. Thus, in this
review, we try to give a brief and comprehensive summary about HA-based materials,
which includes ion-doped hydroxyapatite, hydroxyapatite polymer composites and surface
modified hydroxyapatite; meanwhile, their applications in bone tissue engineering will
also be introduced. Furthermore, the perspective and challenges will also be addressed.
This review may be helpful for researchers who are interested in bone tissue engineering to
get a quick glance on HA-based materials, and then help them to select the proper materials
according to their interest or requirements.

2. Ion-Doped Hydroxyapatite

In the crystal structure of hydroxyapatite, the Ca?*, PO43~ and OH™~ can be replaced
by other ions [12,16]. OH™ is easily replaced by a small amount of F~ and CO32~; Ca?*
can be easily replaced by Sr?*, Mg?* and Zn?*; and PO,>~ can be replaced by CO32~
and SiO4*~ and thus ion doped hydroxyapatite is formed (Figure 1) [12]. The existence
of these ions may affect the crystallization, mechanical properties, degradation and bi-
ological activity of apatite, and then affect the physiological function of hard tissue in
the organism [12,17-20]. In order to obtain biomimetic materials which are similar to the
natural apatite in composition, structure and function, ion doped hydroxyapatite has been
extensively investigated.

Non-substituted HAp Substituted HAp
< PO,* 5i0%,. €07, 5S¢0,
© Ca?t Na*,Zn?*, Sr¥*, Mg?*, Ag*, Cu?*, Co?*, Mn%*
o OH- . COs*

Figure 1. The Ca?*, PO43~ and OH™ in the crystal structure of hydroxyapatite can be substituted by
many other ions [12].

2.1. Strontium Doped Hydroxyapatite (Sr-HA)

Strontium is one of the essential trace elements in the human body; it was noticed
that strontium in the human body had the same physiological pathway as calcium, and
preferentially deposited in bone and teeth [21]. Low dose strontium can inhibit osteoclast
activity, reduce bone absorption, promote osteoblast proliferation and promote bone forma-
tion [22-24]. When Sr?* is incorporated into the HA lattice, Sr?* replaces Ca?* and forms
Ca19-nSrn(PO4)s(OH); (Sr-HA), and then the crystallization rate and crystal size of HA
decreases, and the lattice constant changes [25].

The mechanical properties of HA can be improved by doping of Sr into HA [26-28].
When the molar ratio of Sr/(Sr + Ca) is 5%, the compressive strength of Sr-HA can be
improved to 66.57 MPa, which matches the value of human bones, and is expected to
apply in clinical applications [26]. In addition, Sr-HA has attractive biocompatibility. HA
nanoparticles with higher Sr loading can promote osteosarcoma cell proliferation, while
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the cell morphology remains nearly the same [27]. When Sr-HA was used as a coating on
titanium, the Sr-HA enhanced cell attachment much better than the HA coating did [28].

Sr-HA promotes osteogenic differentiation by activating the Wnt 3—Catenin pathway,
especially in osteoporosis [29,30]. After culturing MG63 cells in vitro, it was found that
the expressions of osteogenesis related genes (alkaline phosphatase (ALP), runt-related
transcription factor 2 (RUNX2), osteopontin (OPN), osterix, osteocalcin (OCN), and colla-
gen I (Col-I)) increased with the extension of the culture time. In the case of HA coating
with relatively high strontium content (3-7%), the positive effect of ions on osteocytes was
especially obvious [31-33]. Compared with uncoated titanium implants, Sr-HA coated
implants formed osteoid 7 weeks after implantation. 12 weeks after implantation, osteoid
new bone formed on the HA implant, while Sr-HA began to mineralize. After 16 weeks
of implantation, the bone on the Sr-HA was completely mineralized [30]. In vivo studies
confirmed that after implantation of the Sr-HA scaffold in the bone defect area, extracel-
lular matrix accumulated, and histology and computed tomography scanning showed
significant enhancement of bone formation and an increase in mature and remodeled
bone [34].

Strontium was shown to inhibit the activity of osteoclasts; Sr-HA may evoke a specific
cellular response, thus exhibiting promising characteristics to assist in new bone formation,
especially if bone turnover is impaired as a result of metabolic diseases such as osteoporosis.
Strontium ranelate has been used in the treatment of osteoporosis [35].

2.2. Zinc Doped Hydroxyapatite (Zn-HA)

Zn mainly exists in bone in vivo and is closely related to bone metabolism. It stimu-
lates bone development and mineralization, promotes osteoblast proliferation and osteocal-
cin production, accelerates bone matrix maturation and inhibits osteoclast activity [36-38].
When Zinc is doped into HA, it will endow many functions to HA. Zn-HA can show
excellent bioactivity, osteogenesis ability, anti-inflammatory effect and antibacterial abil-
ity [39—41]. Thus, Zn-HA has been widely investigated and applied.

Zn-HA has good bioactivity. When Zn-HA was immersed in simulated body fluid
(SBF), the apatite layer formed on the surface of the material, and the thickness of the apatite
layer became thicker with the increase of Zn content, indicating that Zn was conducive to
mineralization and could improve the bioactivity of HA [42].

Zn-HA has a good antibacterial effect; HA doped with less than 1% of zinc ions
has effective antibacterial properties [43]. The maximum inhibitory concentration of Zn
2%-HA to Gram-positive bacteria and Gram-negative bacteria was 50 &= 5% and 77 &+ 5%,
respectively [44]. The antimicrobial effect of Zn-HA layer on the growth of candida albicans
showed that even after 8 h of incubation, the growth of fungal cells was inhibited and
weakened with time [45]. Therefore, the use of Zn-HA in bone tissue engineering scaffolds
has the effect of antibacterial and regulating immune cells, which can increase the value of
scaffold materials.

2.3. Silver Doped Hydroxyapatite (Ag-HA)

Silver is an inorganic antibacterial agent, which interferes with the electron transfer
process on the bacterial plasma membrane, and it affects the ATP synthesis in the bacterial
cells; additionally, it promotes the production of ROS and causes cell damage. Silver-
based antibacterial agents have attracted much attention due to their excellent antibacterial
activity [46,47]. The radius of Ag* is close to the radius of Ca?*, so silver can replace
the calcium in the HA lattice under specific circumstances and forms silver doped HA
(Ag-HA), which may improve the clinical and biological application of HA.

Generally, HA itself does not have antibacterial properties. While Ag-HA may have
exciting antibacterial properties, however, the silver content may have great affection on
its biosafety; low silver content doped hydroxyapatite may have excellent antibacterial
activity [48,49]. It was demonstrated that both Escherichia coli and Staphylococcus aureus
are sensitive to Ag-HA, and thus Ag-HA have been widely used as functional coatings on
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various materials, which resulted in the significantly reduction of bacterial adhesion when
exposed to the composite Cajg_xAgx(PO4)s(OH), [50-52]. Briefly, the antibacterial activity
of Ag-HA are greatly associated with the ratio of Ag to Ca; even the Ag to Ca ratio was only
0.005, therefore the antibacterial activity of HA can be significantly enhanced [53]. Although
a small amount of silver plays an antibacterial role, a large amount of silver may be
toxic [54]. Cytotoxicity tests using osteoblasts showed that the samples containing 6.5 wt%
silver had negative effects on the reaction, proliferation and apoptosis of osteoblasts, as
well as the production of protein and osteocalcin [51].

2.4. Silicon Doped Hydroxyapatite (Si-HA)

Silicon plays an important role in the development of bone and cartilage [55]; the
bioactivity and biocompatibility of bioceramics, such as bioglass, calcium silicate and
wollastonite, are significantly improved after adding silicon. In addition, silicon has a good
ability to promote the adhesion, proliferation and differentiation of bone cells; it can up
regulate the gene expression of osteoblasts and increase the osteointegration activity [56].

Si-HA has similar structure as HA, while part of PO4> is replaced by SiO4*~. Si-
HA can enhance the formation of crystalline apatite layers in simulated body fluid (SBF),
demonstrating its exciting bioactivity [57,58]. Si-HA improved the rate and amount of bone
apposition over pure HA in vivo. The proliferation rate of osteoblasts on the Si-HA coating
was faster than that of HA, and biomineralization with a higher level was observed on the
Si-HA samples [59]. Many apatite microspheres were observed near the Si-HA implant
after 12 weeks in vivo, and the morphology of these aggregates was rather similar to those
observed in mineralized cartilage [60]. The bone growth rate of Si-HA (37.5 £ 5.9%) was
significantly higher than that of HA (22.0 £ 6.5%), and the bone/implant coverage of
Si-HA (59.8 £ 7.3%) was significantly greater than that of HA (47.1 & 3.6%) in vivo [61].
These results indicated that Si-HA can significantly improve osteogenesis, making Si-HA
an attractive alternative to conventional HA materials for bone tissue engineering.

2.5. Fluorine Doped Hydroxyapatite (F-HA)

Fluoride is essential for human health, such as neuromodulation and caries preven-
tion and it plays an active role in maintaining bone structure and function [62]. Fluoride
can promote the proliferation of osteoblasts and low levels of fluoride can enhance bone
formation in vivo [63]. In addition, it inhibits the activation and differentiation of osteo-
clasts by reducing the expression of matrix metalloproteinase-9 and tartrate resistant acid
phosphatase [64].

F-HA is a kind of doped calcium phosphate with biological activity. Because the
a-axis lattice parameters of F-HA are smaller than those of HA, the addition of fluorine can
increase the stability of HA and decrease the solubility of HA [65,66]. F-HA showed good
apatite-like layer deposition ability [67], can promote cell adhesion and protein adsorption,
and improved ALP activity in cell culture [68]. It can obviously prevent the decrease of
bone mineral density caused by osteoporosis [69,70], and inhibit bacteria growth [71,72].

Compared with HA, F-HA has superior bioactivity. When immersed in SBF for 21 days,
there was almost no apatite on the surface of the HA scaffold, while after 7 days of culture,
the whole surface of F-HA was covered with a thick phosphorite layer [69], demonstrating
that F-HA has excellent bioactivity and may have great potential for bone regeneration.
In addition, F-HA has obvious antibacterial activity. Wang et al. blended 40 wt% nano
F-HA and polyetheretherketone (PEEK) powder and prepared F-HA /PEEK composite;
the antibacterial test indicated that F-HA /PEEK effectively inhibited the adhesion and
proliferation of Streptococcus mutans [73]. When F-HA was coated on the surface of other
materials, the F-HA coatings also showed great antibacterial effect to Streptococcus mutans,
Escherichia coli and Porphyromonas gingivalis [74]. Some research demonstrated that even
a small amount of F-HA can show enough antibacterial activity [28], suggesting their
potential in oral and other biomedical applications [73].
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F-HA can effectively promote osteogenesis and inhibit osteoclast differentiation; the
in vivo results of F-HA/PEEK used for bone repair showed direct fusion of bone to F-
HA/PEEK composite surface, and no inflammation or necrosis was observed. In particular,
more bones were found around the F-HA /PEEK implants than around those of the PEEK
control (Figure 2) [73]. Kim et al. compared the osteogenesis of F-HA /PCL and HA /PCL
composites, and found that F-HA contained materials that could significantly improve the
ALP activity and osteocalcin expression of osteoblasts [75]. The material containing F-HA
increased the initial adhesion of osteoblasts, promoted cell proliferation and mineralization,
and significantly increased the amount of new bone formation in vivo. These findings
demonstrated that F-HA might be a promising candidate for bone tissue engineering.

Figure 2. Histological analysis of the tissue response to bare polyetheretherketone (PEEK) (a,b) and
fluorine doped hydroxyapatite (F-HA)/PEEK implants (c,d) after 8 weeks. The subfigures (b) and
(d) refer to the higher-magnification images of (a,c). The dark red area represents the newly formed
bone, and dark black represents the PEEK-based implant. (white scale bar: 200 um, black scale bar:
100 wm) [73].

2.6. Other Ion Doped Hydroxyapatite

There are also many other types of ion doped hydroxyapatites, which can improve
the biological properties of HA via ion doping. For example, magnesium doped hydrox-
yapatite (Mg-HA) promotes new bone formation on the implant material, controls the
initial degradation rate and guides bone regeneration [76]. Mg-HA can significantly inhibit
Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli [77,78]. Copper doped
hydroxyapatite (Cu-HA) showed proper cell proliferation, osteogenic activity [79], and
antibacterial properties, resulting in significant reductions of Escherichia coli and Staphylo-
coccus aureus biofilms [80]. Manganese doped hydroxyapatite (Mn-HA) is able to regulate
the osteoblast differentiation, control the bone resorption, and promote the cell adhesion
and synthesis of extracellular matrix proteins [81]. Cobalt doped hydroxyapatite (Co-
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HA) promotes the neovascularization and the angiogenesis of the newly formed bone
tissues [82].

Table 1 summarizes some relevant studies on ion doped hydroxyapatite and its
enhanced biological function. The investigation of these ion-doped hydroxyapatites can
help us know more about the natural hard tissues’ structure and excellent biological activity,
and then help us to design novel implant materials with unique structure and performance.
However, because of the low bending strength, high brittleness, and easy fracturing, HA
and various ion-doped HA can only be used in non-load bearing parts. In addition, the
elastic modulus of these inorganic materials are much higher than that of natural bone,
and its mechanical properties do not match with human bone, and thus their application
in clinical applications were limited [83]. To solve this problem, HA has been combined
with various polymers to form various HA /polymer composites, which have been widely
used in bone tissue engineering.

Table 1. Ion doped hydroxyapatite and the enhanced biological function studies.

Doped Ions Function Reference
Mechanical properties [26-28]
Sr-HA Biocompatibility [27,28]
Osteogenic activity [29-34]
Osteogenic activity [39-41]
Zn-HA Antibacterial [43-45]
Ag-HA Antibacterial [48-54]
. Biomineralization [57,58]
Si-HA Osteogenic activity [59-61]
Biomineralization [62,65-67]
F-HA Antibacterial [28,71-74]
Osteogenic activity [68-70,73,75]
~ Osteogenic activity [76]
Mg-HA Antibacterial [77,78]
Cu-HA Antibacterial [79,80]
Mn-HA Osteoblast differentiation [81]
Co-HA Osteogenic activity [82]

3. Hydroxyapatite/Biodegradable Polymer Composites Used for Bone
Tissue Engineering

In principle, biodegradable polymers with sufficient mechanical strength, optimized
structure and appropriate degradation rate are desirable scaffold materials for bone tissue
engineering [84,85]. The scaffold material should also be osteoconductive so that osteoblasts
can adhere to the scaffold and migrate, differentiate, and eventually form new bone; thus
various polymers have been blended with HA to combine the advantages of both polymer
and HA. Biodegradable polymers, such as poly(lactic acid) (PLA) [86], poly(glycolic acid)
(PGA), poly(lactide-co-glycolide) (PLGA) [87], and chitosan (CS) [88,89] have been widely
used to develop hydroxyapatite/polymer biodegradable scaffolds for bone regeneration.

3.1. Hydroxyapatite/Polylactic Acid (HA/PLA) Composites

Polylactic acid (PLA) is a kind of linear aliphatic thermoplastic biodegradable polyester
with good mechanical properties, thermoplastic and biocompatibility, and is easy to pre-
pare [90]. It has become a promising polymer for various applications in the biomedical
field. Since the 1980s, the research on HA /PLA composites has aroused much attention. In
the recent ten years, the mechanical properties, biocompatibility and osteogenic properties
of HA/PLA composites have been well investigated [91-93].
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The content of HA will affect the mechanical properties of HA/PLA composites;
furthermore, the HA /PLA composites have been prepared into various bone repair medical
devices, such as the miniscrew and microplate. Y. Shikinami’s group used PLA composites
with 30 wt% HA content for the miniscrew and 40 wt% HA for the microplate, respectively.
It was found that although the mechanical property of the composite device was slightly
lower than that of natural cortical bone, its strength was much higher than that of pure
PLA, and it had excellent fatigue resistance. It can maintain 70% of the initial strength even
after alternating bending 60 times, without any damage, while the metal device fully broke
off 8 times [94]. There were also many other types of HA/PLA composites, for example, to
mimic the nano-fribrous structure of natural extracellular matrix, nano-fibrous HA /PLA
porous scaffold was fabricated by thermally induced phase separation (TIPS) method; the
compressive modulus of pure PLA scaffold was only 0.2 MPa, while that of HA/PLA
composite scaffold at 20:80 (weight ratio) was as high as 0.63 MPa, which was about three
times that of pure PLA [95].

HA /PLA showed good biocompatibility in cell adhesion and proliferation towards
MC3T3-E1 osteoblast precursor cells, MG-63 osteosarcoma cell and L929 fibroblast cells,
and the expression of bone specific marker (osteocalcin) was increased [96-98]. Cell
survival and adhesion can be regulated by protein preadsorption on the substrates [99].
The protein adsorption of HA/PLA composite scaffolds was studied by incubating the
scaffolds in FBS/PBS solution. The addition of HA increased the adsorption capacity of
protein. Compared with the PLA scaffold, HA/PLA 50:50 and HA /PLA 70:30 composite
scaffolds absorbed 2.4 and 3.2 times serum protein, respectively [100].

HA/PLA composites can improve osteogenic response in vitro and osteogenesis
in vivo [101-103]. In pure PLA scaffolds, osteoblasts mainly adhered to the outer surface
of the polymer. In contrast, osteoblasts were embedded into HA/PLA scaffolds and
distributed evenly, and when cultured in vitro for 6 weeks, the expression of bone specific
markers (coding bone sialoprotein and osteocalcin) was more abundant in HA /PLA [104].
The ALP of the HA /PLA composite fiber was significantly higher than that of the pure PLA
fiber after 7 days culture [101]. Based on these in vitro results, HA /PLA nanocomposite
fibers are believed to promote the adhesion and growth of osteoblasts and stimulate them
to play the functional activities of bone related cells.

HA/PLA composite has been widely investigated. However, the biodegradable acid
product of PLA may have a negative effect; while HA can effectively neutralize the acidic
products, creating a microenvironment conducive to wound healing and bone formation,
some in vivo results have demonstrated that HA/PLA scaffolds had good osteogenic
capability showing their potential as bone graft substitutes in reconstructive surgery [105].
In order to fulfil improving the functions of HA /PLA scaffolds, other materials such as
collagen or growth factors may be blended with HA /PLA; for example, PLA/HA /collagen
scaffold loaded with recombinant human bone morphogenetic protein 2 (th-BMP 2) was
implanted into the defect site of rabbit radius. After 12 weeks, the scaffold was completely
fused with the defect area, showing the replacement of new bone (trabecular) tissue [106],
and demonstrating the bone regeneration of HA /PLA composite materials.

3.2. Hydroxyapatite/Poly (Lactic Acid-co-Glycolic Acid) (HA/PLGA) Composites

In view of the good biocompatibility and mechanical properties, PLGA has been
widely used in drug delivery, and skin, nerve and bone tissue regeneration [107-110]. The
compressive strength of PLGA is not enough for any load bearing application; HA can
reinforce the mechanical properties of PLGA. Fisher et al. prepared HA /PLGA composites
and found that composites with 30% wt HA showed much better mechanical properties
than that of PLGA; the strength of the composite was three times that of the polymer,
and the compression modulus was also increased by six times. By injecting the injectable
HA /PLGA scaffold material into the femoral head model, the compress modulus and
strength of the trabecular increased from 3.5 MPa to 5.9 MPa and from 81 to 180 MPa,
respectively [111].
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HA /PLGA had better biocompatibility than pure PLGA. MTT assay was used to
detect the metabolic activity of MC3T3-E1 cells at 1 d, 4 d and 7 d. It was found that cell
proliferation in the HA/PLGA group was significantly higher than that of the PLGA group
on day 4 and 7 [112]. Compared with PLGA scaffold, HA/PLGA scaffold co-cultured
with MSC had better cell adhesion, increasing cell proliferation ability and stronger ALP
activity [113].

HA /PLGA has improved osteogenic compared with PLGA. MC3T3-E1 cells were
inoculated on PLGA /HA /GO nanofibers; after 7 days of culture, the expression of Runx-2
in HA /PLGA nanofiber matrix was significantly higher than that in the PLGA nanofiber
group. After 21 days of culture, the amount of ALP and calcium deposition in the
HA/PLGA group was 1.5 and 2.3 times higher than that in the PLGA group, respec-
tively [112]. Petrica and colleagues produced HA /PLGA composites and found that 30%
HA added into the polymer would maximize the material osteoconductivity [114]. In
the animal experiment of mandibular defect, HA /PLGA scaffold showed a small amount
of trabecular bone formed by osteoblasts at 6 weeks, and transformed into mature bone
tissue at the end of 12 weeks, but it took 48 weeks for the PLGA control scaffold to form
mature bone tissue to fill the defect [115]. The mechanism may be related to the addition of
hydroxyapatite, which is more favorable to the deposition of calcium and phosphorus ions,
and the fact that HA can reduce the degradation rate of PLGA and control the pH value
during degradation.

3.3. Hydroxyapatite/Chitosan (HA/CS) Composite

Chitosan (CS) is a copolymer of D-glucosamine and N-acetyl-D-glucosamine [116].
Due to its biodegradable, non-toxic, antibacterial and biocompatible properties, CS can
be used as a scaffold material or growth factor carrier in bone tissue engineering, and
has attracted much attention [117,118]. Unfortunately, pure chitosan scaffolds have poor
mechanical properties, and lack osteoconductivity. HA nanoparticles can be blended into
the chitosan matrix to prepare chitosan-based composites with the potential of bionic
natural bone [119,120].

The introduction of HA into chitosan can improve the mechanical properties of
CS composite, and has been reported to be used in bone-filling paste and bone tissue
engineering [121,122]. The aggregation of HA nanoparticles is a drawback of this kind of
material, however, Hu et al. proposed a simple in situ hybridization method to prepare
HA /CS nanocomposites, which can solve the aggregation problem. The initial mechanical
properties of bending strength and modulus of the composite are 86 MPa and 3.4 Gpa,
which are much higher than those of bone cement, demonstrating their potential application
for internal fixation of long bone fractures [123]. HA /CS scaffold also possesses quite good
biocompatibility. Compared with pure chitosan scaffold, HA /CS composite enhanced cell
adhesion, spreading and proliferation of human mesenchymal stem cells (hMSCs) [124,125].

HA /CS biocomposites can induce osteoinduction and osseointegration, and promoted
bone formation in different bone defects [126,127]. HA/CS and pure chitosan were im-
planted into the left femoral condyle of 43 adult New Zealand white rabbits to repair the
femoral condyle defect (6 mm diameter, 10 mm length). The results showed that after
12 weeks of surgery, complete healing of the segmental bone defects was observed in
rabbits implanted with the HA /CS scaffold, while the defects were still observed in the
pure chitosan group [128]. HA /CS composite can also be used as a functional coating
on other implants to produce biomaterials with excellent ossteoinduction properties. For
example, Wang et al. coated HA /CS on a titanium surface (denoted as: cTi) and used them
under diabetic conditions [129]. The histological analysis at the bone/implant interface
showed that after 4 weeks, little regenerative bone was integrated into Ti or cTi. However,
after 12 weeks, more bone contact was observed and a larger amount of new bone grew
into the cTi implant than it did into the Ti implants (Figure 3) [129].
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Figure 3. Histological examination of osteointegration at 4 and 12 weeks after implantation. (A) Van
Gieson staining. The tissue stained in red color: the newly formed bone with visible cell nucleus. The
tissue stained in dark blue color: fibrous tissue. (B) Histomorphometric measurement of new bone
formation within the implants. (* p < 0.05) [129].

3.4. Hydroxyapatite/Other Degradable Polymers

There are many other HA/degradable polymer composites, such as HA/collagen,
HA /gelatin and HA /PCL; these are widely investigated in bone tissue engineering. All
these composites have proper mechanical and exciting bioproperties. HA /collagen was
improved in term of adhesion, proliferation and differentiation of seeded MSCs [130].
HA /gelatin composite can increase the elastic modulus and decrease the toughness of
the scaffold with increasing HA content; the compressive modulus was about 180 MPa
which was very similar to that of natural sponge bone [131]. As for hydroxyapatite
polycaprolactone (HA/PCL) composite, when the volume ratio of HA increased from
0% to 30%, the elastic modulus of HA /PCL scaffold increased from 299.3 to 498.3 MPa,
and the compressive modulus was 2.4 times that of PCL [132]. Furthermore, the porous
HA /PCL scaffolds could improve the proliferation and cell viability of primary fetal bovine
osteoblasts more effectively than PCL scaffolds [133].

These composites can make full use of the advantages of different biodegradable
materials and have broad prospects in bone tissue engineering. However, during the
preparation of composites, HA nanoparticles may agglomerate easily, which induce early
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failure at the interface, limiting the application of the composites [134]. Therefore, it is of
great significance to study the dispersion of nanoparticles in the polymer matrix, and thus
many works have been carried out to tune the surface properties of HA and improve its
phase compatibility with the polymer matrix.

4. Surface Modified HA and Its Polymer Composites
4.1. Surface Modification of HA Nanoparticles

The surface of HA can be modified to have unique properties by selecting different
functional composites. The most important methods of surface modification can be divided
into “grafting to” or “grafting from” approaches [135,136].

One of the most important reactions for surface modification of HA is the condensation
reaction, such as esterification and amidation. In 1996, Liu et al. developed a method to
modify the surface of hydroxyapatite with polyelectrolyte polyacrylic acid (PAA) in an
aqueous solution, and then the modified HA was used as fillers to blend with polyactive
™70/30. The elongation at break, tensile strength and elastic modulus of the composite
can be significantly improved by this method [137]. In addition, the research group also
used poly(ethylene-co-maleic acid) (PEMA) to tune the surface properties of HA. The
mechanical properties of the composites can be significantly improved in both dry and
wet states. Fracture analysis showed that the surface modified hydroxyapatite particles
maintained good contact at the fracture site [138].

PLLA can be grafted onto the surface of HA nanoparticles via the polycondensation
method and form PLLA grafted HA (p-HA) [139]. The surface grafted PLLA may increase
the compatibility between HA and the polymer matrix, and thus the mechanical properties
of p-HA/PLLA were improved. The tensile strength of p-HA /PLLA is 68.7 MPa, while
that of HA/PLLA is only 43 MPa [139]. Hong and colleagues prepared p-HA nanoparticles
via the Ring-opening polymerization of L-lactide [140]; p-HA can be dispersed more
homogeneously in chloroform. Compared with HA/PLLA composites, p-HA/PLLA
composites have better mechanical properties. When the content of p-HA was 4 wt%, the
tensile strength was about 75 MPa, about 13% higher than that of PLLA [140,141].

Organic coupling agent can also be used to tune the surface of hydroxyapatite nanopar-
ticles; the functional groups of the coupling agent can react with other materials, and thus
it is an effective method to prepare surface modified HA via the coupling agent as a
bridge molecule. For example, 3-aminopropyltriethoxysilane (APES) can react with car-
boxyl containing polymers or other organic molecules by amidation, and then graft onto
inorganic particles by condensation of the silane alcohol groups [142]. Chen’s group
prepared a novel HA hybrid material by surface modification with electroactive aniline
tetramers [143]. The method is simple, and can be used widely in the grafting of other
functional groups or polymers on the surface of HA. Rakmae et al. reported that APES
or 3-methacryloyloxypropyltrimethoxysilane could be used to modify the surface of HA
particles to increase the compatibility between inorganic fillers and the polymer matrix,
and significantly improve the mechanical and thermal properties of the composites [144].
In addition, 2-carboxyethylphosphonic acid (CEPA) is another coupling agent and can
be used to modify the surface of HA particles. When CEPA modified HA(C-HA) was
blended with PLA, the results showed that C-HA dispersed homogeneously in the PLLA
matrix, which can improve the interfacial interaction between the PLA matrix and the
nanoparticles. The tensile strength and modulus of C-HA /PLA scaffold containing 20%
C-HA were 1.4 and 2.79 times higher, respectively, than those of HA /PLA [145].

HA can also be chemically modified by drugs, proteins and growth factors through
various technologies, which may greatly improve the applications of HA. Huang et al.
proposed a simple method to graft bone morphogenetic protein-2 (BMP-2) on the surface
of HA nanoparticles, which may preserve the bioactivity and slow release of BMP-2 [146].
When the BMP-2 modified HA (HA-BMP) was blended with gelatin methacrylamide
and four-armed PEG methacrylamide, the BMP-2 may also increase the phase interaction
between HA and polymer chains via hydrogen bounding; more importantly, when the
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composite was implanted in a rat skull defect model, the new bone volume and osteogenesis
rate were as high as 50.54 £ 13.51 mm and 64.38 £ 17.22%, respectively, showing great
potential in bone regeneration therapy [146].

4.2. Application of Surface Modified HA in Bone Tissue Engineering

The surface modification of HA can adjust its surface properties, and may improve the
phase compatibility between HA and polymers, and thus the modified HA /polymer com-
posites may show much better mechanical properties than that of pure HA /polymer, which
may promote their application in bone tissue engineering. Zhang et al. prepared 3-D porous
scaffold with PLA grafted HA/PLGA (p-HA/PLGA) composite and investigated the min-
eralization and osteogenesis properties via in vivo rabbit radius repair experiments. The
results showed that p-HA /PLGA scaffold was more stable than PLGA, and the biodegrad-
ability and degree of mineralization were similar to those of HA /PLGA. The in vivo results
showed that the p-HA /PLGA scaffolds loaded with BMP-2 have much better osteogenesis
properties than PLGA; after 4 and 8 weeks post-surgery, the bone bridges were more per-
fect and smooth than those in the PLGA group (Figure 4) [147]. Cui et al. also prepared a
p-HA /PLGA scaffold with various p-HA content, and used it for bone repair experiments.
Their in vivo results showed that the scaffolds could promote bone healing very well [148].
Song et al. used p-HA as nanofiller to prepare a p-HA /PLGA nanofiber membrane via the
electrospinning method, and investigated their mechanical and invitro bioproperties. The
results demonstrated that the surface modification of HA improved the dispersion of HA
particles in the PLGA matrix; furthermore, the bioactivity test and biocompatibility test
suggested that the bioresorbable p-HA //PLGA composite fiber membranes could be uti-
lized for guided bone regeneration [149]. Wei et al. prepared poly (y-benzyl-L-glutamate)
modified hydroxyapatite/(poly (L-lactic acid)) (PBLG-g-HA /PLLA) composite scaffolds,
and their osteogenic properties were investigated by analyzing new bone formation in 3
mm bilateral femur defects in 18 Wistar female rats in vivo. The results showed that the
PBLG-g-HA /PLLA scaffold had good osteogenic properties and may have broad applica-
tions in bone tissue engineering [150]. Up to now, the research and application of polymer
modified HA and their composites are still very limited, however, due to their merits in
improving the mechanical and biological properties, this kind of composite should arouse
increasing attention in engineering bone tissue scaffolds.

Figure 4. The rabbit radius defects implanted with the porous scaffolds of BMP-2/p-HA/PLGA (a-1-4), p-HA/PLGA
(b-1-4), HA/PLGA (c-1-4), and PLGA (d-1-4) at 0, 2, 4 and 8 weeks post-surgery [147].

5. Prospective

Bone tissue engineering is a promising method to realize the construction of new
bone tissue and to rebuild bone functions. HA, due to its similarity to natural bone’s
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composition, showed great potential applications. In this review, HA-based materials were
briefly introduced; the content covered inorganic materials and polymer composites, which
may be helpful for readers to get a comprehensive understanding about HA. We think it
may fall in the interest points of material science or clinic investigators who are interested
in bone tissue engineering or bone regeneration.

Although many works have been done, in particular, substantial progress has been
made in developing materials with sufficient mechanical strength, there are still great
challenges to prepare ideal tissue engineering scaffolds with HA as the nano-building
block. With the understanding of natural bone structure and the microenvironment for bone
regeneration, an increasing number of biomimetic structure scaffolds based on HA will be
investigated. Furthermore, new biomimetic or bioinspired methods will be proposed to
prepare various HA based scaffolds. The use of HA particles as a key building block serves
as a basis for multifunctional HA particles which can satisfy the tissue microenvironment
or conquer clinical challenges and will arouse increasing attention.
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