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Abstract: Hydroxyapatite (HAp) is a well-known bio-
ceramic known for its high biocompatibility and good
bioactivity. The structure of HAp mimics the natural bone
structure and thus, it is widely used as implants for hard
tissues. Despite possessing the above properties, it lacks
mechanical strength, is susceptible to the growth of mi-
crobes over time and has low degradability. Polymers can
be synthetic or natural. They can be a better choice to be
used as additives to improve the properties of HAp due to
its bettermechanical strength and high biodegradability. A
combination of metals and polymers together can over-
come the drawbacks of HAp to a greater extent. This review
article deals with different polymers and metal/polymer
fabricated HAp to show the changes in the properties of
HAp following the substitution. It also deals with how
better they could be used as a hard tissue implant.

Keywords: biocompatibility; fabrication; hard tissues; hy-
droxyapatite; polymers.

1 Introduction

Hard tissues are mineralized, living tissue with high
hardness. Hard tissues include the bones and the teeth.
Bones have special nature to repair themselves in case of
small damage caused to them. But in case of large damage
or severe trauma to the bones,we need to proceed for repair
and reconstruction surgery. There are several techniques to

undergo the replacement of the damaged or lost bone. This
includes exogenous and endogenous methods. These
techniques are associated with certain disadvantages.
Endogenous involves additional surgery while the exoge-
nous is associated with disease transmission and rejection
by the body [1]. Therefore, research has been focused on the
fabrication of materials that can replace the diseased part.
The new artificial materials have thus, been named bio-
materials. These are known to mimic the natural bone.
Biomaterials can be synthesized directly or by some
chemical modifications to the existing materials [2]. Bio-
materials have been used for over 2000 years. The tradi-
tional biomaterials did not prove to manifest good results
as they led to various infections and the biological rela-
tionship could not be established. Following the develop-
ment in the field of biology and material science,
innovative ideas have been incorporated into the invention
of new biomaterials where the biomaterials can function
normally, improve the body’s response to the biomaterials
and integrate into the body [3].

There are three distinct generation of biomaterials.
The first being the bioinert biomaterial also called the
first-generation biomaterial, the second being the bioac-
tive and biodegradable biomaterial which are called the
second-generation biomaterials, and lastly, the third type
is the biomaterial which is known to stimulate specific
cellular response at the molecular level known as the
third-generation biomaterials. These are classification
based on the property of the biomaterials and are not in
chronological order. The first-generation biomaterials are
prepared in such a way that it could lower the toxic
response of the host and possessing physical properties
matching with the replaced tissue. Some common exam-
ples of this generation include metallic alloys (stainless
steel, cobalt-based alloys, etc.), ceramics (alumina, zir-
conia), and polymers (silicone rubber, polyethylene [PE],
acrylic resins, polyurethanes, polypropylene, and poly-
methylmethacrylate [PMMA]) [4]. The metallic materials
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which include stainless steel, cobalt-based alloys, Ti, and
its alloys are extensively used because of their excellent
mechanical strength and forbearance [5]. Stainless steel is
used as an implant because of its low price, abundance,
biocompatibility and excellent strength. Cobalt-based
alloys possess high wear resistance and excellent me-
chanical properties [6]. Titanium and its alloys are used in
joint prosthesis, oral implants and bone surgery since
years [7]. Apart from the various advantages of metallic
implants, they suffer several drawbacks. Once implanted,
stainless steel alloys are known to cause in-vitro corrosion
which leads to the release of metal ions which inhibit the
immune response [8]. The elastic modulus of titanium
alloys are higher than that of the bone [9] along with low
shear resistance [4]. The main problem faced with the
cobalt-based alloys is the Ni and Co ions which are sus-
ceptible to allergic reactions in the body. Furthermore, Ni
is carcinogenic [10]. Ceramic biomaterials like alumina
and zirconia are now extensively being used in hard and
soft tissue implants. These are known to show excellent
mechanical properties especially high flexural strength
accompanied by high biocompatibility [11]. Moreover,
zirconium oxide has been proved to show no cytotoxic
effect ormutagenic or oncogenic effect on the cells in-vitro
[12]. Alumina and zirconia are chemically resistant ma-
terials. Being oxides themselves, they do not undergo
oxidative reactions and have excellent load-bearing
properties. Alumina is favored for hip, shoulder and
knee replacements while zirconia is preferred for restor-
ative dentistry [13]. Jun et al. [14] prepared alumina rein-
forced HAp or β-tri-calcium phosphate (β-TCP) which
enhanced the porosity, the adhesion between alumina
and calcium phosphate layer and accelerated the new
bone formation. Another very important bio-inert mate-
rials are the polymer-based biomaterials. These materials
are used extensively due to their biocompatibility, low
impact strength, high stability, excellent toughness, high
abrasion and resistance [4]. The main disadvantage suf-
fered by the bio-inert biomaterials is that they do not
interact with the host tissue thereby causing no immune
response. Moving to the second generation, that is,
bioactive biomaterials. The bioactive materials biologi-
cally interact with the host tissue producing an immune
response and bonding to the surface. Simultaneously,
the invention of bio-resorbable materials that undergo
degradation in the body over time without causing any
harm to the body [4]. The examples include ceramics,
glass-ceramics and composites. Ceramics are the most
widely used bioactive materials as hard tissue re-
placements. Amongst them, HAp is extensively and most
commonly used. The main disadvantage of bioactive

ceramics is the low load-bearing properties and high solu-
bility. The mechanical strength of these ceramics prevents
them to be used as a long-term implant [15]. HAp is known
for its excellent biocompatibility having the structure similar
to that of the natural bone. HAp mixed with Ti substrates
have been known to show greater bone ingrowth, improved
fixation to the host tissues and better biocompatibility
[16, 17]. When HAp is combined with other substrates like
metals, polymers, etc. is known to show enhanced proper-
ties that could serve as a long-term implant. TCP, another
ceramic biomaterial known for its biocompatibility andgood
osteoconductivity also serves good substitute to act as an
implant [18]. Jang et al. [19] studied that incorporation of TCP
in the site of fracture accelerated the bone formation in an-
imals. Moreover, β-TCP is known for its high solubility; due
to this nature, it candissolve very readily and further prompt
the regeneration of natural bone. It generally forms after
heat treatment of above 900 °C usually designated as a
high-temperature phase. Furthermore, the bioactive glass,
graphene are few other bioactive materials used as bone
implants. They are used for their bioactivity and bone-
forming capacity. Hench et al. in the year 1971 developed
calcium-phospho-silicate glass-ceramic for bone bonding
which allowed the reaction to occur between the bone and
the material [20]. Heat treatment of MgO–CaO–SiO2–P2O5

glass resulted in the formation of a crystalline apatite in the
glassy matrix. The newly formed glass was proved to show
excellent bioactivity with high mechanical strength which
gradually decreased [21]. The necessary condition for the
glass ceramics and glasses to bond with the bone is the for-
mation of the apatite layer on the surface inside the body [22].
Thesematerials promote the formation of the apatite layer on
their surface once they come in contact with the fluids that
mimic the plasma [23]. Studies have revealed that sol–gel
derived bioactive glass showed higher bioactivity and high
degradability [24]. Bioglass suffers the disadvantage of hav-
ing weak mechanical properties and low load-bearing
properties. Thus, these ceramics have successful applica-
tions in low load-bearing materials in dentistry and ortho-
paedics. The second-generation biomaterials also include
certain bio-resorbable polymers that degrade in the body
over the time. These include biodegradable polymers like
polyglycolide (PGA), polylactide (PLA), polydioxanone
(PDS), poly(ε-caprolactone) (PCL), polyhydroxybutyrate
(PHB), polyorthoester, Chitosan, poly(2-hydroxyethyl-meth-
acrylate) (PHEMA), hyaluronic acid, and other hydrogels.
Polymers are of two different origins: synthetic and natural.
There are several advantages of using these polymers. They
reduce the cost to remove the implant from the body over
time and reduce the stress shielding effect [4]. Third gener-
ationmaterials are thosewhich form a porous 3-dimensional
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structure that allows cell attachment, proliferation, stimulate
cellular activity, etc. For such types of materials, the prop-
erties like bioactivity, biodegradability should be essentially
present so that they can trigger cell response.

2 Hydroxyapatite (HAp)

The major component of hard tissues is the mineral phase
also called the inorganic phase which is primarily
composed of calcium phosphate. The organic phase in-
cludes collagen and water. Bone and dentine contains
about 45–70 wt%mineral, 10 wt%water and the rest being
collagen [25]. HAp, having the formula Ca10(PO4)6(OH)2, is
one of the most important bioceramic used as an implant.
The reason being that it mimics the natural bone. It is
widely used because of its bioactivity and excellent
biocompatibility. Synthetic HAp is used in the repair and
reconstructive surgery, conservative dentistry, and phar-
macy as represented in Figure 1 (Kolmas et al. [26]).

The compatibility of HAp with the hard tissues has
proved to be superior amongst all the other artificial ma-
terials [27]. The permanent fixation of the implant taking
place is akin to the biological fixation. Moreover, it is very
osteoconductive [28], promotes osseointegration, is non-
toxic and can formchemical bondswith the host tissue [29].

2.1 Structure of pure HAp

Pure HAp crystallizes in a hexagonal lattice (Figure 2,
Kolmas et al. [26]). Important structural features of

stoichiometric HAp are it includes three types of ions: cal-
cium ions, phosphate ions, and hydroxyl ions. Two types of
calcium ions are present in HAp: Ca (I) and Ca (II) ions. Ca
(I) ions are locatedat theedgesof thehexagonal unit cell and
Ca (II) ions form equilateral triangles with the hydroxyl
groups in the middle. Hydroxyl groups are arranged at the
edges of the elementary cells forming columns of OH–OH–
OH– while the oxygen atoms are grouped in such a manner
that they will not be able to form a hydrogen bond. Lastly,
the phosphate ions, being the largest ions are the ones to
determine the structure of HAp [26].

2.2 Disadvantages of HAp

Inspite of the above advantages, HAp suffers many draw-
backs. It possesses inferior mechanical properties such as
low ductility, low fracture toughness and cannot tolerate
large stress which ultimately leads to failure of the im-
plants [30]. The surface of HAp is susceptible to the attack
of microbes over the period of time. Bacteria, fungi and
viruses start to grow on the surface of HAp gradually which
eventually leads to the failure of the implant. Therefore,
HAp cannot be used as a long-term implant [31]. The sur-
face of HAp is conducive to variety of substitutions. Sub-
stitution in HAp by various ions or adding polymers will
improve the properties of HAp making it a better partici-
pant to act as a long-term implant.

3 Substitution by the polymers

Themechanical properties can bemagnified by the addition
of some polymers to HAp to form composites. They could be
either natural or synthetic as gelatin, Chitosan, grapheneFigure 1: Schematics of various applications of hydroxyapatite.

Figure 2: Schematic showing the structure of pure hydroxyapatite.
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oxide, polyvinyl alcohol (PVA), PLA, PGA, PCL and many
more [31]. The implants needed for bone repair must have
high mechanical properties and good load-bearing proper-
ties; ceramics and metals are usually preferred. They are
associated with some disadvantages like corrosion, inflam-
mation, andbone loss. Therefore, polymers could be abetter
choice to overcome these disadvantages. Polymers exhibit
good elastic modulus, do not corrode and high tensile
strength. Some polymers are even known to degrade in the
body over a period of time. They are associated with some
disadvantages like X-ray transparency, unidentified in-
fluences of foreign body interactions and gradual decrease
of mechanical strength [32]. Mousa et al. [33] prepared
PMMA based bioactive bone cement where the addition of
PMMA improved the mechanical strength. The increase of
PMMA content caused the diminishing of the mechanical
property. Graphene supported HAp played a key role in
biomedical application. However, the 3-dimensional gra-
phene network is light in weight, has excellent electrical
conductivity, large internal surface area, high mechanical
strength, macroscopic porous structure and good flexibility
[34]. Polymersmainly come into theapplicationsdue to their
superior biocompatibility, low toxicity, bioinert nature, and
good mechanical properties such as strength, abrasion
resistance and flexibility [35]. Polymers are used as sensors
for spotting ammonia when combined with HAp as other
inorganic oxide semiconductors fail to work above 300 °C
[36]. Use of biodegradable polymers like PLA and PCL are
known to improve the biocompatibility, the mechanical
properties like modulus and strength. In addition to the
above advantages, combination of PLA/PCL in HAp also
improves the hydrophobicity [37].

This review article summarizes the various natural and
synthetic polymer and changes in the morphology, the
mechanical properties, the antibacterial studies and cyto-
toxicity studies when either doped or coated with the cal-
cium phosphate ceramics to finally assess which of the
composite will be the best to act as a biomedical implant.
Table 1 describes the various methods of preparation of
polymer and metal/polymer fabricated HAp; explaining
the advantages of each of the method.

4 Fabrication of HAp with single
polymer

4.1 HAp/glutin/PMMA composites

Sunet al. preparedfilmsofHApusing glutinandPMMA[49].
PMMA is a biodegradable polymer. The films were prepared

in severalways like biomimetic, sol–gel etc. The coatingwas
done by dissolving PMMA or glutin in acetic acid at 60 °C
which was followed by the addition of HAp powder. The
glutin/HAp ratios were 10/1, 5/1, 2/1 and the PMMA/HAp
ratios were 2/1, 1/2, 1/5. Rapid stirring was done to form a
slurry followed by brushing on the implant and drying in
vacuum which finally led to the formation of HAp film.

4.1.1 SEM and XRD results

Scanning electron microscopy (SEM) results showed that
the grains of HAp crystal were uniformly distributed only
when the glutin/HAp ratiowas 10:1 or the PMMA/HAp ratio
was 1/5. This concluded that coating led to the formation of
small pores in the samples. Pores led to greater bone
ingrowth as observed after the coating. Both glutin and

Table : Summary of the various methods of preparation followed
by the advantages of each of the HAp/polymer and HAP/metal/
polymer samples.

Preparation method Advantages References

Polymeric foams Inexpensive, biodegradable []
ECD Easy controlled one (via po-

tential and time of deposition),
different coating compositions
can be used, and its suitability
for complex implant
geometries

[]

EPD Controls the chemical compo-
sition, suited for nano, micro
and biotechnologies, per-
formednear room temperature.

[]

Electrospraying Simple, relevant, cost effective,
fast, low temperature tech-
nique; particle size ranges in
micro to nano scales.

[]

Solution casting Better uniformity of thickness. [, ]
Wet precipitation
method

Versatile technique for low
temperature preparation.

[]

Citrate reduction
method

Uniform particle size []

Green method – []
Sol–gel method Low temperature synthesis,

cost effective, homogenous
mixing, size of particle can
range from microns to nano-
meter range.

[]

Microwave assisted co-
precipitation method

Homogenous composition. []

Biomimetic
mineralisation

It can mimic the biologically
mineralized growth.

[]

Matrix-assisted pulsed
laser evaporation

Controlled assembly of
biopolymer thin films.

[]
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PMMA served different functions and could serve various
medical purposes [49].

4.2 PVA/HAp foams

Ashraf et al. prepared polymeric foams for biomedical pur-
poses [38]. Fabrication of PVA based composite using
esterification and formalizing improved the resistance
against water. Tissue engineering attempts to help the
growth of cells and proliferation on particular matrices
known as scaffolds. In this article, polyvinyl alcohol was
used to fabricate the scaffold due to its biodegradability,
cost effectiveness and solubility in water. Scaffolds are
limited in use due to a lack of interaction between the
scaffold material and bone. To overcome this problem, HAp
was used. It is known for its excellent biocompatibility. PVA
matrix was prepared using the esterification and acetalizing
method. The foams were then characterized. Using PVA/
HAp foams, 3-D scaffolds were prepared which is important
in regenerative medicine.

4.2.1 Surface morphology

The morphologies were studied using SEM. Sufficient pores
were observed in the foams. The pore size was measured
by the porosity test. The porosity values were increased on
the addition ofHAp. The size of the poreswas in the range of
100–200 µm which was appropriate for bone regeneration.

4.2.2 Mechanical studies

The mechanical studies were done by checking the stress–
strain curve. Plateau stress was obtained from the average
stress between 0.2 and 0.3 strain values and the densifi-
cation was started from 1.3 times of plateau stress. The
densification strain was also achieved from the corre-
sponding point of densification stress. Increase in the
amount of HAp decreased the stress. The densification
stress decreased and relative strain reduced due to the
aggregation of HAp particles in the foam structure. The
results showed that using HAp particles as a secondary
agent improved the foams bioactivity and their biode-
gradability but caused some defects in structure which
finally led to a plateau stress reduction from 5MPa in PHF0
to 3.37 MPa in PHF3.

4.2.3 Biocompatibility test

Bioactivity tests of the foams were evaluated by immersing
the samples in the Ringer’s solution for 28 days at 37 °C

followed by the X-ray diffraction (XRD) and SEM analysis.
XRD pattern revealed a considerable change due to higher
amounts of HAp after immersing in Ringer’s solution. SEM
studies showed the presence of a secondary phase in the
foam during the biological test [38].

4.3 Analyzing the different drying methods
of PVA/HAp composites

Başargan et al. prepared PVA-HAp composite using an
in-situ biomimetic process with two different drying
methods [50]. The drying methods used were oven drying
and spray drying. Uniform size, control on the morphology
and mixing could be achieved using the in-situ biomimetic
process. In this article, the effect of drying and the effect of
molecular PVA was investigated. The starting material
used was Ca(OH)2, H3PO4, de-ionized water and PVA.

4.3.1 XRD results

The XRD pattern revealed that different drying methods or
changes in the weight of the polymer did not change the
peak position to a greater extent. The Ca/P ratio was
maintained at 1.665 as shown by XRD analysis. An increase
in the weight of the polymer slightly decreased the size of
the crystal.

4.3.2 Surface morphology

SEM analysis to compare the morphology of the samples
was done. There showed a clear change in the morphology
when different drying methods and different molecular
weights of PVA were used. PVA led to porous surfaces.
Agglomeration was shown in oven drying while a smooth
sphere was seen in case of the spray drying method. The
high molecular weight of PVA induced smaller sized par-
ticles. It was observed that oven-dried particles had a
crystal size in the nano range while spray drying particles
ranged in microns as observed from the Brunner–Emmett–
Teller (BET) surface area [50].

4.4 Advancement in polymer/HAp
composites

Pielichowska reviewed the advancement in the polymer/
HAp composite for bone tissue regeneration [51]. There are
several techniques of preparation of HAp which could be
the hydrothermal method, wet precipitation method,
template technology, wet chemistry method etc. Polymers
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could be a substitute for metallic implant because of their
biodegradability, reasonable cost and wide range of
physical and mechanical properties. Based on the proper-
ties and degradation of the polymers, they can be classified
as bioresorbable and bioerodable.

4.4.1 Polyethylene

Polyethylene is a non-degradable polymer with good
ductility, good wear resistance, chemical resistance, low
coefficient of friction, self-lubricating mainly due to linear
chains and high molecular weight. High-density poly-
ethylene (HDPE) is mainly used for the bone replacements.
Polyethylene/HAp was the first bioactive composite pre-
pared tomimic the natural bone. An increase in the volume
percent (vol%) of HDPE increased the Young’s modulus,
shear modulus, microhardness and tensile strength of
HDPE/HAp. The particle size andmorphology also affected
themechanical properties. The large size of the composites
increased the ductility of the samples but diminished the
mechanical properties. HDPE/HAp had lower coefficient of
friction than HDPE. The addition of 10 vol%HAp improved
the friction and wear properties but above 10 vol% deteri-
orated the tribiological properties of the composites.

4.4.2 Polyamides

Polyamides are another class of polymers with good
properties. Amongst them, polyamide 6,6 are biocompat-
ible and are known to possess good mechanical properties
which are suitable for biomedical applications. The main
drawback is that it is inert; therefore, it needs to be com-
bined with some bioactive ceramics. HAp/polyamide 6,6
when prepared showed good homogeneity and mimicked
the natural bone.

4.4.3 Polyacetals

Polyacetals are another class of polymers called polyoxy-
methylene homopolymer copolymer of trioxane with diox-
olane or ethylene oxide. They have very high Young’s
modulus but the polymer has inferiormechanical properties
for application in joints replacements like knee and hip
prosthesis. Polyacetals as implants do not degrade on
exposure to body fluids up to 20 years. Moreover, no cyto-
toxicity was investigated on cells. When mixed with HAp,
the degree of crystallinity improved and also showed
bioactivity in the SBF solution.

4.4.4 Polysulphone

Polysulphone is an amorphous polymer with sulphone
repeating units with high thermal and mechanical stabil-
ity, good dielectric properties, resistance to chemicals, etc.

4.4.5 Poly(ether ether ketone)

Poly(ether ether ketone) is a bioinert, non-cytotoxic, hav-
ing good chemical and fatigue resistance and high me-
chanical properties. It is even resistant to radiation. With
the addition of HAp, the bioactivity of the composite
increased considerably.

4.4.6 PMMA

It is a non-degradable polymer. It has been widely used in
bone cement for fixation in orthopaedic surgeries because
of various properties like good impact strength, non-toxic,
good chemical resistance, weathering resistant, optical
clarity, etc. while the major drawback comes in bioactivity;
it does not adhere to the surface of the tissues. The cell
response was improved by addition of bioactive ceramics
like HAp. Degradable polymers were being used in short-
term medical applications. These could be drug delivery,
orthopaedic fixation, wound dressing, etc. Synthetic bio-
materials are bio-inert and have properties similar to the
natural polymers. Synthetic biomaterials need to be used
with the bioactive ceramics like HAp to improve the inter-
action with the host tissues.

4.4.7 PLA

PLA is a linear aliphatic thermoplastic and biodegradable
polyester with good mechanical properties, thermal plas-
ticity, and biocompatibility. It possesses high tensile
strength, wear and chemical resistance. These properties
make polylactide more widely used than amorphous
polymers for orthopaedic fixations.

4.4.8 PCL

PCL is a commonly used polymer due to its low elastic
modulus and high elongation at break. The incorporation
of HAp in this polymer leads to the osteoblast growth with
an increase in the mechanical properties. There are several
natural degradable polymers used in the biomedical field.
These include collagen, gelatin, and silk. An important
aspect for the assessment of biocompatibility is that the
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pore size should be maintained. A sufficient pore will
lead to the osteoblast growth as well as the structure for
adherence. Scaffolds of polymer/HAp can be prepared in
several ways. These include solvent casting and particulate
leaching, melt molding, emulsion freeze-drying, gas
foaming, electrospinning, thermally induced phase sepa-
ration or solid freeform fabrication (SFF) [51].

4.5 Advancement in biodegradable
polymer/HAp composites

Ramesh et al. reviewed the recent developments in the
polymer/HAp composite [52]. HAp/biodegradable polymer
composite showed better bioactivity.

4.5.1 Chitosan

Chitosan is a versatile natural biopolymer. It has been
extensively used for its biocompatibility, biodegradability,
and antibacterial properties. It was reported that Ag/HAp
combined with Chitosan resulted in enhanced biocompati-
bility, higher bioactivity and improvedantibacterial activity.
Chitosan/HAp has been used as a coating on titanium alloy
implants to accelerate the osseointegration process.

4.5.2 Collagen

Collagen is a protein found in the body. It is known for
its biocompatibility, degradable properties and exhibits
good interaction with the cells. Collagen mixed with
HAp showed an increase in the mechanical properties by
diminishing the pore size. Collagen/HAp enhanced the
cytocompatibility as compared to pure collagen scaffolds
as showed by the in-vitro studies. The studies revealed
improved osteoblast attachment and proliferation of cell
lines like human osteoblast cells, osteosarcoma cells,
fibroblast cells when a varying amount of HAp was added.

4.5.3 Alginate

Alginate is a biodegradable and biocompatible marine
sourced biopolymer. To improve themechanical properties
of alginate, ceramics like HAp needs to be reinforced.

4.5.4 Hyaluronic acid

Hyaluronic acid is an unbranched linear hydrophilic
polymer formed from the disaccharide units. It is known to
have many biomedical properties like biocompatibility,
bone regeneration due to its elasticity, osteoinductivity,

antimicrobial properties, cell proliferation and differenti-
ation. The major problem associated with this acid is its
enzymatic degradation in-vivo resulting in the depletion of
its mechanical properties.

4.5.5 PCL

PCL is a synthetic, non-toxic and biocompatible polymer
mainly known for its biodegradability. It is known to
degrade and completely get eliminated from the host in 3
years. It was also approved by the U.S. Food and Drug
Administration to be used as an implant. When combined
with HAp, there showed an increase in mechanical prop-
erties. Porous HAp/PCL scaffolds are reported to show
greater cell viability and proliferation on primary fetal
bovine osteoblast than PCL scaffolds. The major drawback
of PCL is its hydrophobic nature resulting in lower anti-
microbial activity.

4.5.6 Poly-3-hydroxybutyrate (P3HB)

P3HB is a crystalline polyester that is formed as a result
of enzymatic synthesis by the bacteria. It is biocompat-
ible and non-toxic polymer as low molecular-weight
poly-3-hydroxybutyrate degrade into non-toxic D-
3-hydroxybutyrate in-vivo, a by-product seen in the human
blood. Due to its brittleness, it needs to be combined with
another polymer to form a copolymer or mixed with HAp.
Mixing of 5% HAp improved the mechanical strength and
elastic modulus wherein the addition of 10% HAp led to a
decline in the mechanical strength. Nano-HAp/P3HB scaf-
folds showed better cell attachment and proliferation on
MG63 osteoblasts. The composite cannot be used for long
term implant due to its mechanical instability.

4.5.7 Polylactic acid

Polylactic acid is formed by the polyesterification of lactic
acid. It exists in four chiral forms: poly (D-lacticacid) (PDLA),
poly (L-lactic acid) (PLLA), poly (D, L-lactic acid) (PDLLA),
and meso-poly(lactic acid). Polylactic acid is known for its
high tensile strength and Young’s modulus; dependant on
the percentage. PDLLA, on the other, has lower tensile
strength and is amorphous, and has a faster degradation
rate. Polylactic acid/HAp showed good biocompatibility in
many cell lines.

4.5.8 PGA

PGA is a semi-crystalline polymer with high tensile
strength. It is insoluble in most of the organic solvents. The
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mechanical properties and the degradation rates are faster
than PLA. Studies revealed that a strong inflammatory
response is evoked as a result of the degradation of PGA
and the formation of glycolic acid. When combined with
HAp, PGA/HAp showed good resorption in-vitro. The use
of PGA has been confined in the biological field because
of its high stiffness and the nature of the degradation
products.

4.5.9 Poly(lactide-co-glycolide) (PLGA)

PLGA is a biocompatible polymer with satisfactory me-
chanical properties. PLGA containing 75%PGA is known to
be amorphous and hydrolytically unstable, thereby de-
grades faster. When combined with HAp, the mechanical
properties can be improved. PLGA/nano-HAP showed
excellent in-vitro behaviour. TheHAP/polymer samples are
still restricted to small models only [52].

4.6 Choices of materials used for bone
generation

Sarkar and Lee updated about the latest innovations on
bone regenerations by preparing different materials that
caused rapid bone formation [53]. There are many choices
for preparation of the materials; each having its advan-
tages and disadvantages.

4.6.1 Bioceramics

These are widely used as implants due to their similarity
with the structure of bone. The pore size and microstruc-
ture will the mechanical properties. There should be a
balance between the mechanical properties and bio-
resorbability; this is the new concept of bio-active material
using biphasic calcium phosphate. The osteoblast prolif-
eration and material performance, densification behav-
iour, dissolution rate and biocompatibility can be
enhanced by addition of dopants like Zn, Sr, Si, etc. These
dopants are known to promote bone formation. Nanophase
has many advantages like improvement in biological and
mechanical properties, effect on the size, etc. The main
disadvantage of the bioceramics are its brittleness and low
load bearing property. Pore size greatly affects the
strength. Greater pore size shows higher bone ingrowth but
decreased mechanical strength. The usage of ceramic-
polymer hybrid scaffolds is gradually gaining attention. It
is well known that polymers alone cannot fulfil all the
criteria for a good scaffold. It needs to be combined with
ceramics like hydroxyapatite, bioactive glass, or glass-

ceramics to produce a better biocompatible scaffold with
strong mechanical properties.

4.6.2 Ceramic-polymer scaffold

These intensify the morphology and functional properties
of the scaffolds. Bioactive glass and glass ceramics are
known for their biocompatibility and bioactivity. They can
bond with the living host tissues. Bioglass is amorphous
whereas glass-ceramics are crystalline. These materials
cause biological responses that enhance cell-material
interaction. The products of bioglass accelerate bone cell
regeneration and the formation of natural bonds with the
existing bone.

4.6.3 Bioglass

They are formed by the sol–gel method which produces
particles in the nanometer range. They form scaffolds
that are highly biodegradable with enhanced biological
response. Bioglass can be used to coat bioinert surfaces
like metallic implants. The advantage of metallic implants
is their highmechanical strength but they lack any bonding
with the host tissues. Several modifications like plasma
spraying, dip coating, electrophoretic coating are done to
modify the metallic implants.

4.6.4 Biopolymers

Biopolymers are very safe in-situ thereby widely used as
implants. Natural polymers include Chitosan, hyaluronic
acid, alginate, oxidized alginate, gelatin, pectin, starch;
and proteins including soy, collagen, fibrin gels and silk.
Synthetic polymers include PGA, polylactic acid, their
copolymer PLGA, polyanhydrides, polycarbonates, poly-
phosphazene, polyfumarates, and poly(butylene tere-
phthalate)/poly(ethylene oxide). Biopolymers are
degradable and the degradation products can be discarded
by metabolic activity.

4.6.5 Natural polymers

Natural polymers show poor mechanical properties.
Crosslinking with polymers can improve the properties of
scaffolds. Hydrogels can also be a good alternative for
metallic implants but they lack mechanical strength and
low load-bearing properties. Therefore, they alone cannot
be used as an implant for bone regeneration in-vivo.
Hydrogels when combined with HAp/β-TCP improved the
delivery and distribution of cells [53].
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4.7 Electrochemical methods used for
preparation of polymer/calcium
phosphate ceramics

Touny et al. reviewed various electrochemical methods for
the fabrication of different polymers/calcium phosphate
nanocomposite for hard tissues [39]. The polymers/cal-
cium phosphate composite resembles to that of the natural
bone. Moreover, calcium phosphates are known to pro-
mote osseointegration and are widely used for bone repair
and restoration. Natural polymers are often identical to the
macromolecules present in the bone. They provide better
biocompatibility than synthetic polymers. Electrochemical
deposition (ECD) and electrophoretic deposition (EPD) and
two electrochemically based techniques differing in the
setup of the experiment. Natural polymers like collagen,
Chitosan, silk, gelatin are extensively used with CaP ce-
ramics to serve as an implant.

4.7.1 ECD

It was reported that ECD controls the mineralization of
collagen fibers on metallic implants. It also controls the
porosity which led to good cytocompatibility and better
osteoblast adhesion. Gelatin mixed with CaP could be
used for medical purposes. Composites prepared from the
electrochemical route increased the bioactivity. Gelatin
coated HAP showed higher resistance against corrosion as
compared to HAp coated without gelatin. Gelatin plays a
vital role in the enhancement of cell viability. Itwas reported
that electrochemical deposition was suited for the prolifer-
ation of osteoblasts. Silk fibroin led to the enhancement of
cellular responses.

4.7.2 EPD

This method is being extensively used for the past two
decades for bone replacement. Chitosan was fabricated
with CaP to coat on different metals. The coating was done
using the EPDmethod which led to the improvement in the
properties. Another study reported that EPD method was
used to coat silk fibroin with Zn/HAp on titanium sub-
strates. The coating led to the increase in the bioactivity in
simulated body fluid (SBF) solution. Lignin, another nat-
ural polymer was also electrodeposited with nano-HAp on
titanium substrates. Lignin acted as an adhesive and
strengthened the bond between HAp and the substrate
surface. This combination improved the corrosion resis-
tance and pore size which led to better osteogenesis.
Moving to the synthetic polymers, these form strong

candidates to act as a composite with CaP using the elec-
trodepositionmethod. PVA, a synthetic polymer is known to
impact the coating strength of the metallic implants which
improved the cell adhesion. PCL, a biodegradable material
which is extensively used for biological purposes due to its
excellent bioactivity. Polypyrrole, a conducting polymer is
known for its biomedical values.

4.7.3 Electrospraying

Electrospraying is a simple and relevant approach used at
the industrial level for its cost-effectiveness and that it can
be used at low temperatures. The layer of coated samples
formed from this technique ranged from micro to nano-
scales. It was reported that electrospun nanofibers formed
by spin-spray of gelatin/HAp became a promising scaffold
for bone regeneration.

4.7.4 Electrospinning

Electrospinning is a versatile method for the preparation of
nanofibers with a large surface area to volume ratio. It is a
simple method to control the morphology. Both synthetic
and natural polymers have been combined with calcium
phosphate ceramics to produce electrospun nanofibers for
biomedical purposes. Nanofibers collagen scaffolds were
produced using the electrospinning technique. These
composite displayed excellent mechanical properties with
Young’s modulus of the cancellous bone. They also
showed improved cell adhesion, cell proliferation and
differentiation. Even synthetic polymers could be com-
bined with the natural polymers using the electrospinning
process to obtain better properties [39].

Single polymeric system cannot be used to remove the
drawbacks of rapid degradation and instability in the
physiological environment. The main challenges in the
scaffolds preparation are the promotion of osseointegra-
tion and mechanical strength. Mechanical strength is
dependable on the porosity and geometry. Insufficient
vascularization of the interiors of thick bone limits the cell
in-growth which led to poor osseointegration. The inven-
tion of new biomaterials andmodifying themwith different
materials would improve the biological and systemic re-
sponses [53]. It is well known that the bio-ceramics show
relatively poormechanical property and lower degradation
rate. In order to improve the mechanical strength; natural
or synthetic polymers must be added to the bioceramics.
Somenatural polymers like Chitosan showed antimicrobial
property while polymers like PVA improved the cell
adhesion [39]. PVP, a water-soluble polymer is widely used
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to control the nucleation growth of HAp and improve the
stability [54].

5 Fabrication of HAp with two
polymers

5.1 PVA/PVP/HAp composites

Chaudhuri et al. prepared composites with 80 wt% PVA
and 20% wt polyvinylpyrrolidone (PVP) with concentra-
tions of HAp [55]. PVA has low conductivity and dielectric
permittivity. PVA behaves like insulators. In order to make
it conducting in nature, conducting polymers are added.
PVP is widely used for biomedical purposes due to its cost-
effectiveness. It was found that PVA-PVP nanofibers are
promising wound healer. In this article, 80PVA-20PVP-
xHAp has been prepared where x = 2.5, 5, 8.5, 10, 15 wt%,
using the solution castingmethod. HApnanoparticleswere
derived from the eggshells as fillers, without any acidic
reagents. Fibrous scaffold meshes were prepared by the
electrospinning process.

5.1.1 XRD and Fourier transform infrared spectroscopy
(FTIR) results

XRD results showed that with the addition of HAp, the
intensity of the PVA peaks decreased. The blended com-
posite exhibited higher conductivity and dielectric con-
stant. FTIR spectra showed that addition of Hap moved the
composite more on the amorphous side.

5.1.2 Surface morphology

The SEM micrograph of the samples was shown in
Figure 3A and B (Chaudhuri et al. [55]). The SEM study
showed agglomeration with some pores which indicated

good biocompatibility. The HAp particles were uniformly
distributed in the polymer matrix as shown by SEM mi-
crographs.Nanoclusters ofHApare simplyhomogeneously
distributed (for lower HAp concentration, x = 5 wt%)
within the polymer blend but those clusters remained
disconnected for higher HAp concentration around perco-
lation threshold (x ∼ 10 wt%) showing maximum
conductivity.

5.1.3 Biocompatibility test

In-vitro biodegradability was studied by measuring the
ε and σ values of the meshes by dissolving them in phos-
phate buffered solution (PBS) for oneweek. It was seen that
as the concentration of HAp increased, agglomeration of
the particles was reported. Moreover, the tensile strength
and elongation also increased with the increase in HAp
concentration. This was due to the rigidity of HAp ce-
ramics. The addition of HAp increased the hydrophobicity
of the samples due to strong PVA-PVP-HAp bonding.
Antibacterial activity was investigated Staphylococcus
aureus, Escherichia coli, Salmonella typhi, Vibrio cholerae,
and Klebsiella pneumoniae using different HAp concen-
trations. It was found that all of them showed comparable
values of antimicrobial activity. It was also found that the
antibacterial activity was dependent on the molecular
structure of the compound, the solvent used and the bac-
terial strain taken in the study. Adherence of the cells after
seven-day culture was investigated by SEM. It was reported
that better cell adhesion, growth and proliferation was
seen for 8.5 wt% HAp than 5 wt% HAp. Same results were
obtained in case of the MTT study. Along with this, mito-
chondrial activity increased along with cell proliferation.
Overall, better biocompatibility was investigated for the
8.5 wt% composites. Polymer scaffold with more con-
ducting nature was found to show better cell growth and
differentiation and hence was more biocompatible which
could be used for biomedical purposes [55].

Figure 3: (A) SEM micrograph of
80PVA-20PVP-5 wt% HAp. (B) SEM micro-
graph for 80PVA-20PVP-10 wt% HAp.
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5.2 Spectroscopic aspects of PVA/PVP/HAp
composites

Elashmawi and Abdel Baieth discussed the spectroscopic
aspects of the PVA/PVP fabricated with different mass
fractions of HAp viz. 2.5, 5, 10 wt% [40]. The films were
prepared using the solution casting technique.

5.2.1 XRD and FTIR analysis

FTIR studies revealed that the PVA/PVP/HAp composites
were prepared as confirmed from the vibration patterns.
Moreover, addition of HAp shifted the nature of the com-
posite towards the amorphous region. This was confirmed
by the XRD studies too which showed some parts of the
amorphous region and some parts of the crystalline region.
For the 5 and 10 wt%, there showed an increase in the
crystallinity. This was probably due to the decomposition
of the apatite into the various crystalline phases. Energy
dispersive X-ray analysis (EDX) study showed that the Ca/P
ratio in the composite was 1.65 which agreed with the Ca/P
ratio in human bone. Further, this proved that HAp for-
mation has taken place.

5.2.2 Surface morphology

SEM study revealed that addition of HAp to the blends,
aggregation of calcium phosphates was seen on the top
surface. As HApwas added as a filler in the polymer blend,
the thermal stability of the composites decreased. There-
fore, it was desirable to use HAp/PVA/PVP composite for
biomedical applications [40].

5.3 PVA/PVP, HAp/PVA/PVP and PVA/PVP/
β-TCP using chemical synthesis route

Uma Maheshwari et al. prepared HAp and β-TCP using wet
chemical synthesis route using calcium hydroxide and
orthophosphoric acid followed by electrospinning of PVA/
PVP, HAp/PVA/PVP, and β-TCP/PVA/PVP composites us-
ing ethanol as the solvent [56].

5.3.1 XRD and FTIR analysis

The XRD pattern for PVA/PVP composites showed amor-
phous structure while the XRD pattern for HAp showed a
crystalline structure. The unit cell was hexagonal. The in-
tensity in PVA/PVP/HAp and PVA/PVP/β-TCP samples

significantly decreased due to the overlapping of the peaks
of HAp and β-TCP.

5.3.2 Surface morphology

From the SEM micrograph of HAp and β-TCP as shown in
Figure 4A and C and the EDX spectra shown in Figure 4B
and D, respectively (Uma Maheshwari et al. [56]) revealed
that the Ca/P ratio in HAp was 1.62 and the grain size for
HAp was 150–300 nmwhile for TCP, the ratio was found to
be 1.49 and the grain size was 100–180 nm.

5.3.3 Porosity measurement

The pore size is essential for bone regeneration. From the
diameter of the pore size and porosity measurement, it was
seen that the addition of HAp and β-TCP to the blends
increased the pore size but the pore size was the largest for
the β-TCP composites. For (PVA-PVP)-HAp composites, the
pore structure was uniformwith lots of pores in themwhile
(PVA-PVP)-TCP composites were found to be coarse and
not uniformwith larger size pores. The introduction of HAp
in the blend led to greater water absorption ability than the
pure PVA-PVP. The addition of β-TCP to the pure blend
improved the hydrophilicity.

5.3.4 Biocompatibility studies

Biocompatibility studies were investigated against MG-63-
cell lines. It was found that after 7-day cell culture, the cell
viability showed a fair amplification in case of HAp added
composite than the β-TCP composites. This resulted in good
cell adherence, faster proliferation and growth of the
cells [56].

5.4 Synthesis and characterization of PVA/
type 1 collagen/HAp composites

Asran et al. prepared PVA nanofibers, PVA/Type I collagen,
and their composite by electrospinning process. 15wt%PVA
was dissolved in de-ionized water and Type I Collagen was
used as a diluting agent to dilute 15 wt% PVA to obtain the
weight ratio of 55:45 of collagen:PVA which was followed
by the electrospinning of the scaffold [57]. Later, the char-
acterization of the composites was done.

5.4.1 XRD and FTIR results

The study revealed that the incorporation of HAp in PVA
structure resulted in the shift of the broad absorption
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band of the OH group. Moreover, the crystallinity of PVA
decreased as nano-HAp was added. The presence of strong
intermolecular hydrogen bonding in the electrospun PVA/
Collagen/nano-HAp composite was revealed due to large
number of OH groups.

5.4.2 Surface morphology

TEManalysis was done to study themorphology of theHAp
nanofibers. An important feature observed was that all
HAp nanorods had porous structure. The electrospun PVA
nanofibers showed a uniform morphology without any
bead formation. The electrospun PVA/nano-HAp fibers
also showed a similar morphology with slight difference

that addition of HAp resulted in increase in the average size
of the fibers from 160 to 176 nm. PVA/Collagen had similar
morphologywith a difference in the average size of 245 nm.
With addition of 5 wt% nano-HAp to PVA/Collagen nano-
fibers, the average diameter size increased to nearly
320 nm. When 10 wt% nano-HAp was added, it resulted in
the agglomeration of nano-HAp with the average size
diameter in the range of 350–520 nm.

5.4.3 Mechanical studies

The mechanical properties were calculated using tensile
testing. It was observed that electrospun nanofiber of PVA/
collagen/n-HAp in which 5 wt% HAp was added showed

Figure 4: (A) SEM image of pure HAp. (B) EDX spectra of pure HAp. (C) SEM image of β-TCP. (D) EDX spectra of β-TCP.
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an overall highest tensile strength. Moreover, it was seen
that increase in the tensile strength was due to the rigidity
of nano-HAp. A decrease in the tensile strength and elastic
modulus of the composite was observed when 10 wt%
nano-HAp was added. Strong adhesion was seen when
collagen and nano-HAp were added and improvement of
the mechanical properties was observed when PVA was
added. The samples were not able to support high load.
Therefore, these could be used in low-bearing applica-
tions [57].

5.5 Characterization of PVA/PCL on HAp
composites

Uma Maheshwari et al. prepared a composite with PVA/
PCL on HAp and tested for the mechanical properties,
biocompatibility and cell adhesion [42]. HAp was prepared
by thewet chemical synthesis routewith calciumoxide and
orthophosphoric acid as the starting materials. PVA-HAp
was prepared by mixing in the ratio of 80:10 in the
de-ionizedwater to give 8.75 wt% solutions while PCL-HAp
was prepared by mixing 80:20 mixture of chloroform/
Dimethyl formamide (DMF) to give a 9 wt% solution. PVA/
PCL bilayer was incorporated into the HAp by the electro-
spinning process.

5.5.1 FTIR and XRD studies

FTIR studies showed the presence of new functional
groups in the sample when the polymer bilayer was added
to HAp. The XRD pattern showed that pure HAp had a
highly crystalline structure. The pattern for the PCL-HAp
showed no significant change in the crystalline structure
which concluded that HAp was uniformly dispersed into
the matrix. Moreover, the PVA peaks were weak and broad
in PVA-HAp and (PVA/PCL)-HAp. The bilayer nano-
composite showed an increase in the sharpness and in-
tensity of the HAp peaks due to the large size of HAp.

5.5.2 Surface morphology

SEM results showed that the fibers were in the nanometer
range. EDX analysis showed that Ca/P ratio was 1.62 which
was close to the theoretical value. A highly agglomerated
structure was seen in case of pure HAp. When bilayer
polymer was added to HAp, the concentration of HAp
started to decreasewhich led to the better formation of fiber
with the range of 340 nm.

5.5.3 Porosity measurement

Correct pore size allowed the cells to adhere to the surface
of the composites. Bilayer composite showed an increase in
porosity to about 64% which was advantageous for the
adherence and proliferation of the cells. The pore size for
the bilayer composite was about 525 nm. PVA is highly
hydrophilic; the hydrophilicity of the PVA-HAp sample
was 143%. The addition of the polymers to the HAP showed
improved hydrophilicity of the samples (141%). This dis-
cussion is shown in Table 2.

5.5.4 Biocompatibility studies

MTT assay results on the MG-63 seeded cells showed that
the bilayer polymer had higher cell proliferation rate with
enhanced cell viability. Good porosity and optimum pore
diameter of over 500 nm facilitated better cell adherence
and growth. HAp increased the surface roughness and
mechanical strength of the scaffold. The bilayer com-
posite could be a better choice to be used as potential
scaffolds [42].

5.6 Effect of Chitosan/PLGA in Hap

Ignjatović et al. combined a natural polymer and a synthetic
polymer with nano-HAp to evaluate and study the osteo-
conductivity and theantimicrobial activity of the composites
[58]. Chitosan has many physicochemical and biological
properties including antimicrobial, anti-inflammatory and
has been known to enhance the immunity. Poly-D, L-lactide-
co-glycolide (PLGA) has been used in the field of medicine
over years. Both the polymers suffer certain disadvantages.
Pure HAp was synthesized using calcium nitrate and dia-
mmonium hydrogen phosphate as the precursors. Chitosan
solution was prepared by dissolving Chitosan in acetic acid
and PLGA solution was prepared by preparing PLGA in
acetone followed by mixing in HAp. This was followed by
the coating of both polymers into the HAp.

Table : Porosity, average diameter and water swelling ratio of the
PVA-nHAp, PCL-nHAp and PVA/n-HAp/PCL composites [].

Nanocomposites Average fiber
diameter AFD (nm)

Porosity
(%)

Water swelling
ratio (%)

PVA-nHAp   

PCL-nHAp   

PVA/n-HAp/PCL   
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5.6.1 XRD results

XRD pattern showed that peaks were only due to Chitosan
and HAp in Chitosan/PLGA/HAp. This was so because
PLGA was purely amorphous.

5.6.2 Surface morphology

Field emission scanning electron microscopy (FESEM)
images showed that HAp had platelet like morphology
while Chitosan/HAp/PLGA had round morphology while
Chitosan/HAp had spherical morphology. HAP showed
uniform distribution of particles and with the increase in
the polymer content, the diameter of the particles also
increased. This could be due to the agglomeration in the
particles with the addition of polymers.

5.6.3 Biocompatibility studies

The antimicrobial activity of three samples showed that
the HAp/Chitosan was found to have the highest anti-
microbial activity. The three samples showed good cell
viability. The presence of inflammatory cells, lympho-
cytes at the osseous site after four weeks of reconstruc-
tion of the osseous was visible in HAp/Chitosan sample.
The number of osteoblast cells was found to be the
maximum for Chitosan/PLGA surface, thereby showing
an increase in the quality of the newly formed bone tis-
sues [58].

Combination of bioceramics with two polymers pro-
vides the characteristic feature of both the polymers.
PVA/PVP blend is used as dressing component for the
skin. Moreover, the thermal stability of the blends is
also higher than single polymer fabricated HAp. The
addition of HAp to PVA/PVP showed raised conductivity
[55]. PVA is semi-crystalline which suffers suspension
under physiological condition. Blending it with PVP
removes the disadvantages due to the intermolecular
hydrogen bonding [59]. The combination of PVA/Type1
collagen in HAp showed the highest tensile strength and
elastic modulus which was greater than the PVA/HAp
and Type 1 collagen/HAp [56]. The bilayer composite
creates specific biological environment due to its varied
structure and chemical properties. In the PCL/PVA/HAp
bilayer composite, the polyester improves themechanical
strength and PVA hydrogel provides cell supportive
environment [57].

6 Fabrication of HAp with polymers
and metals

6.1 Characterization of PVA/HAp with gold
particles

Ismail et al. prepared PVA/HAp composite fabricated with
gold nanoparticles [43]. Gold nanoparticles were synthe-
sized using the citrate reduction method. In-situ prepara-
tion of nano-HAp was done using PVA at pH 11. The gold
particles were fabricated using ultrasonication for 30 min
at 60 °C. UV–Vis spectroscopy confirmed that due to the
very small size of the gold particles, there showed a dif-
ference in the physical and chemical properties which
included photoemission, high electrical and heat conduc-
tivity and improved surface catalytic activity.

6.1.1 XRD results

XRD studies revealed that the pattern remained nearly
the same corresponding to the hexagonal structure of
HAp after doping with gold nanoparticles. Secondary
phases were not detected. Further, doping with gold
nanoparticles increased the crystallinity.

6.1.2 Surface morphology

Transmission electron microscopy (TEM) studies showed
that the HAp/PVA samples were elongated spheres with a
diameter of about 40 nm. After doping with Au nano-
particles, the shape changed to rod-like structure resem-
bling to the biological apatite. Moreover, the fabricated
particles were present at the surface. From the FTIR anal-
ysis, the various functional groups of the powders were
detected. The thermal behavior of the gold fabricated HAp/
PVA composite, showed that doping had a significant ef-
fect on the hydroxyl groups in the HAp [43].

6.2 HAp/PVA with gold particles using
green method

Hezma et al. prepared electrospun PVA fabricated on HAp
doped with gold nanoparticles [44]. Gold nanoparticles
(Au) were synthesized using green method using Eurotium
herbariorum biomass. In this method, the composition of
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PVA and HAp were fixed while the gold concentrations
were varied.

6.2.1 Surface morphology

TEM study was done for the gold nanoparticles. From the
TEM analysis, it was found that the gold nanoparticles had
spherical structures. SEM images showed that the electro-
spun fibers had a diameter range of 100–150 nm. The
addition of nano-HAp led to an increase in the diameter
from 300 to 400 nm. The addition of HAp also showed
some agglomerations. Doping with Au nanoparticles
showed uniform distribution inside the fibers with no
agglomerations.

6.2.2 Mechanical studies

The mechanical studies showed that the addition of Au
nanoparticles showed higher elastic modulus. More-
over, the addition of Au particles led to the improve-
ment of tensile strength of HAp/PVA. The mechanical
properties were dependent on several factors. The
addition of Au nanoparticles to HAp/PVA composite
increased the inorganic phase which led to stronger
interfacial interaction between the organic and inor-
ganic phases.

6.2.3 Biocompatibility studies

The samples were immersed in the simulated body fluid
for 14 days and analyzed by SEM. Apatite-like structure
started to form gradually whose size was increased as the
concentration of Au nanoparticles increased. Moreover,
the concentration of 2 mg of Au nanoparticles led to
increased mineralization compared to the other samples.
Therefore, this concentration could be later used for
biomedical applications by inducing the bioactivity. It
was concluded that the continuous formation of apatite
in a higher concentration of Au nanoparticles had higher
ability to induce the formation of minerals in-vitro. To
confirm the predictions, SEM-EDX was performed. EDX
results confirmed that the Ca/P ratio in 2 mg Au nano-
particles was 1.68 which was very close to the ratio pre-
sent in the natural apatite i.e. 1.67. The composition and
the phase analysis showed that the results nearly
matched the natural bone. The electrospun fibers had
nanoporous structure on the surface which could serve a
better biomedical applicant and used for the repair of the
defects [44].

6.3 Effects of spray-coated magnesium
alloys with HAp films/PLA composites
on corrosion

Abdal-hay et al. studied the effect of spray-coated mag-
nesium alloys with the films of pristine and hydroxyapatite
fabricated PLA on corrosion and bioactivity [60]. HAp
powders were synthesized using wet chemical synthesis
route. Instead of pure magnesium, Die-cast magnesium
alloy with 2.47% Al, 0.63% Zn, bal Mg (wt.%) was used as
the material. This was followed by the coating of the
polymer onto the alloy surface.

6.3.1 XRD results

From the XRD pattern, it was observed that calcined HAp
showed sharp and high peaks than the dried HAp. It was
found that the dried samples had low crystallinity andwere
small in size with non-uniform grains. The secondary
phases were also not detected. EDX of the samples was
performed which showed impurity. Only the Ca and P
peaks were seen.

6.3.2 Surface morphology

The TEM study concluded that calcined HAp had relatively
smaller size than HAp with spherical geometry. Calcined
HAp had higher crystallinity with less agglomeration and
higher uniformity. Therefore, calcined HAp promoted
greater osseointegration. Characterization of the coated
surface was done. PLA had a highly ordered porous
structure as revealed from the SEM study.

6.3.3 Porosity measurement

The addition of HAp nanoparticles to the polymer had
minimal effect on the porosity of the coated layer while
increasing the concentration of the polymer decreased the
porosity of the coated layer. As we are aware of the fact
that pore size plays a critical role in assessing the in-vitro
bioactivity of the samples, the optical contact angle test
was very important. PLA is known to be highly hydro-
philic. Hydrophilic substances are known to promote cell
growth, proliferation and protein adsorption. Incorpora-
tion of HAp into the polymer caused an increase in the
contact angle. We were aware of the fact that Mg alloys
suffered a major drawback of getting easily corroded. In
order to remove the above drawback, HAp nanoparticles
were incorporated.
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6.3.4 Corrosion analysis

HAp has excellent thermal stability which resulted in
lowering the corrosion rate. This was well supported by the
Tafel plot results. Higher corrosion potential (Ecorr) and
lower corrosion current (Icorr) values were observed for the
PLA fabricated HAp samples. Therefore, it was concluded
that PLA fabricated HAp could be added in Mg alloys to
reduce the corrosion.

6.3.5 Mechanical studies

Mechanical studies were investigated using the immersion
for 5 and 15 days using the bend test. It was observed that
the bending strength for the Mg alloys sharply declined up
to 15% after 5 days and 25% after 15 days. In contrast to the
pure samples, the coated samples declination rate was
linear over the time. Therefore, the coated samples could
be used as an implant to heal the bone. Also, it could be
used to lower the corrosion rate. Therefore, Mg alloy coated
HAp fabricated PLA film could be used as a promising
biomaterial implant which promoted cell growth, cell
proliferation and cell attachment.

6.3.6 Biocompatibility studies

The sampleswere immersed inHank’s solution followedby
the analysis with SEM-EDX. It was observed that after one-
day immersion in the solution, the growth of bone-like
substance on the surface was observed. The EDX study
confirmed the presence of Ca and P on the surface. Due to
the high degradation rate of Mg, the bioactivity also
diminished. The addition of HAp nanoparticles improved
the bioactivity subsequently they can be used for ortho-
paedic and bone healing applications. The pH values were
also calculated after immersing in the SBF solution for
15 days. It was found that the pH variation of the coated
samples was slower than the magnesium alloy samples.
Cytotoxicity of the samples was investigated using MC3T3
cells. It was observed that the coated samples increased
the number of the cells which indicated improved bioac-
tivity [60].

6.4 Ag/HAp with electrospun PVA fibers
composites for hard tissues

Anjaneyulu et al. prepared Ag-fabricated HAp having
different concentration using sol–gel method followed by
the electrospinning process using 10 wt% PVA [45]. This
was followed by the characterization of the samples.

6.4.1 XRD, FTIR and EDX studies

XRD studies revealed that there were no secondary phases
like β-TCP and AgO. The crystallinity of Ag/HAp increased
from 1 to 5%. EDX results showed that Ag was added into
HAp. Furthermore, the ratio of (Ca + Ag)/P was found to be
near 1.66. FTIR studies showed the presence of strong
hydrogen bonding which was due to the bonding between
OH– of PVA and OH– of Ag-fabricated HAp.

6.4.2 Surface morphology

SEM studied showed that Ag-fabricated HAp had rod-like
shape with agglomerations whose size was in nano to
submicron range. From the SEM study, it was seen that the
pure PVA nanofibers had a smooth surface. With the
addition of Ag, swelling of the fibers was noticed as they
were loaded with Ag. There was non-uniformity with in-
crease in the diameter. The percentage of Ca and P grad-
ually increased as the concentration of Ag increased in the
Ag-fabricated HAp-PVA composite. TEM studied proved
that different concentrations of Ag+ had been incorporated
into the PVA matrix.

6.4.3 Biocompatibility studies

The antibacterial activity of fabricated electrospun com-
posite nanofibers were checked against the common
pathogen namely S. aureus and E. coli. It was found that
1–5 wt% Ag-HAp-PVA showed excellent antibacterial
activity. The mechanism was probably due to the release
of Ag+ ions into thematrix. The graph of zone of inhibition
was demonstrated in Figure 5 (Anjaneyulu et al. [45]).
These consequences concluded that E. coli had higher
microorganism restriction ability than the S. aureuswhich
might be due to the less-denser cell wall and also the zone
of inhibition was found to be enhanced with the increase
in the inclusion of Ag-HAp concentration into PVA
matrix.

From the in-vitro hemocompatibility study, the hemo-
lytic percentage of pure PVA and Ag-HAp-PVA composite
nanofibers were calculated by exposing the length of
1 × 1 cm to human blood for 2, 4 and 6 h at 37 °C. The
hemocompatibility studies showed that all the composite
samples had good compatibility to the human blood with
less than 5% of hemolytic ratio. The hemolysis ratio was
found to increase from PVA to 5 wt% Ag/HAp-PVA com-
posite as shown in Figure 6 (Anjaneyulu et al. [45]).

The SBF immersion test was used to determine the
bone bonding ability of fabricated electrospun Ag/HAp-
PVA composite nanofibers with natural bone by the
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formation of apatite layer on the surface of compositemats.
The composite was immersed in SBF solution for 7 days at
37 °C and checked for the apatite formation. It was found
out that increase in the Ag+ concentration enhanced the
apatite layer formation, indicating that higher Ag+ con-
centration accelerated the bone mineralization [45].

6.5 Mechanical and biological properties of
Chitosan/PVA-HAp based ZnO2

composites

Bhowmick et al. studied the mechanical and biological
properties of Chitosan-PVA-HAp based ZnO2 based

composites [61]. In this experiment, the wt% of Chitosan
was kept constant and the rest of them were varied.

6.5.1 XRD and FTIR results

The functional groups were detected by the FTIR studies.
The XRD pattern showed that all three samples were
amorphous.

6.5.2 Surface morphology

The size and morphology were studied by SEM. The SEM
studies showed that three of the samples were porous in
nature and size varied from 1 to 10 µm. The PVA/Chitosan
composite showed cell attachment and growth.

6.5.3 Porosity measurement

All the samples showed a good porosity percentage. The
porosity increased gradually with increase in the PVA and
ZrO2-HAp content which was in the range of human
cancellous cells or spongy bone. Higher pore size resulted
in protein adhesion and favored cell adhesion. Swelling
studies were done to check the uptake of water in the
samples. The percentage of swelling was found to increase
with the increase in the PVA content which meant that the
hydrophilic nature became more pronounced as the PVA
content increased. The swelling capacity was even checked
in the SBF medium. The results contradicted those ob-
tained in the water medium.

6.5.4 Mechanical studies

The mechanical studies including the tensile strength,
toughness and elongation at break were found to increase

Figure 6: Graph for the in vitro hemolytic
assay of (a) pure PVA nanofiber, (b) 1 wt%
Ag-HAp-PVA, (c) 2 wt% Ag-HAp-PVA, (d) 3 wt
% Ag-HAp-PVA, (e) 4 wt% Ag-HAp-PVA, (f)
5 wt% Ag-HAp-PVA.

Figure 5: Graph showing the zone of inhibition for (a) pure PVA
nanofiber, (b) 1 wt% Ag-HAp-PVA, (c) 2 wt% Ag-HAp-PVA, (d) 3 wt%
Ag-HAp-PVA, (e) 4 wt% Ag-HAp-PVA, (f) 5 wt% Ag-HAp-PVA.
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with the increase in the concentrations of ZrO2 in the
composite.

6.5.5 Biocompatibility studies

Antimicrobial studies were done against the Gram-
negative bacterial strain E. coli and Gram-positive bacte-
rial strains Lysinibacillus fusiformis and Bacillus cereus.
All three composites were found to possess antibacterial
properties. PVA does not have antibacterial property
therefore, the property was solely due to the presence of
ZrO2-HAp in the composite. A similar trend was followed
in the case that as the amount of nano-HAp-ZrO2

increased, the antimicrobial activity also increased.
In-vitro cell proliferation studywas done usingMTT assay.
Greater cell proliferation was observed for the highest
concentration of nano-HAp and ZrO2 in the sample. MTT
assay results concluded that these samples were cyto-
compatible to the osteoblast cells [61].

6.6 Synthesis and characterization of
Fe-HAp/PLA composite

Morsi and Hezma prepared iron-fabricated HAp and a so-
lution casting method was used to fill the PLA polymer
matrix [41]. Iron fabricated HAp (Fe-HAp) nanopowder was
prepared using calcium nitrate and diammonium hydrogen
phosphate as the startingmaterial. This was followed by the
castingmethod inwhichPLAwas incorporated into the iron-
fabricated HAP nanopowder.

6.6.1 XRD and FTIR studies

FTIR studies were done to study the changes before
and after the addition of PLA into the Fe-HAp. It was
concluded that PLAwas attached to the HAp via hydrogen
bonding between OH– of Ca(OH)2 and the oxygen atoms
in the ester groups of the PLA matrix. XRD studies were
performed on Fe-HAp/PLA and pure PLA. It was observed
that with the increase in the Fe-HAp content, the crys-
talline nature decreased while the amorphous nature
increased.

6.6.2 Surface morphology

SEM images showed that there was aggregations in the
nanopowder and Fe-HAp was uniformly distributed within
the polymer matrix.

6.6.3 Mechanical studies

The stress-strain curve confirmed that the addition of high
content of Fe-HAp into the matrix decreased the tensile
stress and elastic modulus.

6.6.4 Biocompatibility studies

Antibacterial studies showed that addition of Fe-HAp
improved the antibacterial activity. The antibacterial ac-
tivity increased with the increase in the concentration of
Fe-HAp concentration. The PLA nanocomposite samples
had comparatively high and nearly similar antibacterial
activity against Gram-negative and Gram-positive bacteria
as compared to that of pure PLA, where the inhibition
zones were increased with increasing the nanoparticle
content within PLA matrix [41].

6.7 Synthesis and characterization of
Fe-HAp/PCL composites

Gloria et al. prepared magnetic Fe-HAp in PCL matrix fol-
lowed by themechanical and biological characterization of
the Fe-HAp/PCL composite [62]. Preparation of Fe-HApwas
done using the Ca(OH)2, phosphoric acid, FeCl2 and FeCl3
as the starting materials. The casting and molding method
was used to prepare the Fe-HAp/PCL composite.

6.7.1 XRD, EDX and FTIR studies

The EDX analysis showed the (Fe–Ca)/P ratio was near to
the theoretical ratio of 1.67. XRD analysis showed that Fe-
HAp/PCL magnetic substance did not modify the crystal-
linity of the Fe-HAp. Moreover, it also showed the peaks for
both PCL and Fe-HAp.

6.7.2 Surface morphology

SEM analysis showed that the nanoparticles were uni-
formly distributed in the polymer matrix which formed
aggregates in the nanocomposites.

6.7.3 Mechanical studies

Mechanical studies confirmed that that the load-bearing
properties of Fe-HAp/PCL was better than the pure PCL
matrix; the best beingwhen 10wt%of Fe-HAp are included
in the Fe-HAp/PCL composites.
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6.7.4 Biocompatibility studies

The pure PCL matrix has optical contact angle greater
than 90°; the surface being hydrophobic. The inclusion of
Fe-HAp into the polymeric matrix makes it hydrophilic.
An increase in the amount of Fe-HAp decreased the con-
tact angle. From the biocompatibility studies, it was
concluded that the surface topography and roughness
enhanced greater cell adhesion. The AlamarBlue test
confirmed that the composite formed promoted greater
cell proliferation, cell attachment and from the ALP/DNA
test it was concluded that they allowed osteogenic dif-
ferentiation [62].

6.8 Effect of co-doping with Mg2+ and
Ag+ ions on nano-HAp/Chitosan
composite

Mansour et al. used the microwave-assisted co-precipi-
tation method to prepare the nano-HAp/Chitosan com-
posite [46]. Later, co-doping with Mg2+ and Ag+ ions was
done to improve the mechanical and antibacterial prop-
erty. Mg and Ag-fabricated HAp was synthesized by the
microwave-assisted co-precipitationmethod. The ratio of
(Ca +Mg + Ag)/P was 1.67. The composite so formed were
later investigated for their properties.

6.8.1 XRD and FTIR results

The XRD studies showed the hexagonal structure of HAp
was distorted due to the addition of the dopants viz. Mg2+,
Ag+ and Chitosan. The broadening of the peaks indicated
that the substitution has taken place and the crystalline
nature of HAp slowly moved towards the amorphous
part. The FTIR studies revealed that after doping, there
showed a shift in the band position and new peaks were
observed. This concluded that the dopants have been
incorporated into HAp and the new composite has been
formed.

6.8.2 Surface morphology

Surface morphology and roughness studies were done
using TEM and FESEM analysis. It was seen that pure HAp
had fused grains with cracks in the micrometer range,
covered with microfibers of Chitosan. With an increase in
the Mg2+ content, both the grain size and the fiber diameter
decreased while with increase in the Ag+ concentration,
only the diameter of the fibers increased. Moreover, the

intergranular pores showed an increment although the
pore size declined with the increase in Mg2+ content. The
average roughness was found to increase with the increase
in Mg2+ concentration but promising results were obtained
when Ag+ concentration was higher.

6.8.3 Mechanical studies

From the mechanical studies, the following conclusions
were drawn. Keeping the concentration of Ag+ to zero and
constantly increasing the Mg2+ content, the mechanical
strength was found to increase. Just in the opposite case,
keeping the Mg2+ concentration to zero and increasing the
Ag+ content, the strength decreased. Adding both the
dopants simultaneously, strength was first found to in-
crease then decrease.

6.8.4 Biocompatibility studies

The cytotoxicity test was performed against the normal
osteoblast cells. It was found that increasing the co-
dopant concentration caused no harmful effects to the
cells. A low dosage of the dopants proved to be non-toxic
to the cells. Antibacterial activity against the E. coli and
S. aureus bacteria was found to be solely dependent on the
Ag+ concentration. However, there should a balance be-
tween the antibacterial and the cytotoxicity to act as an
implant. The samples were subjected to the biodegrad-
ability test in SBF solution. The results showed that
Mg–Ag–HAp/Chitosan could be a promising composite
for biomedical applications [46].

6.9 Characterization of porous PLLA/Sr-HAp
composites by biomimetic method

Ge et al. prepared porous PLLA/(Sr fabricated HAp)
scaffold composites using the biomimetic method [47].
Sr-HAp/PLLA composite showed better biocompatibility,
osteogenesis and degradability. Several methods were
used to coat HAp on the polymer but biomimetic miner-
alization mimicked the biologically mineralized growth.
The replacement of Ca2+ ion with the Sr2+ ion in HAp had
many advantages like improvement in biocompatibility,
better bone response, osteogenesis and increased surface
roughnesswhich led to better cell growth and attachment.
Polymers; natural and synthetic are used because of
their good biodegradability and flexibility. PLLA is an
environment-friendly polymer with good hydrophobicity
and faster degradation rate.
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6.9.1 XRD analysis

The phase analysis and the composition of the porous
scaffold were analyzed by FTIR and XRD. The scaffolds
were needle-like crystals.

6.9.2 Surface morphology

SEM study was done after the mineralization of the porous
composite for 7 days. The structure was found to be highly
porous with uniform particles of nearly 100 nm in diam-
eter. This showed that the porous structure promoted cell
growth, differentiation and adhesion.

6.9.3 Biocompatibility studies

The properties like thewater contact angle, themechanical
strength and the degradability assess the cell adhesion to
the surface. PLLA is an extremely hydrophobic polymer,
consequently its contact angle was found to be very high
while the addition of Sr-HAp in the sample made the con-
tact angle move towards the hydrophilic part. The porous
scaffolds with higher hydrophilicity showed higher cell
adhesion and greater protein adsorption. The mechanical
studies showed the scaffolds were hard and the compres-
sion modulus was as high as compared to PLLA and
PLLA/HAp.

6.9.4 Degradability test

From the degradability studies, it was revealed that the
porous scaffolds had a slow degradation rate as compared
to PLLA. After 100 days, Sr-HAp/PLLA composite showed a
stable morphology and weight loss near to 40%. The new
bone formation analysis was done after 5 weeks of surgery
and it was found that the Sr-HAp/PLLA porous scaffolds
promoted the new bone formation. This was probably due
to the release of Sr2+ ions from the scaffolds during the
degradation of the scaffolds. The in-vivo biocompatibility
studies showed that the porous scaffolds did not any show
any cell inflammation after 4 weeks of implantation.
Therefore, the porous scaffolds could be a promising or-
thopaedic implant [47].

6.10 Effects of combining biopolymer lignin
to Ag-Hap

Janković et al. prepared silver (Ag) fabricated HAp com-
bined with a biopolymer lignin by matrix-assisted pulsed
laser evaporation [48]. Titanium is a widely used implant

material known for its mechanical strength, biocompati-
bility, toughness and durability. The major drawback of
usingHAp as a long-term implant is the growth ofmicrobes
over time leading to the failure of the implant. Silver and
silver-based materials are known to possess very high
antimicrobial activity that can kill many type of bacteria,
viruses and fungi. Matrix-assisted pulsed laser evaporation
is a technique derived from Pulsed laser deposition used
for the controlled assembly of biopolymer thin films. The
Ag-fabricated HAp was prepared by the modified chemical
precipitation method.

6.10.1 XRD and FTIR analysis

The pattern showed that the Ag/HAp/lignin coatings,
HAp/lignin and TiO2 nanotubes had amorphous nature.
The FTIR studies identified the functional groups of
Ag/HAp/lignin coatings. There showed a difference in the
absorbance bands which could be due to the modification
of HAp by lignin.

6.10.2 Surface morphology

SEM results showed homogeneous, smooth films and pore-
free surface. The elemental analysis was done using EDS.
The Ca/P ratio was poor nearly 1.33, which did not match
the theoretical value of 1.67.

6.10.3 Biocompatibility studies

MSC is an adult stem that was used to test the cell viability
in-vitro. The coatings proved to be non-toxic to the MSC
cells with no change in the morphology. Moreover, lignin
improved the biocompatibility of HAp by promoting the
growth of the adhered cells. Microbial studies after 24 and
48 h showed that the number of viable cells in the Ag/HAp/
lignin composite increased with time. Thus, as there was a
slow release of Ag+ ions from the composite, the antimi-
crobial activity successively increased. Apart from the
Ag+ ions, lignin also showed good antibacterial activity as
shown in the HAp/lignin composite. Thus, it can be
concluded that the implant can be used for facilitating a
safe osteointegration of the medical device [48].

6.11 Synthesis and characterization of
nano-HAp/PCL coating in Mg–Ca alloys

Bakhsheshi-Rad et al. prepared nanoHAp/PCL coatings in
the Mg-Ca alloys [63]. Incorporation of nano-HAp in the
alloys increased the corrosion resistance of the alloy.
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Nano-HAp acted as an inner layer and the top layer was the
PCL. Surface modification was done using the electrode-
positionmethod due to its simplicity, cost-friendly, particle
size control and its ability to coatwith complex shapes. PCL
is a semi-crystalline polymer with good mechanical prop-
erties, biocompatibility, biodegradability and flexibility.
Due to its high stiffness and low bioactivity, the use of PCL
is limited. To overcome the drawbacks of PCL, nano-HAp is
added.

6.11.1 XRD, EDX and FTIR results

EDX studies showed that apart from the individual ele-
ments no other impurity elements were present. From the
XRD and the FTIR studies, it was clear that nano-HAp had a
crystalline structure.

6.11.2 Surface morphology

SEM images showed that the formation of secondary pha-
seswas seen in theMg alloys,while single anddouble layer
coating led to the formation of pores with uniform distri-
bution. When the double layer was incorporated in the Mg
alloys, no pores were visible due to the presence of HAp in
the inner layer which acted as a barrier against the elec-
trolytes thus improving the corrosion resistance. HAp/PCL
showed a larger pore size than PCL itself. TEM studied
showed that the nano-HAp was present on the pores of
PCL.

6.11.3 Mechanical studies

The mechanical properties were studied for the samples
before and after immersion in Kokubo solution for 10 days.
The ceramic/polymer coating delayed the decrease in the
mechanical properties. The ductility improved when poly-
mer and ceramic were added to the alloys. The reason being
HAp acting as an inner layer.

6.11.4 Biocompatibility studies

The needle-like morphology resulted in decrease in the
porosity which led to the increase in bonding strength of the
nano-HAp/PCL composite. The samples were immersed in
SBF for 24 h. The single layer and double layer coated
samples maintained their integrity in SBF. The bilayer

coated samples acted as ameans to prevent the corrosion in
Mg alloys [63].

Incorporation of metal ions like Zn2+, Mg2+, Ag+, Ce2+,
Cu2+ etc., are known to show antibacterial activity [64].
The metal ions when added to the polymer/HAp will not
only improve the mechanical property, but will also show
the antibacterial property. In preparing scaffold using Cu-
Zn alloy/gelatin/Chitosan fabricated HAp, gelatin is
known to promote cell adhesion. Chitosan is known to
possess antibacterial property. In addition to that, Cu and
Zn shows osteoblast activity, bone mineralization, cell
adhesion and proliferation [65]. Furthermore, Au-HAp-
collagen shows that the as-prepared scaffold was non-
toxic and allowed greater cellular attachment, growth and
proliferation [66].

Table 3 lists the various in vitro cytotoxicity tests and
the results obtained from them.

Table: List of in vitro cytotoxity tests and the results obtained from
them.

Type of cell taken Medium used Result References

Fibroblast cells
(NIH T)

Supplemented by
% FBS and %
× antibiotic-
antimycotic
solution

Better cell
adhesion and
growth

[]

Human mesen-
chymal stem cells

DMEM Increase in
number of
adhered cells

[]

Human fibroblast
skin cells (HFB)

DMEM Increase in
dopant content
lowered the
decreasing rate
of cell viability

[]

MCT-E Α-MEM supple-
mented % FBS

Superb cell
attachment and
strong interac-
tion with the
scaffold

[]

Human Wharton’s
jelly-derived
mesenchymal
stromal cells
(WJ-MSCs)

Propidium iodide
(PI)

Promotion in
the number of
adhered cells

[]

MCT cells DMEM supple-
mented with %
FBS

Cell growth and
viability
increased with
the incubation
time

[]
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Table : Comparative study on the grain size and the biocompatibility studies of different composites.

Sample name Preparation
technique

Grain size Staphylococcus
aureus

Escherichia coli Ringer’s/SBF solution References

PVA/Hap
composite

Esterification and
acetalizing method

– µm – – Magnificent growth of
apatite layer

[]

PVA/HAp In situ biomimetic
process

.–. µm – – – []

PVA/PVP/HAp Solution-casting
method

– Showed good anti-
microbial activity

Showed good
antimicrobial
activity

– []

PVA/PVP (PVA/
PVP)-HAp and
(PVA/PVP)-β-TCP
composite

Wet precipitation
route followed by
electrospinning.

 nm for (PVA:
PVP)-HAp and
 nm for (PVA:
PVP)-TCP

– – – []

PVA-collagen/
HAp

Electrospinning – nm – – – []

Chitosan/PLGA/
HAp

Solvent/non-solvent
precipitation and
freeze-drying

d- nm Moderate antimicro-
bial activity

Moderate antimi-
crobial activity

– []

PVA-HAp/Au
composite

Citrate reduction
method

– nm – –  days SBF test resul-
ted in the increase in
apatite layer formation
with increase in Au
concentration.

[]

HAp-PLA coated
on Mg alloy

Wet chemical
synthesis

 ±  nm – – After  day immersion,
it was bony apatite was
observed in the com-
posite sample

[]

Ag-HAp/PVA
composite

Sol–gel followed by
electrospinning

 nm Zone of inhibition
increased with the
increase in Ag+

concentration

Zone of inhibition
increased with the
increase in Ag+

concentration

 day SBF immersion
test showed that
apatite formation
increased with the Ag
concentration

[]

CTS-PVA-HAp/
ZrO

Polymerization
reaction

– nm Increased antimicro-
bial activity with in-
crease in Zr+

content

Increased antimi-
crobial activity
with increase in
Zr+ content

– []

Nano-HAP/Chito-
san/Mg+ and Ag+

Microwave assisted
co-precipitation

 µm Increase in the Ag+

content increased
the antimicrobial
activity

Increase in the
Ag+ content
increased the
antimicrobial
activity

– []

Sr-HA/PLLA
composite

Biomimetic
mineralization

 nm – – The structure is highly
porous and inter-
connected in SBF

[]

Ag:HAp–Lig Matrix-assisted
pulsed laser
evaporation

 ±  nm Gradual release of
Ag+ ions increased
the antimicrobial
activity

– – []

HAP/PCL/Mg–Ca
alloy

Electrodeposition
and dip-coating
method.

– µm Double layered coated
samples showed higher
integrity in SBF solution
diped for h than the
uncoated samples

[]
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7 Conclusions

It is clear from the above papers that no single polymer can
fulfil all the properties to act as an implant for orthopaedic
application. However, HAp is known for its excellent
biocompatibility and bioactivity. The structure of HAp
mimics the natural bone. HAp can be the best choice to be
added to different polymers to improve the mechanical
property and biodegradability of the ceramics. Further,
adding two or three polymers to the ceramics can even
enhance these property. The biodegradable polymers like
PLA, PDS, PCL, PGA, Chitosan, etc. have the ability to
resorb in the body over the time which fixes the problem
arising from post implantation. Moreover, the research
focuses on the preparation of composites which includes
the polymers, the metals and the ceramics to better func-
tion as an orthopaedic implant. Addition of two or more
different polymers to HAp also is known to improve the
mechanical properties of HAp with a drawback that me-
chanical properties first increased with increase in the
polymer content then decreased progressively with the
increase in the polymer content. The composite fabricated
HAp is known to show greater biocompatibility, higher
bioactivity, better mechanical properties and higher anti-
bacterial activity. Table 4 lists the various sample name
along with the preparation technique, the sample size and
the results obtained from the biocompatibility studies to
finally assess which could better act as an implant for the
hard tissues.
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