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Abstract

Nanostructured inorganic biomaterial emerged as the most essential platform to address traumatic and non-traumatic condi-
tions of hard tissues in the current scenario. Synthetic inorganic biomaterials serve as an efficient and pathogen-free choice
that overcomes the obstructions associated with autografts and allografts to promote new tissue regeneration, since nano-
hydroxyapatite (nHAp) is a biomaterial that mimics the natural mineral composition of bones and teeth of human hard tissues,
which is widely employed in orthopedics and dentistry. The nHAp-based materials exhibit bioactive, biocompatible, and
osteoconductive features under in vitro and in vivo conditions. The brittle nature of synthetic nHAp leads to weak mechani-
cal properties, which eventually confines the utility of nHAp in load-bearing applications. Hence, this review focuses on the
recent trends in the fabrication and investigation of nHAp-based polymer nanocomposite scaffolds for bone regeneration.
Employing different polymers and fabrication strategies would efficiently tailor the physicochemical properties, and tailor-
made mechanical properties in competence with biodegradation, thereby enhancing their potential in biomedical utility,
and exploring their efficacy under in vitro and in vivo conditions to make “HAp-based smart-biomaterials” for bone tissue

engineering.
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Introduction

Restoration of osseous defects caused by traumatic and
non-traumatic cases remains a major mission in orthope-
dic and dental surgery. The need for the restoration and
replacement of injured and diseased bone tissue has been
drastically amplified with the increasing average age of
the population worldwide. Since there are plenty of con-
flicts associated with existing current “gold standard”
routes and therapy, osseous repair necessitates instanta-
neous post-operative fixation to endorse and direct the
healing of bone which has to be considered [1, 2]. In
some cases, the bone healing process cannot be readily
compromised by post-surgical microbial contamination
(infection) or by foreign body response to the metal sub-
stitutes used for fixation. In certain cases, utilization
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of autografts for major bone defect repair, considerable
morbidity at the donor site may occur [3, 4]. Moreover,
autografts are associated with immune response, and
certain osteomyelitis causes infectious diseases leading
to complications in new bone formations. In the case of
allografts or xenografts, it also encounters graft rejec-
tion, which further elicits the transfer of infection from
the donor or elicits immunological reactions from the
host [3, 4]. Hence, the need has been raised to regenerate
damaged tissue with minimal pathogenic infections, and
for successful tissue regeneration in a controlled manner.

Exploring the influence of HAp with biological sys-
tems paves the interesting initiative to acquire knowl-
edge about its potential contribution to the growing
economy worldwide. However, hydroxyapatite (HAp)
has gained great attention in wide applications, such as
bone tissue engineering (BTE), wound healing and man-
agement, drug delivery, bioimaging, and environmental
remediation applications [5—11]. Among these, BTE is
one such prominent field that is highly amazed by the
biological performance of HAp. Based on this, hence,
there is a rising demand for state-of-the-art reviews
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which consider predominantly current and emerging
research on HAp in BTE. This article reviews the recent
progress of nanostructured HAp-based nanocomposite
scaffolds for bone tissue engineering. The review starts
with highlighting the characteristics and properties of
HAp, the importance of nanoscale HAp (nHAp), the sig-
nificance of inorganic and organic composite scaffolds,
the role of nHAp in BTE application, and the limitations
of synthetic nHAp. In the next section, the development
of varying combinations of natural polymers with nHAp
and their potential outcomes, and shortcomings in BTE
are discussed. A schematic representation of the outline
of the review is illustrated in Fig. 1. The article con-
cludes with the future outlook for bone regeneration,
and so on.

Bone tissue engineering

BTE is an interdisciplinary area, which implies the ideology
or principles of science and engineering to heal the defec-
tive site with its biochemical functionalities via restoration,
maintenance, or improvement of the hard tissue [12, 13].
One of the major favorable approaches for controlled tissue
regeneration is the utilization of structural support, which
facilitates the healing and rejuvenation of damaged biologi-
cal tissues. Indeed, biological cells can be implanted into a
synthetic substrate, so-called scaffolds that assist the forma-
tion of three-dimensional (3D) tissue [12].

In this regard, the regeneration of complex hard tissue
necessitates a material with remarkable features. Such inad-
equacies can come across the developments in synthetic

Fig. 1 Schematic representation
of HAp-polymer scaffolds for
bone tissue engineering
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biomaterials with admirable physicochemical and biologi-
cal properties such as non-toxic, non-allergic, non-immu-
nogenic, and non-inflammatory, and bio-functionality while
implanted in vivo. Until now, several synthetic biomaterials
like gypsum (calcium sulfates), calcium phosphates, bioac-
tive glasses, polymers, etc., are being widely utilized in BTE
[14-19]. Among them, varying types of calcium phosphates
(especially HAp) have attracted much researchers’ attention
[6, 12, 13].

Calcium phosphates

Calcium phosphates (CPs) are a privileged category of
bioceramics due to their excellent biocompatible, bio-
active, osteoconductive, and biodegradable properties
[20, 21]. CPs can be classified into many types depend-
ing on their Ca/P ratio, which includes dicalcium phos-
phate (Ca/P=1), tricalcium phosphate (Ca/P=1.5),
tetra-calcium phosphate (Ca/P =2), octa-calcium phos-
phate (Ca/P =1.33), hydroxyapatite (Ca/P=1.67), etc.,
and are shown in Fig. 2. Calcium phosphates including

Fig.2 Classification of calcium
phosphates based on their Ca/P
ratios [20-22]

tricalcium phosphate, tetra-calcium phosphates, and
synthetic hydroxyapatite (HAp), etc., are of meticulous
worth and bring forth a broad break in bone regeneration
therapy [20-22].

Based on the resorption rate and dissolving behavior,
CPs can be ordered while exposed to the physiological
milieu as tetra-calcium phosphate > amorphous calcium
phosphate > a-tri-calcium phosphate > p-tri-calcium phos-
phate > HAp [23, 24]. The solubility order revealed that
HAp has minimal resorbability when compared to other
CPs. Characteristics of HAp and other CPs are displayed in
Table 1. Dissimilar to other CPs, HAp does not dissociate
under physiological conditions, thus suggesting that it is
thermodynamically stable in the physiological environment
(pH) and so effectively contributes bioactivity through the
strong chemical bond formation with surrounding host hard
tissue. Moreover, HAp possesses a chemical resemblance
with the natural inorganic phase, and the structure of HAp
is shown in Fig. 3. Therefore, HAp is considered a promi-
nent, gold-standard biomaterial for the regeneration of hard
tissues like bones and teeth [23-25].
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Table 1 Properties of HAp compared with other CPs [23, 24]

S.no Properties HAp Tricalcium phosphate Dicalcium phosphate Calcium phosphate
1 Chemical formula Ca,((PO,);(OH), Ca;04P, CaHPO, CaH,P,0q
2 Molar mass 502.31 g/mol 310.18 g/mol 136.06 g/mol 234.05 g/mol
3 Density 3.16 g/lem? 3.14 g/lem? 2.929 g/em® 2220 g/em®
4 Melting point 1614 °C Liquifies under high pres- 1670 °C 109 °C
sure at 1391 °C
5 Solubility in water Poorly soluble Poorly soluble 0.02 g/100 ml 2 g/100 ml

Fig.3 Structure of hydroxyapa-
tite [23, 24].
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Need of nano-hydroxyapatite (nHAp)

Recently, nanoscale HAp (nHAp) had a great interest in
biomedical research due to its admirable surface properties
compared to its microscale and bulk counterpart [26]. In
addition to BTE, nHAp has been employed in several ration-
ales such as dental implant coatings, drug delivery, bioim-
aging, water decontamination, and soil treatment. Owing to
its ample roles in the biomedical field, especially in BTE
(osteogenesis), nHAp has been extensively investigated by
several researchers [5—11]. Nanocrystalline HAp possesses
enhanced sinterability and improved densification owing to
its higher surface area, and thus may enhance fracture tough-
ness and mechanical properties [27]. Furthermore, nHAp
is expected to provide enhanced bioactivity compared to
bulk/macro/microscale HAp [28]. When compared to con-
ventional HAp, nHAp offers efficient osteoblast adhesion,
differentiation, and proliferation that lead to bone regenera-
tion within a short duration [29-31]. The nHAp has supe-
rior surface properties such as high surface area and surface
roughness, which assist cell attachment and favor interac-
tion host tissue for long-term utility and efficient BTE that
is the necessary concern [32, 33]. One of the main factors
of biomaterial is the high surface area that influences cel-
lular adhesion and improved the density of cells. Another
important characteristic is the surface roughness that is

@ Springer

essential for host tissue interactions. It has been assumed
that cell-matrix interactions are facilitated by surface prop-
erties and the essential interactions take place within 1 nm
of the biomaterial surface [32, 33].

Preparation methods of HAp

So far, several routes were adopted to synthesize HAp with
specific control of its structure, morphology, and size dis-
tribution. In agreement to Sadat-Shojai et al. [33], (i) dry
methods, (ii) wet route, (iii) high-temperature routes, (iv)
HAp derived from biogenic sources, and (v) combination
methods were reported (Fig. 4). Among these, wet chem-
istry is one of the familiar routes followed using different
solvents, varying temperatures, diverse chemical precursors,
etc., that are being utilized in the wet chemical synthesis
of HAp. Several additives are commonly applied to control
parameters. Chemical precipitation is a simple and feasible
route to produce fine-sized HAp nanoparticles [33]. In the
sol—gel route, the sol is a form of a colloidal suspension of
alkoxides, then forms gelation, aged, dried, and calcinated to
remove by-products [34]. In hydrothermal synthesis, chemi-
cal precipitation occurs at higher temperatures along with
pressure developed inside a closed environment. The sono-
chemical method takes place in the presence of ultrasound
waves passed through chemical precursors, which allows
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Fig.4 Schematic representation
of different preparation methods
of HAp [33]
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the formation of the homogenous size distribution of HAp
particles [35]. Inhibition of agglomeration and control over
morphology and size of the particles are carried out in the
emulsion route using different surfactants [36].

Clinical demands for BTE

In most developed countries, osteoporosis condition and its
associated consequences are taking up to 15% of the cost
of health care services. Such disbursement is likely to rise
due to fracture, which is caused by growing numbers of
cases in load-bearing bones due to osteoporosis, obesity,
falls, accidental situations, and so on [37]. Estimated hip
fractures are 1.6 million worldwide, and it has been pre-
dicted to be 6.3 million by 2050 [38]. Fractures are majorly
occurring in Asia, where around 50% of the patients may
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reside because of the population demographic changes.
Specifically, India and China contain ~37% of the world’s
population [39]. Such a situation consequently demands
researchers’ attention on cost-effective treatments; there-
fore, the attention is not only to orthopedic surgeons but
also to scientists.

Significance of inorganic-organic nanocomposite
scaffolds

As the human bone tissue is a natural nanocomposite, the
organic phase of collagen fibrils is infused with the inorganic
phase nHAp [40, 41]. The nanocrystalline HAp offers stiff-
ness and strength, whereas organic collagen fibrils provide
flexibility to the bone. The amalgamation of both inorganic
and organic phases collectively affords mechanical support
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and dynamic resilience to the skeleton of the body [40, 41].
Essentially, 70% of natural human bone comprised nanocrys-
talline hydroxyapatite (nHAp), which is around 20-80 nm
in length and 2-5 nm in width ranges [41, 42]. However,
synthetic HAp has a chemical resemblance to natural bone
mineral; its usage is limited in clinical applications owing to
its poor mechanical strength [6]. Hence, different forms of
HAp-based nanocomposites have been developed to enhance
their mechanical properties. The development of synthetic
nHAp (inorganic)-polymer (organic) composite scaffolds is
an excellent strategy to mimic the inorganic—organic phase
of natural bone to achieve improved mechanical properties.
Therefore, designing the combinatorial properties of both
nHAp and polymer (either natural or synthetic) with con-
trolled features may serve as suitable scaffolds to direct the
regeneration of bone tissue at the defective site.

Design of scaffolds

Many fabrication strategies are employed for the prepara-
tion of nanocomposite scaffolds, which are stimulated by
natural bone characteristics. A few important characteristics

Fig.5 Characteristics of BTE
scaffolds and their significance
[40, 41]

To assist cellular in-
growth and transport
of nutrients and
oxygen
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3D structure

of scaffold materials are schematically displayed in Fig. 5.
Among these, bioactivity is one of the necessary features
to create a chemical bond with natural bone. The schematic
representation (Fig. 6) depicts the in vitro apatite layer for-
mation, which facilitates the chemical bonding of nHAp
with host bone for efficient osteointegration [30, 31].

The flexibility of natural bone is due to its unique micro-
structure, since bone consists of both organic collagen fibrils
and inorganic HAp, which provide flexibility and rigidity
that maintain the dynamic functioning of bone [40, 41].
Similar principles can be taken into account during the
designing of nanocomposite scaffolds that include paral-
lel fibrillar arrays and lamination, therefore considering the
vital biological characteristics of living bone and transfor-
mation of the strategy to engineer BTE scaffolds. Since the
exclusive combination of organic and inorganic fractions
affords stiffness with dynamic flexibility, and thus reduces
the probability of fractures under normal loading situations,
an analogous approach can be employed in BTE to obtain
the essential resistance against compressive and tensile
forces. Biological features like biocompatibility, bioactivity,
and osteoconductivity are taken into account in addition to

To accommodate
high density of cells
for efficient cell-
biomaterial
interactions

Characteristics
Of BTE

High surface
areato
olume ratio

scaffolds
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Fig.6 Schematic representation
of in vitro apatite layer forma-

tion [30, 31] Apatite layer acts as
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physical factors. Thus, the scaffold may have the potential to
encourage the adhesion and differentiation of osteoblast cells
for successful BTE [40, 41]. Several factors, which include
functional groups, surface energy, surface area, hydrophilic-
ity, and conjugants, may also have an impact on the BTE
ability of scaffolds [42].

Scaffold architecture

The nanocomposite scaffolds should have porous archi-
tecture, and bioactive and biocompatible features to inter-
act with the surrounding host environment. It is found
that the characteristics of scaffolds include 3D architec-
ture, enhanced biocompatibility, interconnected porosity,
improved mechanical strength, and facile interactions with
the surrounding environment which are highly desirable to
aid the formation of new bone tissue [43, 44].

In BTE, the pore structure and pore size of the scaffolds
play a crucial role. The cell adhesion, migration, and transfer
of nutrients are solely dependent on the porous structure
with an interconnected pore architecture. The scaffolds’
very small pore size obstructs the migration of the cell into
its interior, thus consequently cells aggregated on the exte-
rior of the scaffold’s surface. This causes essential nutri-
ent depletion, which further leads to necrotic performance.
In contrast, the very huge pore structure of the scaffold
decreases surface area, eventually hindering the cell adhe-
sion and spreading of cells to its interior [45—-47]. Hence,
the demand has been elevated to attain a balance between

Formation of P- rich layer

surface area and specific optimal pore size which is a crucial
requirement for tissue regeneration [46, 47]. M. Sous et al.
report 100-800 pm was the optimal pore diameter range for
BTE [48]. Few reports recommended that a 100-250 pm
range of pore size is necessary for BTE. Nonetheless, the
nominal pore size of ~ 100 pm can be an essential require-
ment for efficient cellular adhesion and regeneration [48].

Fabrication of composite scaffolds

Different fabrication techniques have been adopted to fabri-
cate HAp and other calcium phosphates (CaP) based poly-
mer composite scaffolds. Among them, freeze drying, par-
ticulate leaching, electrospinning, gas foaming, biomimetic,
solvent casting, selective laser sintering, 3D printing, etc.,
are common techniques to attain tailormade composite scaf-
folds [49-52].

Many scaffolds were prepared by freeze-drying or lyo-
philization route that offers small porous architecture with
poor interconnectivity and poor mechanical property.
Weak interfacial bonding between CaP particles and chi-
tosan leads to deprived mechanical strength [53] and poor
interaction of CaP with chitosan matrix results loosening
of particles from the polymer matrix and further inflamma-
tion and tissue grievance [54]. In Zhang and Zhang’s report,
lyophilized chitosan and p-tricalcium phosphate scaffold
with a stronger compressive modulus 1-3 MPa than rela-
tive chitosan scaffolds but remarkably poorer than human
cancellous bone [55]. However, lyophilized chitosan/nHAp
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composites achieved ~95% porosity with 20 to 60 pm pore
size and higher proliferation rate osteoblasts compared to
pure chitosan scaffolds [56]. Lei et al. developed natural
bone ceramic (NBC)/collagen and HAp/collagen composites
scaffolds via glutaraldehyde cross-linking and freeze-drying.
NBC/collagen and HAp/collagen promoted the expression of
early-stage and late-stage osteogenic genes respectively and
also had varying influences on the duration of MC3T3-E1
cell mineralization. In terms of mechanical behavior, nHAp/
collagen scaffolds showed 7.9 +0.2 MPa of Young’s modu-
lus which was higher than NBC/collagen (5.1 +0.7 MPa).
[57]

Significance of biodegradation

As biodegradability is the crucial factor for outstanding
biocompatible scaffolds over time during in vivo implan-
tation, however, the mechanical, biological, and physico-
chemical features determine the degradation rate of the
material. Absorption kinetics of scaffolds is necessary
and depends on the regeneration of tissues. If a scaffold is
employed for bone regeneration application, deterioration
of the scaffold takes place in a relatively gradual manner;
still, the mechanical strength should be retained before the
reconstruction of nearly new tissue completion [58]. For
instance, scaffolds should not last more than 1 month in
skin tissue regeneration. If the scaffolds last more than the
required period, the retained material can retard rather than
assists tissue regeneration. The gradual breakdown of bio-
material aided by specific biochemical activity implies the
term biodegradation. Especially, if the breakdown is medi-
ated by cells or tissue activity, the material is known as
biodegradable. In the case of in vivo implantation, the term
“biodegradation” often describes the material as slightly
independent of the degradation activity, even though the
fact those biodegradable products are necessary to be
metabolized or eliminated from the body [50].

Owing to the minimal or lack of immune response and
better overall interactions with a variety of cell types, poly-
mers of natural origin were among the prime biodegradable
scaffold materials to be attracted to clinical usage. Based on
degradation behavior, biomaterials can be categorized into
non-degradable and biodegradable. A non-degradable mate-
rial does not decompose and the properties it reserves should
be consistent with soft tissue [58]. The biodegradation rate
solely depends on the polymer’s intrinsic properties such as
hydrophobic/hydrophilic character, amorphous/crystalline
quality, chemical structure, the association of hydrolytically
unstable bonds, molecular weight, and glass transition tem-
perature. Henceforth, a biomaterial with a wide range of
hard and soft tissue applications can be tunable for weeks
or months, or years of duration. In the case of an inflamma-
tory response, the regulated macrophage is crucial; accord-
ingly, degradation can occur besides the formation of new
tissue. After which, the scaffold material is essential to break
down on its own to restore it with new cell growth. While
designing a bone tissue engineering scaffold, degradation
mechanism and degradation rate are imperative to be inves-
tigated [50].

In polymers, the degradation mechanism is assisted via a
non-biological route, i.e., erosion and hydrolysis, or a bio-
logical route, i.e., enzymatic action or involvement by micro-
organisms like bacteria, yeast, and fungi. Most natural poly-
mers have undergone enzymatic degradation (Fig. 7). The
protein-based polymers are acted upon enzymes like colla-
genases and metalloproteinases to break down their peptide
bonds in vivo [58]. Polysaccharide-based biomaterials are
degraded through amylases and lysosomes in the body. Con-
versely, major synthetic polymers of hydrolyzable linkages
are broken down by hydrolytic processes such as urea, ester,
and urethane linkages. In fact, polymers with a high number
of hydrophilic groups simply undergo biodegradation. The
whole biodegradation process can range from a few days to
months to years based on the type of polymer. However, the

Fig.7 Schematic representation
of biodegradation of poly-
mers 58
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cell biomass and other intermediate products can assume to
be mineralized to CO, over a long duration [59].

In non-biological degradation, chemical splitting is highly
accountable for deterioration, in addition to physical ero-
sion. The amorphous blocks are liable to water molecular
diffusion [60]. For instance, hydrolytic degradation begins
initially in the amorphous region of the polymer leading to
the splitting of the chain, followed by degradation occurring
in crystalline regions. Considerably, the degree of hydroly-
sis is remarkably associated with relative hydrophilicity.
Physical erosion alongside the hydrolysis reaction aids deg-
radation. During physical erosion, the two processes such
as bulk erosion and surface erosion head to the breakdown
and resorption or dissolution of the scaffold material. How-
ever, the biodegradation should compromise the scaffold’s
functional and mechanical potentials until the complete new
tissue regeneration [60, 61].

Natural polymers in BTE

Natural polymers (NPs) have intrinsic biocompatible and
biodegradable properties, thus readily suitable for BTE
application. The NPs include chitosan (CS), collagen (Col),
silk fibroin (SF), hyaluronic acid (Hyal), gelatin (Gel), etc.,
being widely used in BTE (Fig. 8). Polymers possess bio-
compatibility and are easy to engineer into desirable struc-
tures and sizes based on the requirement. The degradation
characteristics and mechanical behaviors of the polymers
can be managed and enable them to be tailormade, which is
further targeted for a specific intention to subsequent in vivo
implantation [62—64]. This section summarizes the amalga-
mation of nHAp with NPs like collagen, chitosan, gelatin,
silk fibroin, hyaluronic acid, etc., and their efficiencies in
in vitro and in vivo BTE circumstances.

HAp in combination with polymers of natural origin
has excellent biocompatibility and superior osteogenesis
but is associated with low osteoinductivity and mechan-
ics, which could be dependent on the different types of
bone defects. The BTE scaffolds should possess peculiar
geometrical shapes and sizes resembling repaired sites.
Besides their chemical composition, geometry, mechani-
cal property, etc., adequate biological affinities encour-
age the migration/spreading of seeding cells to accelerate
bone regeneration. Moreover, the location of bone defects
necessitates the functionality or property of the scaffold.
In the case of cortical bone, which requires tiny pores, the
spongy bone demands the scaffold with a highly porous
and resilient scaffold [12]. However, the scaffolds demand
adequate mechanical strength and degradation behavior
based on the need to replace with host natural tissue after a
period of implantation. Murata et al. reported the refilling
of HAp/collagen composite on an iliac crest defect assess-
ment in 74 patients. Where bone defects are reduced in a

time-dependent mode, cortical regeneration was noticed in
28.5% of the cases within 3 months, which was increased
to 95.9% of the patients after 1 year. The cancellous bone
repair was attained in 57.1% of the patients after 3 months
which increased gradually to 95.9% after the year [65]. A
study showed mineralized collagen fibrils and chitosan (CS/
nHAC) composites with mesenchymal stem cells (MSCs)
were implantation in cancellous bone defects in rabbit
femurs. Inclusion of MSCs enhanced the formation of new
bone at 12 weeks [66]. Chacon et al. investigated collagen/
chitosan/HAp composite scaffolds for bone regeneration effi-
ciency in healthy tibial and fragile bone (ovariectomy, i.e.,
gonadal hormone deficiency) rats. A thinner and incomplete
defect closure was noted after 5 weeks. On the other hand,
non-ovariectomized animals have a significant enhance-
ment in new bone regeneration. New bone formation in the
proximal tibial metaphysis of rats was noticed. The lacunae
were filled with osteocytes which were organized in differ-
ent directions. Moreover, the preservations of the medullary
canal, hematopoietic tissue filling, and bone trabeculae were
observed [67]. However, the differences in bone regenera-
tion time and rate of osteogenesis were dependent on many
factors such as the health condition of the patient, scaffold
composition, and size and size of the defect. A few signifi-
cant results of HAp-polymer composite scaffolds and their
remarks are listed in Table 2.

Collagen-HAp nanocomposites

Collagen (Col) is the major constituent of bone that consists
of a fibrous structure with a 50 to 500 nm in diameter range.
The nano-sized architecture of Col assists the cellular adhe-
sion, proliferation, and differentiation for the regeneration of
bone tissue. Since the natural HAp nanocrystals are oriented
to collagen fibrous molecules, [68, 69] the size of nHAp
was found to be length around 50 nm, width around 25 nm,
and thickness at 2-5 nm [68, 69]. Several investigations on
Col-nHAp composites have been studied for BTE, where
the majorly considered route is in situ precipitation [70].
Inclusion of collagen into porous sintered HAp scaffolds has
shown enhanced mechanical strength while causing declined
porosity [71]. The improvement in mechanical property
ascribed that the formation of intermolecular H-bonds
among HAp and Col, which eventually enhances the fracture
toughness, therefore leads to improved resistance to failure
[72]. The Col-nHAp scaffolds exhibit homogenous intercon-
nected macro-porous structure with a compression strength
up to 2.67 +0.37 MPa that was superior when compared to
the control group (Relive® artificial bone) [73].

Varying ratios of Col-HAp scaffolds such as 70:30;
50:50; and 30:70 were fabricated by cryo-gelation method
with the addition of 1-ethyl-3-(3-dimethyl aminopro-
pyl) carbodiimide hydrochloride/N-hydroxysuccinimide
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Fig.8 Structure and properties
of natural polymers [50, 58, 59]

Desirable Properties
and Advantages

used as cross-linkers. Col-nHAp scaffolds revealed bet-
ter mechanical strength and enhanced cell proliferation
when compared to pure Col sponges [75, 76]. Col-nHAp
nanocomposites with layer-by-layer (multilayer) architec-
ture were fabricated by Kim et al., which showed supe-
rior attachment, and differentiation of mesenchymal stem
cells (MSCs) when seeded on scaffolds [77]. According
to Yang et al. report, a biomimetic composite scaffold
was prepared using Col, nHAp, and phosphatidylserine.
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Polymer Structure Disadvantages

The chemical composition of these scaffolds is analogous
to that of natural bone [78]. J. Kozlowska et al. reported
modified Col-nHAp composites fabricated by the freeze-
drying method followed by dehydrothermal treatment
[79]. The Col-nHAp showed a good response to the sur-
rounding biological environment. Preliminary histologi-
cal observation revealed minor local irritability, excel-
lent biocompatibility, and vascularization on the 30" day
post-implantation [79]. Dehydrothermally cross-linked
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Col-HAp composite for enhanced in vivo bone repair with
a simplified preparative process without needed additional
chemical reagents was reported by Zhang et al. [80] which
demonstrated effectively induced osteoid tissue recovery
in vivo. Yu et al. also prepared Col-HAp scaffolds by
freeze-drying methods and investigated on rat calvarial
model [74] and significant data is shown in Fig. 9. The

Col-HAp composite scaffold with intrafibrillar mineraliza-
tion (in cellular or lamellar microstructures) was achieved
by biomimetic strategy. Iron and magnesium ions were
incorporated in Col-HAp with lamellar scaffold architec-
ture. Both in vitro and in vivo investigations confirmed
the synergistic consequence of dual element incorporated
lamellar scaffolds ion efficient bone regeneration.

Fig.9 (A) Fabrication of intrafi-

brillar mineralization of Fe/Mn (A) R
embedded Col-HA composite Collagen
scaffolds. (B) Pictorial represen-
tation of digital, photographic,
Gap zone

and histological stained images
of in vivo post-implantation o
[74]. Where A1-F1, A2-F2, and
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Chitosan-nHAp nanocomposites

Chitosan (CS) is a versatile natural biopolymer that consists
of glucosamine and N-acetyl glucosamine with § (1 —4)
glycosidic linkages [81]. The primary material chitin is a
polysaccharide, which is rich in nitrogen. Chitin generally
exists in hard exoskeletons of crustaceans and other inver-
tebrates and it may be extracted from the cell walls of fungi
and other marine sources [82, 83]. Chitin and its deriva-
tives possess biodegradation, biocompatible, and intrinsic
antibacterial properties that pave a crucial role in tissue
engineering applications [84, 85]. CS acts as an important
biopolymer in biomedical applications that include wound
healing, antimicrobial, and tissue (hard and soft) regenera-
tion. Moreover, in BTE, CS is exclusively applied to owe to
its binding capacity with anionic molecules, pore-forming
ability, antibacterial property, and biodegradability. Fabri-
cation of CS into porous or hydrogel scaffolds facilitates
improved inherent antibacterial properties when chelated
with diverse metal ions [86, 87].

In situ prepared CS-nHAp composites exhibited a com-
pression strength of 0.511 MPa, which was higher when
compared to the CS scaffold. An elevated level of alka-
line phosphatase (ALP) was noticed that was six times
superior to pristine CS scaffolds [88, 89]. Freeze-drying
method is one of the excellent routes to facilitate porous
polymer structures through the nucleation of ice crys-
tals, which emerged alongside the thermal gradient lines.

However, the orientation of the pore can be restricted
while freezing the molds by altering the geometry of the
thermal gradients [88]. Silver (Ag) doped HAp and mag-
netite nanoparticles (NPs) were impregnated with CS pro-
viding excellent nanocomposite scaffolds with improved
biocompatible, bioactive, and antibacterial qualities [90].
Improved integration and efficient bone tissue formation
were achieved with CS-nHAp at varying bone defects in
rat models, demonstrating their efficacy under in vivo
conditions [91, 92]. The admirable benefits of CS-nHAp
nanocomposite systems have been exploited as carriers
to deliver numerous drugs, growth factors, and stem cells
into targeted host tissue or cells [93, 94]. As coatings on
substrates of titanium alloys, CS-HAp nanocomposites
offered enhanced integration of implant materials to pro-
vide successful bone tissue formation in diabetic patients;
however, the belated osseointegration may lead to numer-
ous difficulties [95, 96].

Atak et al. reported amine group (NH,) modified CS-
nHAp scaffolds for bone tissue engineering, revealing
NH,-CS-nHAp scaffolds for better cellular attachment,
survival, and differentiation of osteogenic process in
hBM-MSCs when compared to pure CS and CS-nHAp
[97]. Chatzipetros et al. investigated CS-nHAp scaffolds
on rat calvarial critical-sized defect model (Fig. 10). This
study suggests significant increase of the new bone tis-
sue formation at the 4™ week compared to the 2" week
implantation in euthanized rat models [98]. Jahan et al.

Fig. 10 Right and left dorsal
portions of parietal bones (A)
two symmetrical bone defects in
5-mm diameter, (B) nHAp-CS
composite implanted at right
side defect, (C) allocation of
rats shown in a timeline picture,
(D) the nHAp-CS implanted at
bone defects in rat models, and
(E) final-stage digital analysis
[98]
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developed guanosine 5'-diphosphate-crosslinked CS-
nHAp scaffolds and investigated its osteogenic capability
under in vitro and in vivo environments. The cells encap-
sulated composite scaffolds revealed a threefold increase
in proliferation rate, double the rate of ALP levels, osterix
expression, and further elevated calcium phosphate depo-
sition in vitro, moreover the potential healing rate in tibial
fractures at the 17" day in vivo post-implantation [99].

Alginate-nHAp nanocomposites

Alginate (Alg) is an important biopolymer, chiefly
obtained from marine-sourced brown algae. The glu-
curonic acid and mannuronic acid copolymerized via
a-1,4-glycosidic linkage to produce Alg biopolymer
[100]. Hydrogels prepared from Alg tend to be mod-
erately soluble in water when partially reacted with
Ba?* and Ca2* divalent cations, which possess several
biomedical applications, including drug delivery, BTE,
and wound healing [101, 102]. Alg is a biodegradable,
biocompatible material as represented by Becker et al.,
and also investigated their mechanical property [103,
104]. The correlation of biocompatibility with the purity
of Alg was also noticed, whereas purified forms pos-
sess low adverse effects with surrounding tissues when
compared to their poorly purified counterparts. The
Alg purified at 40% exhibited compression strength
around 22 kPa, although holding its elasticity, which
was remarkably better than poorly purified Alg. Fur-
thermore, the hydrogels with higher glucuronic acid
substance provide better ductile properties and tensile
strength as differing from the Alg with higher mannu-
ronic acid concentration [104, 105]. Additionally, the
enhanced mechanical strength of Alg can be attained
by the reinforcement of ceramics such as nHAp. Upon
introducing calcium (Ca) precursor ions for the synthe-
sis of nHAp, Ca®* can readily bind with carboxyl groups
of sodium Alg (SA) via strong electrostatic interactions.
Inclusion of phosphate (PO,>") precursors to the Ca-Alg
complex leads to PO,>~ ions interacting with Ca** pre-
sent in the Ca-Alg complex causing supersaturation and
subsequent nucleation of nHAp occurs [106].
Nanocomposites containing carbonated nHAp with
strontium and SA (SrCnHAp) spheres and without stron-
tium (CnHAp) were used to perform in vitro and in vivo
investigations. The cell viability of MC3T3-E1 osteo-
blasts on CnHAp and SrCnHAp composites explored
its cytocompatibility under in vitro situations; how-
ever, the StTCnHAp composites revealed a higher rate
of metabolic activity and cell membrane integrity when
compared to CnHAp composite scaffolds [108]. Rabbit
models were utilized for in vivo examinations, which
endured sinus lift performance and demonstrated lesser

@ Springer

amounts of SrCnHAp spheres in the 12" week. Thus, a
prominent improvement of biocompatible, osteoconduc-
tive, and bioresorbable performances with the addition
of strontium was noted when compared to CnHAp sam-
ples [108]. A study on Alg-Sr-nHAp microspheres laden
with vancomycin was conducted to enhance the drug
loading and sustained drug releasing efficiencies. By
altering the pH (buffer solution), composite materials
act as a promising vehicle for drug release [109]. The
critical sized defects (i.e., even if the defect is small in
size, but does not heal the bone itself by an animal) with
the adequate mechanical strength of Alg-HAp scaffolds
may fill the defect area in an animal model; however,
its relevance to addressing the large defects should be
scrutinized furthermore.

Regeneration of cartilage plays a crucial role in the
success of osteochondral repair [110] because it offers a
mechanical and biological transformation from unmin-
eralized cartilage at the articulating surface to the under-
neath mineralized bone tissue. To address this, the Alg-
HAp hydrogel scaffold was prepared using sodium citrate
(SC) as a dispersing agent for HAp. The elevated levels
of calcified cartilage markers such as ALP activity, Col
X secretion, and mineral deposition were observed. The
in vivo examination demonstrates that subcutaneous
implantation of Alg-HAp scaffolds expressed predomi-
nant matrix mineralization, which has the potential for
3D bioprinting and osteochondral regeneration [111].
The biogenic scaffolds display enhanced biocompat-
ibility and bioactive characteristics when compared to
chemically derived scaffolds. Biogenic hydroxyapatite
(bHAp) with porous features was prepared by the poly-
mer infiltration way from the fishbone skeleton source
and subsequently coated on Alg to fabricate Alg-bHAp
composites. The better coating was achieved with 3% w/v
Alg for about 10 min for porous bHAp scaffolds. Histo-
logical examination of 3Alg-nHAp (3% w/v Alg) scaf-
folds at the femur bone of rats signifies that the scaffolds
assist both intramembranous and endochondral bone for-
mation (Fig. 11) [107]. After 6 months, the femur defect
was completely rejuvenated and filled with the mature
lamellar bone with a Ca/P ratio that was analogous to the
normal bone composition of the rat. R.C. Cuozzo et al.
reported that a combination of zinc (Zn) with Alg-nHAp
demonstrates a considerable quantity of bone formation
notable in 6" month post-implanted rats when compared
with the nHAp group [112].

Silk fibroin-nHAp nanocomposites
Silk fibroin (SF) has fascinated huge interest in tissue

regeneration owing to its excellent biocompatible and
minimal inflammatory reaction [113]. The SF-based
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Fig. 11 Implantation of Alg-HAp scaffolds in the albino rat (male); surgical procedure (A and B), femur bone healing at 6 months of post-
implantation (C) and SEM micrographs of bone defects grafted with Alg-nHAp composite scaffolds (D) [107]

biomaterials have been widely enhanced due to their ease
of processing to make scaffolds with controlled parame-
ters and their low degradation rate [114, 115]. Functional
electrospun SF nano-fibrous scaffold functionalized with
two-step HAp particle, by mussel adhesive encouraged
polydopamine (PDA) chemistry [116], and a few signifi-
cant results of this report are illustrated in Fig. 12. Dur-
ing electrospinning, the HAp particles were integrated
into SF scaffolds, and immobilized onto HAp-impreg-
nated electrospun SF nanofibrous scaffolds through
PDA-assisted adhesion chemistry. Superior mechanical
strength and microenvironment for physiological bone-
specific were attained with double-stage functionalized
SF nanofibrous scaffolds. To boost up the bone repair
capability, hADMSCs were genetically tailored by tran-
scriptional co-activator with PDZ binding motif (TAZ)
through polymer nanoparticles-assisted gene delivery.
The TAZ is a familiar transcriptional modulator, which
triggers the osteogenic differentiation of MSCs [117,
118], and improved bone formation in a critical-sized
calvarial defect model was obtained.

The consequence of SF and HAp fragmented coating on
graft ligamentization and osseointegration of the artificial
ligament; polyethylene terephthalate (PET) was explored

by Cai et al. [119] The cell counting kit-8 (CCK-8) assess-
ment demonstrates MC3T3-E1 osteoblasts and 1.929 fibro-
blasts with improved adhesion and proliferation rate on
PET-HA and PET-SF fibers, respectively, compared to
bare PET fibers. Furthermore, in vivo examination on a
beagle anterior cruciate ligament (ACL) reconstruction
model disclosed that the fragmented coating could effi-
ciently persuade the osseointegration processes and graft
ligamentization, which was perceived by excellent tissue
infiltration in intra-articular part (IAP) and higher bone
in-growth in intraosseous part (IOP) of the ligament [119].
Shang et al. developed a biomimetic bilayer membrane
using SF-chondroitin sulfate-HAp that offered a promis-
ing approach for the defined repair of osteochondral tissue
[120]. The biomimetic bilayer structure stimulated new
cartilage formation and subchondral repair of the osteo-
chondral defect model at the 12" week of implantation.
In Behera et al. report, a comparative study of biochemi-
cal and biophysical characteristics was made on in situ
reinforced SF-HAp composites and exterior deposition of
HAp particles on a fibroin scaffold. In both cases (com-
posite scaffolds), minimal immune responses were noticed
in the co-culture model of osteoblast-macrophage [121].
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Fig. 12 (A) Electrospun silk fibroin (SF) nanofibrous scaffolds engi-
neered with two-stage hydroxyapatite (HAp) particle functionaliza-
tion, (B) cross-view of the scaffolds, (C) Young’s modulus, (D) SEM
micrographs and (E) immunofluorescence images and (F) quantifica-
tion of osteopontin at 8 weeks of implantation in critical-sized calva-
rial bone defects in rat [116]

Gelatin-nHAp nanocomposites

Gelatin (Gel) is a non-toxic natural biomacromolecule
derived from collagen of numerous animal by-products,
which is extensively utilized in food, cosmetic, and phar-
maceutical industries [122, 123]. Gel has been utilized to
enhance cell attachment; despite its biological properties,
the mechanical strength and high degradation rates hinder
its usage in hard tissue regeneration [124—126]. Hence,
it has been amalgamated with HAp and other biomate-
rials to obtain the scaffolds with improved properties.
Gel-nHAp-minocycline composite was developed and
the composites were co-cultured with rat bone marrow

@ Springer

stem cell proliferation [127]. Varying weight ratios of
Gel-nHAp-TiO, were developed using the phase separa-
tion method. The scaffolds with 77 to 82% of porosity
were attained. Reinforcement of titania into nanocompos-
ite scaffolds has shown 10.15 MPa compression strength
compared to Gel-nHAp (94.87 MPa) scaffolds [128].
Nosrati et al. adopted a two-step strategy to develop Gel-
HAp-3D graphene scaffolds, which includes hydrothermal
autoclave by purging of hydrogen gas to prepare 3D gra-
phene followed by employing hydrogel 3D printing tech-
nology [122, 129]. The interface analysis revealed that two
phases (HAp-Graphene) are together held coherently and
further improved mechanical properties, and higher accu-
racy of dimensionality was achieved (Fig. 13). A. A. Salifu
et al. investigated human fetal osteoblasts (hFOBs) embed-
ded scaffolds of 25 wt% HAp-Gel, and pristine Gel fibers
(by electrospinning), which were heaped into 3-stack (3-S)
and 4-stack (4-S) three-dimensional (by 3D printing technol-
ogy) bone graft models under static cell culture conditions
[130]. The interfaces of 3-S with regular cell seeding were
merged with cross-interface migration of embedded cells; on
the other hand, the middle interface layer of 4-S was retained
separately because the cells were not seeded in the middle
layers. Therefore, migration has not arrived at the center
region of the 4-S layer. These findings agree with Papenburg
et al., which revealed augmented cell adjoining layers and
partial bonding existed in the 4-S model, with the interface
between two-center layers with unseeded sides [131].

Hyaluronic acid-nHAp composites

Hyaluronic acid (HylA) have linear unbranched hydro-
philic glycosaminoglycans, which are composed of repeated
N-acetyl glucosamine and glucuronic acid: disaccharide
parts [133]. HyAl has excellent bone regeneration proper-
ties owing to its biocompatible, elastic, antimicrobial, and
osteoconductive features [134]. HyAl plays a crucial role
in cell signaling pathways and assists essential function
in cell proliferation and differentiation. The histological
investigation was performed on rat models about 8 weeks
of post-implantation that demonstrates the defects filled with
calcium sulfate-nHAp-HyAl-collagenase nanocomposite
scaffolds confirmed noteworthy and consistent regeneration
of the alveolar bones, in which a greater number of osteo-
cytes on the defective site was noticed [135].

Dennis et al. designed self-assembled and shear—respon-
sive injectable colloidal gels for bone defect fillers [132].
The viscoelastic colloidal gel consists of microparticles of
extracellular matrix (ECM), i.e., demineralized bone matrix
(DBM), decellularized cartilage (DCC), and with HyAl and
HAp nanoparticles as shown in Fig. 14. Rheological behav-
ior of HyAl-ECM suspensions and HAp-HyAl-ECM gels
ascribed identical or considerably higher storage moduli; G
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Fig. 13 (A) Fabrication of
Gel-HAp-rGO scaffolds: (a)
hydrothermal (HT) process-
ing conditions, (b) powders
prepared by HT, (c¢) hydrogels,
(d, e) setup of hydrogel 3D
printing, and (f) 3D scaffolds.
(B) SEM micrographs of Gel-
HAp-rGO 3D scaffolds [129]

/ 180°C -

Heater
PTFE

(a) Pressure Gauge Regulator

Air Pressure

Pure Gelatin

~ 100-10,000 Pa, viscoelastic recoveries; G'recovery = 87%,
and yield stresses; Ty ~ 100-10,000 Pa, when compared
with controls (without ECM).

Conclusion and future perspectives

Though several researchers have been focused on the
development of scaffolds based on several polymer-HAp
composite scaffolds, each composite is associated with
certain kinds of pros and cons in terms of its mechani-
cal stability, control over porosity, and interaction with
the biological environment in vitro and in vivo. This

A (h)
Gelatin/HA

Gelatin’/ HA/rGO

O ) o GeRfin/HANGO ™ N 7

WY , 2V \

\ HA/rGO

is mainly because polymers are extremely sensitive to
many factors like pH, temperature, solvents, etc., based
on chemical composition, especially with the processing
of natural polymers. In BTE, the production of com-
posite scaffolds of polymers-nHAp is still required to
be considered to determine the equilibrium between
mechanical strength and biological performance, which
may vary and is solely dependent on the choice of pol-
ymer selection. The development of patient-specific
scaffold materials is an immense challenge for scien-
tists and researchers. Fabrication of critical biological
shapes, degree porosity, and mechanical stability is very
difficult.
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Fig. 14 Live/dead assay of hUCMSCs (human umbilical cord mes-
enchymal stromal cells) cultured on HyAl-HAp-ECM colloidal gels.
Where green and red fluorescence denotes the viable and non-viable

However, each fabrication technique has its advantage and
disadvantages; hence, there are still various disputes that must
be explored further in detail on BTE shortly to attain suitable
nHAp-based composite scaffolds with tunable properties. Many
reports on composite scaffolds have been deprived of insights
from fabrication strategies to in vitro and in vivo aspects. More
to the point, most of the studies have been mainly concentrated on
fabrication and physicochemical characterization but not in vivo
investigation. When bridging the gap between fabrications to
in vivo studies with its clear intermediate mechanical stability
and porosity alterations, this may sound like the future research
avenue in clinical trials in the field of bone tissue engineering.
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