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In recent years, there has been a substantial rise in the use of nanomaterials in tissue engineering
applications. Nanostructured scaffolds with cells provide a more structurally supportive environment like
natural bone microarchitecture and govern cell proliferation, differentiation, and migration, resulting in
the development of functional tissues. Chitosan is a promising and suitable biomaterial due to its
remarkable qualities, such as biocompatibility, biodegradability, and osteogenic potential. However, due
to its poor mechanical strength, chitosan cannot be employed for load-bearing applications; thus, the
combinatorial approach of chitosan and other biomaterials can be employed to overcome this
limitation. Various bioceramics, such as bioinert (titanium, alumina, and zirconia), bioactive (bioglass and
hydroxyapatite), and bioresorbable (tricalcium phosphate) materials, are used in bone tissue engineering.
Fabricating these materials at nanoscale dimensions increases their surface area, thereby enhancing their
Received 15th July 2023, cell adhesion. The review article aims to present a comprehensive discussion on the bioinert,
Accepted 3rd August 2023 bioresorbable, and bioactive nanoceramics-reinforced chitosan scaffolds in bone tissue engineering.
DOI: 10.1039/d3ma00422h This review article also highlights the in vitro and in vivo studies of existing and novel nanoceramics-
reinforced chitosan scaffolds used in critical-bone defects and their advantages and challenges in bone
rsc.li/materials-advances defect regeneration.

1. Introduction
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acid-base balance." It also serves as a mineral reservoir, thereby
regulating the calcium and phosphate levels in the circulating
body fluids.? In contrast to many other types of tissues, the bone
possesses a remarkable ability to heal post-injury. In response
to mechanical and metabolic changes, bone undergoes consis-
tent modelling and remodelling processes of resorption and
regeneration,” with the coordinated actions of primary cells,
namely osteoblasts, osteoclasts, and osteocytes. Osteoclasts are
involved in targeted damaged bone removal, followed by sub-
sequent action by osteoblasts in new bone formation at the
defect site. Osteoblasts further differentiate into osteocytes,
which are involved in bone remodelling through the produc-
tion of proteolytic enzymes.> The osteoblast-osteoclast inter-
action is significant in maintaining the healthy state of the
bone, as the disturbed state of balance leads to bone-related
disorders.? Bone defects can be divided into two types, mainly
based on their size: critical and non-critical defects. Non-
critical bone defects, which are less than 2.5 cm, have better
healing capacity and do not require planned reconstruction or
secondary surgery.” However, critical or intrinsic-large bone
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defects caused by clinical conditions, including osteomyelitis,
tumour resection, infected non-unions, and post-traumatic
bone loss,® cannot spontaneously heal during the patient’s
lifetime and requires medical intervention that could aid in the
healing of the defect site and encourage bone regeneration.’

Bone grafts predominantly remain the most employed sur-
gical technique, with a high clinical success rate for over a
century in curing critical bone defects. Approximately two
million bone grafting surgeries are conducted annually across
the globe. In the United States, nearly 500000 bone graft
procedures are performed annually,” making bone grafts the
second most prevalent tissue transplantation after blood trans-
fusion. The global market for bone grafts and substitutes is
anticipated to increase from $3.78 billion in 2022 to $5.71 billion
by 2029 with a compound annual growth rate of 6.1%.% Success-
ful bone grafts should have osteoconductive properties and
stimulate osteogenesis at the defect site.” Based on the source
of graft tissue, grafts can be characterised into autografts,
allografts, and xenografts. Autografts are obtained from the
same individual from specific bones such as the iliac crest,
fibula, ribs, mandible, chin, or skull.'"® Autogenous bone graft-
ing techniques remain the benchmark and are considered
the gold standard due to their clinical advantages, such as high
efficacy,” no risk of graft rejection owing to high histocompati-
bility,"* no associated immune-related response, and no risk of
disease transmission."” It is also well known for its osteo-
conductive and osteoinductive nature."> However, autogenous
bone grafts have several drawbacks, including potential donor
site morbidity, limited supply, sensory loss, pain infection,
prolonged wound drainage, and necessary reoperation. The
complication rate has been reported as 8.6%.%"*

On the other hand, allografts are harvested from a geneti-
cally different individual belonging to the same species.'* They
are a preferred substitute to autografts as they possess more
advantages regarding convenient usage, lack of donor site
morbidity and size diversification. Nevertheless, sterilisation
and storage before the transplantation procedure impact the
biological and mechanical properties of the graft, leading to the
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loss of osteoinduction and osteogenic capability."® In contrast,
xenografts involve the transplantation of bone tissue across
different species and are prone to immune rejection.’* The
shortcomings of auto and allogenous bone grafts have led to
the development of bone tissue engineering (BTE).

BTE is a promising novel alternative to traditional bone
grafts. It employs the synergistic combination of the triad cells,
biomaterials, and specific growth factors/signals'® and aims to
induce functional bone regeneration at the site of interest.
A scaffold is a three-dimensional (3D) structural matrix that
allows and stimulates the attachment and proliferation of
osteogenic cells on its surface, provides all the requisite envir-
onmental cues, mimics the extracellular matrix (ECM) like
the bone microenvironment in vivo, and allows new bone
formation at the site of bone defect thereby, eventually disin-
tegrate post healing of the site. Many fabrication technologies
are evolving to create porous scaffolds using various biomaterials
that can aid in the regeneration of bone tissues and even function
as a drug delivery system.’” A typical biomaterial should have the
following characteristics: high strength, a reasonable rate of
degradation, porosity, microstructure, flexibility, and required
shape and size."® Any scaffold designed to function as a bone
substitute should:

i. allow attachment, proliferation, and differentiation of
the cells.

ii. allow efficient nutrient exchange and cell migration.

iii. provide high surface area.

iv. have an interconnected microporous network to enable
vascularisation.

Compared to traditional bone grafts, tissue-engineered scaf-
folds do not give rise to postoperative complications at the
surgery site.'® Scaffolds could be composed of natural poly-
mers, synthetic polymers, ceramics, or a combination of them,
depending on the application and fabrication method. Natural
polymers commonly used in BTE applications include collagen,
gelatin (Gel), silk fibroin, chitosan (CS), hyaluronic acid, and
alginate.”® PCL (polycaprolactone), PLA (polylactic acid), PLGA
(poly(lactic-co-glycolic acid)), and PLLA (poly(i-lactide)) are
some of the synthetic polymers used.>* Recently, there has been
an increase in the usage of calcium phosphate-based ceramics
due to their similarity to the mineral phase of bone.>” Ceramic
materials include biphasic calcium phosphate, B-tricalcium
phosphate (B-TCP), hydroxyapatite (HAp), silica, titanium, and
bioactive glass. These materials are bioresorbable and have the
potential to form strong bonds with hard and soft tissues,
thereby stimulating osteogenesis.

Nanoceramics are ceramic materials composed of nano-
dimensional grains/crystallites with at least one aspect of the
element below 100 nm. Also, nanoceramics show enhanced
properties compared to their bulk material, such as remarkable
mechanical properties, including incredible strength, excellent
toughness, and high fatigue resistance.>* The cost-friendly and
facile fabrication methods of nanoceramics are the significant
advantages researchers exploit for BTE applications. However,
nanoscale bioceramics pose a significant disadvantage of being
brittle.>® Therefore, they can be synergistically combined with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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metals and polymers to overcome this drawback, improving
their physiochemical properties. One such polymer that can be
utilised is CS, a naturally derived biomaterial with immense
applications in BTE, drug delivery, and wound healing.?®
Its similarity in the chemical structure with glycosamino-
glycans, the significant component of the ECM of bone, has
made it a well-qualified biomaterial for BTE.?’

In spite of several advantages and extensive research findings
on the combinatorial approach of nanoceramics-reinforced CS
biocomposite scaffolds, to the best of our knowledge, there are
no recent reviews on nanoceramics-reinforced CS scaffolds for
applications in BTE. Thus, this review begins with a detailed
discussion of nanoceramics and CS, followed by the applications,
recent advances, and in vitro and in vivo evaluation of the
osteogenic potential of various types of nanoceramics reinforced
in CS scaffolds. Finally, we review the signalling pathways
applicable to CS scaffolds incorporated with nanoscale ceramics
and highlight the challenges and prospects of these successfully
emerging biocomposite scaffolds for BTE applications.

2. Nanobioceramics — types and
properties

Bioceramics refer to biocompatible ceramic materials used for
specific biological or physiological functions in the human
body. From dental implants to even heart valves, bioceramics
can restore normal function, provide support, and aid in
reconstructing the diseased site of interest. Calcium phos-
phates and bioactive glasses were the first bioceramics expli-
citly developed for bone repair.?® Inorganic HAp nanocrystals
(Cas(PO,4)3(OH)) make up about 70% of the inorganic bone
matrix, but there are also significant amounts of bicarbonate,
citrate, magnesium, potassium, and sodium ions.>* The develop-
ment of bioceramics was inspired by the notion that scaffolds
with a composition like that of the bone microenvironment
would result in improved biocompatibility and lower the like-
lihood of rejection by the body.

The term ‘bioceramics’ covers a large class of non-metallic
materials whose chemical compositions, bond types, bioactivity
and properties vary widely, and are widely classified into three
main groups, namely bioinert, bioactive, and bioresorbable
ceramics.>®

i. Bioinert ceramics typically have excellent mechanical and
chemical stability in vivo; when implanted in living bone, they
integrate into the bone tissue through ‘“contact osteogenesis”.
Due to their excellent biocompatibility, there are no physiological
responses or immunological rejections by bone tissue.*'

ii. Bioactive ceramics, on the other hand, can chemically
bind with living bone tissue and possess osteoconductive proper-
ties. Once introduced into the body, it induces a chemical inter-
action between the scaffold material interface and the tissue.*?
Bioactive materials are usually employed in tissue engineering to
heal orthopedic, craniofacial, and dental osteomyelitis.*®

iii. The third class of bioceramics, known for their bio-
resorbable property, are biodegradable ceramic materials that

Mater. Adv., 2023, 4, 3907-3928 | 3909
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undergo complete degradation upon contact with the surround-
ing tissue fluid.** One significant advantage of these ceramics is
that they do not require secondary surgery to remove the implant
from the site of the defect post-healing.

Bioceramics should not be allergenic, carcinogenic, or tera-
togenic. Some unique bioceramics properties that tissue engi-
neers exploit to use as scaffolds are corrosion resistance, high
compressive strength, hardness, and good biocompatibility.>®
Most importantly, due to their highly porous nature, there
would be improved cell migration and interaction between
the bioceramic scaffold and bone, post-implantation. The
formation of apatite crystals on the surface of the biomaterials
provides active sites for enhanced cell-biomaterial interaction.
This, in turn, improves the efficiency of osseointegration and
bone implant acceptance.®

Recently nanoscale biomaterials have been of great interest
due to their unlimited potential to improve human health
as BTE materials. Also, conventional micron-scale scaffolds
designed for BTE applications neglect the properties of the

Documents of year

A)

60
2
=
5
£
3 40
[=]
a
20
0

View Article Online

Materials Advances

bone tissue at the nanoscale level and fail to completely
regenerate the bone defect site, resulting in some complications,
including undesirable local tissue responses. Nanoscale struc-
tures have more surface area, leading to better cellular uptake
and drug-loading efficiency than micron-scale structures.>® The
increased interest in research on nanoceramics is evidenced by
the increasing number of documents published in the last few
decades, spread across several subject areas including medicine
and pharmacology (Fig. 1).

In a study conducted by Webster et al. to investigate the
effect of HAp particle size in osteoblast function in vitro, it was
reported that nanophase ceramics showed a higher percentage
of osteoblast proliferation and adhesion compared to micron-
sized ceramics.’® Nanobioceramics can be synthesised in var-
ious forms, such as nanoparticles, nanowires, nanorods, and
nanotubes,®” depending on which the properties also widely
differ. Several synthesis methods, such as microwave irradia-
tion, nucleation, and crystallisation, have been reported to
fabricate nanoceramics. Numerous studies have reported that
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Fig. 2 Types of nanobioceramics and their application in bone healing.

incorporating nanoceramics into a polymeric scaffold of inter-
est could be efficiently used in BTE applications.*® Fig. 2 shows
the role of nanoceramics in bone healing applications.

BTE greatly emphasizes the mechanical strength of the
scaffolds, an extremely crucial parameter to be considered
before the choice of biomaterial is made. Several impactful
research works utilizing nanoceramics have stated significant
improvement in the scaffolds’ mechanical strength, toughness,
and resistance upon their incorporation. Despite their brittle
nature, ceramics, including alumina, ZrO,, TiO,, and bioglass,
possess a high level of biocompatibility, and this attribute has
been exploited for use in the creation of natural bone substi-
tutes, implants, and hip arthroplasty. Calcium phosphate exhi-
bits mechanical properties such as high brittleness, low impact
resistance, and low tensile stress. However, its compressive
strength is better than that of natural human bone, and it is
widely reported to be suitable for non-load-bearing implants,
defect filling, and coating applications.?® Similarly, the applica-
tion of 4555 bioglass (BG) is restricted as a load-bearing scaffold
material despite its outstanding ability to bond with bones and
soft tissues due to its inherent brittleness.

Titanium and its alloys have exhibited superior biocompat-
ibility and excellent corrosion resistance property. Fostad et al.
reported TiO, scaffolds with high mechanical strength and
high porosity using the polymer sponge method.*® Therefore,
by altering the manufacturing steps, designing composite

© 2023 The Author(s). Published by the Royal Society of Chemistry
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blends, and governing morphological characteristics, the
mechanical strength of the nanoceramics can be optimized
for BTE applications.

3. Methods for synthesis of
nanobioceramics

There are several methods for fabricating nanoceramics, such
as the sol-gel technique, chemical vapour deposition, solvo-
thermal and chemical precipitation methods (Fig. 3). These
methods can produce various types of nanoceramics with
diverse shapes, textures, compositions, and properties.

3.1. Sol-gel technique

The sol-gel method is one of the most widely used, efficient
and versatile methods for producing nanoceramics in various
shapes depending on the hydrolysis and condensation pro-
cesses. It is important to note that the qualities of nanocera-
mics are determined by particle size, surface, and morphology.
On the other hand, Sol-gel is well suited for managing the
features mentioned above of nanoceramics. Several studies
have reported synthesizing nanoceramics using the sol-gel
technique.**> Aydin et al synthesized undoped and Fe-doped
SnO, nanopowders. Tin(u) chloride was used as the base material,
Iron(m) chloride hexahydrate acted as the dopant source, while

Mater. Adv,, 2023, 4, 3907-3928 | 3911
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Fig. 3 Synthesis methods of nanobioceramics. (A) Schematic illustration of Fe-doped SnO, nanopowder prepared by the sol-gel technique.*?
(B) Synthesis of SiC nanoparticles by fluidized bed chemical vapor deposition method.** (C) Preparation of ZnAl,O4:Crs ceramics by solvothermal
method.*® (D) Chemical precipitation of CoFe,O, nanoparticles.*®
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2-methoxy ethanol and monoethanolamine were the solvent
and stabilizer, respectively. The nanopowders of SnO, were
obtained due to calcination and sintering and this ageing
process is schematized in Fig. 2A.*> The techniques such as
XRD, SEM, TEM, and energy dispersive spectrometry (EDS)
were used to characterize the synthesized nanoparticles.

3.2. Chemical vapor deposition

Chemical vapour deposition is a widely reported method for the
synthesis of nanoceramics as well as the production of bulk
ceramics. This method involves a precursor that is converted
into nanoceramics in the presence of a catalyst at a suitable
temperature. Amongst several types of nanoceramics, this
method is primarily used to fabricate oxides, nitrides, and
carbides. Liu et al used the fluidized bed chemical vapour
deposition system that consists of three main parts, namely the
gas distribution system, the fluidized bed chemical vapour
reaction system and the powder collection system to synthesize
silicon carbide (SiC) nanoparticles with adjustable size, stoi-
chiometric ratio, and properties (Fig. 2B). Firstly, the precursor
was heated, and the steam was entrained into the furnace using
a carrier gas. Secondly, the inflowing precursor gas into the
furnace was heated rapidly by hot fluidized particles and finally
decomposed at a high temperature. The synthesized nano-
particles were then collected by the cyclone separator.*® This
method of preparation of nanoceramics allows tailoring the
particle size by controlling the temperature and gas ratio.

3.3. Solvothermal method

The solvothermal method is widely used to fabricate nano-
ceramics and typically has a two-step synthesis process, namely
chemical mixing and calcination. The advantages of this
method include obtaining the final product at a relatively lower
reaction temperature and the absence of post-annealing. Also,
crystalline materials with different compositions, sizes, struc-
tures, and morphology could be prepared by controlling the
experimental temperature, pH, and reaction concentration.**
Zhang et al. synthesised ZnAl,0,:Cr** nanocrystals by solvo-
thermal method (Fig. 2C). The nanoceramic crystals were of
spherical morphology with a diameter of about 500 nm.*’
However, this method carries limitations such as poor disper-
sion of the nanoceramics and large particle sizes.

3.4. Chemical precipitation

Chemical precipitation is a simple and versatile method of syn-
thesising nanoceramics at an industrially scalable yielding.*®
The precipitation method dramatically depends on the pH of
the system. Also, by controlling the rate of nucleation and
growth during the processing, the required nanoceramic size,
morphology, and particle size distribution can be achieved.**
There are three types of chemical precipitation: direct precipita-
tion, coprecipitation, and homogeneous precipitation. Amongst
these, coprecipitation is the most reported. Safi et al. synthesised
CoFe,0, nanoceramics by coprecipitation method at 60 °C
(Fig. 2D). The yielded nanoceramics were highly crystalline with
a crystallinity index of 83% and crystallite size of 15 nm.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Hence, these methods could produce different nanoceramics of
varying compositions, shapes, and properties.

4. Chitosan — a promising biomaterial
in tissue engineering

Chitosan is a deacylated form of chitin, a marine-derived
polysaccharide that acts as a structural component of crusta-
cean exoskeletons.”” CS is soluble in dilute aqueous acidic
solutions (pH < 6.5) and insoluble in water, organic solvents,
and alkaline medium due to the presence of a primary amino
group in its structure, which gets protonated and becomes
polyelectrolyte in aqueous acidic medium.*® CS is a linear
polysaccharide composed of p-glucosamine and N-acetyl gluco-
samine units linked by B-1,4 glycosidic bonds.*® CS is known
for its diverse applications in numerous biological activities,
including antioxidant, anti-inflammatory, antitumoral, and
antibacterial effects.”® Chitin can be converted to CS either by
chemical or enzymatic methods, and both the former and latter
processes are based on demineralisation, deproteinization, and
deacetylation of chitin. The process of deacetylation involves
the removal of acetyl groups from the molecular chain of chitin,
leaving behind a complete amino group (-NH,) to form CS. CS
production through lactic acid fermentation of chitin, employ-
ing specific Lactobacillus strains, has also been reported.>

Knidri et al. has demonstrated a faster, easier, and more
efficient way to prepare CS from chitin via microwave irradia-
tion. The deacetylation method and the degree of deacetylation
utilised for CS synthesis play a critical role in determining the
polymer chain’s composition, size, properties, and application.’>
The degree of deacetylation represents the proportion of
p-glucosamine and N-acetyl-p-glucosamine® and generally falls
between 50-95%. It dramatically impacts the solubility, degra-
dation, crystallinity, surface tension, and molecular weight of
CS. CS with intermediate degrees of deacetylation is semi-
crystalline®® and favors substantial intra/inter molecular hydro-
gen bonding. Higher levels of deacetylation are correlated with
a higher percentage of positively charged primary amines,>
resulting in an overall higher charge density. This cationic
nature is crucial in BTE applications as CS can form polyelec-
trolyte complexes with anionic biological macromolecules and
DNA.>® The higher deacetylation degree lowers the material
degradation properties of the CS scaffold. Under in vivo condi-
tions, CS degradation occurs via the action of an enzyme called
lysozyme, giving rise to CS oligosaccharides.”” The degradation
rates can be tuned according to the targeted bone defect and
ingrowth levels. The suitable degree of deacetylation also varies
accordingly. As mentioned earlier, the structural similarity
in the chemical structure of CS with glycosaminoglycans,
the significant component of the ECM of bone, had made it
attractive as a bone scaffold material.

Compared to chitin, CS is more biocompatible and has
tailorable properties.>® Previous studies reported that CS causes
only a minimal foreign-body response compared to other
natural and synthetic polymers.”” Additionally, CS offers a
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hydrophilic surface that encourages cell attachment and the
growth of bone-forming osteoblast cells. Free CS>® and certain
derivatives of CS, including carboxymethyl CS,*° methyl
pyrrolidone®® have been reported to be capable of inducing
osteogenesis both in vitro and in vivo. Apart from all other
advantages and crucial properties, CS has facile fabrication
and mild synthesis requirements. It can be synergistically
combined with other biomaterials, and can be prepared in
various forms, including electrospun nanofibers, hydrogel,
nanoparticles, and porous 3D scaffolds. Electrospinning is a
relatively simple, emerging, and widely used fabrication tech-
nique for creating fibrous bone scaffolds. Interestingly several
reports on nanoceramics-loaded electrospun chitosan matrices
are available for bone regeneration applications. For instance,
Hokmabad et al. developed poly(e-caprolactone)-poly(ethylene
glycol)-poly(e-caprolactone)-CS nanofibers incorporated with
nanoceramics such as nHAp and silicon dioxide nanoparticles.
The nanofibrous scaffolds demonstrated enhanced mechanical
strength, cell adhesion, and subsequent differentiation of
human dental pulp stem cells by adding nHAp than silicon
dioxide nanoparticles.®”

The presence of reactive primary amines, primary and
secondary hydroxyl groups and side groups on CS makes it
possible to add peptides, amino acids, or side groups, enabling
CS to be easily functionalised.®® Therefore, CS has numerous
properties make it a promising biomaterial for BTE applica-
tions. However, there are a few drawbacks regarding the level of
bioactivity and mechanical strength. These can be overcome by
combining CS with other materials such as polyglycolic acid
(PGA),** polyethylene glycol (PEG),*® ceramics and metals to
withstand the in vivo stress during bone regeneration.

5. Nanoceramics-reinforced chitosan
scaffolds in bone tissue engineering

The CS polymer has desirable qualities for use in the construc-
tion of different human tissues, the healing of wounds, and the
administration of drugs. It has good adsorption, antibacterial,
and nonantigenic capabilities, as well as it does not cause an
immunological response and is biodegradable. Another major
advantage is that CS is tailorable into several shapes and forms,
including gels, nanoparticles, nanofibers, beads, and scaffolds.
CS scaffolds could be fabricated with high degree of intercon-
nected, gradient porosity. It has been reported that CS-based
scaffolds are osteoconductive and improve bone formation
in vitro and in vivo for BTE purposes.®® However, to over the
limitation of its poor mechanical property, various nano-
ceramics-based CS scaffolds have been fabricated, which are
briefly discussed in the following sections.

5.1. Bioinert nanoceramics reinforced chitosan scaffolds

Bioinert ceramics are completely oxidized materials and there-
fore exhibit high chemical stability. They often exhibit excellent
mechanical and chemical stability in vivo. When inserted into
living bone, they undergo ‘“contact osteogenesis,” which is the
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process by which they become a part of the bone tissue.
Bioinert materials have minimal biological interactions with
the surrounding tissue and do not elicit any immunological
responses against the graft. These materials possess high
tensile strength and toughness, which makes them an ideal
candidate for use in BTE practices.®” However, over time, these
materials require secondary surgery and may cause inflamma-
tion in the surrounding tissues and release harmful and toxic
ions.*®

Nanomaterials are at the forefront of bone regeneration and
tissue engineering in general. Due to their nanoscale dimen-
sions, nanoparticles exhibit greater availability in biological
systems.®® They include nanospheres, nanowires, nanofilms,
nanotubes, and many more. The nanoscale reduction in mate-
rial size dramatically increases surface area, roughness, and
the ratio of surface area to volume, resulting in enhanced
physiochemical characteristics.”” Nanoceramics is an organic
solid made up of metal or non-metal composition and are a
class of advanced ceramic materials having structural dimen-
sions between 1-100 nm.”" Various bioinert nanoceramics-
reinforced CS scaffolds reported to treat intrinsic bone defects
have been summarized in Table 1.

5.1.1. Titanium oxide. Titanium is the material of choice
for the vast majority of bone defect treatment owing to its
excellent biocompatibility, high strength, low density, high
corrosion resistance, complete inertness to the body’s environ-
ment, enhanced compatibility, low Young’s modulus, high
ability to fuse with bone or other tissues, and formation of a
thin surface oxide layer, which makes it an ideal candidate
as hard tissue substitutes in artificial bones and joints.*°
Titanium di-oxide nanoparticles have been used as photocata-
lysts in solar cells, pigment in paints and corrosion-protective
coating in bone implants. Ferin et al. reported that ultrafine
TiO, (~20 nm) accessed the pulmonary interstitium in rat
lungs and caused an inflammatory response compared with
fine TiO, at the same mass burden.?! Ren et al. evaluated the
effect of different shapes and sizes of TiO, nanoparticles on the
proliferation and differentiation of MC3T3-E1 (mouse preosteo-
blastic) cells. The results from the alizarin red staining indi-
cated the formation of mineralized nodules. However, flow
cytometry analysis revealed the induction of oxidative stress
to MC3T3-E1 cells in response to TiO, nanoparticles.®” There-
fore, there are concerns about the biological toxicity of TiO,
nanoparticles.

Valencia-Llano et al. incorporated graphene oxide nano-
sheets, titanium dioxide nanoparticles, and blackberry proces-
sing waste extract on to CS beads and evaluated them as partial
bone substitutes (Fig. 4). Synthesis of TiO, nanoparticles was
done by hydrolysis and peptization of titanium isopropoxide
solution. The biocomposite beads were tested in rat models of
critical size bone defects with defects of 5 mm x 0.8 mm
(diameter x deep) in parietal bones. The histology results
confirmed the presence of bundles of collagen type I and
the presence of newly formed bone tissue. The presence of
calcium and phosphorus confirmed the beginning of miner-
alization, ECM formation and bone matrix maturation.®?
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Fig. 4 (A) Images of the different bead composites: (A1) CS-TiO,-GLA, (A2) CS-GO-TiO,-GLA. (B) SEM images. Morphology of the beads: CS-TiO,-GLA

(B1) at 100x, (B2) at 1000x, (B3) at 25000x; CS-TiO,-GO-GLA (B4) at 100x, (B5) at 1000x, (B6) at 25000x. (C) Macroscopic image of the skull
intervened area. (C1) Presence of hair. (C2) Trichotomy. (C3) Exposed bone area. IZ: implantation zone. Bd: beads. Ed: empty defect. (D) Samples
implanted in the cranial bone defect (D1)-(D3) CS-TiO,-GLA; (D4)-(D6) CS-TiO,-GO-GLA (D1) and (D4) at 4x H-E technique. (D2) and (D5) at 10x MT
technique. (D3, D6) at 40x MT technique. Bd: bead. Black arrow P: periosteum. Blue arrow: soft tissue that covers the beads. Purple oval: Areas where
there is continuity of bone-bead soft tissue. White circle: Area of new bone formation. (E) Cranial implantation areas. (E1) CS-TiO,-GLA at 1x. (E2)
CS-TiO,-GLA at 3x. (E3) CS-GO-TiO,-GLA at 1x. (E4) CS-GO-TiO,-GLA at 3x. Bd: Bead. Blue arrows: Soft tissue surrounding intervened areas.
Stereoscopic microscope technique. (F) SEM analysis of the cranial implantation areas. (F1) and (F2) CS-TiO,-GLA. (F3) and (F4): CS-GO-TiO,-GLA. White
circle: Bead implantation area. Red arrow: Interface area bead—bead, bead—bone. Blue arrow: cover soft tissue. Purple oval: Incorporation area of the

bead covering soft tissue with the bone covering soft tissue (Open access article under Creative Commons Attribution®3).

Similarly, Hashemi et al. demonstrated metformin’s compara-
tive drug release profile loaded onto TiO, nanotubes with and
without CS film. The CS-coated TiO, nanotubes with 15 layers
of CS coating showed sustained drug release for up to 21 days.
In contrast, the seven layers of CS-coated TiO, nanotubes
showed seven days of sustained release. This could be attri-
buted to the restriction by polymer chain swelling. The non-
coated TiO, nanotubes exhibited burst release of the drug.
The results also revealed the osteogenic potential of loading
Metformin into TiO, nanotube arrays and then coating them
with CS might increase mesenchymal stem cell (MSC) adhe-
sion, differentiation, and proliferation. Furthermore, a
considerable increase in alkaline phosphatase (ALP) activity
and collagen I synthesis of TiO, nanotubes coated with CS were
also observed.®*

The antibacterial property of TiO, nanoparticles was reported by
Kolathupalayam Shanmugam et al., who fabricated the CS-alginate

3916 | Mater. Adv,, 2023, 4, 3907-3928

scaffold incorporated with TiO, nanoparticles by the solvent
casting method. The results are promising with the maximum
zone of inhibition against Staphylococcus aureus. It might be
due to the peroxidation of the phospholipids of the bacterial
cell membrane, cell wall damage caused by electrostatic repul-
sions, and respiratory inhibition. CS may also contribute to this
bactericidal effect by interacting with the opposing bacterial
cell wall.®

Yin et al. studied the immunomodulatory response of multi-
layers of CS/alginate films over the Titania nanotubes. The
biocomposite films containing Titania nanotubes were studied
in vitro using bone marrow mesenchymal stem cells (BMSC) to
determine their osteogenic effects and regulatory mechanisms.
The osteogenic gene expression of BMSCs was upregulated,
and biomineralization was stimulated more by alginate/CS
multilayer-coated titania nanotube samples than free titania
nanotubes. M1 and M2 macrophage polarisation generated by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the substance improved the early and intermediate stages of
BMSCs’ osteogenesis via separate mechanisms: the TGF-B/
Smads pathway was activated by M2, whilst M1 activated the
BMP6/Smads and Wntl0b/-catenin pathways. Interestingly,
research on the rat bone defect model showed that IL-4-loaded
immunomodulatory implants could induce a phenotypic
macrophage switch from the pro-inflammatory M1 to the anti-
inflammatory M2 state, enhancing new bone production.®®
Therefore, titanium oxide incorporated CS biocomposite could
reduce post-operative infections attributed to their controllable
drug release profile, osseointegration and sustained antibacter-
ial potency. It is becoming clear that macrophages are crucial
to the success of biomaterial-mediated osteogenesis. Never-
theless, the precise function of macrophages and the molecular
processes by which material characteristics regulate osteo-
genesis remain unknown.

5.1.2. Alumina. Alumina or aluminium oxide, an alumi-
nium derivative, has also been considered for use in dental and
orthopaedic applications because of its favourable mechanical
and biological qualities. Monolithic alumina, because of its
bioinert nature, does not encourage osseointegration, thus,
leading to implant failure. Anodization creates porous ceramic
coatings to circumvent this problem.®” The implant’s nanoscale
topography and hydrophilicity could support improved adher-
ence of proteins, leading to an upsurge in the production of
molecules like vitronectin and fibronectin.®® Previously, it has
been reported that the pore size of the scaffolds could influence
cellular behaviour both at the proliferation and differentiation
stages. Hadjicharalambous et al. reported the effect of porosity
on pre-osteoblastic cell attachment and proliferation on alu-
mina and zirconia scaffolds. They inferred that porosity of 49%
aided better cell attachment and proliferation.®®

Teimouri et al. studied the silk fibroin/CS/Nano y-alumina
(SF/CS/n-y-alumina) composite scaffolds, which were prepared
by lyophilization. Adding n-y-alumina onto these scaffolds led
to enhanced compressive strength and better water uptake
capacity. However, it led to decreased porosity. The cytocom-
patibility results showed no signs of toxicity. The presence of
n-y-alumina in the SF/CS scaffolds led to better cell attachment
and met the requirements for tissue engineering applications.”
Similarly, Toloue et al. reported that adding alumina nanofibers in
poly(3-hydroxybutyrate)-CS scaffold prepared via electrospinning
method enhanced the proliferation and cell viability of the
MG-63 (human osteoblastic) cells, increased ALP activity, and
calcium phosphate deposits were observed.’* Therefore, nano
alumina’s high hardness and abrasion resistance properties
could aid in composite scaffold fabrication for BTE applications.

5.1.3. Zirconia. Zirconia, a metal oxide of zirconium, has
emerged as a versatile material of interest in implant ortho-
paedics and dentistry due to its novel properties like high
chemical stability, high fracture toughness, bending strength,
and biocompatibility. Zirconia-based implants were presented
as an alternative to titanium implants. Because of its mechan-
ical qualities, and biocompatibility, zirconia is an appropriate
implant material. The osseointegration property of zirconia has
been previously reported by Depprich et al., who compared the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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osseous healing of acid-etched zirconia implants with the
titanium in the tibial region of the minipigs. Acid-etching was
performed to demonstrate the structured surface modification
at the microtopographic, submicrometric, and nanometric
levels. This surface modification was necessary for better
cell-cell communication, cell adhesion, and cell signalling for
the initial osseointegration of the implants. One-week post-
implantation, there was a characteristic visible gap between the
implant and bone filled with matrix regeneration tissue. After
four weeks of implantation, the results indicated woven bone,
and after the 12th week, lamellar bone was observed in contact
with the implant surface.”* Under physiological conditions, Yttria
stabilized zirconia undergoes a crystallographic phase change from
a tetragonal phase to a monoclinic phase, thereby increasing the
implant’s physical toughness. However, significant phase trans-
formation causes surface roughening, leading to implant cracks.
Implant cracks could also happen due to the ageing of the
implant, the surface topography of the implant, design and com-
position, area of the bone defect and biomaterial durability.®

Jayakumar et al. fabricated chitin-CS with nano-zirconia
by lyophilization technique. The SEM analysis revealed that
adding nano-zirconia to the chitin-CS scaffold provided an ideal
pore size of 150-200 pm for tissue engineering applications
compared to the free chitin-CS scaffold with a 200-300 um pore
size. The swelling behaviour showed that adding nano-zirconia aids
in the controlled swelling rate as required for the tissue construct.
The in vitro biomineralization studies showed the apatite formation
with a corresponding sharp XRD peak at 32.6° (20) of HAp. Cell
viability and cell attachment experiments demonstrated that these
scaffolds are non-toxic and promote cell adhesion. Therefore, these
findings implied that the nanocomposite scaffolds containing
nano-zirconia may aid BTE applications.®*

Alternatively, Balaganagadharan et al. reported the osteoin-
ductive property of CS/nanohydroxyapatite (nHAp) biocompo-
site scaffold containing the nano-zirconia and bioactive
molecule miR-590-5p. The biocomposite scaffold enhanced
the differentiation of MSCs to osteoblastic lineage at the
cellular level. This study suggested that the combination of
miR-590-5p and the biocomposite scaffold containing nano-
zirconia aids in osteoblast differentiation owing to the activa-
tion of several osteogenic signalling pathways.”

5.2. Bioactive nanoceramics-reinforced chitosan scaffolds

Bioactive nanoceramics are ceramics that possess enhanced
osteointegrative and osteoinductive functions contributed
by their topographical features and surface chemistry. They
include several types of bioactive glass nanoceramics that could
be readily absorbed by the cells. Despite the bioactive ceramics’
unique biological interaction with bone tissue, they may only
meet some clinical applications since ceramic materials’
mechanical properties differ from those of natural bone.
In light of this, the novel bone-repairing biocomposite materials
with improved bioactivity and mechanical capabilities would
result from combining bioactive nanoceramics with preferably
CS.>” Table 2 summaries various bioactive nanoceramics-
reinforced CS scaffolds in BTE.
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5.2.1. 45S5 Bioglass. Bioactive glasses (BG) nanoceramics
are biodegradable and osteogenesis-promoting biomaterials
used to repair injured bone. The BG was invented by Professor.
Larry Hench at the University of Florida in 1969.'°® BG 45S5
is often applied in the orthopedic and dental fields, where it
promotes the body’s natural bone healing'®”” by providing
calcium (Ca®") and phosphate (PO,*”) ions to create hydroxy-
carbonate apatite, the main mineral component of animal bone
tissue.'®® Due to the above-mentioned characteristic features
and its excellent ability as a carrier of cells, BG 45S5 is currently
one of the most reported biomaterials in BTE applications. BG
4585 has superior mechanical qualities due to its composition
containing several phases and enhanced solubility in body fluid
than ceramics. As a result, it was suggested that bioactive glass
ceramics can be created with mechanical characteristics that
are considerably more similar to those of natural bone.'®® The
traditional preparation of BG by crystallization and melting
technique has a downside of the evaporation of volatile com-
ponents during high-temperature processing. Therefore, sol-gel
technique is widely used to overcome high-temperature evapora-
tion limitations of conventional techniques as it also permits the
fabrication of various BG compositions with high uniformity,
purity, and forms, such as monoliths, powders, fibres, and
coatings."'® Furthermore, the glass-ceramics produced by this
method have more significant surface areas and porosities, which
are crucial for their bioactivity.""!

Due to its excellent mechanical strength, BG can be used as
reinforcement in other materials like naturally occurring poly-
mers, which enhances its properties and allows for the most
effective use.’* CS is recently gaining popularity as an effective
polymer for class II hybrid scaffolds with BG. CS was functio-
nalized with 3-glycidyloxypropyl trimethoxysilane (GPTMS)
using sol-gel synthesis to produce covalent interactions with
BG.'"® BG is commonly used in combination with electrophoretic
deposition to develop bioactive coating. Various studies have
shown that including CS and its derivatives in composite coatings
increases biocompatibility and protects metallic implants against
corrosion.""***?

Parvizifard and Karbasi investigated the results of poly-
(3-hydroxybutyrate) (PHB)-CS/multi-walled carbon nanotubes
(MWCNTs) nanocomposite coating deposited on nano-BG-
based scaffolds. The results revealed that scaffolds had a high
proportion of interconnected porosity and upon comparing the
scaffolds with and without the PHB-CS/MWCNTSs coating to
nano-BG scaffold, the compressive strength of the scaffold
having a coating increased up to 30 times. The SEM, EDAX,
and XRD results indicated that the presence of PHB-CS/
MWCNTs increased the apatite-like formation. In addition,
PHB-CS/MWCNTs nanocomposite coating increased MG-63 cell
survival, proliferation, and ALP secretion.'*® Therefore, BG has
been reinforced and used as nanofillers resulting in enhanced
osteogenic activity as indicated by increased level of ALP.
Elevated ALP is a sign that active bone production may occur
because ALP is a consequence of osteoblast activity."'”

5.2.2. Hydroxyapatite. nHAp crystallizes in hexagonal form
and belongs to the apatite family. The general formula of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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calcium apatites is Cas(PO,);X, where X denotes the Halide
ion or OH group. The important calcium apatites are HAp,
fluorapatite (FA) and chlorapatite (CA). The apatite structure
can also be substituted by ions such as Sr**, Pb*>*, Cd**, Mn>",
etc., at Ca position which results in changes in the properties.
Advancements in medical science and surgical techniques have
led to the use of synthetic HAp as a biomaterial for bone
implants. Amongst all the bioactive nanoceramics, nHAp is
the most appropriate choice for bone scaffolds as it directly
binds to the bone and shows excellent biocompatibility and
osseointegration. Also, nHAp increases the surface area and
porosity of the bone matrix.

Since collagen fibres and nano-sized, needle-like nHAp
crystals make up most of the composition of natural bone, a
biocomposite scaffold containing nHAp and CS biopolymer
would mimic the bone microstructure with exceptional bio-
degradable and biocompatible properties."*® In restoration and
prevention, nHAp exhibits amazing re-mineralizing effects on
critical defects, unquestionably greater than the conventional
materials utilized up until now. Also, nHAp is a better source of
free calcium that is essential for remineralisation.'™ In a study
by Atak et al., three different scaffolds, including a specially
modified composite scaffold, were fabricated for osteogenic
evaluation. The scaffold was composed of CS, CS/nHAp com-
posite, and an amine group (NH,) modified nHAp/CS compo-
site (CS/nHAp-NH,) scaffolds. The findings demonstrated
the biocompatibility of all three types of scaffolds, while more
specifically CS/nHAp-NH, scaffolds supported the greatest
amount of cell proliferation in the water-soluble tetrazolium
assay and showed the least cytotoxicity in the lactate dehydro-
genase test in human bone mesenchymal stem cells."*° Simi-
larly, Zhang et al. reported that self-assembling peptide (SAP)
dramatically improved cell adhesion when added to the nHAp/
CS scaffolds. The novel SAP/nHAp/CS compound scaffold mate-
rials demonstrated much higher mechanical strength without
significantly modifying its cytotoxicity or degradation rate.
According to the in vivo study shown in Fig. 5, newly produced
nanocomposites were viable for the repair of femoral condyle
injuries. In this aspect, the nHAp/CS composite material out-
perform other standard scaffolds and are excellent constructs
for BTE applications."*"

5.2.3. Other bioactive nanoceramics. Several other bioac-
tive nanoceramics have been reported to aid bone tissue
regeneration, including whitlockite (WH), cerium oxide (CeO),
and diopside (Dp) nanoparticles. WH is present along with HAp
in the bone collagen matrix and plays a significant role in the
early stages of bone development. WH is, therefore, one of
the main constituents in human bone tissue, accounting for
approximately 25 wt% of the inorganic bone matrix."*****> The
biocompatibility, osteoinductivity, and bone regeneration prop-
erties of WH were evaluated by Xiao et al. in rat calvarial defect
models. Using a freeze-drying technique, they synthesized
gadolinium-doped whitlockite/chitosan (Gd-WH/CS) compo-
site scaffolds. The scaffolds had a well-interconnected porous
architecture with pore sizes ranging between 150-300 um. The
in vitro and in vivo studies revealed the osteogenic potential of
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Fig. 5 (A) and (B) The morphology and SEM of SAP/nHA/CTS. (C) and (C1) The percentage of BMSC attachment on scaffolds. SAP/nHA/CTS scaffolds

showed higher cell attachment capabilities 94.1% ratio than that of nHA/CTS scaffolds, 84.9%. * Shows significant difference between SAP/nHA/CTS and
nHA/CTS, (p < 0.05). (C2) The cells on SAP/nHA/CTS scaffolds. (C3) The cells on nHA/CTS scaffolds. (D1) Critical-sized bone defect (4 mm in diameter)
was created in the middle of femoral condyle in rat. (D2) BMSCs/nHAp/CTS (or BMSCs/SAP/nHAp/CTS) scaffolds were implanted into the defect area.
(E1) and (E2) Only a small portion of the bone defect was not repaired in BMSC/SAP/nHAp/CTS group (E1), meanwhile a large number of bone trabeculae
existed in the coronal surface of the bone defect area in BMSC/nHAp/CTS group (E2). (E3) and (E4) in 3D reconstruction of bone defect areas, there were
still large bone defect areas. (E5) and (E6) Section diagram of E3 and E4, respectively (F) bone mineral density (BMD) (G) trabecular bone number (TB.N)
and (H) trabecular bone thickness (Tb.Th) within the defect were measured by pCT. * indicates that the groups are significantly different from one another

(o < 0.05). Reproduced with permission.’?! Copyrights 2018, Materials Science & Engineering C.

Gd-WH/CS composite scaffolds via the GSK3p/B-catenin signal-
ing pathway. Therefore, these composite scaffolds could be
used as bone tissue substitutes in clinical trials."**

CeO nanoparticles or nano-ceria have recently drawn signi-
ficant interest in BTE.'*® Several studies have demonstrated
ceria’s osseointegration, osteogenic and antibacterial proper-
ties.’?*"*2% For instance, Yildizbakan et al. have fabricated the
CS-CeO porous scaffolds for the controlled release of antibac-
terial agents to treat infections associated with bone trauma.
The study used increasing concentrations of the CeO (10, 20,
and 30 wt%) in the CS-based bone scaffolds and evaluated its
corresponding antibacterial property. The scaffold group con-
taining 30 wt% CeO nanoparticle concentration demonstrated
promising maximal antibacterial properties with an estimated
88% reduction in bacterial proliferation.’* Dp nanoparticles
are also widely used as bioactive ceramics in BTE."** The release
of silicon and magnesium ions from the Dp lattice contributes to
Dp nanoparticles’ enhanced osteoblast proliferation, differentia-
tion, and bone formation potential."*" Kumar et al. reported
the synthesis of CS/Dp scaffolds via the sol-gel method and

3920 | Mater. Adv, 2023, 4, 3907-3928

subjected them to various physicochemical and in vitro charac-
terizations. The results showed that the CS/Dp porous scaffolds
exhibited controlled swelling and enhanced apatite formation.
Additionally, the CS/Dp scaffolds’ in vivo biocompatibility and
osteogenic potential make them suitable candidates for BTE
applications."*

5.3. Bioresorbable nanoceramics-reinforced chitosan
scaffolds

Bioresorbable nanoceramics are naturally absorbing materials
that the body can break down and absorb without causing any
adverse reactions. The most common bioresorbable material in
BTE is tricalcium phosphate [TCP; Caz(PO,),]. Calcium phos-
phate has been widely used in bone regeneration applications
because it shows osteoconductive and, in some cases, osteoin-
ductive features. Table 3 summarizes the reported bioresorb-
able nanoceramic-reinforced chitosan CS scaffolds in BTE.

A crucial factor in boosting the strength properties of a
composite scaffold is the size band (micro or nano) of the
ceramic employed as filler material. There have been reports on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 A summary of bioresorbable nanoceramic-reinforced chitosan scaffolds in bone tissue engineering
In vitro
Bioresorbable nanoceramics models Inferences Ref.
CS/Gel/dihydrogen calcium phosphate anhydrous MG-63 e The scaffolds showed improved cell adhesion, proliferation, and 133
(DCPA) biocomposite scaffolds cells differentiation of pre-osteoblasts into an osteogenic lineage with an
increase in DCPA concentration for up to 10 wt%.
CaP/CS composite coated titanium substrate MG-63 e The CaP/CS composites showed better cell viability, adhesion, and 134
cells differentiation compared to the HAp/CS composites.
CS/carboxymethyl cellulose (CMC) reinforced with  MG-63 e The formation of a polyelectrolyte complex between CS and CMC 135
multiphasic calcium phosphate whisker-like fibers  cells resulted in improved mechanical strength of greater than 300% compared
to pure CS.
e The incorporation of calcium phosphate showed the highest mechanical
properties, enhanced cell attachment, proliferation, and mineralization,
as a function of the fiber content than pure CS and biphasic calcium
phosphate fibers.
Gel/CS/nano-B-TCP based scaffolds Human e The prepared scaffolds had highly interconnected pores and porosities 136
MSCs larger than 80%.
o Increasing B-TCP content into the CS/Gel matrix significantly improved
mechanical strength from 1 + 4.3 to 2.45 £+ 1.95 MPa and enhanced
protein adsorption.
e The maximal concentration of B-TCP exhibited good biocompatibility
and promoted better cell proliferation and MSC’s differentiation.
Freeze-gelled CS/nano-B-TCP scaffolds crosslinked = Human e The biocomposite scaffolds had interconnected microporous structures 137
with Genipin MSCs with porosity greater than 65%.
e With respect to the porous characteristics due to the crosslinking
concentration, the compressive strength showed a bimodal effect with
increased and decreased compressive strength for lower and higher
concentrations, respectively.
CS/PCL/nano-B-TCP composite scaffolds Human e There was enhanced compressive strength of the biocomposite scaffolds 138
MSCs (5.2 + 0.38 MPa) at 10 wt% PCL concentration.

e With respect to the porous nature, the scaffold with a maximal
concentration of PCL showed better cell attachment and spreading onto
the porous architecture.

how nano-TCP, compared to micro-TCP, imparts superior
mechanical strength.'® Beta tri-calcium phosphate (B-TCP), a
crystalline form of calcium phosphate, when compared to HAp,
is more osteoconductive and biodegradable, thereby direc-
ting rapid absorption and gradual replacement by new bone
matrix."*® The release of calcium and phosphate ions from
B-TCP could induce the differentiation of MSCs into osteoblastic
lineage by activating intracellular mechanisms. There are studies
indicating the Gel/CS/B-TCP scaffolds with improved cytocompat-
ibility for bone tissue engineering applications."*"'** However,
these studies did not address the coherent relationship between
synthesis-structure-functional properties of the scaffolds. Also,
these studies reported that the Gel/CS scaffolds containing 3-TCP
particles had a compressive strength below 1 MPa that cannot
meet the mechanical strength requirement of a bone scaffold.
Maji et al. fabricated the Gel/CS/B-TCP (GCT) composite scaffolds
with improved compressive mechanical behavior and in vivo
biocompatibility with a controlled degradation rate to address
these challenges. The GCT composite scaffolds were synthe-
sized using the solid-liquid phase separation method, followed
by subsequent lyophilization. f-TCP nanoparticles were added
into the composite scaffolds for bone tissue regeneration to
obtain better mechanical and biological properties (Fig. 6). The
results indicated that increasing B-TCP nanoparticles content
in the Gel/CS scaffolds significantly improved the compressive
strength of the scaffolds. More specifically, the 30 wt% addition
of B-TCP nanoparticles resulted in an enhanced compressive
strength of 2.45 MPa, which matches the mechanical properties

© 2023 The Author(s). Published by the Royal Society of Chemistry

of cancellous bone. In vivo studies also showed that the Gel/CS
composite scaffolds with 30 wt% addition of B-TCP promoted
new blood vessel formation. Therefore, 3-TCP nanoparticles are
potential candidates for bone tissue regeneration."*

Keikhaei et al. synthesized B-TCP nanoparticles loaded
poly(3-hydroxybutyrate) (PHB)-CS electrospun nanofibrous
scaffolds. The results showed that adding different amounts
of B-TCP nanoparticles increased fibre diameter, porosity,
hydrophilicity, and tensile strength. More specifically, adding
7.5 wt% of B-TCP nanoparticles to the PHB-CS scaffolds
resulted in better mechanical strength of 9 MPa with 82%
porosity and an average fibre diameter of 780 nm. Also,
these scaffolds showed better cell attachment and viability.**?
Therefore, B-TCP nanoparticles are excellent additives to a
biocomposite scaffold that would be a desirable option for BTE.

6. Nanoceramics-mediated
osteogenic signal transduction
pathways

Specific signalling molecules and their family members involved
in a cascade of intracellular signalling events leading to osteoblast
proliferation and differentiation have emerged as therapeutic
targets to cure bone defects effectively. A better understanding
of the ligands, growth factors, and genes involved in the signalling
pathways, and the enhancement of osteoblast proliferation and
differentiation upon upregulation or downregulation of specific

Mater. Adv., 2023, 4, 3907-3928 | 3921
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Fig. 6 (A) SEM examination clearly revealed an average particle size of spherical B-TCP particles varying between 70-100 nm, which is corroborated

well with the particle size data obtained from DLS measurement (C). (B) Ca/P ratio of as synthesized B-TCP powder was 1.5, as determined using EDX
analysis. (D) The mechanical properties obtained from compression tests of both Gel-CS and Gel-CS-B-TCP (GCT) composite scaffolds. (E)—(H) cross-
sectional structures of prepared GCT composite scaffolds with varying concentrations of B-TCP. (I11) and (I12) Histologically, after 2 weeks of implantation
into mouse skin, the open pore morphology of the scaffold was maintained, but the scaffold integrity was worse. The infiltrating cells began to change
into lymphocytes and plasma cells, which was the indication of the first phase of wound healing. (I3) and (14) At 4th week, cellular infiltration with
lymphocytes was decreased with formation of ECM throughout the composite scaffolds. Blood capillaries began to appear in between the almost
disintegrated scaffold structure and scaffold interspaces were fully filled with ECM of fibroblasts. (15) and (16) At 8th week after implantation, lymphocyte
infiltration was further decreased as the vascular structure was prominent inside composite scaffolds. Reproduced with permission.**¢ Copyrights 2018,

Materials Science & Engineering C.

signaling pathway would provide an insight into the possible
treatment options using nanoceramic-reinforced CS scaffolds
for bone regeneration. Runx2 (runt-related transcription factor
2) is a bone transcription factor involved in osteoblast differ-
entiation and is essential for the regulation of bone-related
proteins via several signaling pathways. Osteocalcin (OC), a
HAp-binding protein, and ALP, a membrane-bound tetrameric
enzyme, are examples of prominent bone turnover markers"**
that are produced by active osteoblasts expressed at different
stages of their development and these reflect different aspects
of osteoblast function, bone formation, and resorption.
An increase in the expression of the bone metabolic markers
was found in several studies that used CS as a carrier to deliver
biological molecules at the site of the bone defect. Moreover, CS
is a well-known biomaterial that has the potential to regulate
ECM mineralisation, and it plays an essential part in the
maintenance of skeletal homeostasis by stimulating the acti-
vity of several different signaling pathways, including Runx2,
BMP,'*> and Wnt.'*® Nanoscale bioceramics and CS as the
composite scaffolds are highly anticipated to enter clinical

3922 | Mater. Adv, 2023, 4, 3907-3928

studies over the next decade. Major signalling pathways involved
in nanoceramics-mediated bone regeneration are summarized as
follows.

Bone morphogenetic proteins (BMPs)/Smad,'*” Notch,"*®
MAPK, and Wnt are the major signaling pathways regulating
osteogenic activity and have been found to regulate the expres-
sion of Runx2, an osteogenic marker. BMPs are multifunctional
cytokines constituting a significant portion of the TGF-f family
of ligands.*® Initially isolated from demineralised bones,
BMPs are known to activate both osteoblasts and osteoclasts
through both SMAD-dependent and SMAD-independent signal-
ling and have a unique capability of inducing heterotopic bone
formation in skeletal muscle.””® BMPs play a vital role in
the early development of mammals, notably in mesodermal
patterning, organ development, and postnatal tissue homeo-
stasis.”® In a family of more than 20 BMP proteins,'** every
BMP protein plays a significant role in maintaining bone
homeostasis.

Interestingly, nanoceramics have been shown to initiate the
BMP/Smad pathway in BTE applications. Wang et al. fabricated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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biphasic calcium phosphate (BCP) and nHAp-coated BCP scaf-
folds for a comparative study. They confirmed that the latter
shows enhanced osteogenic properties under in vitro and in vivo
conditions. The scaffolds were implanted in an intramuscular
defect-induced rabbit model. It was reported that nHAp-coated
BCP scaffolds favoured cell adhesion and promoted osteogenic
differentiation of BMSCs. This was confirmed by the upregu-
lated expression of osteogenic genes, enhanced ALP activity,
and increased OCN production. The nHAp-coated BCP-treated
group displayed considerably activation of the BMP/Smad
signalling pathway. Also, the nHAp-coated BCP scaffolds main-
tained structural integrity and induced ectopic bone formation.'*?
Nanoscale ceramics coupled with CS have also been reported
to induce osteoblast differentiation through the BMP/Smad
signaling pathway. In another study, Liu et al. evaluated the
in vitro and in vivo osteogenic potential of the biomimetic
nanocomposite nanofibrous scaffold composed of nHAp/CS
seeded with BMSCs. It was reported that nHAp/CS scaffolds
showed enhanced bone formation with increased Smadi,
BMP-2/4, Runx2, ALP and collagen I mRNA levels. Also, integrin
subunits together with myosins were significantly upregulated
by nHAp/CS scaffolds confirming nHAp/CS stimulated osteo-
genic differentiation of BMSCs through the BMP/Smad signal-
ling pathway under both in vitro and in vivo conditions."*
Notch signaling is another pathway regulating skeleto-
genesis and plays a crucial role in tissue homeostasis, adult
stem cell maintenance, chondrogenesis, osteoblastogenesis,

TiO,
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and osteoclastogenesis.'>® The Notch family comprises four
receptors, namely Notch (1-4) and five traditional DSL (Delta/
Serrate/Lag-2) ligands named JAG-1 and 2 (Jagged 1 and 2),
DLL (Delta-like 1-4)."*® Abnormal functioning of the Notch
signaling pathway results in human skeletal defects such as
spondylocostal dysostosis (SCDO),">” Alagille syndrome, and
the Hajdu-Cheney Syndrome."® The exact role of the Notch
pathway in osteoblast differentiation has not yet been comple-
tely reported and remains unclear. Since every cell receives
multiple signals simultaneously at the exact moment, it can be
understood that the Notch pathway could not express its effect
in isolation and would work in coordination with other path-
ways to induce osteoblast differentiation. Studies have revealed
that nanoceramics coupled with CS could initiate osteogenesis
through the Notch pathway. For instance, Zou et al. reported
the cranial bone regeneration capacity of a CS/Alginate hydro-
gel containing parathyroid hormone (PTH) peptide and nHAp.
The biocomposite scaffolds showed excellent biocompatibility
and enhanced osteogenic differentiation of rat bone marrow
mesenchymal stem cells (rBMSCs) via the Notch signaling
pathway. There was an upregulated expression of BMP2, Runx2,
OC, ALP and osteopontin (OPN)."” Bioactive and bioinert
ceramics like calcium phosphate'®® and titanium,'®' respec-
tively, too can promote osteogenic differentiation via the com-
bined effect of the Notch and Wnt signaling pathways. Thus,
it can be understood that nanoceramics could modulate bone
regeneration via a notch signalling pathway.

Fig. 7 Schematic illustration of the osteogenic signaling pathways modulated by nanoceramics. The fundamental process of bone regeneration is the
induction of osteogenic differentiation, which is only possible through activating specific signaling mechanisms. Nanoceramics-mediated stimulation of
these signaling pathways, such as FAK/RhoA/YAP1, TGF-B/BMP, MAPK, and Wnt mechanisms, could activate several transcription factors, including
Runx2 and upregulate osteoblast differentiation marker genes, such as OC, type | collagen (COL1) and ALP, leading to enhanced bone regeneration.
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Several other signaling pathways have been reported to be
involved in the bone repair process mediated by nanoceramics.
According to Gong et al., bioactive nano-sized BG particles can
enhance the proliferation of MG-63 cells via the MAPK
pathway,"'®> while Zhang et al reported that titanium nano-
tubes can promote new bone formation through the FAK/RhoA/
YAP signaling pathway.'®® Fig. 7 depicts the mechanism of
several signalling pathways mediated by nanoceramics. For
efficient bone repair, angiogenesis is crucial. Vascularisation
helps in promoting osteoclast degradation and aids in the
supply of required nutrients like oxygen, osteoblast, and pre-
cursors of osteoblasts to the site of the bone defect.'®* Silicate-
based nanoceramics, such as bioactive glasses, have been
reported to have angiogenic potential.’®® Zhu et al. fabricated
the Lanthanum-doped mesoporous BG/CS composite scaffolds
(La-BGs/CS), and found the elevated expression of angiogenic-
related genes of VEGF, b-FGF, and PDGF, thus confirming
the angiogenic potential of the synthesised biocomposite
scaffold.'®® However, further studies are required to study the
synergistic effect of nanoceramics and CS on angiogenesis and
osteogenesis.

7. Challenges and future perspectives

In recent years, these nanomaterials have been widely used in
orthopaedics owing to their advantages, such as better cellular
uptake and adhesion, improved proliferation, and site-specific
drug delivery. Nanoceramics-reinforced CS scaffolds can be
optimized for a degradation rate matching the new bone for-
mation. FDA-approved bone substitutes include Pro Osteon™,
Bioglass™, Collagraft™, and (iv) Grafton™. Bioglass™ has been
used for long bone fracture fixation, spinal fusion, and joint
replacement. FDA-approved nanoceramics include Crystal®
Ultra, Zirconia, and GrandioSO. Miniscule alteration in the
chemical structure and composition of the nanoceramics can
radically alter their properties, playing a role in their toxicity.
Toxicity studies on nanoceramics for BTE applications are
mandatory due to their insoluble nature in solvents and unique
chemical properties. Their high reactivity could disrupt the
sample testing as their structural and chemical integrity might
alter from synthesis to analysis. Though nanoceramics are
innovative materials that perfectly mimic biological systems,
they could also intensely affect the treatment scenario due to
their high reactivity and toxicity. Therefore, a better under-
standing of the nanoscale surface topography and interactions
between nanoceramics and biological systems is required.
This review mainly focused on the various nanoceramics in
conjunction with CS scaffolds to stimulate bone regeneration,
vascularisation, and their signalling mechanisms in various
in vitro and in vivo studies. Despite the extensive research on
nanoceramics-reinforced CS scaffolds, challenges still need
to be addressed before these constructs enter clinical trials.
These challenges include toxicity evaluation, degradation, and
in vivo animal assessments. Investigating how cells interact
with nanoscale ceramic structures may shed light on their
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performance in vivo. The loading capacity of drugs and bio-
active factors for improving antibacterial effects, vascularisation,
gene delivery, and decreasing activity of osteoclasts and other
inhibitors can be further increased by optimising the processing
parameters and techniques currently used for synthesising
the materials. In vitro tissue construction under the appropriate
growth factors, physicochemical conditions, and pre-designed
scaffolds tailored to the individual patient’s demands are exam-
ples of state-of-the-art techniques that may improve scaffold
integration with the host tissue. Integration of the scaffolds with
the host tissue may be enhanced by using cutting-edge procedures
such as in vitro tissue building with optimal growth factors and
physicochemical conditions or by using pre-designed scaffolds
specifically adapted to each patient’'s needs. Optimising the
material’s physical properties may contribute to its increased
shelf life and reduced toxicity in vivo. In addition, further inves-
tigation of the mode of action of these scaffolds using molecular
markers and in vivo studies is extensively required to study the
mechanism of the scaffolds in clinical practices.

8. Conclusions

Nanoceramics are one of the most preferred biomaterials in BTE
due to their biocompatibility, enhanced mechanical strength,
minimal tissue reaction, and biomimetic nature similar to the
mineral composition of the bone. Also, CS-based scaffolds have
gained tremendous interest in tissue engineering. Thus, in this
review, we overviewed nanoceramics’ scientific results on utilizing
cutting-edge CS-based nanoceramics in tissue engineering, with a
view to their potential future uses for BTE applications. Nano-
ceramics vary from typical ceramics due to the reinforcing phase’s
much higher surface-to-volume ratio and significantly higher
characteristic ratio, increased ductility without compromising
strength and resistance. During bone regeneration, nanoceramics
form an osseointegration surface with the bone, providing a way
to investigate such implants in vivo conditions. CS provides an
ideal environment for cell loading as an ECM-mimicking bio-
polymer. These tissue engineering structures based on cell-laden
CS/ceramics nanocomposites would be more attractive. They may
provide potential solutions in 3D porous scaffolds with synergis-
tically enhanced physicochemical and biological characteristics
for enhanced bone regeneration. Despite the substantial advance-
ments made in CS-based materials, stability issues still need to be
resolved. The full potential of CS-based materials in diverse
biomedical applications and the potential of CS in conjunction
with other materials need to be investigated. Overall, the combi-
natorial approach of using CS’s adaptability, biocompatibility,
and biodegradability, together with the osteoconductive, osteoin-
ductive, and enhanced mechanical features of nano ceramics,
make them a promising biocomposite material in the field of BTE.
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