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Introduction

PRECIS— A wound, or tissue defect can be defined as a disrup-
tion in the normal structure and function that occurs due to inter-
nal or external injury. In tissue bioengineering, natural hemostasis,
and the inflammatory phase stand at the beginning of the wound
and defect healing cascade. Briefly, the restorative, regenerative or
reparative response to tissue injury is governed/driven by resident
and circulating cells, homing to the injury site that release signals
(soluble mediators) generated from the extracellular matrix. For
bone defects, optimal healing can be simply classified as either
primary (1°) or secondary (2°). It undergoes acascade of complex,
orderly, and predictable events, that include four/five over-lapping
phases: hemostasis/haematoma formation, inflammation, prolif-
eration, callus formation (or not), and remodeling (Haversian/
osteonal bone remodelling). Herein, the bone healing type is de-
pendent on the removal of a fracture haematoma and the fixation
(stabilization) strategy performed. For example, optimal stability
results in 1° bone healing, with no callus formation, normal bone
architecture and functional integrity restored within 3 months. On
the other hand, in 2° healing, where fixation is not done, fracture
haematoma, callus formation and healing via endochondral ossi-
fication ensues.

Despite limitations, the main alternative for damaged or lost
bone tissue replacement, restoration, regeneration, reconstruc-
tion, or repair is the autogenous bone graft, to date.
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TOP LEFT: Chemical structure of Hydroxy Apatite.

help form de novo/new bone and maintain calcium homeostasis.

onceintroduced into a defect, in terms of biodegradability rate.

TOP CENTER: The phases/stages of wound/bone healing (fracture model): A “haematoma” is formed at the injury/fracture
site, followed with “inflammation” where haematoma granulates and osteoclasts remove necrotic tissue (bone), then “prolif-
eration” of periosteal and endosteal cells, “tissue formation” where callus forms and transforms from a soft callus or osteoid
to a hard callus, and finally, “remodelling” of tissue-woven bone to lamellar bone. In bone healing, osteocytes and osteoblasts

BOTTOM CENTER: Distinctive formats/morphologies of nano-scaled/-sized n-HAp solutions.
RIGHT: Synthesis of a n-HAp composite scaffold biomaterial satisfying tissue bioengineering requirements.

n-HAp can be synthesized using a range of R&D&I methods, which dictate the properties and behaviour of the final product.
Indeed, n-HApparticle size, chemical composition (+/- carbonated groups), and crystallinity, for example, will have an impact

Bone and Bone Bioengineering

Is a natural organic—inorganic ceramic composite consisting
of collagen fibrils containing embedded, well-arrayed, nano-
crystalline and rod-like inorganic materials (25-50 nm in length).
The restoration, regeneration, repair and/or reconstruction of
orthopaedic as well as cranio-maxillo-facial and oral bone de-
fects continues to represent one of the greatest challenges in
clinical practice, today. Indeed, various localized and systemic
bone defects can arise from wounds, tumors, infections, and
ageing, amongst other factors; a major health care burden,
World-wide, as well as a challenging clinical and surgical concern
regarding the identification, selection and use/application of an
appropriate bone biomaterial and/or substitute. Herein, tissue
bio-engineering, an inter-, intra-, and multi-disciplinary field
that applies the principles of engineering and life sciences, aims
to develop and introduce bio-solutions that have the potential
to restore, maintain or improve tissue function and reduce the
complications related to current or traditional treatment meth-
ods. Thus, organic—inorganic composite scaffold and matrix
materials, incorporating hydroxyapatite (HAp), are deemed at-
tractive. Indeed, bone tissue bio-engineering solutions are to
combine, in situ, at least: (a) isolated cells or cell substitutes
(to replace the limited functions of the defected tissue or bone
wound); (b) tissue-inducing substances (such as growth factors
and cytokines, preferably incorporated into release-controlled
drug delivery systems); and (c) scaffolds (suitable to favor/sup-
port and direct proper tissue development). The scaffold should
be biocompatible, preferably biodegradable, mechanically-
stable (and supportive), exhibit favorable surface properties
(promoting adhesion, proliferation, and differentiation of cells
and their phenotype), and be able to mimic the structure and
biological function of the native extracellular matrix in terms of
both, physical structure and chemical composition.

Bio-Ceramics and HAp

Bio-ceramics is the class of ceramics used for repair and re-
placement of diseased and damaged parts of musculo-skeletal
systems. In trauma, the most widely used materials include
calcium phosphates, HAp, octa-calcium phosphate, calcium
pyrophosphate dihydrate, and B-tricalcium phosphate. Brief-
ly, calcium phosphates are often classified according to the
molar ratio of calcium and phosphorus (Ca:P) ranging from 0.5
to 2.0. In our bones as well as in teeth/dentition, HAp is the
main inorganic component. Due to its close chemical similar-
ity to natural bone, exhibited biocompatibility (including soft
tissues such as skin, muscle, and gingivae) and favorable bio-
efficacy; to intrinsically stimulate wound healing and tissue
regenerative responses (osseo-conduction/-induction), HAp-
based strategies and solutions have been developed forexten-
sive use in tissue bioengineering. Indeed, HAp, with the gen-
eral formula [Ca, (PO,),(OH),], has been suggested as an ideal
candidate for orthopaedic, or o-dental and cranio-maxillo-facial
implants (or implant components). Synthetic HAp, alternatively,
with improved mechanical strength and defect affinity to host
hard tissue(s), has been commonly-investigated for chemical
bonding and coating implant surfaces, load-bearing applica-
tions (orthopedic and dental), the repair of hard tissues includ-
ing bone repair and/or augmentation (bone and tooth fillers).
Herein, recent advancements in materials, biomaterials, nano-
science, and -biotechnology have re-boosted the R&D&I (re-
search, development, and innovation) with a focus on (particle)
size and crystal morphology control, amongst others, to design,
formulate/fabricate, evaluate and optimize (then translate from
bench-top to market/end-user) nano-sized, -scaled, and/or
-crystalline HAp (n-HAp), with greater surface area, enhanced
sinter-ability and densification, improved biocompatibility and
biodegradability (timed), better fracture toughness and superi-
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or bio-activity/-efficacy, in situ osseo-integration/-regeneration
and wound healing properties; extending to nano-formulations
and -matrices for drug(s) release control and modulation.

n-HAp

Various nano-sized and -crystalline calcium orthophosphates
and tetra-calcium phosphates, with different morphologies and
porous structures-materials, have been designed, synthesized,
characterized, and evaluated in an array of bio-medical/-dental
and other clinical applications; offering a great R&D&I potential
for tissue bioengineering. In addition to or in combination with
nHAp, other biological agents have been reported, for soft/hard
tissue bioengineering (histiogenesis) including the concentrat-
ed blood derivatives of platelets (platelet-rich plasm, platelet-
rich fibrin, leukocyte-and platelet rich fibrin, and recombinant
human platelet-derived growth factor- BB); and proteins/cyto-
kines (fibroblast growth factor, enamel matrix derived protein
and DNA recombination of DNA, mainly bone morphogenic
proteins or BMPs-2, -4, -7, -9 and growth differential factor-5).

In our BioMAT’X (HAIDAR 1+D+i) LAB, n-HAp : calcium phos-
phate based bio-ceramics, in distinctive morphologies, can
be synthesized via several powder, cement and ceramic (bio-
ceramic) processing techniques, including aqueoussol-gel syn-
thesis, solid state reactions, co-precipitation, hydro-thermal
reactions, and mechano-chemical processing, to formulate
nano-wires and-rods, as well as nano-particles and -capsules,
extending to micro-spheres and -sheets (via the in-situ polymer-
ization and step-wise polysaccharide layer-by-layer self-assem-
bly composite technique/method, electro-phoretic deposition
and plasma spraying with/or reinforcement with Cnanotubes).
Overall, nHAp-based nanostructure composites (crystal particle
size ranging from 1 nm to 100 nm)with high surface free ener-
gy and binding energy (alongside the physico-chemical macro
quantum tunnelling effect), have been demonstrated to en-
hance osteoblastic functions (including adhesion, proliferation,
synthesis of bone-related proteins and deposition of calcium-
containing minerals), in vitro and in vivo. Calcium phosphate
nanoparticles are degradable at low pH.Further, was shown to
promote early osteogenic gene expression and upregulate the
late osteogenic gene expression. The high stability, structural
flexibility and tissue affinity of nHAp, as bone analog, despite
some limitations that can be fine-tuned, offers promising bio-
logical advantages and have been widely recognized as a good
hard tissue bioengineering candidate for incorporation and ap-
plication in clinical bone graft substitutes(natural osseo-ceram-
ic). Porous three-dimensional (3-D) scaffolds based on HAp and
n-HAp are perhaps a fine example, herein. Indeed, the size and
shape/morphology of the n-Hap nanosystem (nanocapsules or
nanospheres, etc...) and the in situ behavior of the scaffold can
be further optimized today using 3-D modeling and computed
simulation, via alignment with the size and anatomical form
and shape of the defect undergoing treatment. Furthermore,
computational modeling can also simulate (and help the sur-
geon predict) response(s) to loads and other environmental/
area stresses. It is noteworthy to mention that the efficiency of
n-Hap biomaterials is associated with the material-to-cell (cell
membrane) interaction, which basically induces an increase
in protein and growth factor production that helps in wound/
defect reconstruction and/or repair. Similarly herein, for bet-
ter composite materials, molecular dynamic simulation can
be a useful tool for exploring or assessing the interactions be-
tween cells, bio-polymers and -ceramics. Finally, nHAp-based
composites are rapidly gaining attention for incorporation in

bone prosthesis and graft coatings and proposed to carry and
deliver anti-cancer drugs (nucleic acids, proteins, and enzymes)
and employed in cell culture substrates, enzymatic immobiliza-
tion, nerve tissue graft production, wound protection, and anti-
infection dental tissue repair scaffold biomaterials. Certainly,
through doping the biomaterial using an array of metals, bio-
logical characteristics such as improving the localized and in situ
bacteriostatic or bactericidal action, can be enhanced.

Ongoing R&D&I studies focus on analyzing, characteriz-
ing, and optimizing cell-material interaction, bio-mechanical
strength, and biological response(s) of n-HAp—based nanocom-
posite biomaterials; crucial for translation through evidence-
based clinical trials.

Overall, optimizing production and scale-up to create cost-
effective biomaterials are key.
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