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Introduction
The optimum goal in periodontics is to prevent periodontal
diseases as a major aim, control and regenerate lost tissues in
the periodontal apparatus when it takes place. The optimum goal
of full regeneration of periodontal structure was always difficult
to achieve due to complexity of the periodontal apparatus, which
suffers a slow rate of regeneration abilities; on the other hand,
this does not mean that there is no regenerative ability of the
periodontium [1]. As a result of these facts, the theory of guided
tissue regeneration was first postulated by Melcher [2], who
pointed to the importance of hindering the growth of unwanted cell
lines from the healing areas to allow the growth of the desirable
cell lines [2]. As a result of the positive outcome of the in vitro and
in vivo studies of regeneration in the periodontal research in the
80s of the last century, this theory has been challenged in dental
therapy, which entailed different outcomes, drawbacks and even
complications, which caused different uses of techniques and
materials according to the different anatomical and pathological
conditions of the clinical cases. There is a growing need for bone
regeneration due to various clinical bone diseases, such as bone
infections, bone tumors and bone loss by trauma [3]. Current
therapies for bone defects include autografts, allografts, xenografts
and other artificial substitutes, such as metals, synthetic cements
and bioceramics [4,5]. However, these substitutes are far from
ideal and each has specific problems and limitations (Table 1). For
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example, autografts are associated with donor shortage and donor
site morbidity, whereas allografts and xenografts have the risk of
disease transmission, immune response [6] and synthetic materials
wear not resembling natural bone.
Table 1: Different bone graft materials and their limitations.
Bone Graft Type

Limitations

Autograft

Additional surgical site, with other site morbidity,
pain and possible complications

Xenograft

High infection risk, different biological behavior, lack
of heterogeneity, different microenvironment with
possibility of immune response

Allograft

Alloplast

Disease transmission, immune reaction, ethical
issues.

Heterogeneity and immune reaction, potential
harboring of infectious agents, different mechanical
properties than natural bone, different mineral
content.

Autograft has osteoconduction and osteoinduction abilities,
besides its osteogenic potential, which means can deposit new
bone by its native cells, but its limitations are additional surgical
site, with other site morbidity, pain and possible complications [7].
Regenerative medicine and tissue engineering used interchangeably,
while in fact tissue engineering is a field of regenerative medicine,
which does not encompassing it totally. Tissue engineering is a field
of research applying engineering principles on biological sciences
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in the goal of restoring and maintaining lost tissue function or
even improves existing function [8]. On the other hand, a sufficient
definition of regenerative medicine is to replace human cells or
tissues in the goal of restoring total or partial loss of organ function,
which includes the use cell and/or gene therapy [9] (Figure 1). In
summary we have to say that although guided tissue regeneration
provided a strong basis of periodontal tissue regeneration and
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not just healing, but the limitation of the availability of bone graft
material that fulfill the essential needs of tissue regeneration
created the need for tissue engineering science, aiming for having
optimal results by changing the architecture of the scaffolds,
optimizing its biocompitability and physical properties, while
regarding the biologics by using the science of genetics, stem cell
biology, and enhancing the knowledge of biological growth factors.

Figure 1: Scheme of general procedures of genetic engineering: 1: cells isolated from the tissue; 2: expansion of the cells in
culture, 3: stimulation of the cells with different growth factors; 4: culture of the stimulated cells in vitro for tissue formation;
5: implantation of the cells with the scaffold in the defective tissue structure.

Overview on Stem Cells
Generally speaking there are two main types of stem cells
embryonic and adult, where embryonic stem cells (ESCs) can be
obtained of blastocysts of the developing embryo and characterized
by the potential to differentiate to any of the three embryonic germ
layers, which is the pluripotency property, in addition to capacity
to be maintained undifferentiated indefinitely [10], ESCs express
stem-ness antigens: octamer binding protein (Oct-4), stage-specific
embryonic antigen (SSEA) 3 and 4, SOX2, Nanog, LIN28, alkaline
phosphatase, rex-1, and crypto/TDGF1, and they show high levels
of telomerase activity [11,12], where Oct-3/4, SOX2 and Nanog are
crucial for self-renewal [13], where Klf4 and c-Myc genes maintain
the pluripotent abilities [14]. Because of this self renewal and
plasticity potentials ESCs are good cell lines for tissue engineering
and regenerative medicine, and treatment of many genetic diseases
as blood disorders [15], genetic immune system diseases, cancers
[16], type 1 diabetes [17], Parkinson’s disease [18], spinal cord
injuries [19]. On the other hand, there are many limitations of
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using ESC as a source of tissue engineering; firstly would be ethical
limitations because of the need to kill the embryo in the process
of cells extraction, secondarily the embryo is allogenic to the
recipient and immune response would be expected, finally the high
probability of tumor generation due to the teratogenic potentials of
ESC [20-22].
On the contrary, adult stem cells (ASC) or stromal cells are
characterized of being multi-potent, which means they have the
capability to differentiate to multiple cell lines but restricted to the
same embryonic germ origin, which means they contain a limited
proliferation potential. The advantage of the ASC is that they can
be autogenic i.e. extracted from the donor then expanded in vitro
to be re-implanted again, causing no risk of immune reaction, a
limitation would be if the tissue to regenerate is already genetically

defective like in genetic syndromes, or with limited stem-ness
potentials like nervous tissue. ASC have been first isolated from
bone marrow and named mesenchymal stem cells (MSCs), but
later it was found to exist in nearly all tissues of the human body.
19210
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MSCs can differentiate to all cell lines of mesenchymal origin i.e.
can be osteogenic, chondrogenic and adipogenic and this property
is a main feature characterizing a cell line as a MSCs. MSCs are
also hypo-immunogenic and even immunosuppressive they have
the ability to suppress the immune system [23,24]. Recently,
scientists were able to reprogram differentiated stromal cells to
ESC-like state. Takahashi and Yamanaka (2006) using retrovirus
could express nuclear transcription markers e.g., Sox2, Klf4, Oct4
and c-Myc in differentiated somatic cells, which gave this cells
properties similar to ESCs, and which became widely known as
induced pluripotent stem cells (iPS cells). Besides expressing
the stem-ness markers, iPS cells are similar to ESCs, in many
aspects, like doubling time, chromatin methylation patterns, even
ESCs drawbacks like embryonic body (which is 3 dimensional
aggregation of pluripotent cells) formation, teratoma formation,
potential for chimera formation (which is two genetically distinct
structure in the same organism [25].
ESCs like stromal cells will allow us to overcome the limitations
hindering the use of ESCs in regeneration therapy which would
favor the use of iPS over the ASC in tissue engineering, they are
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useful tools in drug development, diseases modeling, tissue
regeneration and even transplantation medicine. But a drawback
of this method is the concerns of using viruses to induce the
genome of stromal cells to become ESCs like which can lead to
tumor genesis, suggestions been made to control this drawbacks
by directly delivering proteins or transient (removable) vectors
[26-31]. Another drawback with iPS is the recent reports of its
immunogenicity in vivo although its autogenicity [32], which
means that a long way of research and studies are essential before
any thoughts of using these cells in clinical trials Figure 2. The
Mesenchymal Stem Cells (MSCs) have great potential for use in
tissue engineering and regeneration and became very attractive
alternative treatment modality in the treatment of periodontal
defects. MSCs are adult stromal cells that have multi-potent abilities,
under certain conditions can differentiate into different cell lines.
There are many definitions given to stem cells, ranging from a
very simple as unspecialized cell that gives rise to differentiated
cells, others more specific definitions: stem cell is a “clonogenic”,
relatively undifferentiated cell, which have the ability to self-renew
and multi-lineage differentiation [33].

Figure 2: Show comparison flow chart of using Embryonic stem cells and induced pleuripotent stem cells in the differentiation
of the 3 germ cell lines.
By definition, stem cell can self-propagate and give other
stem cells which is its clonogenicity, meanwhile its progeny can
maturate and differentiate to different cell lines that can give
rise to a wide range of specialized cells. MSCs express several
sole markers like: CD73, CD90, CD44, and CD105, and they lack
hematopoietic cell markers like CD34 and CD45. MSCs low express
major histocompatibility complex (MHC I), while totally negative
for MHC II [34]. It has been shown in many studies that injection
Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

of in vitro expanded MSC home preferably to sites of tissue damage,
supporting healing and regeneration, the chemotactic signal for this
event is still not fully understood [35]. These make MSCs ideal cell
source for tissue engineering [36]. The approaches used to identify
MSCs were the use of selected markers expressed by the cells in
vitro to find out positive cells in vivo, which although sensitive is
nonspecific as most of the cell markers are only specific in certain
conditions [37,38] or the infusion of already marked cells in culture
19211
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in an animal model and study its distribution in the tissue, which
though less accurate to precisely study the MSCs distribution in the
body and this is because the cells may get attached nonspecifically
in different positions in vivo [39].

A third approach would be isolating MSCs systemically from
organs and tissues, evaluating its characteristics, but this approach
cannot allow visualizing the MSCs distribution in the organism
consistently as there is no one study isolated the stem cells from
the body as a whole but in the form of isolated studies in different
organs and tissues. Reservoirs of stem cells have been found in all
tissues of the body postnatal contributing for maintaining the tissue
of the body, allow for tissue injury regeneration, in the epithelium
stem cells were found in the epidermis and in intestine [40]. In the
nervous system, stem cells have been found in the central nervous
system [41], even in the muscles satellite cells have been detected
[42] and in the bone adult bone marrow, which was the first tissue
to isolate the stem cells from [43] contain two types of stem cells,
which are hematopoietic stem cells [44] and MSC [45]. Adipose
tissue is easily accessible and most abundant source of stem cells,
and with very rapid in vitro stem cells expansion [46,47], tendon
[48], periodontal ligament [49], lungs [50], synovial membrane
[51] and gingival tissues [52]. The nature and localization of MSC
in different organs of the body is not fully understood yet, even the
exact origin of them is still debatable; however, there is a growing
evidence of very close relation of MSC to pericytes [53,54].

The MSCs are widely distributed than it was previously
thought. Evidence-based results show that their main position
in the tissues is in the vessel walls and around the blood vessels,
excluding a possibility that MSCs were partially or totally from
the circulating blood were ensured by performing intravascular
perfusion for the animal models before organ resection, and that
no long term culture have been established from blood collected
of the animals as the study control [55]. In summary stem cells are
now considered a corner stone in the science of tissue engineering,
and this is attributed to their high differentiation to different cell
lines capability, beside their ability to clone themselves rapidly
and migrate throughout the scaffold. Mainly there are two types of
stem cells, namely Embryonic stem cells, which are active in cloning
and differentiate to the three germ lines with embryos, but many
ethical and medical factors limit their use in tissue engineering,
other source of stem cells would be adult stem cells which were
first discovered in bone, and now was found to exist in nearly all
the tissues of the body, their multiplication and differentiation
capacity differ according to their tissue of origin and age of the
subject, adding to the fact that they multipotent not pleuripotent,
which means they are dedicated to differentiate only to different
cell types of the germ tissue of origin. Recently embryonic stem
like cells were created, by reverting stromal cells to embryonic
status using genetic engineering which would be a very promising
source to tissue regeneration but still needs more development, as
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nuclear programing of cells by viral transfection elicits many risks
of tumorogenicity and immunogenicity.

Stem Cells and Biomaterials

Biomaterials scaffolds, which stem cells grow through, allow
us to regenerate tissues. This is exactly the main objective of tissue engineering. By definition, biomaterials are natural or synthetic
materials interacting with the biological systems [56]. Initial biocompatibility studies concentrated on seeking materials with least
chemically reactivity. With the development of the biocompatibility research, this goal has changed to seeking biomaterial that can
interact with the tissue and degrade over time changing biocompatibility definition to “materials with appropriate host response”
instead of limiting the host response [57]. In fact, tissue engineering applications entail that biomaterials meet several criteria like
appropriate mechanical strength to withstand forces during functions, wide surface area for stem cells attachment, ability to degrade
over time concomitantly with replacement with normal tissue that
regenerate, stem cells scaffolds must be able also to be sterilized
to control contamination of the regeneration process [58]. Bone
regeneration scaffolds must have another property, which is tailorable interconnected porosity to allow stem cells and vascularization to go through the scaffold and grow into desired morphology,
typically 90% porosity with minimum diameter of 100 microns are
recommended, while in fact net shaped scaffold materials are the
cost-effective standardized shape suitable for mass production industry of biomaterial in the market field [59-61], Table 2.

Table 2: Characteristics of ideal scaffold material for stem cells
bioengineering.
The characteristics of ideal Stem Cells Scaffold Biomaterial
Minimum chemical reactivity

Induce tissue growth on its surface

Degrade with the same degree with new tissue formation
High mechanical strength to withstand functional forces

Surface irregularities to increase its surface area for better attachment
of stem cells

Network of interconnected porosity which allow stem cells and vascularity to penetrate through the scaffold
Scaffold of different pore diameter in different depth of the material, to
mimic the architecture of the normal bone

After extensive research on biomaterials, it became crystal
clear that synthetic materials can’t completely mimic the natural
bone, and this is because bone as a tissue is extremely complex
structure in every aspect. Adding to that, an important shortage
in the synthetic biomaterial is the lack of the ability of self-repair,
compared to what the living bone can do [62]. It impossible to have
all the properties needed for a biomaterial in a unique material
composition, so a possible solution of this issue is by utilizing a synergistic approach using different materials by combining different
properties, in a composite material. The ability to mimic the struc19212
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ture of the natural microenvironment of the extracellular matrix of
the connective tissue using nanoscale biomaterials can provide optimal biomimetic topographic structure for stem cells and so make
it possible to regenerate tissue with similar properties of the native
tissue. We can summarize problems shown with synthetic biomaterials as host response causing long healing period (more than 6
weeks), physical and biochemical properties that is not completely
mimicking the natural bone, lack of total vascularization, which result in decrease in bone growth and so osseointegration, susceptibility to infection and septic loosening [62].
Stem cells interact with the biomaterial scaffold in two levels
for optimum tissue engineered regeneration process: First, in
vitro after initial cell seeding in the lab and second in vivo, where
the expanded cells in the lab with the scaffold interact with the
host tissues after implantation. A material cannot be named
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biomaterial, except after being sure of its biocompatibility, i.e.
does not elicit immune reaction or have any cytotoxicity. We can
categorize biomaterials into inert (tolerant) materials, which can’t
stimulate any biological bond between them and natural bone;
they are only biocompatible, second would be bioactive materials
which can stimulate , in a chemical and/or biological way, natural
bone regeneration, i.e. they are not just biocompatible, and lastly
resorbable materials, which are characterized by being resorbed
and get replaced by natural bone [63] Figure 3. In order to be able
to regenerate and/or augment bone, a good understanding of bone
healing process, and principles of bone physiology must be attained,
because bone remodeling-process depends on the amount of forces
exerted on them, known as Wolff’s law, which keeps the bone
shape and density, that would explain why disuse of bone for long
duration causes atrophy, a phenomenon like osteoporosis [64].

Figure 3: A diagram showing different types of scaffold biomaterials.
Forces exerted on bone during function like compression,
tension and flexion by itself and by stimulating interstitial fluid
inside the bone create forces and deformation at microscopic
level, which stimulate the osteocytes, and which was hypothesized
to stimulate the differentiation of stem cells into osteocytes with
subsequent bone deposition. In a study where cyclic strain of
MSC using equi-biaxial cyclic strains (3%, 0.25 Hz) cultured in
vitro in osteogenic media caused 2 to 3 fold matrix mineralization
when compared to control and decreased proliferation rate, as it
were found to stimulate the extracellular signal-regulated kinase
(ERK1/2) and p38. This effect is because inhibiting ERK1/2
decreases calcium deposition by 55%, and inhibiting p38, which
stimulate osteogenic phenotype, suggesting that p38 might has
inhibiting effect in strain-induced osteogenic differentiation.
This shows that mechanical stresses induce MSC differentiation,
emphasizing an important role of physical stimulation on bone
tissue regeneration [65]. Also, it has been shown that mechanical
strains inhibit MSC adipogenic differentiation through β-Catenin
cell signal stimulation [66].
In summary, we can recognize that scaffold are essential asset
for biological engineering, and tissue regeneration. An ideal scaffold
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biomaterial would fulfill the goal of interacting with the natural
tissue, stimulating its growth over its surface, while degrading
with same degree, performing this while maintaining favorable
mechanical and physical properties that can withstand the
functional loads applied over it acting as shield that is protecting the
weak regenerating natural tissue. Porosity is an essential property
that has to be attained in an ideal scaffold biomaterial, with the
aim to allow stem cells, vascularity, fluids and growth factor to go
through the depth of the scaffold biomaterial. Lastly studies done
on bone healing physiology showed that mechanical strain on bone
has a positive effect in osteogenic differentiation of MSC through
stimulation of ERK 1/2 and p38 pathways, also it downregulate
adipogenic differentiation of MSCs through stimulation of beta
catenin cell signaling pathway.

Overview of Tissue Engineering Scaffolds

Scaffold characteristics are governed by its physical nature and
its manufacturing process, where different materials have been
used as a scaffolds in tissue engineering; metals (e.g. titanium),
ceramics (e.g. hydroxyapatite), glass (e.g. bone glass), polymers,
either natural or synthetic, and composite scaffold of more than
19213
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one material. The scaffold material will govern its physical and
chemical properties, such as its mechanical strength [67-71], and
its degradation [72-75], while its porosity, which allow drugs and
cytokines delivery, will depend on the fabrication process [76-81],
these properties and requirements were extensively reviewed as
shown above. Scaffold differ in many aspects, regarding its material
they are either synthetic or biologic, regarding degradability they
can be biodegradable or not, this characters will affect the uses
of the scaffolds in different tissue engineering procedures [82].
A big obstacle in scaffolds design is the fact that biodegradable
materials are weak, while strong materials most of the time are not
biocompatible [61].

Regarding scaffold material porosity, features like
interconnectivity, size of pores, and roughness of the surface of
the scaffold, have a direct effect on stem cell interaction with the
scaffold, the degree of nutrients reaching the cells through the
scaffold and cells waste removal [83]. Porous scaffolds must meet
some requirements, where they must have adequate stiffness and
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strength to provide essential primary load bearing, and it should
stimulate tissue regeneration, these goals are approached by
the scaffold general design, surface modification, ability of local
delivery of drugs and/or cytokines, and possibility to reshape it to
fit the pathological defects. Regarding the pores themselves they
must fulfill some critical issues, first the porosity must be uniform
and gradient; second it must not affect the mechanical properties
of the material extensively like modulus of elasticity and strength.
Pore sizes ideally should be between 40 to 100 microns and well
distributed, pore wall with uniform thickness and pores has to be
interconnected, which allows cell migration in different direction in
vitro and in vivo [84]. Material requirements that must be fulfilled
to meet tissue engineering criteria like biocompatibility to allow
stem cells attachment, growth and proliferation, ability to create
strong bond with natural bone, the rate and ability to biodegrade
must match with the rate of new bone formation, the material must
have good mechanical properties adequate for load bearing areas
while bone healing is taking place [85], Figure 4.

Figure 4: Diagrammatic representation that summarizes the ideal characteristics of porous scaffold biomaterial.

Ceramics as Biomaterials
A major class of biomaterials for bone repair is ceramics, such
as hydroxyapatite and tri-calcium phosphate [86,87]. Ceramics
have great biocompatibility characteristics; they can exhibit
stable or resorbable properties, are not metals so they do not
corrode, they have very high hardness, and compressive strength,
besides ability to obtain good bioactive properties, and therefore
this makes ceramics very highly biocompatible materials. On the
Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

other hand, they have many disadvantages, being very stiff, easily
fracture due to low toughness, beside being with higher modulus
of elasticity higher than bone, which create significant difference in
stiffness between them, which disturb the load distribution exerted
on natural bone and ceramic grafts, where ceramics get most of the
loads instead of bone, making ceramic acting as a shield [88]. This
leads to considering HA to be unsuitable for use in load-bearing
appliance in orthopedics, instead it been used to coat strong
19214
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load-bearing metal implants to increase its biocompatibility or
composite scaffold materials, such as polymers.

Polymers on the other hand have good modulus of elasticity,
and stiffness, in addition of the great biodegradability, but most of
polymers are very weak in bioactivity and so cannot osseointegrate
with natural bone readily, so compromising the advantages and
disadvantages of ceramics and polymers, by incorporating the
two materials, in a composite graft or scaffold, would be a way to
overcome the drawbacks of both. Polymer scaffold uses depend
on its properties, which depend on its composition and its
macromolecules arrangement [88]. In a recent study by Danoux
and his co-workers in 2014, aimed to assess the bioactivity of
bone scaffold composite polymer of polylactic acid (PLA) and
hydroxyapatite (HA), where they did in vitro and in vivo studies,
they mixed 50 weight % PLA with 50 weight % nano HA forming
a homogenous composite polymer, they immersed this composite
in vitro in 2 solution, simulated physiologic saline and simulated
body fluids, they found after 12 weeks of immersion that PLA/HA
composite showed more loss of weight when compared to control

PLA particles, also they observed that composite in physiologic
saline solution was continuously releasing calcium and phosphate
ions, while in the body fluid solution they recognized on the surface
of the composite formation of calcium phosphate layer, with less
calcium and phosphate ions in the solution in both the PLA/HA and
PLA groups.
They cultured MSCs on both PLA/HA composite and its control
PLA particles, aiming to assess the bioactivity of the composite
polymer, and they found that both support the proliferation of
MSCs after 2 weeks of culturing, but when culturing the cells in
osteogenic medium, the cells cultured over PLA/HA composite
showed more alkaline phosphatase activity compared to control.
They also did in vivo study on dog animal model, where they
implanted the PLA/HA composite intramuscularly for 12 weeks
period, they found that the composite implant was osteoinductive
of heterotopic bone formation, which wasn’t the case with the PLA
control which showed no osteoinductive capacity, also they noticed
that PLA degraded more profoundly in vivo in comparison to the
PLA/HA composite, which wasn’t the case in vitro [88a]. Boutin
studied alumina and zirconia as biocompatible ceramics in 1972,
which showed great biocompatibility, durability and mechanical
strength, but on the other hand loosening of the implants in the
natural bone took place later on, this of course caused many clinical
failures, and the explanation of this finding was that ceramics are
inert, and were implanted without bone cementation [89].

Trying to overcome these drawbacks, the biologically active
biomaterials were then developed, as calcium phosphate ceramics
[90], bioglasses [91] and hydroxyapatite (HA). Being similar
to the mineral component of natural bone, they showed good
osteoconductivity and bone bonding ability [92]. However, the main
limitation for the use of hydroxyapatite ceramics was their inherent
brittleness and difficulty for processing [92,93]. HA is considered
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to be the most important bioceramic due to its high bioactivity
and stability, not like other calcium phosphates, being with high
strength, it does not break down under normal physiological
forces. Hydroxyapatite is a mineral with a chemical formula of
Ca5(PO4)3(OH), but its usually written as Ca10(PO4)6(OH)2 to show
that its crystal is constructed of two parts, it is created of calcium
apatite. The bone mineral, which can be considered as a basic
calcium phosphate apatite represents 50% of the bone dry weight,
where the bone HA is not identical to that found in rocks in nature,
where it is different by 50% in volume and 7% in weight and called
bone mineral [94,95], while the enamel and dentin HA is calcium
deficient carbonated hydroxyapatite. HA is extensively studied
as inorganic material and is famous of being bioactive, highly
osteoconductive, with high strength and modulus of elasticity, and
high biocompatibility [96,97].
HA is bioactive which means using it as a graft or implant with
natural bone will allow bone ingrowth inside the graft and/or
osseointegrate with the natural bone. HA is not stable compound
at high temperatures, where it decomposes at 800 to 1200 °C,

and this wide range is due to the difference in the stoichiometry
of the HA. But, on the other hand, it is thermodynamically stable
at normal body temperatures and physiologic pH, which allow it
to actively bind to bone with strong chemical bonds. This property
gave it the privilege to allow rapid bone repair. We can use the
bioactive properties of HA in many biological applications, coating
the surface of orthopedic or dental implants, which are usually
made of titanium, titanium alloys or even stainless steel, where the
body immune system won’t generate immune reaction against HA
considering it like the bone minerals, the acceptable technique for
this application is by plasma spraying, and which is now widely
used for commercial applications [98]. The other major use of HA
is as bone graft, in the form of granules, or porous blocks, to fill
bone defects acting as bone filler, which is used to regenerate lost
bone due to disease, or to augment existing bone in reconstructive
surgery. In addition, HA porous bone blocks can be used as scaffold
to introduce stem cells in tissue engineering therapies, as an
alternative to autogenous bone grafts, with minimal morbidity and
reduced healing periods.

By its chemical nature HA allow substitution of its structure,
so it’s common for non-stoichiometric HA to be seen, where the
most common that the hydroxyl group be replaced with fluoride to
make fluoroapatite, or chloride to form chlorapatite, Fluoride ion
exchange easily the hydroxyl group in HA because of two reasons,
first fluoride ion is smaller than hydroxyl group, second more
affinity of fluoride ions to HA crystal than hydroxyl ions. while this
property can also lend a defect to exist in the HA crystals leading
to defective hydroxyapatite, but also it has a great advantage of the
ability to change in the chemical composition of the material and
hence its bioactive characteristic, this character could allow us to
incorporate fluoride which shown to have beneficial effect on the
stem cell biology, Liu, et al. [92a] did a studied if alignment of apatite
19215
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crystal to form enamel like substrate would affect dental pulp stem
cells (DPSC) adhesion and proliferation after culturing for 7 weeks
on 2 surfaces namely fluorapatite ordered (FA) and disordered
surface (nFA), then they did SEM analysis, PCR array and pathway
focuses matrix array, after 3 days in culture cells bount over the FA
surface showed significantly more number than on the nFA surface,
they also notice changes of 20 pathways genes in cells cultured
over the FA surface compared to control, the most interesting of
them were the genes of cel matrix adhesion molecules, vitronectin
receptor integrin alpha V and adhesion protein fibronectin 1 were
shown to be up-regulated, which was proved by the SEM study
which showed good biocompatibility of stem cells over both surface
with only difference that cells in FA surfaces showed cell matrix
interaction with the surface [92a].
Another study done by Kushwaha et al in 2012, aimed to study
the in vitro effect of culturing MSCs on a glass ceramic based on
nobium doped fluorapatite, Where they melted the glass 2 times
at 1525 °C for 3 h, then casted to form disks, then heat treated to
increase the crystallization of fluroapatite. which is then divided
into 3 groups, either left with no change or mechanical ground
or chemically etched. Cells proliferation and staining for the
expression of alkaline phosphatase was checked at 1, 4, 8 days time
points, where cells cultured on polystyrene dishes were uses as the
control. Mineralization were confirmed by Alizarin red staining
and SEM assay, where SEM analysis were done also to assess cells
morphology at 2 and 4 days time points. The study showed that
initial cell growth on the discs compared to control dishes showed
no significant difference, area covered by cells on the discs didn’t
show significant difference compared to control group when
measured at day 8. SEM analysis showed that MSCs showed many
filopodia attaching with the ceramic surface or with eachother and
showed calcium mineralized granules accompanied with fibrils
over the disc at 35 day time point, the authors conclude that MSCs
attached, proliferated, osteodifferentiated over fluoroapatite glass
ceramic glass without any difference than polystyrene plastic
control [92b].
A more recent study on DPSCs on fluoroapatite 3 dimensional
culture, namely electrospun polycaprolactone (PCL), nano-

extracellular matrix nanofibers with FA crystals compared to
controls without FA. When they fabricated the scaffold they
emphasized that FA crystals be evenly distributed insdie the
scaffolds. After culturing the cells on the scaffolds for 28 days
SEM analysis showed initial attachment of the cells on the scaffold
with more multicellular aggregates in the FA scaffolds, also after
14 days of culture cells culture on the FA scaffolds showed slower
proliferation compared to the control. They noticed that without any
mineralization induction media cells cultured on the FA scaffolds
showed upregulation of pro osteogenic molecules starting from day
7 namely: dmp1, dspp, runx2, ocn, spp1, col 1a1, with significant
increase in alkaline phosphatase enzyme activity at time points 14
and 21 days compared to the control scaffold, while osteocalcin
expression was seen only in the cells seeded on the FA scaffolds at
day 21, and significantly increased at day 28, which was proved by
staining with Alizarin red and Von Kossa. They concluded that FA
incorporation in 3 dimensional PCL nanofiber scaffolds showed a
favorable extracellular matrix environment that potentiated stem
cells proliferation, differentiation and mineralization [92c].
Natural bone is composed of inorganic compound (mainly
partially carbonated HA on the nanometer scale) and organic
compound (mainly collagen). The nanometer size of the inorganic
component (mainly bone-like apatite) in natural bone is considered
to be important for the mechanical properties of the bone [99].
Researchs in this field suggested that better osteoconductivity
would be achieved if synthetic HA could more resemble bone
minerals in composition, size and morphology [100,101]. In
addition, nano-sized HA may have other special properties due to its
small size and huge specific surface area. Webster, et al. [102,103]
have shown significant increase in protein absorption and
osteoblast adhesion on the nanosized ceramic materials compared
to traditional micronsized ceramic materials. Most mammalian
cells are anchorage-dependent cells and they need a biocompatible
substrate for attachment, migration and differentiation to form
new tissues. Recent research demonstrated that cell adhesion and
survival could be modulated by protein pre-absorption on the
substrate [102-104]. Therefore, protein absorption is of importance
in evaluating a biomaterial for bone grafting, Table 3.

Table 3: Summarizes the advantages and disadvantages of HA as a biomaterial..

Advantages of HA as a Biomaterial
Most close material chemically and physically to natural bone

Can be chemically modified by incorporating fluoride ions in its crystal which be shown to favor stem cells proliferation, attachment and differentiation
Good mechanical properties which would protect proliferating cells
Bind chemically with the natural bone

Can be fabricated with ability to control its physical and mechanical properties
Can be fabricated with different pore sizes and shapes
Allow growth of natural bone on its surface

Can be fabricated with different sizes ranging from nano scale to block sections
Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.
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Can be heat treated, physically ground or chemically etched to change its surface characteristics after its fabrication
Not immunogenic to the body immunity
Disadvantages of HA as Biomaterial
It's not a biodegradable material

Although it's chemically very similar to bone HA but still it's different than it
Lack the organic matrix of the natural bone

Its mechanical properties is different than natural bone, it’s harder, stiffer, torsionally weak, less resilient, high modulus of elasticity, and more brittle
than bone

When infected it get occupied more extensively by bacteria creating more severe infection and foreign body reaction of body compared to natural bone

Hydroxyapatite Fabrication Methods

There are different methods for manufacturing nanoHA,
generally there are 2 main pathways: chemistry and high thermal
processing. The wet chemistry procedure depend on precipitation
of calcium and phosphate by suspending the objects wanted to be
covered in supersaturated solution of calcium and phosphorous, the
advantages of this method is that its easy, cheap and doesn’t require

special equipment, while its main disadvantages is time consuming
, unreliably in control the nature of particles morphology and
crystallinity, and the size vary significantly but its said to be usually
less than 1 um [104b-104d]. The sol gel technique is a method
where a solution containing colloidal particle which by decreasing
its surface charge it become an amorphous gel which is solidified by
drying then heated to 600 C to get rid of remaining organic material
[104e], it is the technique used to synthesis the fluoro-HA by
reacting Calcium phosphate with Calcium Fluoride at 900 C, which
is preferred due to its improved mechanical properties and high
thermal stability than HA, plus stimulating MSC proliferation and
osteogenic differentiation [104f]. The hydrothermal method HA is
synthesized by converting slurries to crystalline phase under high
pressure and temperature, to form particle size of about 1 microns
[104g]. The metathesis method is a combination of the chemical
and physical pathways, where chemically precipitated HA on the
substrate in aqueous solution, is then exposed to electrophoresis
where the charged particles migrate to counter charged electrode
Table 4.

which create HA coating with particle size less than 50nm
[104h,104i].

Lastly plasma spraying method of HA synthesis where argon is
coverted to gas plasma using direct current arc, this creat enormous
heat of the powder which is then propelled over the substrate, although its wide commercially used due to its economic efficiency
and reproducibility, it has low mechanical properties [104j], and
this attributed to the fact that an amorphous layer is created on the
top of the coating due to cooling which is significantly different than
the underlying crystalline stricter of the coating [104k], adding to
that the enormous heating that caused by plasma lead to dissociation of HA into many Calcium Phosphate phases which affect its solubility in the physiologic fluids [104k]. Regardless of the fabrication
method of HA there are many procedures which are done to have
tailored characteristics of it, sintering is done by exposing the material to high temperature which causes increase of its hardness, reduce cystal size and shrinkage, eliminate acidic phases, water, and
organic materials. Sintering drawbacks would creation of multiple
phases of the material and cracking of the HA coat on the substrate
[104l]. Another procedure that been used recently is ultrasound irradiation to microsized HA clumps to form ultrafine HA slurries, in
2009 Poinern, et al. [104 m] found that when ultrasound irradiation
is used with chemical formation methods a control of particles size
and morphology could be achieved, where 30nm sized particle can
be successfully produced when using 50 W ultrasound irradiation
power at 400 C temperature [104m], Table 4.

Method

Particle Size

Main Features

Wet chemical

0.07-0.64um

Simple, cheap, slow and can’t control particle size or morphology

Sol gel

Hydrothermal
Metathesis

Plasma spraying

Hydroxyapatite at Nanoscale

Nano-size
1um

50nm

200-300um

Bone is designed architectually to be composed of inorganic
collagen matrix which surround a nanoscale hydroxyapatite
crystals ranging of 20 to 40nm, which gives the bone its unique
Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

Can’t get rid of impurities

Can’t control particle size or mophology

A combination of chemical method with electrophoresis
Create uniform coating, but with multi-phases

characteristic of being strong but still with some degree resilient.
This nano HA component of bone allow bone remodelling by
osteocytes signalling, by adsorption of proteins of the estracellular
matrix that stimulate the adhesion of osteoblast with subsequent
proliferation and differentiation [104n]. That’s why it sounds
19217

Volume 25- Issue 3

normal that in regenerative therapy, body would act more favorably
dealing with HA of same size of normal bone HA. Many studies have
found a positive effect of nano sized HA, in study done by Sun et al of
500 to 300 nm size nano HA they found that it had a negative effect
on cells activity, namely inhibitory effect on osteoblasts cultured invitro over this particles [104o], Cai, et al. [104p] did a study of in
vitro culturing MSC of bone marrow origin over nano HA particles
of size 20, 40, and 80 nm where they found it had a stimulatory
effect on cells vitality and proliferation [104p], not only the nano
sized HA particles which had this effect, but even nano sized surface
roughness topography were found Balasundaram and this coworkers to have stimulatory effect of osteoblasts proliferation and
differentiation [104q].

Webster and his group had a series of studies on the biological
effect of nano roughness size less than 100nm, in there first study
they found that nano rough HA prarticles when compared to
non rough particles of the same profile i.e chemistry, phase and
crystallinity, they found that the nano rough HA have positive
effect on cell response and hence increased osteointegration, also
in this study they found that of all serum proteins vitronectin
which is an essential protein for osteoblast adhesion, adsorp
to nano phase alumina, while serum albumin adsorb to the
conventional size alumina [104r]. In another study they did with
same surface roughness size, they found it stimulated osteoblast
adhesion, proliferation, and increase of differentiation marker like
alkaline phosphatase, compared to standard HA particles with
surface roughness more than 100nm [104s], and lastly in study to
experiment the effect of nanosurface roughness they found that
a phenotypic marker of osteoclasts called tartrate-resistant acid
phosphatase synthesis was upregulated and resorption pitting
increased in the cells exposed to nano surface roughness of less than
100 nm compared standard HA particles [104t].In a mini review
done by Fox et al in 2012, they summarized the applications of
nano-HA into 4 main fields, namely: Hard tissue repair, drug carrier,
antibacterial, magnetic composites, gene therapy [104u]. One of the
major limitations of using HA as a nanoparticle in bone grafts is
the risk of atherosclerosis induction. Coronary artery calcification
is a common feature of atherosclerosis and is due to the intimal
deposition of basic calcium phosphate crystals, consisting mainly
of calcium HA [105-109].
Intimal calcification has tended to be seen merely as a
surrogate marker for the burden of disease rather than as a driver
of atherosclerosis. However, recently been demonstrated that
basic calcium phosphate crystals (consisting of pure calcium HA)
stimulate release of TNF and other proinflammatory cytokines
from human in vitro-differentiated macrophages [110]. Since TNF,
in turn, promotes calcification of smooth muscle cells [111], crystalactivation of macrophages may contribute to a vicious cycle of
inflammation and calcification in the vessel wall. A hint that smaller
calcific deposits may play a significant role in plaque rupture has
come from the work of Kolodgie and Virmani. This group has noted
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that heavily calcified lesions only rarely trigger thrombosis and
that the majority of ruptured coronary plaques (>65%) contain
“speckled” calcific deposits [112]. It is therefore possible that
coronary plaques with only modest calcification are more prone
to inflammation and rupture [113,114]. Consistent with this idea,
histologic examination of coronary endarterectomy specimens has
shown that foam cells are closely associated with small “stippled”
calcifications even in early type II lesions [115]. Furthermore,
whereas all ruptured coronary plaques contain detectable calcific
deposits, the majority of such deposits are “speckled” (>65%),
with only a minority of ruptured plaques presenting with more
diffuse calcification. Collectively, these observations suggest that
moderately calcified coronary plaques containing microscopic
HA deposits are more prone to inflammatory activation of
macrophages [116,113]. This is also consistent with the idea that
diffusely calcified plaques may be more stable, due to resistance to
mechanical shear [117].

Porous Hydroxyapatite as Scaffold

Leon defined porosity as the void or space percentage in a solid
[118], porosity is a morphological feature of the scaffold not related
to its material but more related to the fabrication process. Porous
HA, versus dense HA, has much more medical uses like tissue
engineering and drug delivery, as porous HA is more similar to
natural bone. Also porosity increases the bioactivity by facilitating
bonding by providing mechanical interlock between the graft and
the bone, which enhance the success rate and the strength of the
graft by fixing the graft material firmly with the natural bone. In
addition, pores allow regenerated bone to grow through the pores,
which also increases the graft strength and pores encourage stem
cell attachment, and natural bone osteocytes to penetrate and grow
within the scaffold. But porosity in essence decreases the overall
density of the HA, which decreased its mechanical strength, this
makes its use as an implant material not possible, because is not
a good candidate material as a bone graft [88]. However, the longterm biocompatibility in vitro and in vivo of highly porous scaffolds
is not totally understood, especially regarding its degradation and
ion leaches of the inorganic phases kinetics.
Porous HA is more osteoconductive and resorbable than dense
HA. Synthetic HA bone replacement scaffolds and grafts are porous,
simulate the natural bone structure, besides it has larger surface
area, which enhances stem cell attachment and hence allows bone
growth and regeneration. It has been recognized that different
pores size and distribution in HA scaffold would have different
tissue engineering applications, where very small pores, with sizes
less than 1 micron, would be suitable for protein insertion in the
scaffold and hence increases its bioactivity. Moderate size pores,
between 1 to 20 microns, would enhance cell attachment, which
will direct the cellular growth and large size pores, between 100 to
1000 microns, would allow cells and bone growth. When pore sizes
exceed 100 microns bone penetrate through it, which maintains
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bone’s vascularity and viability [119]. In a classical study, Hulbert,
et al. [120] studied calcium aluminate pellets with porosity of 46%
in canine bone, where they concluded that pore size of 100 microns
is considered the minimum size needed to regenerate bone in
general, and pore sizes between 100 and 200 microns appeared
with considerable bone ingrowth in the pores. Smaller pores of
size 75 to 100 microns, showed ingrowth of osteoid unmineralized
bone, while very small pores ranging from 10 to 75 microns did not
demonstrate any bone ingrowth but showed penetration of fibrous
tissue [120].

Alhough this can be explained due to the effect that the pore
size in the normal haversian canals is about 100 to 200 microns,
but pores size of 100 microns are not critical size of pores in the
scaffolds, as these results are not replicated with other materials
in other experiments. A porous scaffold with ideal properties
would be with resorbable superficial surface with pores less than
1 micron, followed by a layer with pores of 1 to 20 microns, and at
the core the pores should be of 100 microns and more, while the

fabrication of a scaffold with size gradient pores sizes would be
challenging but using the modern computerized technologies, this
could be feasible (Table 5). For new bone formation the surrounding
tissues penetration and easier vascularization are essential for the
deep cells penetrating the scaffold to survive in vivo, which entail
adequate macroporosity must be developed in the scaffold, with
connection inbetween, which is even shown to be more important
than the pore size for the osteoconduction property of the scaffold
[121]. On the other hand, if pore size is very small it get blocked
by the cells preventing nutrient delivery and waste removal to the
deeper cells and so prevent new tissue formation [122]. Porosity is
also essential for the integration of the scaffold into the natural bone
as prevent the movement of the implant till the new bone is formed
at the interface, this factor acts as a biological fixation method of
the scaffold to the natural bone, which is highly dependent on the
scaffold porosity. In vivo experiment in a rat model using solid
versus porous HA particles as delivery vector for bone morphogenic
protein 2 (BMP-2), no new bone was found on solid particles in
contrast osteogenesis was found in the porous particles [123,124].

Table 5: Different pore sizes and its effect on hydroxyappatite osteoconduction properties.
Pore size (in Microns)

Particle Size

Main Features

Less than 1 micron

Microporosity

Intial protein adsorption

100 to 1000 microns

Macroporosity

1 to 20 microns

Microporosity

Aid in cells attachment and direct cell growth in proliferation and growth stage

Coating titanium alloy implant with porous HA did not show
increase of osseointegration in the canine mandible, but caused
osseous interlocking with HA micropores, while in the maxilla,
there were more bone, which may indicate that HA micropores may
have better effect in poor bone quality. It is clear that large pore
sizes (450 microns) increase bone deposition, pore wall roughness
and micropores (10 microns) are also very important, as HA rods
with pores size of 200 microns but with smooth dense walls could
not stimulate ectopic bone deposition in dogs in comparison to
rods with 400 microns rods but with rough pores walls [125].
Microporosity besides increasing the surface area induces higher

protein absorption and ion exchange, which deposits apatite by
dissolution and re-precipitation [61]. In a study that was comparing
same pore size with random pore scaffolds of same material in vivo
in cranial defects in rabbits there were no statistical difference in
bone formation, but the architecture of bone was different between
the two groups. Specifically, a continuous bone formation was found
in random pore size scaffolds, while same sized pores and solid wall
groups showed discontinuous bone formation in the form of islands
through the scaffolds, which is thought to fasten the healing of the
bone throughout the defect [126]. Polymer replication method
for fabrication of Biphasic Calcium Phosphate (BCP) with 80%
HA and 20% beta TCP with 70% interconnected porosity having
a combination of macroporosity 68% of 400um diameter and
microporosity 3% of 0.7um diameter found to be supporting new
Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

Aid in connective tissue and bone in growth

bone formation in immune deficient mice [126a]. Another study
showed that a combination of macro-porosity of size ranges of 250350um, and micro-porosity of size 2-8um resulted in the formation
of lamellar and woven bone a property which is abscent in scaffolds
without micro-porosity [126b].

Composite Scaffolds

Its scaffolds which are made of 2 or more different materials
like ceramic and polymer, achieving the advantage of good
mechanical properties of ceramic and the degradation, biologics
advantages of polymers, increasing the scaffold toughness,

compressive strength, mechanical integrity, and bioactivity such
as to be similar to natural bone. In a study on HA and poly-ester
urethane (PU) composite scaffolds, it was shown that its being
able to adsorb bovine serum albumin (BSA), fetal calf serum (FCS),
bovine fibrinogen in considerable amounts in-vitro, they found
that the sustained release of BSA could be detected even after 2
weeks and which was attributed to PCL boating, when compared
to control PU scaffolds [C1 55]. Another study done using micro
CT (uCT) showed that 200um pores of HA/PU scaffolds can be
fabricated with 90% volume, by using the salt leaching process,
also they found that HA/PU scaffolds showed blood vessels growth
of 49cm cm^-2 in the borders and 0.4cm cm^-2 in the central
zone compared to 55 and 3 cm cm^-2 for the PU after 14 days of
implantation in mice dorsal skin, and which didn’t show statistical
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significant difference in angiogenesis [C2 56]. In a study where
surface modification was done using BCP porous scaffold HA/PCL,
it was shown to increase the compressive strength twice, also it
encouraged the differentiation of bone MSCs with upregulation of
osteogenic gene expression namely osteocalcin (OC), Runx2, Col I,
bone sialoprotein, and alkaline phosphatase activity, they were also
found to be suitable for protein delivery [C3 54] [126c].

Porosity Fabrication Techniques

The stem cells scaffold must be characterized of offering optimum environment for cells growth, both in-vitro where cell expansion take place, and in-vivo after being implanted in the recipient
body, and this fact is essential as the concentration and gradient of

nutrients, fluid velocity, and transport mechanism is different, also
it has to be emphasized that in-vivo diffusion is the main mechanism
of nutrient and waste products transportation, while in-vitro fluid
flow is the principle mechanism. An important criteria that govern
the success of a scaffold would be its ability to allow high nutrient
concentration within its core. Another important criteria is to have
a uniform interconnected meshwork of pores, as a non-uniform porous scaffold creates regions with insufficient nutrient concertation
which hinder cells proliferation and tissue growth [88]. There are
many techniques implemented to create porosity in a biomaterial,
like freezing, drying, sintering, salt leaching, gas foam, and phase
separation, thermal induced phase separation, microsphere sintering and scaffold coating [126d, 126e] Figure 5.

Figure 5.
Each fabrication process depends on the physical and chemical
structure of the scaffold material itself. To improve the mechanical
properties of bioceramics with fabrication method have been
tried in many techniques with no great success to have porosity
without affecting the scaffold mechanical properties especially
compression strength and modulus of elasticity to approach
those of the cancellous bone. The fabrication techniques can be
categorized into two main categories, chemical-based approach,
and the engineering-based approach, while the first one creates
uncontrolled heterogeneous pores, and the second category can
produce tailored pores.
Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

3D Printing
Computer aided design (CAD) data systems which are usually
named rapid prototyping which fabricated physical objects
uniquely by adding materials in layers, with the advantage of
creating complex geometry with no need of assembly, and with
relatively fast process. In this procedure first a CAD design is done,
then powder is delivered to the fabrication piston bed 1 layer at a
time, which creates loose powder layer, then is transferred to an
inkjet head dispenses polymeric or liquid binder to specific areas
leaving the rest of the powder loose, the fabrication piston then
19220

Volume 25- Issue 3
moves down, and the process repeated creating another layer. Then
the binder is cured using high temperature and the loose powder is
removed by agitation. Finally sintering is done binding the particles
together, evaporating the binder to create a 3D structure identical
to the computer design [126f,126g].
Electrospinning

Its considered the most effective method for fabrication of micro
and nanofiber, and polymeric fibers on a large scale, where polymer
is injected by a needle at a critical voltage difference, creating an
electrically charged jet, which is spattered on a grounded rotating
target which collect the polymer fibers, this creates fibrous scaffold
with high surface area and porosity, that mimic to a great extent the
natural extra cellular matrix [126h,126i]. Although this technique
was initially designed for polymer scaffold, it was successfully used
to fabricate ceramic polymer composite [126j-126l].
Ice Templating

In this method colloidal suspension of HA particles are molded
in a non porous mold, which is rapidly frozen, then sublimated
to get rid of the frozen solvent under very low temperatures in
vacuum (Figure 6). In Deville et al meta-analysis done in 2015 with
the topic of the mechanical properties of ice templated ceramics
and metals, they postulated that ice templating is a versatile
and flexible process, that allow a very wide range of porosity
size fabrication, with the ability to have a directional pores with
constant cross section , or with progressive increase of the pore
size as moving along the solidification direction. But on the other
hand its considered a complex process where many factors affect
its results like solvent nature, powder particle size, PH, viscosity,
material nature, surfactant, freezing temperature, and cooling
rate. Pores morphology depend on the solvent nature where for
example water as a solvent creates lamellar morphology i.e tubular
ellipsoidal cross section [124m].

Figure 6: A flowchart that representing the main steps
followed during the procedure of ice templating.
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It is considered a different technique of ice templating where
gas is used as porogen to develop the porous scaffold.
Gel Casting

Is a wet ceramic foaming technique where monomer is
polymerized in solvent presence forming ceramic loaded body
which is then machined in a complex mold as the gel cast is soft
to be machined by carbon steel tools [P6]. This green cast is then
demolded and dried under controlled conditions [P7], the main
advantage of this procedure is the ability to fabricated high quality
complex shaped ceramics at a low cost.
Slip Casting

A suspension of fine powder of HA in water or alcohol with 2ry
materials like binders and surfactants, which is poured in a plaster
mold, which draw water to compact the casting at the mold surface,
the advantages of this technique that it provides uniformly dense
HA casting with superior surface quality at a low cost, and this is
attributed to the fact that the cast has high concentration of the raw
ceramic with little additives [88].
Replication Technique

A multistep procedure where a pattern of the desired porous
scaffold is made of polymer or wax, which is then suspended in
a ring, and then plaster is poured around it, then the pattern is
burned out creating a negative mold which is filled with desired
liquid phase polymer, that is then hardened by either cooling,
curing, or precipitation, the mold is then broke down to have the
porous scaffold [88].

At a Time

The design of the scaffold and its material are critical in developing

pores in it, regarding its suitability and its biocompatibility in vitro
and in vivo. Developing pores with gradient sizes from the surface to
the core with high interconnectivity are essential criteria for porous
scaffolds to minimize pore occlusion and allow cell attachment and
vascularization, connective tissue and bone ingrowth. The most
challenging factor in producing porous scaffolds is to maintain the
mechanical properties of the material of the scaffold, as although
the existence of many fabrication techniques. The today techniques
of a scaffold production, required pore size with biodegradable
properties and with reliable mechanical properties, is still not yet
achieved. Scaffolds must have well-designed external and internal
structures with interconnected pores to allow cell migration as
well as connective tissue and vascularity. This pores create a
matrix, which serve essential biological functions; first is fostering
an immobilized habitat for the growing cells, second hindering
unwanted tissue from growing in the wound area by creating
protective space for the desired tissues. Finally, act as routes,
which guide the migration and growth of the desired cells, which
can be aided by the properties of the scaffold material, or with the
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incorporation of soluble molecules that would leach out like growth
factors, hormones, etc.

More studies are needed to have engineered processing
techniques to produce scaffolds with tailored porosity and good
mechanical properties and to have more understanding of the
relation between scaffold material and its processing and its clinical
performance. A better understanding of the processing techniques
would affect the biological properties of a material, like for example
making osteoconductive materials to be more osteoinductive.
Hydroxyapatite as a biomaterial has many characters that suggest
it to be a very good candidate to stem cells scaffolding. Its chemical
composition which is very similar to the natural bone chemical
structure and its mechanical properties which is strong enough to
withstand the forces naturally applied on normal human activities,
very similar to natural bone, and even can act as a shield protecting
the wound during the healing period, its availability and dexterity
and ability to be manufactured with different sizes, with solid
surface or porous surface, with smooth pores or with rough pore’s
walls, and even with controlling the pores wall thickness. And finally
regarding biocompatibility HA is highly biocompatible, allowing
natural bone to grow over its surface, and even with certain pore
sizes natural bone would grow inside the scaffold allowing early
stabilization of the graft, which can stabilize dental implants. The
only drawback of HA as stem cells scaffold would be its low rate
of biodegradation lacking important properties that is needed in
tissue engineering of simultaneous scaffold biodegradation with
new tissue deposition.

Summary

a.
The mechanical properties of the scaffold should match
that of the natural bone, and which vary greatly between
cortical and cancellous bone, where the modulus of elasticity
of young bone in cortical plate is between 15-20GPa , while the
cancellous between 0.1-2GPa, while the compressive strength
for cortical bone is between 100-200 MPa, while the cancellous
is between 2-20MPa [S1 1].
b.

Interconnected porosity of the scaffold is of utmost

importance, to mimic the natural bone, where the cortical
bone is 10-30% porous, and the cancellous is 30-90% porous.
The minimum diameter of the scaffold pore is 100um [S2 25],
however a range of 200-350um was found to be optimum for
tissue growth [S3 79].

c.
On the other hand porosity reduces the compressive
strength of the scaffold and render manufacturing
reproducibility difficult, where the material nature of the
scaffold would compensate that, where bioceramic materials
strength were found to be close to that of cortical bone, while
polymers are close to cancellous bone [S4 35]. Generally
porosity are assigned to macroporosity which is larger than
100 um, and micro-porosity which is less than 20um [S5 49].
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d.
Biodegradability is a crucial factor of scaffold success, the
scaffold must have the ability to degrade with in-vivo at the same
rate by which new bone is growing. Multiscale porous scaffolds
with macro and micro porosity would be considered an ideal
composition regarding biomolecules delivery, biodegradability,
and which is considered a major task for the science of tissue
engineering [S6 49,50].
e.
Incorporation of biomolecules like BMP, FGF, VEGF,
TGF beta, in the scaffold facilitate bone regeneration through
stimulating the differentiation of MSCs and osteogenesis, plus
recruiting osteoprogenitor cells to the scaffold in-vivo [S7 23].

f.
Bone scaffold is dictated to induce new blood vessels,
normally the healing wound after scaffold implantation invivo induce vascularization but this procedure takes weeks
[S8 25]. The insufficient vascularization will cause oxygen and
nutrients deficiency which endanger the culture MSCs causing
non-uniform differentiation, and death of the cells [S9 28],
incorporating VEGF in scaffolds could stimulate blood vessels
growth.

Conclusion
As a conclusion that HA as tissue engineering scaffold material
has many encouraging properties with minimal drawbacks which
can be overcome in the future by creating composite scaffolding
material using HA with certain fabrication criteria incorporated in
organic or inorganic polymers, using the new advancement that we
had in the polymerization technology to solve the HA drawback of
weak biodegradability.

Acknowledgment

This review was funded by Egyptian Academy of scientific
research and technology.

Conflict of Interest

The authors declare no conflict of interest or personal
circumstances that could be considered inappropriate that would
affect the reported review by any means, and the funding sponsors
had no role in the design of the study, collection or analysis of data
and in the writing of manuscript or decision to publish the review.

References

1. Al Bahrawy M, Abdel Ghaffar K, El Mofty M, Abdel Rahman A (2011) The
mutual effect of hyperlipidemia and proinflammatory cytokine related
to periodontal infection. EJOMS 2(2): 87-95.
2. Melcher AH (1976) On the repair potential of periodontal tissues. J
Periodontol 47(5): 256-260.
3. Braddock M, Houston P, Campbell C, Ashcroft P (2001) Born again bone:
tissue engineering for bone repair. News Physiol Sci 16: 208-213.
4. Goldberg VM, Stevenson S (1987) Natural history of autografts and
allografts. Clin Orthop Relat Res 225: 7-16.

5. Costantino PD, Friedman CD (1994) Synthetic bone graft substitutes.
Otolaryngol Clin North Am 27(5): 1037-1074.
19222

Volume 25- Issue 3

6. Bonfiglio M, Jeter WS (1972) Immunological responses to bone. Clin
Orthop Relat Res 87: 19-27.
7. Chau, Mobbs (2009) Bone graft substitutes in anterior cervical
discectomy and fusion. Eur Spine J 18(4): 449-464.
8. Langer R, Vacant JP (1993) Tissue engineering. Science 14: 920-926.

9. Mason C, Dunnill PA (2008) Brief definition of regenerative medicine.
Regen Med 3(1): 1-6.
10. Thomson JA, Itskovitz Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, et
al. (1998) Embryonic stem cell lines derived from human blastocysts.
Science 282(5391): 1145-1147.

11. Reubinoff BE, Pera MF, Fong CY, Trounson A, Bongso A (2000) Embryonic
stem cell lines from human blastocysts: somatic differentiation in vitro.
Nat Biotechnol 18(4): 399-404.
12. Chambers I, Smith A (2004) Self-renewal of teratocarcinoma and
embryonic stem cells. Oncogene 23(43): 7150-7160.

13. Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, et al. (2003) The
homeoprotein Nanog is required for maintenance of pluripotency in
mouse epiblast and ES cells. Cell 113(5): 631-642.
14. Judson RL, Babiarz JE, Venere M, Blelloch R (2009) Embryonic stem
cell-specific microRNAs promote induced pluripotency. Nat Biotechnol
27(5): 459-461.
15. Thomas ED, Lochte HL, Cannon JH, Sahler OD, Ferrebee JW
(1959) Supralethal whole body irradiation and isologous marrow
transplantation in man. J Clin Invest 38: 1709-1716.
16. Rezvani AR, Storb R (2008) Using allogeneic stem cell/T-cell grafts to
cure hematologic malignancies. Expert Opin Biol Ther 8(2): 161-179.

17. Vijayakumar K, Ramiya Michael M, Karl EA, Desmond AS, Ammon BP, et
al. (2000) Reversal of insulin-dependent diabetes using islets generated
in vitro from pancreatic stem cells. Nature Medicine 6(3): 278-282.
18. Kim JH, Auerbach JM, Rodríguez Gómez JA, Velasco I, Gavin D, et al.
(2002) Dopamine neurons derived from embryonic stem cells function
in an animal model of Parkinson’s disease. Nature 418(6893): 50-56.

19. McDonald JW, Xiao Zhong L, Yun Q, Su L, Mickey SK, et al. (1999)
Transplanted embryonic stem cells survive differentiate and promote
recovery in injured rat spinal cord. Nature Medicine 5(12): 1410-1412.
20. Drukker M, Katchman H, Katz G, Even Tov Friedman S, Shezen E, et al.
(2006) Human embryonic stem cells and their differentiated derivatives
are less susceptible to immune rejection than adult cells. Stem Cells
24(2): 221-229.
21. Robertson NJ, Brook FA, Gardner RL, Cobbold SP, Waldmann H, et al.
(2007) Embryonic stem cell-derived tissues are immunogenic but their
inherent immune privilege promotes the induction of tolerance. Proc
Natl Acad Sci USA 104(52): 20920-20925.

22. Ben David U, Benvenisty N (2011) The tumorigenicity of human
embryonic and induced pluripotent stem cells. Nat Rev Cancer 11(4):
268-277.
23. Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringden O (2003)
HLA expression and immunologic properties of differentiated and
undifferentiated mesenchymal stem cells. Exp Hematol 31(10): 890896.

24. Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC (2003)
Suppression of allogeneic T-cell proliferation by human marrow stromal
cells: implications in transplantation. Transplantation 75(3): 389-397.
25. Martino S, D’Angelo F, Armentano I, Kenny JM, Orlacchio A (2011) Stem
cell-biomaterial interactions for regenerative medicine. Biotechnol Adv
30(1): 338-351.

26. Kaji K, Norrby K, Paca A, Mileikovsky M, Mohseni P, et al. (2009) Virus-free
induction of pluripotency and subsequent excision of reprogramming
factors. Nature 458(7239): 771-775.
Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

DOI: 10.26717/BJSTR.2020.25.004212
27. Kim D, Kim CH, Moon JI, Chung YG, Chang MY, et al. (2009) Generation
of human induced pluripotent stem cells by direct delivery of
reprogramming proteins. Cell Stem Cell 4(6): 472-476.
28. Yu J, Hu K, Smuga Otto K, Tian S, Stewart R, et al. (2009) Human induced
pluripotent stem cells free of vector and transgene sequences. Science
324(5928): 797-801.

29. Zhou H, Wu S, Joo JY, Zhu S, Han DW, et al. (2009) Generation of induced
pluripotent stem cells using recombinant proteins. Cell Stem Cell 4(5):
381-384.

30. Jia F, Wilson KD, Sun N, Gupta DM, Huang M, et al. (2010) A nonviral
minicircle vector for deriving human iPS cells. Nat Methods 7(3): 197199.
31. Mali P, Cheng L (2012) Human cell engineering: cellular reprogramming
and genome editing. Stem Cells 30(1): 75-81.

32. Zhao T, Zhang ZN, Rong Z, Xu Y (2011) Immunogenicity of induced
pluripotent stem cells. Nature 474(7350): 212-215.
33. Smith A (2006) Glossary A glossary for stem-cell biology. Nature 441:
1060.

34. Conget PA, Minguell JJ (1999) Phenotypical and functional properties
of human bone marrow mesenchymal progenitor cells. J Cell Physiol
181(1): 67-73.

35. Ries C, Egea V, Karow M, Kolb H, Jochum M, et al. (2007) MMP-2 MT1MMP and TIMP-2 are essential for the invasive capacity of human
mesenchymal stem cells: differential regulation by inflammatory
cytokines. Blood 109(9): 4055-4063.

36. Lu L, Shen RN, Broxmeyer HE (1996) Stem cells from bone marrow
umbilical cord blood and peripheral blood for clinical application:
Current status and future application. Crit Rev Oncol Hematol 22: 61-78.
37. Bianco P, Robey PG (2001) Stem cells in tissue engineering. Nature 414:
118-121.

38. Shi S, Gronthos S (2003) Perivascular niche of postnatal mesenchymal
stem cells in human bone marrow and dental pulp. J Bone Miner Res
18(4): 696-704.
39. Anjos Afonso F, Siapati EK, Bonnet D (2004) In vivo contribution of
murine mesenchymal stem cells into multiple cell-types under minimal
damage conditions. J Cell Sci 117(23): 5655-5664.

40. Slack JM (2000) Stem cells in epithelial tissues. Science 287(5457):
1431-1433.
41. McKay R (1997) Stem cells in the central nervous system. Science
276(5309): 66-71.
42. Charge SB, Rudnicki MA (2004) Cellular and molecular regulation of
muscle regeneration. Physiol Rev 84(1): 209-238.
43. Caplan AI (1991) Mesenchymal stem cell. J Orthop Res 9(5): 641-650.

44. Weissman IL (2000) Translating stem and progenitor cell biology to the
clinic: barriers and opportunities. Science 287(5457): 1442-1446.

45. Prockop DJ (1997) Marrow stromal cells as stem cells for
nonhematopoietic tissues. Science 276(5309): 71-74.
46. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, et al. (2001) Multilineage
cells from human adipose tissue implications for cell based therapies.
tissue Eng 7(2): 211-228.

47. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, et al. (2002) Human
adipose tissue is a source of multipotent stem cells. Mol Biol Cell 13(12):
4279-4295.
48. Salingcarnboriboon R, Yoshitake H, Tsuji K, Obinata M, Amagasa T, et al.
(2003) Establishment of tendon-derived cell lines exhibiting pluripotent
mesenchymal stem cell-like property. Exp Cell Res 287(2): 289-300.

49. Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, et al. (2004)
Investigation of multipotent postnatal stem cells from human
periodontal ligament. Lancet 364: 149-155.
19223

Volume 25- Issue 3
50. Sabatini F, Petecchia L, Tavian M, de Villeroche VJ, Rossi GA, et al.
(2005) Human bronchial fibroblasts exhibit a mesenchymal stem cell
phenotype and multilineage differentiating potentialities. Lab. Invest
85(8): 962-971.

51. De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP (2001) Multipotent
mesenchymal stem cells from adult human synovial membrane. Arthritis
Rheum 44(8): 1928-1942.

52. Mitrano TI, Grob MS, Carrion F, Nova Lamperti E, Luz PA, et al. (2010)
Culture and characterization of mesenchymal stem cells from human
gingival tissue. J Periodontol 81(6): 917-925.
53. Doherty MJ, Ashton BA, Walsh S, Beresford JN, Grant ME, et al. (1998)
Vascular pericytes express osteogenic potential in vitro and in vivo. J
Bone Miner Res 13: 828-838.

54. Farrington Rock C, Crofts NJ, Doherty MJ, Ashton BA, Griffin Jones C,
et al. (2004) Chondrogenic and adipogenic potential of microvascular
pericytes. Circulation 110(15): 2226-2232.

55. Da Silva ML, Chagastelles PC, Nardi NB (2006) Mesenchymal stem cells
reside in virtually all post-natal organs and tissues. J Cell Sci 119(11):
2204-2213.
56. Ratner BD, Hoffman AS, Schoen FJ, Lemons JE (2004) Biomaterials
Science: An Introduction to Materials in Medicine. San Diego Elsevier.

DOI: 10.26717/BJSTR.2020.25.004212
73. Rokkanen P, Bostman O, Vainionpaa S, Makela EA, Hirvensalo E, et al.
(1996) Absorbable devices in the fixation of fractures. J Trauma 40(3):
S123-S127.
74. Gogolewski S (2000) Bioresorbable polymers in trauma and bone
surgery. Injury 31: 28-32.

75. Roy TD, Simon JL, Ricci JL, Rekow ED, Thompson VP, et al. (2003)
Performance of degradable composite bone repair products made via
three-dimensional fabrication techniques. J Biomed Mater Res A 66(2):
283-291.
76. Jarcho M (1981) Calcium phosphate ceramics as hard tissue prosthetics.
Clin Orthop Relat Res 157: 259-278.

77. Hollinger JO, Seyfer AE (1994) Bioactive factors and biosynthetic
materials in bone grafting. Clin Plast Surg 21(3): 415-418.
78. Zellin G, Hedner E, Linde A (1996) Bone regeneration by a combination
of osteopromotive membranes with different BMP preparations: a
review. Connect Tissue Res 35(1-4): 279-284.

79. Dard M, Sewing A, Meyer J, Verrier S, Roessler S, et al. (2000) Tools for
tissue engineering of mineralized oral structures. Clin Oral Investig 4(2):
126-129.

57. Williams DF (2008) On the mechanisms of biocompatibility. Biomaterials
29(20): 2941- 2953.

80. Berven S, Tay BK, Kleinstueck FS, Bradford DS (2001) Clinical applications
of bone graft substitutes in spine surgery: consideration of mineralized
and demineralized preparations and growth factor supplementation.
Eur Spine J 10(2): S169-S177.

59. Griffith LG (2002) Emerging design principles in biomaterials and
scaffolds for tissue engineering. Ann NY Acad Sci 961: 83-95.

82. Ramakrishna S, Mayer J, Wintermantel E, Leong KW (2016) Biomedical
applications of polymer-composite materials: a review. Compos Sci
Technol 61(9): 1189-1224.

58. Chaikof EL, Matthew H, Kohn J, Mikos AG, Prestwich GD, et al. (2002)
Biomaterials and scaffolds in reparative medicine. Ann NY Acad Sci 961:
96-105.
60. Levenberg S, Langer R (2004) Advances in Tissue Engineering: Current
Topics in Developmental Biology. New York: Academic Press 61: 113134.

61. Karageorgiou V, Kaplan D (2005) Porosity of 3D biomaterial scaffolds
and osteogenesis. Biomaterials 26(27): 5474-5491.
62. Basu B, Balani K (2011) Advanced Structural Ceramics. Hoboken Wiley.

63. Basu B, Katti D, Kumar A (2009) Advanced Biomaterials: Fundamentals
Processing and Applications. Hoboken Wiley.

64. Wolff J (1892) Das Gesetz der Transformation der Knochen. Berlin
Hirschwald.

65. Simmons CA, Matlis S, Thornton AJ, Chen S, Wang CY, et al. (2003) Cyclic
strain enhances matrix mineralization by adult human mesenchymal
stem cells via the extracellular signal-regulated kinase (ERK1/2)
signaling pathway. J Biomech 36(8): 1087-1096.

66. Sen B, Guilluy C, Xie Z, Case N, Styner M, et al. (2011) Mechanically
Induced Focal Adhesion Assembly Amplifies Anti-Adipogenic Pathways
in Mesenchymal Stem Cells. Stem Cells (Dayton Ohio) 29(11): 18291836.
67. Meaney DF (1995) Mechanical properties of implantable biomaterials.
Clin Podiatr Med Surg 12(3): 363-384.
68. Disegi JA, Eschbach L (2000) Stainless steel in bone surgery. Injury 31:
2-6.

69. Pohler OE (2000) Unalloyedtitanium for implants in bone surgery.
Injury 3: 7-13.

70. Rah DK (2000) Art of replacing craniofacial bone defects. Yonsei Med J
41: 756-765.
71. Park HK, Dujovny M, Agner C, Diaz FG (2001) Biomechanical properties
of calvarium prosthesis. Neurol Res 23(2-3): 267-276.
72. Coombes AG, Meikle MC (1994) Resorbable synthetic polymers as
replacements for bone graft. Clin Mater 17(1): 35-67.

Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

81. Orban JM, Marra KG, Hollinger JO (2002) Composition options for tissueengineered bone. Tissue Eng 8(4): 529-539.

83. Chen Q, Roether JA, Boccaccini AR, Ashammakhi N, Reis R, et al. (2008)
Tissue engineering scaffolds from bioactive glass and composite
materials. Topics in Tissue Engineering 4.

84. Fergal J, O’Brien (2011) Biomaterials & scaffolds for tissue engineering.
Materialstoday 14(3): 88-95.
85. Salcedo S, Arcos D, Vallet Regı M (2008) Upgrading calcium phosphate
scaffolds for tissue engineering applications. Key Eng Mater 377: 19-42.

86. Visscher GE, Robison RL, Maulding HV, Fong JW, Pearson JE, et al. (1985)
Biodegradation of and tissue reaction to 50:50 poly (DL-lactide-coglycolide) microcapsules. J Biomed Mater Res 19(3): 349-365.
87. Li Y, Wenga W, Tamb KC (2007) Novel highly biodegradable biphasic
tricalcium phosphates composed of α-tricalcium phosphate and
β-tricalcium phosphate. Acta Biomaterialia 3(2): 251-254.

88. Tripathi G, Basu B (2013) Microengineered Polymer- and CeramicBased Biomaterial Scaffolds: A Topical Review on Design Processing
and Biocompatibility Properties in Micro and Nanotechnologies in
Engineering Stem Cells and Tissues. Hoboken.
a. Danoux C, Barbien D, Yuan H, Bruijn J, Blitterswijk C, et al. (2014) In vitro
and in vivo bioactivity assessment of a polylactic acid/hydroxyapatite
composite for bone regeneration. Biomatter 4.
89. Boutin P (1972) Total arthroplasty of the hip by fritted aluminum
prosthesis. Experimental study and 1st clinical applications. Rev Chir
Orthop Reparatrice Appar Mot 58(3): 229-246.

90. Jarcho M (1981) Calcium phosphate ceramics as hard tissue prosthetics.
Clin Orthop Relat Res 157: 259-278.
91. Hench L (1992) Bone Grafts and Graft Substitutes. Philadelphia pp. 263275.

92. LeGeros RZ (2002) Properties of osteoconductive biomaterials: calcium
phosphates. Clin Orthop Relat Res 395: 81-98.

a. Liu J, Jin TC, Chang S, Czajka Jakubowska A, Clarkson BH (2011) Adhesion
and growth of dental pulp stem cells on enamel-like fluorapatite
surfaces. J Biomed Mater Res A 96(3): 528-534.
19224

Volume 25- Issue 3
b. Kushwaha M, Pan X, Holloway JA, Denry IL (2012) Differentiation of
human mesenchymal stem cells on niobium-doped fluorapatite glassceramics. Dent Mater 28(3): 252-260.

c. Guo T, Li Y, Cao G, Zhang Z, Chang S, et al. (2014) Fluorapatite-modified
scaffold on dental pulp stem cell mineralization. J Dent Res 93(12):
1290-1295.
93. Cook SD (1992) Hydroxyapatite-coated total hip replacement. Dent Clin
North Am 36: 235-238.
94. Ahoki H (1994) Medical Applications for Hydroxyapatite. St. Louis
Ishikayu Euro America.
95. Junqueira Carlos L, Carneiro J (2003) Basic Histology. Text & Atlas 10.

96. Bronzino JD (2002) The Biomedical Engineering Handbook. 2 Boca
Raton.

97. Calandrelli L, Immirzi B, Malinconicon M, Luessenheide S, Passaro I, et
al. (2004) Natural and synthetic hydroxyapatite filled PCL: mechanical
properties and biocompatibility analysis. J Bioact Compat Polym 19(4):
301-313.

DOI: 10.26717/BJSTR.2020.25.004212
k.

Faig Martia J, Gil Murb FJ (2008) Rev Esp Cir Ortop Traumatol 52: 113.

m.

Poinern G, Brundavanam R, Mondinos N, Jiang ZT (2009) Synthesis
and characterisation of nanohydroxyapatite using an ultrasound
assisted method. Ultrason Sonochem 16(4): 469474.

l.

n.
o.

p.
q.
r.

Dorozhkin SV (2010) Bioceramics of calcium orthophosphates.
Biomaterials 31(7): 1465-1485.

Raisz L (1999) Clin Chem 45: 1353.

Sun JS, Tsuang YH, Liao CJ, Liu HC, Hang YS, et al. (1997) The effects
of calcium phosphate particles on the growth of osteoblasts. J Biomed
Mater Res 37(3): 324.
Cai Y, Liu Y, Yan W, Hu Q, Tao J, et al. (2007) Role of hydroxyapatite
nanoparticle size in bone cell proliferation. J Mater Chem 17: 3780.
Balasundaram G, Webster TJ (2006) Nanomedicine 1: 169.

Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R (2000) Specific
proteins mediate enhanced osteoblast adhesion on nanophase
ceramics. J Biomed Mater Res 51(3): 475.

98. Hara T, Hayashi K, Nakashima Y, Kanemaru T, Iwamoto Y (1999) The
effect of hydroxyapatite coating on the bonding of bone to titanium
implants in the femora of ovariectomised rats. J Bone Joint Surg [Br] 81:
705-709.

s.

100. Du C, Cui FZ, Feng QL, Zhu XD, de Groot K (1998) Tissue response to
nano-hydroxyapatite/collagen composite implants in marrow cavity. J
Biomed Mater Res 15(42): 540-548.

u.

102. Webster TJ, Siegel RW, Bizios R (1999) Osteoblast adhesion on
nanophase ceramics. Biomaterials 20(13): 1221-1227.

107. Fitzpatrick LA, Severson A, Edwards WD, Ingram RT (1994) Diffuse
calcification in human coronary arteries. Association of osteopontin
with atherosclerosis. J Clin Invest 94(4): 1597-1604.

99. Rho JY, Kuhn Spearing L, Zioupos P (1998) Mechanical properties and
the hierarchical structure of bone. Med Eng Phys 20(2): 92-102.

101. Du C, Cui FZ, Zhu XD, de Groot K (1999) Three-dimensional nanoHAp/collagen matrix loading with osteogenic cells in organ culture. J
Biomed Mater Res 44(4): 407-415.

103. Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R (2000) Specific
proteins meidate enhanced osteoblast adhesion on nanophase
ceramics. J Biomed Mter Res 25: 4749-4754.
104. Woo KM, Zhang RY, Deng HY, Ma PX (2002) Protein-mediated osteoblast
survival and migration on biodegradable polymer/hydroxyapatite
scaffolds Trans. Soc. Biomater 25: 605.
b.
c.

d.
e.

j.

Poinern G, Brundavanam R, Mondinos N, Jiang ZT (2009) Synthesis
and characterisation of nanohydroxyapatite using an ultrasound
assisted method.Ultrason Sonochem 16(4): 469-474.
Chai CS, Ben Nissan B (1999) Bioactive nanocrystalline sol-gel
hydroxyapatite coatings J Mater Sci Mater Med 10: 465.

h.
i.

Kokubo T, Takadama H (2006) How useful is SBF in predicting in vivo
bone bioactivity? Biomaterials 27(15): 2907.

Ben Nissan B, Chai CS, Gross KA (1997) Bioceramics. In: Sedel L, Rey C
(Eds.)., Pergamon Paris 10.

f.

g.

Kokubo T, Kushitani H, Sakka S, Kitsugi T, Yamamuro TJ (1990)
Solutions able to reproduce in vivo surface‐structure changes in
bioactive glass‐ceramic A‐W3. Biomed Mater Res 24: 721.

Zheng W (2011) Master’s thesis Queensland University of Technology.

Wei M, Ruys AJ, Swain MV, Milthorpe BK, Sorrell CC (2005)
Hydroxyapatite-coated metals: Interfacial reactions during sintering.
J Mater Sci Mater Med 16: 101.
Wei M, Ruys AJ, Milthorpe BK, Sorrell CC, Evans JH (2001)
Electrophoretic Deposition of Hydroxyapatite Coatings on Metal
Substrates: A Nanoparticulate Dual-Coating Approach. J Sol Gel Sci
Technol 21: 39.
Massaro C, Baker MA, Cosentino F, Ramires PA, Klose S, et al. (2001) J
Biomed Mater Res 58: 651.

Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

t.

Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R (2000) Enhanced
functions of osteoblasts on nanophase ceramics. Biomaterials 21(7):
1803.
Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R (2001) Enhanced
osteoclast-like cell functions on nanophase ceramics. Biomaterials
22(11): 1327.
Kate Fox, Phong A Tran, Nhiem Tran (2012) Recent Advances in
Research Applications of Nanophase Hydroxyapatite.

105. Carlström D (1995) Acta Radiol. Stockholm 121.

106. Schmid K, McSharry WO, Pameijer CH, Binette JP (1980) Chemical
and physicochemical studies on the mineral deposits of the human
atherosclerotic aorta. Atherosclerosis 37(2): 199.

108. Guo L, Xia G, Cheng JC, Xingdong Z (2000) The Correlation of ZetaPotential and Crystallinity of Hydroxyapatite. 6th World Biomaterials
Congress 3: 1537.

109. Jin HJ, Fridrikh SV, Rutledge GC, Kaplan DL (2002) Electrospinning
Bombyx mori silk with poly(ethylene oxide). Biomacromolecules 3:
1233-1239.

110. Nadra I, Mason JC, Philippidis P, Florey O, Smythe CD, et al. (2005)
Proinflammatory activation of macrophages by basic calcium
phosphate crystals via protein kinase C and MAP kinase pathways:
a vicious cycle of inflammation and arterial calcification. Circ Res
96(12): 1248-1256.
111. Tintut Y, Patel J, Parhami F, Demer LL (2000) Tumor necrosis factoralpha promotes in vitro calcification of vascular cells via the cAMP
pathway. Circulation 102(21): 2636-2642.

112. Virmani R, Burke AP, Kolodgie FD, Farb A (2003) Pathology of the thincap fibroatheroma: a type of vulnerable plaque. J Interv Cardiol 16(3):
267-272.
113. Fujii K, Carlier SG, Mintz GS, Wijns W, Colombo A, et al. (2005)
Association of plaque characterization by intravascular ultrasound
virtual histology and arterial remodeling. Am J Cardiol 96(11): 14761483.
114. Virmani R, Burke AP, Farb A, Kolodgie FD (2006) Pathology of the
vulnerable plaque. J Am Coll Cardiol 47(8): 13-18.

115. Jeziorska M, McCollum C, Wooley DE (1998) Observations on bone
formation and remodelling in advanced atherosclerotic lesions of
human carotid arteries. Virchows Arch 433(6): 559-565.

116. Kolodgie FD, Burke AP, Farb A, Gold HK, Yuan J, et al. (2001) The thincap fibroatheroma: a type of vulnerable plaque: the major precursor
lesion to acute coronary syndromes. Curr Opin Cardiol 16(5): 285-292.
19225

Volume 25- Issue 3

DOI: 10.26717/BJSTR.2020.25.004212

117. Lin TC, Tintut Y, Lyman A, Mack W, Demer LL, et al. (2006) Mechanical
response of a calcified plaque model to fluid shear force. Ann Biomed
Eng 34(10): 1535-1541.

c.

119. Salcedo S, Nieto A, Vallet Regí M (2008) Hydroxyapatite/β-tricalcium
phosphate/agarose macroporous scaffolds for bone tissue engineering.
Chemical engineering journal 137(1): 62-71.

e.

118. Leon CA (1998) New perspectives in mercury porosimetry. Adv Colloid
Interface Sci 76: 341-372.

d.

120. Hulbert SF, Young FA, Mathews RS, Klawitter JJ, Talbert CD, et al. (1970)
Potential of ceramic materials as permanently implantable skeletal
prostheses. J Biomed Mater Res 4(3): 433-456.

f.

121. Chang BS, Lee C, Hong K, Youn H, Ryu H, et al. (2000) Osteoconduction at
porous hydroxyapatite with various pore configurations. Biomaterials
21: 1291-1298.

122. Leong KF, Cheah CM, Chua CK (2003) Solid freeform fabrication of
three-dimensional scaffolds for engineering replacement tissues and
organs. Biomaterials 24(13): 2363-2378.
123. Kuboki Y, Takita H, Kobayashi D, Tsuruga E, Inoue M, et al. (1998)
BMP-induced osteogenesis on the surface of hydroxyapatite with
geometrically feasible and nonfeasible structures: topology of
osteogenesis. J Biomed Mater Res 39(2): 190-199.

124. Harvey EJ, Bobyn JD, Tanzer M, Stackpool GJ, Krygier JJ, et al. (1999)
Effect of flexibility of the femoral stem on bone-remodeling and
fixation of the stem in a canine total hip arthroplasty model without
cement. J Bone Joint Surg Am 81(1): 93-107.
125. Steflik DE, Corpe RS, Young TR, Sisk AL, Parr GR (1999) The biologic
tissue responses to uncoated and coated implanted biomaterials. Adv
Dent Res 13: 27-33.

126. Simon JL, Roy TD, Parsons JR, Rekow ED, Thompson VP, et al. (2003)
Engineered cellular response to scaffold architecture in a rabbit
trephine defect. J Biomed Mater Res A 66(2): 275-282.
a.

b.

Teixeira S, Fernandes H, Leusink A, van Blitterswijk C, Ferraz MP, et al.
(2010) In vivo evaluation of highly macroporous ceramic scaffolds for
bone tissue engineering. J Biomed Mater Res 93(2): 567-575.

Woodard JR, Hilldore AJ, Lan SK, Park CJ, Morgan AW, et al. (2007) The
mechanical properties and osteoconductivity of hydroxyapatite bone
scaffolds with multi-scale porosity. Biomaterials 28(1): 45-54.

ISSN: 2574-1241
DOI: 10.26717/BJSTR.2020.25.004212

g.

h.
i.
j.
k.
l.
m.

Rezwan K, Chen QZ, Blaker JJ, Boccaccini AR (2006) Biodegradable
and bioactive porous polymer/inorganic composite scaffolds for bone
tissue engineering. Biomaterials 27(18): 3413-3431.

Holzwarth JM, Ma PX (2011) Biomimetic nanofibrous scaffolds for
bone tissue engineering. Biomaterials 32(36): 9622-9629.

Luo CJ, Muhammad Rafique Nangrejo, Mohan Edirisinghe (2010)
A novel method of selecting solvents for polymer electrospinning.
Polymer 51(7): 1654-1662.
Karageorgiou V, Kaplan D (2005) Porosity of 3D biomaterial scaffolds
and osteogenesis. Biomaterials 26(27): 5474-5491.
Bredt JF, Clark S, Gilchrist G (2006) Three-Dimensional Printing
Material System and Method. US Patent No. 7087109.

Leong MF, Chian KS, Mhaisalkar PS, OngWF, Ratner BD (2009) Effect
of electrospun poly (DL-lactide) fibrous scaffold with nanoporous
surface on attachment of porcine esophageal epithelial cells and
protein adsorption. J Biomed Mater Res A 89(4): 1040-1048.

McClure MJ, Sell SA, Simpson DG, Walpoth BH, Bowlin GL (2011) A
three-layered electrospun matrix to mimic native arterial architecture
using polycaprolactone elastin and collagen: a preliminary study. Acta
Biomater 6(7): 2422-2433.

Seyednejad H, Ji W, Schuurman W, Dhert WJ, Malda J, et al. (2011) An
Electrospun Degradable scaffold based on novel hydrophilic polyester
for tissue enigeering applications. Macromolecular Bioscience 11(12):
1684-1692.
Phipps MC, Clem WC, Grunda JM, Clines GA, Bellis SL (2012) Increasing
the pore sizes of bone-mimetic electrospun scaffolds comprised
of polycaprolactone collagen I and hydroxyapatite to enhance cell
infilteration. Biomaterials 33(2): 524-534.
Cictte KN, Elizabeth L Hedberg Dirk, Shawn M Dirk (2010) Sythesis
and electrospun fiber mats of low T(g) poly (propylene fumerate-copropylene maleate). J Appl Polym Sci 117: 1984-1991.

Sylvain Deville, Sylvain Meille, Jordi Seuba (2015) A meta-analysis of
the mechanical properties of icetemplated ceramics and metals 16(4):
043501.

Assets of Publishing with us

Al Bahrawy M. Biomed J Sci & Tech Res

• Global archiving of articles

Submission Link: https://biomedres.us/submit-manuscript.php

• Authors Retain Copyrights

This work is licensed under Creative
Commons Attribution 4.0 License

• Immediate, unrestricted online access
• Rigorous Peer Review Process
• Unique DOI for all articles

https://biomedres.us/

Copyright@ Al Bahrawy M | Biomed J Sci & Tech Res | BJSTR. MS.ID.004212.

19226

