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Abstract: The conventional applicability of biomaterials in the field of bone tissue engineering takes
into consideration several key parameters to achieve desired results for prospective translational
use. Hence, several engineering strategies have been developed to model in the regenerative
parameters of different forms of biomaterials, including bioactive glass and β-tricalcium phosphate.
This review examines the different ways these two materials are transformed and assembled with
other regenerative factors to improve their application for bone tissue engineering. We discuss the
role of the engineering strategy used and the regenerative responses and mechanisms associated
with them.
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1. Introduction
The Tissue Engineering field has rapidly expanded over the past two decades with promising
translational results [1]. Based on the growth in the numbers of publications, both the research and
clinical foci in the field of bone tissue engineering (BTE) are enormous. This is particularly driven by
current clinical limitations associated with the restoration of bone function such as immunological
complications associated with allografts, donor site morbidity [2]. BTE approaches provide better
solutions [3]. The most recent results in the area of stem bioprinting of biocompatible materials have
many potential translational applications [4].
This paper focuses on two key biocompatible materials: Bioactive Glass 45S5 (BAG) and
β-Tricalcium Phosphate (β-TCP) which have been used in BTE for decades [5–7]. Calcium Phosphate
(Ca-P) materials have the potential to become the biomaterials of the future. They are safe, found
naturally in our body, integrate with tissues easily and can be easily produced in large amounts at low
cost [8]. It remains a great challenge to design and successfully apply biomaterials such that structural
and functional restoration of native bone is accomplished, where by the remodelling of the biomaterial
completely synchronizes with the natural healing process (as illustrated in Figure 1), and the degree
of strength and stiffness required is maintained until new growing bone completely replaces and
degrades [9]. Taken altogether, a discussion of the regenerative foci of synthetic grafts, highlighting
the limitations and suggestion of approaches to improving their functionalities significance, deserves
greater scientific attention. We discuss the strategic transformation of BAG and β-TCP the mechanisms
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significance, deserves greater scientific attention. We discuss the strategic transformation of BAG and
β-TCP the mechanisms associated with them, towards the development of different forms of scaffold
associated with them, towards the development of different forms of scaffold matrices for applications
matrices for applications in BTE.
in BTE.
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nucleation [25], they have used as tactical entities in the construction of scaffold matrices in surface
modified interfaces [26]. Despite the remarkable clinical results of bioceramic phosphates in BTE, the
mechanisms associated with Ca-P induced bone formation are still obscure [8].
Nonetheless, the regenerative properties of BAG and β-TCP, as used in BTE, are governed by
their chemical makeups and physical properties, which can strongly influence regenerative activators
associated with repair and/or regeneration [27,28]. For some of the limitations associated with the
applications of BAG and β-TCP in BTE, several other engineering strategies have been designed
and applied to unleash their full regenerative capabilities. Among these limitations, 45S5 bioactive
glass has slow degradation rates and this may complicate resorption and formation of new bone [29].
It is crystalline when sintered and this makes it challenging to apply in making porous scaffold
matrices [30]. This limitation becomes particularly significant when controlling pore interconnectivity
to construct and achieve a three dimensional geometric configurations [31,32].
In regards to β-TCP, rate of resorption does not correspond to the rate of bone formation. Although
this is relative, the imbalance between resorption and osteogenesis have implications in the quality
of new bone formed. Additionally, the brittle nature of β-TCP, lessens the toughness of constructs
and their ability to withstand collapse [33]. The application of several other strategies, among those
discussed below, are useful to alleviate some of these challenges.
Despite these limitations, the regenerative properties of β-TCP are quite distinct among
other calcium phosphate and widely used in bone regeneration [34]. β-TCP is considered both
osteoconductive and osteoinducive and its rate of resorption is higher compared to crystalline HA,
which resorbs much slower [35,36]. Also, amorphous calcium phosphate has high rate of solubility
and the rapid release of calcium and phosphates ions in aqueous can result in perturbation in the local
pH, which negatively affects the adhesion and proliferation of cells as well their viability [35].
To apply both BAG and β-TCP in fabricating suitable scaffolds, the engineering strategies will
involve: the transformation of the basic material properties (chemical or physical); designing the
appropriate geometry; optimizing the ratio of the constituent polymer or co-polymer used to achieve
mechanical stability; and constructing a unit three-dimensional porous architecture to facilitate tissue
ingrowth and perfusion of blood. This is a particularly standard approach applied in the reconstruction
of segmental defects [37]. Given, the strong connections between scaffold chemical and geometric
nature and regenerative response, we focus our discussions on key areas of scaffold development
and how transforming certain factors contribute towards robust scaffold properties and regenerative
responses. Where applicable we discuss the translational indicators associated with the applications
of these materials. Key subject areas in focus, related to the use of these materials, include porosity,
bonding, surface area-to-volume ratio, mechanical properties, differentiation, and energy gradients
based on material surface interaction. Additionally, other aspects in focus relate to surface modification,
antibiotic delivery in multifunctional scaffolds, and translational models used to test the function of
materials in bone repair or regeneration in BAG or β-TCP-based scaffold materials.
2. Scaffold Transformation for Regenerative Application
To ensure that cells’ growth and regenerative capabilities are properly modulated and maintained,
a scaffold should have one or more of these properties: osteoinduction (ability to induce stem cell
differentiation to the bone lineage), osteoconduction (ability to maintain an optimum condition for
neogenesis of the bone tissue), porosity, and mechanical stability [38–41]. From a performance-based
perspective, some of these properties are more distinct than others in certain kinds of synthetic or
natural materials. A selective transformation protocol allows us to enhance one or more properties
to produce a support infrastructure for the cells to grow and foster regeneration. The ultimate focus
in bone scaffold engineering is to be able to construct all the essential regenerative features in a
single scaffold template that is eventually replaced with completely vascularized bone in a patient,
irrespective of the bone defect size, shape and geometry.
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The regenerative sensitivity at the interface as a factor of regenerative response is not fully
investigated. To do so will require development of high throughput protocols to understand changes
in scaffold surface properties and how they impact regenerative susceptibility. This will provide
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The regenerative sensitivity at the interface as a factor of regenerative response is not fully
investigated. To do so will require development of high throughput protocols to understand changes
in scaffold surface properties and how they impact regenerative susceptibility. This will provide more
insight and predictability regarding the long-term regenerative profile of progenitor cells as applied in
bone tissue engineering. Additionally, other key indicators of cell fate would be clearer.
2.2. Surface Modification
In the surface modification method, a monomer serves as the precursor for the desired functional
group, serving as an initiator of the synthesis process. The concept of surface modification has been
applied in several other engineering protocols for development of biomimetic scaffolds. The major
surface modification techniques established and applied for the development of biomimetic scaffolds
are: radiofrequency plasma deposition [48–53], silane modification of glass and ceramics [54,55]
and thiol-based modification [56,57]. These forms of chemical interventions allow functional groups
with regenerative effects (e.g., amine, carboxylic rings) to be successfully grafted to the underlying
entity (e.g., another material forming part of the scaffold) to improve the regenerative potential of the
scaffold [58]. Functional groups also influence the differentiation cascades of stem cells. Studies have
demonstrated osteogenic differentiation of stem cells induced by the presence of amine functional
groups [59–61]. To our knowledge, surface modification of β-TCP and BAG aimed at specifically
assessing the role of a functional group via the insertion of functional rings for bone tissue regeneration
has not been widely reported. However, Jiang et al., have demonstrated that surface modified
BAG functionalized with amine for drug delivery also promotes formation of apatite layers and
thus possesses regenerative potential for bone tissue engineering [62]. The osteogenic potential of
amine-functionalized BAG is believed to be influenced by its positively charged surface and slow
degradation rate [58]. Research into the area of functional group-based surface modification screening
may lead to the development of highly mineralized scaffolds to maintain an ideal substrate-cell
interaction profile and improve the conditions of differentiation and proliferation [63]. Also, a study by
Keselowsky et al., showed that the amine functional group (–NH2), has more capability in adsorption
of fibronectin compared to –COOH, and –OH groups [64].
The regenerative performance of surface modified materials is highly influenced by the
hydrophilicity or hydrophobicity gradient established between the cell and the material. It is evident
that cells have more preference to hydrophilic surface substrates than hydrophobic ones [65]. It is
suggested that certain surface functional species of alkanethiols, carrying terminals such as –CH3,
–NH2, –OH, or –COOH, affect both cell adhesion and protein adsorption [65,66]. Others have gone
further to understand the activation process induced by these functional groups at the blood-material
interface and revealed that surfaces with high contact activation have low adhesion of platelet rich
plasma and blood. Hydrophobic-rich surfaces (–CH3, –COOH) showed no platelet adhesion. However,
a significant shift was observed upon incubation with citrated plasma rich platelets, and adhesion
was remarkably improved [67]. Others have shown that the hydrophobic gradient can be increased
by the addition of BAG nanoparticles. The addition of BAG nanoparticles to a polycaprolactone film
with an initial average contact angle of ~109.2◦ resulted in a significant decrease in contact angle,
measuring a final value of 54.7◦ [68]. The contact angle can be measured using any of the OCA15
(Dataphysics), Optical Tensiometer (Dyne Technology, Lichfield, Staffordshire, UK), Contact Angle
Meter (Holmarc Opto-Mechatronics Pvt. Ltd., Kochi, Kerala, India) or other machines. Given that
β-TCP is a hydrophobic material, its water retention property can be improved by mixing with γ-PGA
(poly (γ-glutamic acid)). Chemically, as the reaction proceeds, the α-C units off the carboxylic main
chain form a hydrogen bond to the –OH groups of the β-TCP [69].
2.3. Cells
Now that stem cells can be generated from somatic cells through reprogramming protocols based
on signal transduction and key transcription factors [70]; adult somatic cells reprogrammed as induced
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pluripotent stem cells (iPSCs), as shown in Figure 3, can be another potential source of cells for bone
tissue
[71].
J. Funct.engineering
Biomater. 2019, application
10, 16
6 of 18
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2.4. Micro-Architecture
2.4. Micro-architecture
Micro-architecture is a critical parameter of the scaffold and can significantly enhance regenerative
performance. The scaffold’s microporous matrix, composed of interconnected, three-dimensional
Micro-architecture is a critical parameter of the scaffold and can significantly enhance
networks of pores, supports the adhesion and growth of cells. The microenvironment further supports
regenerative performance. The scaffold’s microporous matrix, composed of interconnected, threethe regenerative performance of the scaffold by promoting ingrowth of new bone and vasculogenesis.
dimensional networks of pores, supports the adhesion and growth of cells. The microenvironment
The porous micro-architecture of the scaffold is critical in supporting cell survival by meeting the
further supports the regenerative performance of the scaffold by promoting ingrowth of new bone
mass-transport needs for nutrition, attachment, and migration [76]. Studies have shown that scaffolds
and vasculogenesis. The porous micro-architecture of the scaffold is critical in supporting cell
with pore diameters greater than 300 µm enhance vascularization [77,78]. It is also maintained that
survival by meeting the mass-transport needs for nutrition, attachment, and migration [76]. Studies
scaffolds in which more than 60% of pores are between 150 µm and 400 µm and 20% them less than
have shown that scaffolds with pore diameters greater than 300 µm enhance vascularization [77,78].
20 µm, are ideal. Scaffolds with less than 1 µm pore size promote bioactivity and protein interaction.
It is also maintained that scaffolds in which more than 60% of pores are between 150 µm and 400 µm
Porous materials with pore size ranging between 1 µm and 20 µm support cell growth, adhesion and
and 20% them less than 20 µm, are ideal. Scaffolds with less than 1 µm pore size promote bioactivity
migration. Moreover, pore diameters of 100 µm to 1000 µm enhance blood flow, bone ingrowth, and
and protein interaction. Porous materials with pore size ranging between 1 µm and 20 µm support
cell growth, adhesion and migration. Moreover, pore diameters of 100 µm to 1000 µm enhance blood
flow, bone ingrowth, and mechanical stability of the substrate [79]. Scaffolds with similar porous
properties can be generated that are made of β-TCP-ion doped matrices [80], Polyacrolactone/β-TCP
scaffold [81]. Other factors that influence porosity include material chemistry, fabrication,
temperature, and chemical bonds formed between the constituent materials making up the scaffold.
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mechanical stability of the substrate [79]. Scaffolds with similar porous properties can be generated that
are made of β-TCP-ion doped matrices [80], Polyacrolactone/β-TCP scaffold [81]. Other factors that
influence porosity include material chemistry, fabrication, temperature, and chemical bonds formed
between the constituent materials making up the scaffold. In this regard, particle size modelling and
bonding chemistry, which are discussed further, have been creatively applied to improve scaffold
regenerative properties and applicability in bone tissue engineering or regeneration.
2.5. Nano-Architecture
The fabrication of nano- size ceramic structures has been shown to improve bone regenerative
performance. Nanoparticles have been used as target units to modulate the surface area to volume
ratio and surface roughness of scaffolds [82]. β-TCP and BAG micro particles can be transformed
to nanoscale length to improve scaffold regenerative performance and reinforce osteoinduction,
mechanical stability, and the delivery profile of growth agents or antimicrobial agents as applied
in bone tissue engineering. Cells co-cultured with BAG nanoparticles showed higher expression of
prominent osteogenic markers ALP and RNX2, compared with other nanoparticles [83]. Additionally,
for BAG, prepared using the sol-gel method, its nanoporosity significantly affected its rate of dissolution
and silica release profile in simulated body fluid. These processes influence apatite nucleation and
bioactivity [84]. The fabrication of PLLA nanocomposite using β-TCP nanoparticles as the building
unit, demonstrated positive influence in porosity, compressive modulus, protein adsorption profile
and affinity towards osteoblast adhesion [85].
2.6. Dopants
Dopants facilitate the activation of important regulatory/molecular precursors (collagen I and
osteocalcin) associated with early bone formation [86,87]. It is also reported that by introducing ion
dopants, the structural mesoporosity of BAG, sheared by phosphorus pentoxide (P2 O5 ), is changed.
The mechanism regulating the change in structural geometry is due to the presence of P2 O5 , which
propagates the formation of clusters of divalent cations and this impacts it regenerative property [88].
Others have doped TCP with metal oxides to improve mechanical strength, control resorption and
osteoconduction. Results indicate stability and early stages of osteoid formation [89].
3. Application of Regenerative Scaffold for BTE and or Regeneration
The many functional regenerative indicators of BAG and β-TCP are evident in how they are
transformed. In a similar way, their applications are targeted to the direction at which they have been
transformed. This will be discussed in the following sub sections.
3.1. Construct for Reconstruction of Segmental Defects
A reconstructive strategy has been presented for the repair of canine mandibular bone defects with
stromal cells delivered on a mechanically stable scaffold made of β-Tricalcium Phosphate. The stromal
cells, osteogenically treated in dexamethasone, β-phosphoglycerol media prior to interacting with
scaffolds, maintained their osteogenic phenotype [90]. The resorbability of the substrate prevents the
implant from remaining in the bone tissue. This study have demonstrated that incorporating rod
shaped β-TCP particles produced evidence of improved bone development [91]. However, it is worth
noting that rapid resorption of the substrate may inhibit proper bone tissue deposition and thus an
appropriate balance between bone formation and scaffold resorption needs to be maintained. It has
been speculated that proper bioresorption depends on the biological activity of the recipient bone
cells and as such may vary between different cells types [91]. An approach to reconstruction of a
critical size mandibular defect in minipig model is shown in Figure 4. Early implantation was made of
scaffolds seeded with autogenous cells, treated with osteogenic factors and incubated in a rotational
oxygen-permeable bioreactor for 2 weeks prior to implantation.
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3.2. Delivery
BAG nanoparticles can serve as a reservoir for biological molecules, and they and their
BAG nanoparticles can serve as a reservoir for biological molecules, and they and their
nanointerface can facilitate adhesion of osteoprogenitor cells and promotion of vascularized bone
nanointerface can facilitate adhesion of osteoprogenitor cells and promotion of vascularized bone
ingrowth. The physical properties of the glass can be optimized to target other biologic responses
ingrowth. The physical properties of the glass can be optimized to target other biologic responses
associated with bone development [97]. BAG’s functional capabilities are not limited to bone growth
associated with bone development [97]. BAG’s functional capabilities are not limited to bone growth
function, as BAG can control microbial activity around the defect and this promote proper healing [98].
function, as BAG can control microbial activity around the defect and this promote proper healing
[98]. A study on S53P4 bioactive glass, demonstrated bactericidal effects on several clinically
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A study on S53P4 bioactive glass, demonstrated bactericidal effects on several clinically important
panels of anaerobic bacteria. The mechanism of the bactericidal effect was due to the release of the
cations in the aqueous medium. When the cations are released, pH and osmotic pressure increase and
partly explain the growth inhibition effect. The high concentration of alkali and calcium ions may also
have been responsible for the perturbation of the membrane potential of bacteria [30,99].
Comparatively, β-TCP does not elicit a bactericidal effect in its natural form. However, β-TCP can
be further processed for the efficient load and delivery of antibiotics. The fabrication of microporous
structural units of β-TCP can provide stability to deliver antibiotic compounds. The maintenance
of stability during loading and delivery was more prominent in β-TCP microporous constructs
compared to powder or granular forms of β-TCP, which are too unstable for delivery purpose [100].
The functionalization of β-TCP with oxides of zinc and silver can achieve dual functionality, serving as
a regenerative substrate and antimicrobial substance [101,102].
Additionally, by modifying the structural geometry of the material, drug molecules can be
systematically incorporated and released using β-TCP or BAG. This approach has quite useful
prospective translational benefits as a drug delivery system. It has the benefits of sparing patients from
the adverse effects of using non-degradable PMMA (poly (methyl methacrylate)) beads, for which a
second operation is required to remove them after the antibiotics have been released [100]. Additionally,
given that the risk of impairment of bone regeneration due to bacterial colonization is high and can
cause necrosis of tissue (especially periodontal), the role of β-TCP and BAG applied as resorbable
delivery agents is an important one.
The articles referenced in Table 1, outlined different methods of transforming β-TCP to serve as
an antimicrobial delivery agent. It should however, be noted that the excellent stability and delivery
response profiles demonstrated by these materials (BAG and β-TCP) were not exclusively tested or
investigated for regenerative applicability in bone tissue damage repair and/or regeneration.
Table 1. The processing and application of β-TCP with other materials as agent for bacterial control.
Material

Ag/β-TCP

Method

Form

Activity Test

Observations

Ref.

Doping

Nanoparticles Pore
interconnectivity with
even distribution of
macropores.

L929 cells; S.
epidermidis
and S. aureus

Significant inhibition
of bacteria and no
toxic effect to
fibroblast cells

[101]

[103]

[104]

PEG/β-TCP

Plasma
polymerization

Disc

S. aureus

Exhibited a
controlled release
profile of
antimicrobial drug
and showed astrong
bactericidal effect

Zn/β-TCP

Sol-gel

Nanoparticles
Nanoparticle size
(10-500nm)

S.aureus, E.
coli, S. typhi

Zn-β-TCP (3.2wt% of
Zn) showed the most
antibacterial activity

1

Zn (zinc); PEG (polyethylene glycol); Ag (silver); PLA (polylactic acid).

However, from a material science perspective, authors provided vital knowledge about the
technical processing of β-TCP, which could be applied towards the engineering of scaffolds for BTE.
3.3. Reinforcement of Stability in Guided Bone Regeneration (GBR) Membrane
Both BAG and β-TCP also been selectively applied in GBR. Exhaustive analyses and review of
GBR are captured by [105–107]. The concept of guided bone regeneration was first introduced by
Hurley et al. in 1959 [108]. In GBR, a membrane is applied around the defect area, which assists in
containing blood clot and separating the defect site from the bordering connective tissues, thereby
providing space for formation of new bone cells and regeneration of the defect [109].
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Currently, both synthetic and naturally derived resorbable membranes for GBR are commercially
available. The synthetic materials include PGA (polyglycolic acid), PLA (polylactic acid), PCL
(polycaprolactone) and their derivatives or copolymers. These membranes are clinically beneficial
owing to their excellent biocompatibility, biodegradability and tissue integration properties. However,
such polyester-based membranes may lose mechanical strength when incubated during cell culture.
To solve this drawback, BAG or β-TCP have been used to reinforce membrane stability and
improve membrane bioactivity for GBR. Other naturally derived membranes, such as collagen, have
poor mechanical stability, and uncontrollable degradation rates. Their derivation from mainly animal
or human origin increases the risk of disease transmission [106,107,110]. As a result, the development
of other resorbable, biocompatible membranes of natural origin, like chitosan and alginate, have
gained attention [105]. In Table 2, recent studies investigating β-TCP for guided bone regeneration in
animal models have been summarized.
Table 2. In vivo studies of composites comprising β-TCP for guided bone regeneration.
Material

rhBMP-2/PCL/
PLGA/β-TCP

PCL/PLGA/
β-TCP/rhBMP-2

PCL/PLGA/
β-TCP

Fabrication

3D printing

Model/Defect

Calvaria, rabbit

3D printing

Lower Jaw,
Beagle Dog

3D printing

Extracted
premolars;
mandibular
alveolar ridge;
Beagle Dog

Time Points

Results

Ref.

8 weeks

Bone turn over significantly higher than
control group (p < 0.05).
Bone to implant contact ratio significantly
higher (p < 0.05).
Full or partial absorption of implant
observed.

[111]

4 to 8 weeks

The stability of the membrane was
maintained at 4 weeks
(post-implantation).
Complete healing; new bone deposition
observed.
Significant increase in bone formation
from 4 to 8 weeks.
No inflammatory reaction.

[109]

8 weeks

Higher levels of new bone area and bone
implant contact, compared to the control
(collagen membrane).
Remaining biomaterial was much higher
compared to control.
Results were insignificant to each other.

[112]

[113]

Modified
Silk/β-TCP

Casting,
particle
deposition

Rabbit;
Calvaria

5 and 10 weeks

Control (collagen membrane)
Rate of resorption higher in control
compared to membrane.
Silk/β-TCP highly support bone
formation and restoration of
microarchitecture of defect compared to
the control.
Less statistical difference from
histomorphometric data between the two
(p < 0.05).

β-TCP/HA
granules

N/A

Minipig; Lower
premolar

3 and 8 weeks

Group with higher percentage of β-TCP
(90%) showed more mineralized bone.

[114]

[115]

[116]

Gelatin/β-TCP

Freeze-dried/
Cross-linking

Calvaria, Rat

2, 4, 8 weeks

Bone volume was higher in
Gelatin/β-TCP membrane compared to
control.
Absorption was greater in collagen
compared to Gelatin/β-TCP.
No significant difference in bone volume
between collagen
membrane and Gelatin/β-TCP.

Bio-Oss/
β-TCP/rhPDGF

N/A

Calvaria; Rat

2, 4, 6, 8, 10
weeks

Significant increase in bone
mineral density.
A 30% reduction in mean volume of
remnant bone particles.

2

PCL (polycaprolactone); rhPDGF (recombinant human platelet-derived growth factor); N/A (no explicit
description of the material development process).

J. Funct. Biomater. 2019, 10, 16

11 of 18

In another study, the increase in tensile strength in a PLLA membrane resulted from the addition
of strontium borosilicate bioactive glasses. This response was created as cations derived from the
microparticles cross-linked with the carboxyl groups of the PLLA. The bonding triggers an interlinkage
in the membrane and yields a corresponding increase in Young’s modulus [117].
The combination of β-TCP with recombinant human growth factor, applied to improve the
performance of a Bio-OSS™ (Geistlich Pharma, Wolhusen, Switzerland ) membrane, was aimed at
increasing bone mineral density. The growth factors profoundly mediated the regulatory signal
associated with growth and differentiation of the cells. The addition of β-TCP fostered both resorption
of the membrane and quality of new bone [116]. In a different study, β-TCP blended with PLGA (poly
(lactic-co-glycolic acid)) and PCL displayed increased elastic modulus and surface roughness properties
in a 3D printed membrane. The membrane was applied over buccal defects, aimed at preserving the
underlying tissue, and protecting the area from exposure to blood, saliva and irrigation [112].
3.4. Reinforcement of Mechanical Stability
The mechanical stability can be enhanced by incorporation of ceramic particles likes BAG.
A study by Li et al. (2015) shows increased surface roughness, hydrophilicity, and flexibility in
chitosan-based GBR membrane, after incorporation of BAG and PHBV (poly (3-hydroxybutyrate-co3-hydroxyvalerate)) microspheres. The membrane promoted cell adhesion, ALP activity, sustained
and controlled release of drug molecules. The applicability of these kinds of membrane may be useful
in GBR of periodontitis where mechanical stability to prevent failure is essential. In a similar vein,
given that BAG can be applied in regeneration of hard or soft tissue, it can be a remarkable candidate
for periodontal application [12,118].
Towards the development of a gelatin- β-TCP scaffold, the β-TCP mainly contributed to the
mechanical strength of the membrane. This was prepared by initially making a slurry of gelatin-β-TCP,
which was later lyophilized and cross-linked. The membrane was more than twice as strong as a
collagen membrane and its ALP activity also increased. This biological response was closely associated
with hydrophilicity, and reinforced osteoconductivity of the membrane due to the β-TCP. Histology
results confirmed bone formation. However, there was no significant difference in bone volume
between the two membranes when compared to the untreated control [115].
4. Summary and Conclusion
One key challenge remains, which is specifically how to institute all the essential regenerative
features in a single scaffold template that is converted to the patient’s own vascularized bone. To the
extent that we defined the different parameters of constructing or reconstituting a bone-regenerative
scaffold by different methods, it is worth noting that these parameters are not independent of each other,
especially during the fabrication process of the scaffold. The aim is to give a technical perspective on
how to interlock and combine a smart engineering strategy to assure stability, regenerative sensitivity
and enrichment of substrates.
Therefore, exploiting these forms of design is expected to produce a robust method for designing
scaffolds especially in co-construct development where one modelling strategy might not be sufficient
for creating a substrate infrastructure with multifunctional capabilities. The regenerative applicability
of bioactive glass and β-tricalcium phosphate largely stems from their physiological reactivity,
cyto-sensitivity and influences on the cascades of stem cell differentiation and development of new
bone tissue. Both β-TCP and BAG are easily transformed into different forms and shapes, embedded
in polymer matrices, and sandwiched with other growth factors to improve their application potentials
in the field of bone tissue engineering.
To design a sacrificial template for the restoration of bone defects, these materials serve as
regenerative entities that modulate the regenerative capabilities of biomaterial-based substrates in
a variety of ways. The research covered in this article includes both in vitro and in vivo studies.
The assessments provide a strategic outlook in the role of these materials and how they are strategically
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used to achieve bone regeneration. We discussed the use of these materials and their roles in
addressing drawbacks and reinforcing the capabilities of other polymers, applied in bone tissue
engineering. We focused our discussions on parameters including porosity, surface area-to-volume
ratio, mechanical stability, initiators of differentiation cascades, charge gradients based on material
surface-cell interaction, reinforcement of stability (both mechanical and regenerative) of substrates,
functional-group-based surface modification, antibiotic delivery in multifunctional application of
scaffolds, translational applicability in different screening models (in vivo) as well as a justification
of the engineering strategy used, where applicable and necessary for better understanding of the
concept-based design.
Finally, for biomaterials of the future, it will be compelling to apply advanced tools of molecular
biology, e.g., genomic sequencing, and proteomics to understand the ‘regenerative language’ of stem
cells when combined with these materials and how the transformation of their functional properties
affects the sequence of biological events associated with repair or regeneration. Additionally, the
design of in vitro and in vivo models to further investigate the resorptive properties of β-TCP and
bioactive glass-based scaffolds, will offer more clues into the complex mechanism of biomaterial
resorption, in regenerative reconstruction of large defects. This is a still a major challenge in the field.
Author Contributions: All authors have contributed to the manuscript. B.L. and Q.Y. chose the topic; B.L.
performed the literature search; C.X. and Y.H. advised on the structure of the manuscript; B.L. wrote the
manuscript; M.P.O. and Q.Y. edited the manuscript; M.J.T. and Q.Y. provided substantial improvement in the
content and approved the manuscript before submission.
Funding: This project in part is funded by the Australian Government Research Training Program Scholarship,
The University of Queensland; The University of Queensland Strategic Grant (Ye 2015), MGH-OMFS Education
Research Fund, The Lynn Foundation; The Jean Foundation; The Walter C. Guralnick Fund.
Acknowledgments: The authors would like to extend sincere thanks to Lim Li Yang for the illustrations.
Conflicts of Interest: The authors have no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.

8.
9.

10.
11.

Gomes, M.E.; Rodrigues, M.T.; Domingues, R.M.; Reis, R.L. Tissue engineering and regenerative medicine:
New trends and directions—A year in review. Tissue Eng. Part B. Rev. 2017, 23, 211–224. [CrossRef] [PubMed]
Rose, F.R.; Oreffo, R.O. Bone tissue engineering: Hope vs hype. Biochem. Biophys. Res. Commun. 2002, 292,
1–7. [CrossRef]
Amini, A.R.; Laurencin, C.T.; Nukavarapu, S.P. Bone tissue engineering: Recent advances and challenges.
Crit. Rev. Biomed. Eng. 2012, 40, 363–408. [CrossRef]
Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773. [CrossRef]
[PubMed]
Hench, L.L. The story of Bioglass® . J. Mater. Sci. Mater. Med. 2006, 17, 967–978. [CrossRef]
Eliaz, N.; Metoki, N. Calcium phosphate bioceramics: A review of their history, structure, properties, coating
technologies and biomedical applications. Materials 2017, 10, 334. [CrossRef] [PubMed]
Dekker, R.; De Bruijn, J.; Van Den Brink, I.; Bovell, Y.; Layrolle, P.; Van Blitterswijk, C. Bone tissue engineering
on calcium phosphate-coated titanium plates utilizing cultured rat bone marrow cells: A preliminary study.
J. Mater. Sci. Mater. Med. 1998, 9, 859–863. [CrossRef] [PubMed]
Habraken, W.; Habibovic, P.; Epple, M.; Bohner, M. Calcium phosphates in biomedical applications: Materials
for the future? Mater. Today 2016, 19, 69–87. [CrossRef]
Kohli, N.; Ho, S.; Brown, S.J.; Sawadkar, P.; Sharma, V.; Snow, M.; García-Gareta, E. Bone remodelling in vitro:
Where are we headed?:-A review on the current understanding of physiological bone remodelling and
inflammation and the strategies for testing biomaterials in vitro. Bone 2018, 110, 38–46. [CrossRef]
Fu, Q.; Saiz, E.; Rahaman, M.N.; Tomsia, A.P. Bioactive glass scaffolds for bone tissue engineering: State of
the art and future perspectives. Mater. Sci. Eng. C Mater. Biol. Appl. 2011, 31, 1245–1256. [CrossRef]
Abdollahi, S.; Ma, A.C.C.; Cerruti, M. Surface transformations of Bioglass 45S5 during scaffold synthesis for
bone tissue engineering. Langmuir 2013, 29, 1466–1474. [CrossRef] [PubMed]

J. Funct. Biomater. 2019, 10, 16

12.
13.
14.
15.
16.
17.

18.
19.
20.

21.
22.

23.
24.
25.
26.

27.
28.

29.

30.
31.

32.
33.

13 of 18

Miguez-Pacheco, V.; Hench, L.L.; Boccaccini, A.R. Bioactive glasses beyond bone and teeth: Emerging
applications in contact with soft tissues. Acta Biomater. 2015, 13, 1–15. [CrossRef] [PubMed]
Yu, H.; Peng, J.; Xu, Y.; Chang, J.; Li, H. Bioglass activated skin tissue engineering constructs for wound
healing. ACS. Appl. Mater. Interfaces 2015, 8, 703–715. [CrossRef]
Jones, J.R.; Brauer, D.S.; Hupa, L.; Greenspan, D.C. Bioglass and bioactive glasses and their impact on
healthcare. Int. J. Appl. Glass Sci. 2016, 7, 423–434. [CrossRef]
Naseri, S.; Lepry, W.C.; Nazhat, S.N. Bioactive glasses in wound healing: Hope or hype? J. Mater. Chem. B
2017, 5, 6167–6174. [CrossRef]
Tang, Z.; Li, X.; Tan, Y.; Fan, H.; Zhang, X. The material and biological characteristics of osteoinductive
calcium phosphate ceramics. Regen. Biomater. 2017, 5, 43–59. [CrossRef] [PubMed]
Liu, Y.; Hunziker, E.; Randall, N.; De Groot, K.; Layrolle, P. Proteins incorporated into biomimetically
prepared calcium phosphate coatings modulate their mechanical strength and dissolution rate. Biomaterials
2003, 24, 65–70. [CrossRef]
Sharpe, J.; Sammons, R.; Marquis, P. Effect of pH on protein adsorption to hydroxyapatite and tricalcium
phosphate ceramics. Biomaterials 1997, 18, 471–476. [CrossRef]
El-Ghannam, A.; Ducheyne, P.; Shapiro, I. Effect of serum proteins on osteoblast adhesion to surface-modified
bioactive glass and hydroxyapatite. J. Orthop. Res. 1999, 17, 340–345. [CrossRef] [PubMed]
Rouahi, M.; Champion, E.; Gallet, O.; Jada, A.; Anselme, K. Physico-chemical characteristics and protein
adsorption potential of hydroxyapatite particles: Influence on in vitro biocompatibility of ceramics after
sintering. Colloids. Surf. B Biointerfaces 2006, 47, 10–19. [CrossRef]
Koutsopoulos, S.; Dalas, E. The effect of acidic amino acids on hydroxyapatite crystallization. J. Cryst. Growth
2000, 217, 410–415. [CrossRef]
Bar-Yosef Ofir, P.; Govrin-Lippman, R.; Garti, N.; Füredi-Milhofer, H. The influence of polyelectrolytes on the
formation and phase transformation of amorphous calcium phosphate. Cryst. Growth Des. 2004, 4, 177–183.
[CrossRef]
Combes, C.; Rey, C. Adsorption of proteins and calcium phosphate materials bioactivity. Biomaterials 2002,
23, 2817–2823. [CrossRef]
Barrère, F.; van Blitterswijk, C.A.; de Groot, K. Bone regeneration: Molecular and cellular interactions with
calcium phosphate ceramics. Int. J. Nanomed. 2006, 1, 317.
Vasin, S.L.; Rosanova, I.B.; Sevastianov, V.I. The role of proteins in the nucleation and formation of
calcium-containing deposits on biomaterial surfaces. J. Biomed. Mater. Res. 1998, 39, 491–497. [CrossRef]
Takahashi, Y.; Yamamoto, M.; Tabata, Y. Enhanced osteoinduction by controlled release of bone
morphogenetic protein-2 from biodegradable sponge composed of gelatin and β-tricalcium phosphate.
Biomaterials 2005, 26, 4856–4865. [CrossRef]
Thomas, A. Preparation and Characterization of Gelatin-Bioactive Glass Ceramic Scaffolds for Bone Tissue
Engineering. J. Biomater. Sci. Polym. Ed. 2019, 1–16. [CrossRef] [PubMed]
Bothe, F.; Lotz, B.; Seebach, E.; Fischer, J.; Hesse, E.; Diederichs, S.; Richter, W. Stimulation of calvarial
bone healing with human bone marrow stromal cells versus inhibition with adipose-tissue stromal cells on
nanostructured β-TCP-collagen. Acta Biomater. 2018, 76, 135–145. [CrossRef]
Huang, W.; Day, D.E.; Kittiratanapiboon, K.; Rahaman, M.N. Kinetics and mechanisms of the conversion of
silicate (45S5), borate, and borosilicate glasses to hydroxyapatite in dilute phosphate solutions. J. Mater. Sci.
Mater. Med. 2006, 17, 583–596. [CrossRef]
Jones, J.R. Reprint of: Review of bioactive glass: From Hench to hybrids. Acta Biomater. 2015, 23, S53–S82.
[CrossRef]
Zhang, L.; Ke, X.; Lin, L.; Xiao, J.; Yang, X.; Wang, J.; Yang, G.; Xu, S.; Gou, Z.; Shi, Z. Systematic evaluation
of the osteogenic capacity of low-melting bioactive glass-reinforced 45S5 Bioglass porous scaffolds in rabbit
femoral defects. Biomed. Mater. 2017, 12, 035010. [CrossRef] [PubMed]
El-Rashidy, A.A.; Roether, J.A.; Harhaus, L.; Kneser, U.; Boccaccini, A.R. Regenerating bone with bioactive
glass scaffolds: A review of in vivo studies in bone defect models. Acta Biomater. 2017, 62, 1–28. [CrossRef]
Liu, B.; Lun, D.x. Current application of β -tricalcium phosphate composites in orthopaedics. Orthop. Surg.
2012, 4, 139–144. [CrossRef]

J. Funct. Biomater. 2019, 10, 16

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.
48.
49.

50.
51.

52.

14 of 18

Gao, P.; Zhang, H.; Liu, Y.; Fan, B.; Li, X.; Xiao, X.; Lan, P.; Li, M.; Geng, L.; Liu, D. Beta-tricalcium
phosphate granules improve osteogenesis in vitro and establish innovative osteo-regenerators for bone
tissue engineering in vivo. Sci. Rep. 2016, 6, 23367. [CrossRef] [PubMed]
Samavedi, S.; Whittington, A.R.; Goldstein, A.S. Calcium phosphate ceramics in bone tissue engineering:
A review of properties and their influence on cell behavior. Acta Biomater. 2013, 9, 8037–8045. [CrossRef]
Baheiraei, N.; Nourani, M.R.; Mortazavi, S.M.J.; Movahedin, M.; Eyni, H.; Bagheri, F.; Norahan, M.H.
Development of a bioactive porous collagen/β-tricalcium phosphate bone graft assisting rapid
vascularization for bone tissue engineering applications. J. Biomed. Mater. Res. A 2018, 106, 73–85. [CrossRef]
Roohani-Esfahani, S.-I.; Newman, P.; Zreiqat, H. Design and fabrication of 3D printed scaffolds with a
mechanical strength comparable to cortical bone to repair large bone defects. Sci. Rep. 2016, 6, 19468.
[CrossRef] [PubMed]
Popov, A.; Sergeeva, N.; Britaev, T.; Komlev, V.; Sviridova, I.; Kirsanova, V.; Akhmedova, S.; Dgebuadze, P.Y.;
Teterina, A.Y.; Kuvshinova, E. Some Physical, Chemical, and Biological Parameters of Samples of
Scleractinium Coral Aquaculture Skeleton Used for Reconstruction/Engineering of the Bone Tissue. Bull. Exp.
Biol. Med. 2015, 159, 494–497. [CrossRef]
Williams, J.M.; Adewunmi, A.; Schek, R.M.; Flanagan, C.L.; Krebsbach, P.H.; Feinberg, S.E.; Hollister, S.J.;
Das, S. Bone tissue engineering using polycaprolactone scaffolds fabricated via selective laser sintering.
Biomaterials 2005, 26, 4817–4827. [CrossRef] [PubMed]
Shor, L.; Güçeri, S.; Wen, X.; Gandhi, M.; Sun, W. Fabrication of three-dimensional polycaprolactone/
hydroxyapatite tissue scaffolds and osteoblast-scaffold interactions in vitro. Biomaterials 2007, 28, 5291–5297.
[CrossRef] [PubMed]
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