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A B S T R A C T   

Tissue engineering constructs (TECs) combining resorbable scaffolds, cells and/or reactive agents are required 
for bone regeneration. New green ceramic processing methods allow fabricating layered and gradient porous 
structures. Dense bioceramics with sufficient strength that keep their microstructure when incorporating porosity 
are required. Bioceramics in the system tricalcium phosphate-wollastonite-diopside are reviewed. Tailoring of 
microstructures to improve their mechanical and biological behaviors and their potential for TECs are analyzed. 
First, a brief discussion on bone properties and requirements for biomaterials and the capabilities and limits of 
glasses and glass-ceramics formulated in the system is done. Then, the relationships between the microstructure 
and the mechanical behavior of single-phase and composite bioceramics are discussed. TCP-D-W microstructures 
with adequate mechanical performance support viability and osteogenic differentiation of human mesenchymal 
stem cells (hASCs) and their colonization by hASCs presents specific morphological features that make them 
adequate for TECs.   

1. Introduction 

Bone-associated diseases due to aging, traumas, congenital defects or 
surgical removal of tumors are one of the most important current public 
health problems. Bone tissue possesses a natural regenerative capacity 
that is sufficient for the healing of small sites of damage, such as some 
types of fractures, however, defects that exceed a critical size (typically 
>2 cm, depending on the anatomical site) cannot heal unaided. Specific 
clinical intervention for functional restoration and complete healing is 
usually needed for large defects. 

As a result, bone is the second most commonly transplanted tissue 
worldwide, with millions of operations using bone grafts and bone 
substitute materials annually [1,2]. Frequently, treatments involve im-
plantation of a temporary or a permanent prosthesis, which is chal-
lenging, especially when dealing with large defects. 

In most cases, bone grafts harvested from the patients themselves 
(autografts) are used. Also, animal derived (xenografts) and human al-
lografts are suitable solutions. However, all biological-type transplants 
have drawbacks due to limited amount of donor tissues, donor site 
morbidity, and/or potential risks of immunological incompatibility and 
disease transfer. 

Synthetic biomaterials might avoid the immunological and disease 

risks. In addition, they can be produced in large quantities with 
acceptable costs and are relatively easily certified for clinical applica-
tions [3]. Thus, they present advantages for the healthcare systems 
which are overcharged by the increase of bone diseases related to ageing 
and accidents. Even though synthetic biomaterials are widely used for 
repair, regeneration, and replacement of damaged bone, their perfor-
mance is still considered inferior to that of autologous bone so they 
deserve further improvements before they could successfully replace 
treatments based of natural bone grafts and biologics. Therefore, one of 
the main subjects of materials science is the research on artificial ma-
terials for bone tissue therapies. 

Granules of bioactive and resorbable materials are successfully used 
for bone repair. However, their use is limited when dealing with large 
defects and/or load bearing applications. In such cases, it has been 
proposed the use of engineered structures combining resorbable scaf-
folds, cells and/or reactive agents as growth factors or antibiotics: tissue 
engineering constructs (TEC). In the ideal case, these structures would 
facilitate host cells to deposit extracellular matrix (ECM) and replace the 
scaffold structure over time. 

Apart from an adequate design of the scaffold architecture, the 
properties of the material that constitutes the wall of the scaffold are 
basic for scaffold performance. Materials for scaffolds with a successful 
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balance between the properties needed for adequate cellular function 
and viability and adequate mechanical strength constitute a main 
research field. In this sense, the problem can potentially be solved by 
developing multiphase materials containing highly dissolvable phases 
and low resorbing phases with improved mechanical behavior. As it will 
be discussed in this paper, the mechanical behavior of bio-glasses, glass- 
ceramics and ceramics (in general bioceramics) for bone regeneration is 
a recurring issue. 

The classical thinking about scaffolds for bone regeneration envis-
ages monolithic scaffolds with sufficient structural integrity while con-
taining high amounts of large connected pores. Such an approach can be 
replaced nowadays thanks to the available new green ceramic process-
ing methodologies that permit the fabrication of layered and gradient 
structures with different levels of porosity. Then, solving the problem of 
mechanical performance of bioceramics can be approached by the 
development of relatively dense materials with sufficient strength that 
keep their microstructure when they incorporate porosity. In this way, 
the mechanical performance of the wall of the porous structure is 

assured. This approach requires the selection of compositions and sin-
tering processes that lead consistently to similar phase content and 
distribution starting from green bodies with different characteristics. 

In the field of ceramics, the most successful polycrystalline bio-
ceramics for bone regeneration are calcium orthophosphates (CaPO4- 
based, CPs), in particular, hydroxyapatite (Ca10(PO4)6(OH)2; HAp) [4, 
5], β-tricalcium phosphate (β-Ca3(PO4)2; β-TCP) [4,6], and their mix-
tures called biphasic calcium phosphates (BCP) [7–9] Their interest is 
based on the compositional similarity with the main component of bone, 
an apatitic calcium phosphate, which assures their biocompatibility and 
simplifies the regulatory path leading to the approval for clinical use. 
Some CPs, with specific properties, are claimed to possess the bone 
regenerative potential in vivo comparable to that of autologous bone. 
Main drawback of these materials is that they usually lack osteoinduc-
tive potential and their poor mechanical performance. 

The development of CPs-based ceramics and ceramic-ceramic com-
posites incorporating biologically active ions for inorganic scaffolds 
with sufficient mechanical properties and adequate biological response 

Fig. 1. a) Schematic representation of the Quaternary phase equilibrium diagram showing the location of the Ca3(PO4)2–CaSiO3–CaMg(SiO3)2 system. 
b)-c) Liquidus surface of the system TCP-W-D according to Magallanes-Perdomo et al., 2012 [10] 
b) Bio-glass and glass-ceramic compositions studied by different authors are plotted. 
Red circles: Magallanes-Perdomo et al. (40TCP-60W; 40TCP-60D and 31TCP-19W-50D. [10,61,62]; Blue triangle: Kokubo et al. (36TCP-40W-24D). [10,59]; 
Green squares: Kapoor et al. [57,58] 
c) The compositions of the polycrystalline bioceramics studied by different authors are plotted. 
Black circles at the vertices of the triangle: single-phase materials, different authors (discussed in the text); Blue square: Bioeutectic® (60W-40TCP) de Aza et al. 
[101]; 
Red triangle: eutectic composition of the W-D system (37W-63D) Sainz et al. [114]; 
Circles along the TCP-D: different compositions developed by our group (discussed in the text). 
d) Pseudo-ternary system TCP-D [112,113] 
Circles of different colours show the compositions of the polycrystalline bioceramics studied by our group. The color code is the same as in Fig. 1 c). 
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is a research field of increasing interest. In particular, huge efforts have 
been dedicated to the development of materials containing β-TCP with 
compositions in the quaternary system CaO–P2O5–SiO2–MgO, in 
particular, in the ternary system Ca3(PO4)2–CaSiO3–CaMg(SiO3)2 (tri-
calcium phosphate, TCP, - wollastonite, W, -diopside, D) with improved 
bioactivity and mechanical behavior. The compositions of the materials 
are summarized in Fig. 1. Fig. 1a) shows the location of the ternary 
system TCP-W-D in the quaternary system CaO–P2O5–SiO2–MgO. The 
liquidus surface of the ternary system, according to Magallanes- 
Perdomo et al., 2012 [10], is plotted in Fig. 1b)-c), with the composi-
tions of the bio-glasses, bio-glass-ceramics and polycrystalline bio-
ceramics located in it. This system has a eutectic point at relatively low 
temperature, 1280 ◦C and a large compositional glass forming zone 
(Fig. 1b)). 

In this work, the development of polycrystalline bioceramics in the 
system TCP-W-D is addressed. The tailoring of the microstructures to 
improve their mechanical and biological behaviors and their potential to 
constitute walls of scaffolds for bone regeneration is analyzed. After a 
brief discussion on bone properties and the requirements of biomaterials 
for bone substitution and repair, capabilities and limits of glasses and 
glass-ceramics formulated in the system are described. Then, single 
phase and composite polycrystalline materials are discussed focusing 
the relationships between the microstructure and the mechanical 
behavior. Last, our main results on the biological behavior of optimized 
microstructures seeded with human mesenchymal stem cells (hASCs) 
are summarized. 

It is to note that different testing methods and specimen sizes and 
preparation (e.g: surface treatment) are used to characterize the me-
chanical behavior of materials in different works, which hinders the 
comparison between the actual figures. In this review, an effort has been 
done to carefully consider the testing methods in order to make mean-
ingful comparatives. Strength data from different materials obtained 
using the same testing method and similar specimen sizes are consid-
ered. Bending strength data are compared only between those of spec-
imens with similar surface treatments. Tensile strengths from diametral 
compression of discs test (DCDT) [11] are used when possible. This 
method is preferred because failure of DCDT specimens starts from the 
central plane of the disc specimens so results are not determined by the 
surface status of the specimen and the volume of material that is 

characterized is bigger than in bending tests. Weibull distributions of the 
tensile strength values for nominally identical specimens are analyzed. 
The Weibull modulus, m, which modulates the shape of the distribution 
is a measure of the reliability of the material while the characteristic 
strength, σ0 is the strength with a 63 % probability of failure. Results for 
specimens of different sizes are corrected using the Weibull statistical 
approach before comparison. 

2. Mechanical behavior of bones 

Bone is a complex hierarchical structure. At the lower levels of hi-
erarchy, bone is a composite of collagen and nanoparticles made of 
collagen and hydroxyapatite [12–14]. Its microstructure/texture pre-
sents different scales: the nanosized twisted peptide chains, the 
hydroxyapatite-impregnated twisted collagen fibrils at the scale of tens 
of nanometers, collagen fibers with diameters around 1 μm, the lamellar 
structure of collagen fiber bundles, of several micrometers and the 
osteon structures, with sizes of several hundred micrometers. 

Such structure is responsible for the specific mechanical behavior of 
bones that presents toughening mechanisms at different scales, i. e: 
short- and long-range toughening. In addition, bone structure is aniso-
tropic, and constituted by a porous bulk, cancellous bone, surrounded by 
a cortical shell. Cortical bone has a density around 2 g/cm3 and total 
porosity of about 6 %. Density of cancellous bone is between 0.2 and 0.8 
g/cm3 and porosity can reach 80 %. The mechanical behavior in the 
longitudinal direction of the cortical shell is different from that in the 
transverse orientation. Such mechanical behavior leads to the mechan-
ical properties measured being dependent on specimen size and testing 
method. 

In addition, bone presents the specific characteristics of a living 
material, which mechanical behavior is determined by histology, and 
properties are highly dependent on the specie and age of the individual 
from who specimens are obtained. Consequently, the range of reported 
mechanical properties of bones is broad. This subject was deeply 
analyzed by Currey in a comprehensive paper [15]. As highlighted by 
Currey, it is important to control the environment of the specimens 
before and during testing in order to avoid dehydration of the 
specimens. 

Bones with different function differ strongly in shape and structure. 

Table 1 
Mechanical properties of human bones, bio-glasses and glass-ceramics. 
Bones are tested with the cortical bone oriented in the maximum length. Toughness of bones is determined by SEVNB. 
Toughness of glasses and glass-ceramics are determined by indentation.  

Material First author and 
reference 

Strength 
(MPa) 

Young’s modulus 
(GPa) 

Fracture 
toughness  
KIC (MPam1/2)   

Uniaxial 
Compression 

Bending Uniaxial 
Tension 

Dynamic Bending Uniaxial 
Compression 

Uniaxial 
Tension  

Human bone 
Cancellous 

*femur **vertebrae 
Currey [15] 2-4* 

0.7–7** 
– –   0.2–0.3*   

Cortical femur 180–240 160–180 90–100  16 20 12 6.4 
5.1 

Tibia Dapaah [17]        2.4–5.3 
Skull composite McElhaney [16]   43 ± 18      

Clifford Lee [12]  42 ± 14   4–18     
53 ± 13      

Skull cortical McElhaney [16]   79 ± 26      
Glasses 

BioglassR (45S5) Peitl [55]  60 ± 10 42  60   0.6 
Ap mother glass Kokubo [59]  70      0.8 

TCP-W Magallanes-Perdomo 
[10]  

102 ± 9  83 ± 5    0.8 ± 0.1 
TCP-D  105 ± 6  94 ± 1    0.7 ± 0.1 

TCP-W-D  105 ± 15  92 ± 2    0.8 ± 0.1 
Glass-ceramics 

Ap-W 
Cerabone 

Kokubo [59] 1080 220   118   2.0 

62D—38TCP Ashizuka [67]  220 ± 7  126 ± 1    2.4 ± 0.1  
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Long bones, such as the femur or the tibia, provide stability against 
bending and buckling. Short bones, such as the vertebra or the vertebra 
or the head of the femur, support mainly compressive stresses. Plate-like 
bones, such as the skull, protect and maintain the shape of vital organs. 
The shape and size of the different bones also determine the testing 
possibilities. 

In order to have a term of comparison between the mechanical 
properties of the considered bioceramics and bones, some properties 
extracted from Refs. [12,15–17] are summarized in Table 1. As me-
chanical tests are usually performed with specimens oriented along the 
maximum length of the bone, results for such orientation are collected in 
the table. 

Values of static Young’s modulus and strength of human long bones 
(men) collected by Currey [15] show a dependence on the testing 
method (tension, compression, flexure), on the orientation of the spec-
imen with respect to the applied load and on the degree of calcification. 
Most tests are done on whole bones and specimens extracted from the 
cortical part; cancellous (or trabecular) bone specimens are more diffi-
cult of extracting and testing. Maximum values of Young’s modulus are 
obtained when the collagen fibrils are loaded longitudinally. In this case, 
values of about 20, 16 and 12 GPa correspond to femur cortical bone in 
uniaxial compression, bending and uniaxial tension, respectively 
(Table 1). 

In general, reported values of Young’s modulus of bioceramics are 
measured by ultrasonic methods. In order to compare to the static values 
of Young’s modulus of bones, it has to be considered that, for the same 
material, flexure Young’s modulus is about 20 % lower than that 
determined by ultrasonic methods. The reason is that these methods 
involve small and practically instantaneous deformations, so results are 
determined by the stiffest constituents of the materials. 

Tensile strength values for femur collected by Currey [15] (90–100 
MPa) are lower than bending and compressive strengths, as expected 
due to different specimen volumes subjected to the highest tractions. 
Compressive strengths are the highest, the high variability found in 
compression is attributed to the difficulty of machining specimens with 
parallel surfaces. It is important to have in mind that bones in bending 
do not behave elastically until fracture but the zone of the specimen in 
tension deforms plastically. Thus, the failure stress calculated as the 
modulus of rupture, i. e: assuming elastic behavior, is over-evaluated. 

Strength values for cancellous bone reported by Currey [15] are 
much lower than those for cortical. There is a wide range of values of 
compressive strengths of cancellous specimens from lumbar vertebrae, 
between 0.7 a 7 MPa, decreasing with age. For femur cancellous bone, 
compressive strength of 4 MPa decreases to 2 MPa when age is over 71 
years. As occurs with strength, reported compressive Young’s modulus 
for femoral cancellous bone (≈0.2–0.3 GPa) are much lower than those 
for cortical bone. 

Skull bones in the human (Fig. 2) are constituted by a well-defined 
shell of compact bone separated by a core of spongy cancellous bone 
called diploe. Reported values of strength are also summarized in Table 1. 
The high values of the standard deviations of strength are due to the 
naturally occurring variations of the diploe thickness and density. Tensile 
strength values around 40 MPa for the whole bone structure and 70 MPa 
for the compact part have been reported [12,16]. The slightly higher 
bending strength values found for the whole structure, between 45 and 
50 MPa, as compared to tensile strengths, can be explained by the lower 
effective volume of bending specimens as compared to tensile ones. Skull 
bone repairing would require relatively thin TECs with specific shapes 
suitable for the individual and the particular defect. In addition, the 
mechanical solicitations that do not include bending or buckling are less 
severe than for long bones. Therefore, skull bone repairing appears as an 
opportunity for bioceramics. 

Most measurements of toughness of bones consist on single-value 
characterizations of the property of cortical bone using SEVNB (single 
edge V notched beam) or double torsion tests. Some values for human 
tibia and femur [17] are included in Table 1 to be compared to the few 

reported toughness data for the bioceramics considered here. Specific 
analyses of toughening mechanisms and the associated properties can be 
found elsewhere [13,17]. As for strength testing, most measurements 
have been done with specimens of cortical bone oriented along the 
maximum length. Toughness in the most clinically relevant transverse 
orientation is the highest. 

3. Biomaterials for bone substitution and repair 

Almost inert materials, such as alumina or zirconia in the case of 
ceramics, are used for replacement of relatively large bones with load 
bearing responsibility such as in hips or teeth [18]. This first generation 
of biomaterials was initially developed during the 1960s and 1970s. The 
main goals searched for their development are to achieve a suitable 
combination of physical properties to match those of the replaced tissue 
and to reduce to a minimum the biological response to the foreign body 
once implanted [19]. 

Nearly-inert implants in the body are commonly surrounded by thin, 
acellular fibrous capsules due to the body’s inflammatory response to 
foreign objects. Such interfaces between tissues and bioinert bio-
materials present minimal adhesion between the implant and its host 
tissue, leading to interfacial movement. The need to correct this lack of 
adhesion was the objective of the initial development of bioactive ma-
terials that could bond to bone. By the mid 80′s, the "second-generation 
biomaterials", the bioactive materials, capable of originating a 
controlled action and reaction in the physiological environment were 
introduced [19]. Since then, different bioactive synthetic materials have 
been proposed and used for bone repair and regeneration, including 
metals, polymers, and ceramics. An updated (2016–2022) summary of 
the different categories of bone graft materials and their biomedical 
potential is found in Refs. [1,20,21]. 

The standard concept of bioactive glasses, glass-ceramics and ce-
ramics was initially identified by Hench et al. [22,23] in the early 
1970’s: “A bioactive material is one that elicits a specific biological response 
at the interface of the material, which results in the formation of a bond 
between the tissues and the material”. The main historical facts of the 
initial period of bioactive glasses, glass-ceramics and ceramics 
(1969–1986) were described by Hench et al. [23] in 1987. The 
complicate mechanism of bonding identified by Hench et al. was 
composed of 11 steps [24], the common characteristic being the 
time-dependent formation of a biologically active hydroxycarbonate 
apatite (HCA) layer as bonding interface with the bone upon implan-
tation. The basic facts related to the mechanisms of formation of this 
bond for materials with different compositions were summarized by 

Fig. 2. Human adult skull showing the different bones. 
Wikimedia commons 
Mariana Ruiz Villarreal 2007. 
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Hench [25] in 1991. The interfacial bonding occurs because the chem-
istry and crystalline structure of this HCA phase are similar to those of 
the mineral phase in bone. This kind of behavior was originally called 
type A bioactivity. Not all bioactive materials form the HCA layer. Hy-
droxyapatite bonds directly to bone and other materials such as trical-
cium phosphate, diopside and wollastonite present different behaviors, 
as will be described later. 

In the same category of second-generation biomaterials are included 
the resorbable materials. As described by Hench in 1980 [26] “Resorp-
tion of biomaterials appears a perfect solution to the interfacial problem 
because the foreign material is ultimately replaced by regenerating tissues. 
Ideally, there is eventually no discernible difference between the implant site 
and the host tissue”. 

Further studies showed that the ionic products released from bio-
materials stimulate osteoblast proliferation and differentiation in vitro 
[18]. Thus, the new concept of "third-generation biomaterials" in which 
bioactive materials should stimulate cell and tissue growth was pro-
posed [19]. The initial goal of biomaterials replacing living tissues, such 
as bones, whose properties, in Hench’s words [26] “are a result of mil-
lions of years of evolutionary optimization and which have the capability of 
growth, regeneration and repair”, has now been changed into the goal of 
regenerating the living tissues. 

From the late 1970′s, glasses, glass-ceramics and ceramics have 
become increasingly used for bone repair and regeneration. This broad 
family of “bioceramics” presents the whole range of classically described 
implant-bone interactions [27]: nearly inert, porous for bone ingrowth 
and bioactive and resorbable. New materials are being developed 
searching improved capabilities for osteogenesis (bone regeneration) 
and angiogenesis (formation of blood vessels). Specially designed ma-
terials have been -and are being- developed, to support the demanding 
conditions of use that are especially harsh to ceramic materials: corro-
sive saline solutions at 37 ◦C under variable, multiaxial, cyclical me-
chanical loads [18]. Structural integrity of the materials has to be 
maintained during implantation and resorption, but also during 
manipulation in vitro before implantation (e.g: seeding). 

4. Scaffolds for bone regeneration 

As mentioned in the introduction, it has been proposed the use of 
engineered structures combining resorbable scaffolds, cells and/or 
reactive agents as growth factors or antibiotics: tissue engineering 
constructs (TEC) for repairing large effects and/or for load bearing ap-
plications. Comprehensive reviews on scaffolds for bone tissue engi-
neering can be found in Refs. [1,2,28–31]. 

The rate of scaffold degradation should be synchronized with the rate 
of mineralized tissue deposition, for the gradual mechanical degradation 
of the scaffold to be compensated as it is replaced by regenerated bone 
tissue. In addition, the degradation products must also be biocompatible 
and must not interfere with the function of the bone-tissue- engineering 
system. For example, degradation must not substantially alter the local 
pH, which could impair scaffold mineralization. 

The parameters of materials design for bone-tissue engineering 
should be established considering characteristics of the target bone tis-
sue. As highlighted by Hutmacher et al. [30], it is “by no means clear what 
defines an ideal scaffold”. Since bones of human skeleton have very 
different dimensions, shapes and structures depending on their func-
tions and locations, synthetic bone grafts of various sizes, shapes, 
porosity, mechanical strength, composition and resorbability would be 
necessary [28]. Moreover, it is needed to reach a compromise between 
incompatible required properties such as mechanical strength and high 
levels of interconnected porosity to allow colonization by cells, as 
described below [31]. 

Regarding structural integrity, scaffolds should provide sufficient 
initial mechanical strength and stiffness to substitute for the mechanical 
function of the damaged bone until it is regenerated and/or permit cell 
seeding of the scaffold in vitro without compromising scaffold 

architecture. However, the mechanical performance of synthetic mate-
rials is far from that of bones, which are living tissues that even have the 
capacity of changing their response depending on the specific solicita-
tions. Keeping such a limit in mind, there is no agreement in the liter-
ature about the minimum target mechanical properties for bone 
scaffolds. 

Ambitious goals would search for the ideal scaffold having properties 
comparable to those of cortical bone, as shown in Table 1: compressive 
strength 180–240 MPa, with a Young’s modulus close to 20 GPa and a 
tensile strength of around 100 MPa. These mechanical properties would 
be complemented by porosity between 60 % and 90 % and an average 
pore size larger than 150 μm to allow cell colonization [2,6,32]. Still 
larger pore sizes and pore interconnections (≥100–300 μm) are needed 
to facilitate the infiltration of new blood vessels and perivascular nerve 
fibres, and the seeding of osteoprogenitor cells throughout the construct 
before implantation [1,30] 

As signaled by Bohner et al. [33], “a paradigm shift occurred at the turn 
of the millennium: instead of designing load-bearing bone graft substitutes, 
researchers aimed for bone graft substitutes providing a fast healing response, 
that is a fast turnover from a bone defect to mature (= mechanically 
competent) bone”. In this sense, it has been proposed that a good balance 
between a high degree of porosity and mechanical properties compa-
rable with cancellous bone should be sufficient for scaffold performance 
[27,34]. Composites of phases with different biological and mechanical 
responses are proposed for the scaffold to maintain such properties 
during its colonization by cells and resorption. 

In addition, the specific function and shape of the bone to be repaired 
would determine the suitability of ceramic scaffolds. In this sense, 
ceramic scaffolds appear as adequate candidates for regeneration of the 
skull plate bones (Fig. 2), which have variable shapes and less strict 
mechanical requirements than long bones (Table 1), as discussed above. 
Layered and/or gradient structures can be envisaged to combine 
different levels of porosity. 

5. Calcium orthophosphates 

As described in the introduction, calcium orthophosphates (CaPO4- 
based, CPs) are the most successful polycrystalline bioceramics for bone 
regeneration. 

Calcium orthophosphates have been developed and used as bone 
repair materials for about one century. According to Dorozhkin [36], the 
first mentioned use of artificial calcium orthophosphates as healing 
materials goes back as far as the 1870’s. However, the use of implantable 
biomaterials did not become practical until the generalization of aseptic 
surgical techniques. Therefore, calcium orthophosphates were consid-
ered for clinical application as fillers for bone defects in the 1920’s [35] 
and incorporated in dentistry and orthopedics in the shape of granules or 
cements in the 1980’s. Comprehensive reviews on calcium orthophos-
phates can be found in Refs. [4,28,32] while their historical develop-
ment has been fully described by Dorozhkin [36]. 

CPs are biocompatible, bioactive and resorbable. As the solubility of 
CPs is pH dependent, their resorption is mostly controlled by their 
interaction with cells. Thus, concomitant material resorption and bone 
formation processes and the absence of biocompatibility issues due to 
the uncontrolled release of large amounts of degradation products are 
ensured [33,37,38]. In addition, this pH dependent behavior makes 
CaPs ideal encapsulating agents for drug and imaging agents because 
dissolution with release of the active agent would occur as pH decreases 
within the cell [37]. 

The extremely low toughness of CPs limits their application as sole 
constituents of scaffolds [4,37]. For hydroxyapatite (HAp), which is the 
CPs with the best mechanical behaviour, reported toughness values 
slightly vary with grain size and/or dopants and test technique 
(Table 3), being the maximum values of fracture toughness reported 
1.1–1.2 MPa m1/2 [39,40]. In addition, HAp presents the lowest bioac-
tivity, so implants made of sintered HAp are found in bone defects for 
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many years after implantation [28]. 
Metals and polymers have been used to manufacture hybrid bio-

materials trying to reach bone graft substitutes with high mechanical 
properties [28,32,33,41]. Polymer-CPs composites, polymeric coatings 
on the CPs parts and infiltration of the porous structures by polymers 
have been proposed to overcome the poor mechanical behaviour of CPs. 
In general, the incorporation of polymers implies the decrease of final 
porosity of the scaffold which might lead to the decrease of properties 
such as bioactivity or osteoconductivity and/or inadequate resorption 
behaviour. In addition, the structural integrity of the implant is lost once 
the quick dissolution of the polymer occurs and the release of large 
volumes of degradable polymers or metals might present biocompati-
bility problems. 

6. The role of Si and Mg in bioceramics 

One of the key parameters affecting all properties of ceramics is 
composition. Specifically, it determines the biological behavior of bio-
ceramics. In this frame, increasing research interest is devoted to 
improve the capacity of CPs materials for desired biological effects (such 
as osteogenesis or angiogenesis) by the addition of biologically active 
ions [42,43]. Various bioceramics incorporating a wide range of 
bioactive ions – e. g: Mg2+, SiO4

4− , SiO3
2− , Cu2+, Sr2+, Li+, Ag+ – have 

been proposed aiming less expensive and potentially more robust al-
ternatives to the inclusion of biomolecules such as growth factors. 

Magnesium is the fourth most abundant trace element in the human 
body and the second most abundant cation within human cells after 
potassium. Approximately 60 % of whole-body magnesium is found in 
bones, where it contributes to form hydroxyapatite crystals [44]. 

Regarding silicon, considering that it is the third most abundant trace 
element in the human body, it seems more than plausible that it could 
have potential benefits to humans. However, such fact continues to be 
debated even though there are some reports on its beneficial role in bone 
mineralization and prevention of osteoporosis [44]. 

Laboratory tests using Ca–Mg–Si extracts from crystalline ceramics 
[45] and glasses [46,47] have demonstrated that the ionic products 
released during the dissolution of the biomaterial stimulate in vitro cell 
proliferation, osteogenic differentiation and angiogenesis as compared 
to tricalcium phosphate. Moreover, in vivo results using akermanite 
(Ca2MgSi2O7) implants revealed that Si is a crucial element for the in-
duction of angiogenesis during new bone formation, and for the accel-
eration of bone regeneration [48]. In vitro and/or in vivo cell 
proliferation and differentiation on different Mg2+ containing glasses, 
glass-ceramics and polycrystalline bioceramics have been reported (see 
Ref. [49] for review). It has been proposed that the improvement of the 
interactions of the bioceramics with osteoblasts is due to the modifica-
tion of their surfaces by Mg2+ [50,51]. In vitro and in vivo experiments 
using akermanite (Ca2MgSi2O7) and nagelschmidtite (Ca7Si2P2O16) as 
model Si and Mg-containing bioceramics found that the released ions 
significantly decreased the immune responses caused by macrophages as 
compared to a β-TCP reference material. It was suggested that the 
modification of the immune responses was due to the alteration of the 
ionic microenvironment between the implants and hosts [52]. 

As discussed in the introduction, several glasses, glass-ceramics and 
polycrystalline ceramics have been formulated in the ternary system 
tricalcium phosphate (Ca3(PO4)2) – wollastonite (CaSiO3) – diopside 
(CaMg(SiO3)2), (Fig. 1). In particular, huge efforts have been devoted to 
the study of polycrystalline bioceramics considering CPs doping with 
Mg2+ and/or SiO4

4− , and the combination of different phases. In addition 
to benefits in the biological behavior, specific compositional changes 
and/combinations might improve the mechanical behavior as will be 
discussed in which follows. 

7. Glass and glass-ceramics 

The compositions of most existing bioactive glasses and glass- 

ceramics belong to the CaO– P2O5–SiO2–MgO–Na2O system and could 
contain small amounts of CaF2, MgF2, K2O, and SrO [53,54]. Hydroxy-
apatite, wollastonite, β-TCP and diopside are the common precipitated 
crystalline phases in glass-ceramics. Different glass and glass-ceramics 
have been registered as commercial products (e.g: 45S5 Bioglass®, 
Cerabon®, Biosilicate® and CeravitalVR). Compositional innovation has 
broadened the application of glasses and glass-ceramics initially devel-
oped for bone regeneration, allowing their use for advanced biological 
properties such as nerve regeneration and cancer treatment [54]. 

Hench and co-workers first demonstrated bioactivity for a certain 
compositional range of glasses that contained SiO2, Na2O, CaO, and 
P2O5 in specific proportions. As differences with traditional 
soda–lime–silica glasses, the bioactive glasses present three main 
compositional features: SiO2 amounts <60 mol%, high Na2O and CaO 
contents, and high CaO/P2O5 ratios. Such features make their surface 
highly reactive when exposed to an aqueous medium, such as body 
fluids: when they become in contact with blood they undergo surface 
dissolution, releasing calcium, phosphate and soluble silica. Further 
studies showed that the Ca- and Si-containing ionic products released 
contribute to bioactivity, as both Ca and Si stimulate osteoblast prolif-
eration and differentiation in vitro [18] leading to the concept of 
”third-generation biomaterials” described above. 

Many bioactive SiO2 glasses are based upon the formula of 45S5 
Bioglass® (SiO2: 46.1 mol% = 45 wt%; Na2O: 24.4 mol%, CaO: 26.9 mol 
%; P2O5: 2.6 mol%), signifying 45 wt% SiO2 (SiO2 is the network former) 
and relatively low amounts of P2O5 (6 wt%). The compositions of these 
glasses are far from the typical compositions of soda lime glasses, which 
contain much more silica; the projection of the Bioglass® composition 
within the CaO–SiO2–Na2O system falls near a ternary eutectic point. 
Compositions and characteristics of these classical bioglasses can be 
found in Refs. [18,55] and the state of the art in terms of the use and 
commercialization of bioactive glasses was reviewed by Shearer et al. 
[56] in 2023. 

Alkalis are useful for glass production because they decrease the 
temperatures of glass formation, however, alkali-containing glasses 
present some drawbacks such as high dissolution rate or low sintering 
potential. In addition, the considered glass compositions are generally 
unsuitable for the production of blocks or porous scaffolds because of the 
requirements of the thermal treatments necessary to reach sintered parts 
from green bodies. Sintering of glasses occurs by viscous flow, thus, the 
green bodies have to be treated at temperatures above their glass tran-
sition temperature and alkali-containing bioglasses crystallize immedi-
ately above their glass transition, losing their bioactivity. 

Alkali-free bioglasses with high bioactivity, lower dissolution and 
good sintering behavior in comparison to alkali-containing bioglasses 
have been proposed and developed as alternatives. 

The system CaO– P2O5–SiO2–MgO–CaF2 was used to develop a series 
of alkali-free bioactive glasses in which CaF2 was the fluxing agent [57, 
58]. Compositions were located along the diopside–fluorapatite 
(Ca5(PO4)3F)–tricalcium phosphate join. Glasses containing 10–20 wt% 
of TCP presented an optimum combination of properties to be used as 
biomaterials, not only in granular form but also for block implants or 
scaffolds. 

These compositions exhibited high rate of bioactivity (i.e: develop-
ment of HCA layer) in vitro and permitted adhesion and proliferation of 
MSCs as well as their osteogenic differentiation. In addition, as sintering 
preceded crystallization in glass compacts of the considered composi-
tions, it can be hypothesized that the proposed compositions could be 
used to fabricate block implants and scaffolds. 

A number of CaO–P2O5–SiO2–MgO glass compositions were devel-
oped in the ternary system TCP-W-D, they are plotted in Fig. 1 b). The 
composition developed by Kokubo et al. [(36 wt % TCP, 40 wt % W, 24 
wt % D] [10,59], is that of the mother glass of the Ap -W glass ceramic 
developed by these authors that will be discussed later. 
Magallanes-Perdomo et al. [10,61,62] proposed three eutectic bio-
glasses, two binary ones in the systems TCP-W (40 wt% TCP – 60 wt % 
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W) and TCP-D (40 wt% TCP- 60 wt% D) and one ternary TCP-W-D (32 
wt% TCP-18 wt% W-50 wt% D) glass. Kapoor et al. [57,58], analyzed a 
series of TCP-D compositions with varying TCP/D ratios from 100 wt% D 
to 50 wt %TCP-50 wt %D. It can be observed that all the proposed glass 
compositions are located inside the glass formation area of the ternary 
system. Those developed by Kokubo et al. and Magallanes-Perdomo 
et al. have similar TCP amounts 30–40 wt%. 

All eutectic compositions presented in vitro bioactivity, developing a 
biologically active HCA layer in SBF and capability for osteoblast 
adhesion and proliferation [60]. The TCP-D glasses proposed by Kapoor 
et al. [58] also developed a HCA layer in SBF while experiencing lower 
dissolution rates in Tris-HCl than 45S5 Bioglass®. In addition, in vitro 
studies in hMSC cultures showed that the compositions with 60 and 70 
wt% diopside promoted cell adhesion and proliferation and cell differ-
entiation into an osteoblastic phenotype. All the CaO–P2O5–SiO2–MgO 
glass compositions can be sintered at temperatures below the glass 
transition point so, as in the case of the glasses containing CaF2, they 
could be proposed to fabricate blocks and scaffolds. 

The excellent osteoconductive ability of glasses is widely exploited 
nowadays to stimulate bone regeneration. As described in the updated 
review (2023) by Shearer et al. [54], the morphology and delivery 
systems of bioactive glasses have evolved dramatically since the first 
devices based on 45S5 Bioglass®, from glass monoliths to granules and 
cements. At least 25 bioactive glass (BG) medical devices have been 
approved for clinical use by global regulatory agencies. Such materials 
are nowadays used in wide range of applications from monolithic im-
plants and bone void fillers to cancer therapeutics. For specimens tested 
using similar testing methods and specimen preparation, Na2O free and 
MgO containing glasses of binary (TCP-W, TCP-D) and ternary 

(TCP-W-D) compositions (Fig. 1 b) present values of Young’s modulus 
and strength higher (30–40 %) than those of bioglassR 45S5 and the 
mother glass developed by Kokubo and slightly higher toughness than 
bioglassR 45S5 (Tables 1 and 2) [10,55,59]. The major disadvantage of 
bioglasses is their poor mechanical performance with average strength 
values similar to those of hydroxyapatite but even lower toughness 
(Tables 1–3), thus, lower reliability. 

To reach improved mechanical behavior while maintaining the 
attractive biological properties, various bioactive glass-ceramics (GCs) 
have been developed from glass compositions in which precipitate 
different crystalline phases under heat treatment. Most frequently, the 
crystallinity of glass-ceramics varies between 30 % and 70 %. Their final 
phase compositions are constituted by combinations of metastable 
phases that depend on the range of temperature and time used for the 
processing. Therefore, as a family of materials glass-ceramics presents a 
broad range of properties. 

Glass-ceramics using the above described CaO–P2O5–SiO2–MgO 
compositions plotted in Fig. 1 b) as mother glasses have been deeply 
analyzed by Magallanes-Perdomo et al. [10,61,62], Kapoor et al. [63] 
and Kokubo et al. [59,64]. The bioactivity of these glass-ceramics is of 
the same type as that of bioglasses, with their surface developing a 
biologically active hydroxycarbonate apatite (HCA) layer that bonds to 
bone. This apatite layer also develops in vivo at the interface between the 
biomaterial and bone, leading to the tightly bonding between the 
implant and bone. Apatite formation is nucleated by Si–OH groups on 
the surface, and is accelerated by calcium and silicate ions dissolved 
from the glass-ceramic. 

The binary TCP-W glass exhibits internal crystal nucleation, whereas 
the binary glass TCP-D and ternary TCP-W-D glasses show surface 

Table 2 
Mechanical properties of a bioglass and various bioglass-ceramics with different compositions tested in air using the same specimen geometry and surface preparation 
by Kokubo et al. [64,66]. E: Dynamic; KIC: double torsión; γf: calculated.   

Glass fraction  
(wt.%) 

Strength (3PB) 
(MPa) 

Young’s modulus 
(GPa) 

Fracture toughness  
KIC (MPam1/2) 

Surface fracture energy 
γf (J/m2) 

Glass  
(mother glass) 

100 72 ± 25 89 0.8 ± 0.1 3.3 

Glass-ceramic 
Ap 

65 88 ± 12 104 1.2 ± 0.1 6.4 

Glass-ceramic 
Ap-W 

25 178 ± 20 119 2.0 ± 0.1 15.9 

Glass-ceramic  
Ap-W-TCP 

10 213 ± 17 124 2.6 ± 0.1 25.5  

Table 3 
Mechanical properties of dense polycrystalline single-phase bioceramics.  

Material First author and reference Strength  
(MPa)  

Young’s modulus 
(GPa) 

Fracture Toughness  
KIC (MPam1/2)   

Bending (3 PB)  Tensile DCDT Dynamic SENB/SEVNB 

HAp Liang [84]   120a   

Nonami [40] 110  47 1.1 
HP >99%T.D. d50 = 0.4 μm Halouani [39]  137 ± 5   1.1–1.2 

HP >99%T.D. d50 = 1.2 μm Halouani [39]  100 ± 5    

HIP, transparentd50 = 1 μm Boilet [85]  106 ± 11  122 0.92 ± 0.02 

PsW synthetic García-Páez [105]  σ0 = 42 m = 3.5   
2M β-W 

95 % TD 
SPS d < 1 μm 

Long [102] 294 ± 11   46.5 ± 5.0b 2.0 ± 0.1 

Diopside 
Dense 

Nonami [40] 300  170 3.5 

T.D.: theoretical density; HP: Hot pressing; HIP: Hot isostatic pressing; SPS: Spark Plasma Sintering. 
σ0 and m are the Weibull modulus and characteristic strength, respectively. σav: average strength. 

a Calculated theoretical. 
b No method described. 
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crystallization of diopside and or calcium apatite [10]. This later char-
acteristic has to be considered when preparing glass-ceramic powders 
for sintering. The devitrification process of the TCP-W eutectic compo-
sition at ≈1000 ◦C produces monolithic micro-nanostructured glass--
ceramics composed of a Ca-deficient apatite phase with wollastonite-2M 
(W-2M) homogeneously dispersed in an amorphous phase [61]. At 1375 
◦C, the material is composed of quasi-rounded colonies formed by a 
homogeneous mixture of pseudo-wollastonite and α-tricalcium phos-
phate (α-TCP) homogeneously dispersed in an amorphous phase [62]. 
Other microstructures, such as micro-nanostructured apatite–W-2M 
could be obtained by designing different thermal cycles [61]. In order to 
reach a similar micro-nano microstructure for D-containing composi-
tions it is necessary to perform an intermediate milling step followed by 
subsequent sintering and devitrification. 

Reviews on the fabrication method, properties and applications of 
biologically active glass-ceramics are found in Refs. [59,65]. 

Bioactive glass-ceramics present a wide range of strength and 
toughness values. As an example, values for different compositions 
tested using the same specimen geometry and surface preparation and 
the same testing methods [66] are summarized in Table 2. These ma-
terials were developed by Kokubo et al. (e. g: Refs. [34,59,66]) who 
were the first to develop bioactive glass-ceramics without Na2O, in the 
mid 80′s in Japan. These authors had some failed attempts of producing 
glass-ceramics free of pores and cracks in the TCP-W-D system starting 
from a monolithic glass or even powdered glass. In order to overcome 
such difficulties, they added a small amount of CaF2 (0.5 wt %) to the 
original composition (36 wt % TCP, 40 wt % W, 24 wt % D) and obtained 
crack free materials. The crystalline phases present were apatite, 
wollastonite and β-tricalcium phosphate, in proportions depending on 
the thermal treatment followed for crystallization. As observed in 
Table 2, a significant increase of toughness occurs as the amount of 
crystalline precipitated phases increases. The crystalline particles act as 
toughening sites leading to the increase in surface energy. Note that the 
highest toughness value corresponds to highly crystalline materials 
(10–25 wt% of glass). In the same way, Ashizuka and Ishida [67] 
developed a high strength material (Table 1) with high crystallinity with 
the eutectic composition (38 wt% TCP and 62 wt% D). 

Glasses and glass-ceramics present low toughness (Table 1) and 
associated lack of crack tolerance. Carefully thermal treated glass and 
glass-ceramic test specimens with polished surfaces [66] might attain 
relatively high bending strengths, even comparable to those of bone 
(Tables 1 and 2), however, the high values of strength are partly due to 
the preparation of the surface of the specimens to eliminate surface 
defects which usually cannot be avoided during material processing. 

Apart from the lack of mechanical performance, the main drawback 
of glasses and glass-ceramics for applications as scaffold walls is the 
difficulty of reproducing the microstructures of optimized test speci-
mens when fabricating porous 3D parts. To overcome this lack, different 
polycrystalline bioceramics inspired by the bioactive compositions of 
silicate-based glasses and glass-ceramics in the ternary system TCP-D-W 
have been proposed. These materials are discussed in which follows. 

8. Polycrystalline materials with improved mechanical behavior 
in the system Ca3(PO4)2–CaSiO3–CaMg(SiO3)2 

The knowledge of the Ca3(PO4)2–CaSiO3–CaMg(SiO3)2 system and 
the excellent results obtained for glasses and glass-ceramics with com-
positions within this system have been the basis for the development of 
polycrystalline bioceramics of variable microstructure and different 
biological and mechanical properties. In Fig. 1 c), the chemical 
composition of materials studied by different authors are plotted in the 
ternary system TCP-W-D. 

8.1. Single-phase polycrystalline bioceramics 

8.1.1. Tricalcium phosphate 
The most used calcium orthophosphate materials are based on tri-

calcium phosphate (Ca3(PO4)2). This compound has three different 
polymorphs [68]: the high temperature ones, α-Ca3(PO4)2 and 
α′-Ca3(PO4)2, and the low temperature one, β-Ca3(PO4)2. α′-TCP is stable 
over ≈1430 ◦C and transforms readily on cooling to α-TCP. β-TCP is 
stable from room temperature and transforms reconstructively to α-TCP 
with a volume increase of about 7 %. This transition has been reported to 
occur at temperatures from 1125 to 1180 ◦C [68–70]. In general, 
different reported transition temperatures are associated to different 
characteristics of the starting powders, processing methodology of the 
specimens and/or experimental characterization techniques. In the case 
of the β-α-TCP phase equilibrium relationships, the presence of mag-
nesium, which is a very common impurity in commercial calcium 
compounds, exerts a remarkable effect, as it enters in solid solution (ss) 
in TCP [69]. For instance, pure β-TCP dense ceramics can be obtained by 
sintering at temperatures as high as 1500 ◦C depending on the level of 
Mg doping [70,71]. Pure phase α- and β-TCPss ceramics as well as 
controlled mixtures of α+β-TCPss may be obtained by adequate thermal 
treating and controlling the amount of Mg present in the precursors used 
[69]. 

α-TCP is the major powder constituent of hydraulic bone cements 
used in dentistry, maxillo-facial surgery and orthopedics. Comprehen-
sive and updated reviews about biodegradable cements for bone 
regeneration can be found in Refs. [72–75]. Calcium phosphate bone 
cements (CPCs) are self-setting materials constituted by powder and 
liquid phases that can be directly injected in the bone defect and/or used 
as gluing agent. They have attracted increased attention for bone repair 
since their discovery in the 1980’s due to their valuable properties such 
as biocompatibility, biodegradability, osteoconductivity and osteogenic 
capabilities, hardening ability through a low-temperature setting reac-
tion and moldability. The biggest advantage of biodegradable bone ce-
ments is that they are gradually degraded by chemical dissolution and 
cell absorption after implantation in the bone defect and finally replaced 
by the newly formed bone tissue. 

In the last couple of decades, bone cements have been extensively 
applied in the repair and regeneration of tissues due to their properties. 
Main drawback is their low mechanical performance which limits their 
application in load bearing regions of bone. Also, the complete in-vivo 
resorption and replacement of CPC with new bone tissue is still 
controversial. 

The first studies and clinical applications of synthetic β-tricalcium 
phosphate ceramics were performed during the 1970′s [76,77]. Since 
then, β-TCP granules and coatings are being successfully used for bone 
repairing in dentistry maxilla-facial and trauma surgery and nowadays it 
is the component of several commercial mono- or biphasic bioceramics 
and composites. Single phase granules of diameters 1–4 mm with a high 
proportion (60–75 wt%) of relatively large (100–500 μm) and 
pre-shaped cylinders, blocks and wedges with 30-70 vol% inter-
connected pores of 100–500 μm diameter are commercially available (e. 
g: CALCIRESORB, CronOS™). A combination of titanium mesh with 
β-TCP granules and autologous human adipose-derived mesenchymal 
stem cells (hAMSCs) has been successfully applied in craniofacial sur-
gery [78]. Future challenges include the displacement of the permanent 
Ti structure by a completely resorbable scaffold. In this sense, we have 
proposed the use of composite TCP-D polycrystalline scaffolds as solu-
tion due to the excellent mechanical behavior of these composites, as 
compared to other bioceramics, and tunable bioactivity. Main results on 
these materials will be discussed in section 8.3. 

Well known properties of β-TCP materials are their biocompatibility, 
bioactivity, osteconductivity, and biodegradability. A comprehensive 
review on TCP synthesis and biological properties was published by 
Bohner et al., in 2020 [6]. The degradation rate of β-TCP in acidic 
conditions is 3–12 times higher than that of HAp [30]. Therefore, its 
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resorption in vivo is cell-mediated, due to the acidification of the envi-
ronment by cells, especially osteoclasts. The osteoconductive potential 
of β-TCP has been demonstrated (e.g: Refs. [79–81]) however, no apatite 
layer has been detected between β-TCP, as initially considered as 
necessary for a ceramic to be bioactive [22,23]. It has been observed that 
the surfaces of β-TCP implants become rough and bone grows into the 
finest surface irregularities. In this way, β-TCP bonds to bone through 
microanchoring between bone and the rough surface of the resorbed 
ceramic [79,80]. Such a mechanism would allow the optimization of the 
biological behavior of β-TCP-based materials manipulating the porous 
structure and surface roughness [82]. In addition, it has been proposed 
that the osteoinductive potential can be modulated by the occurrence of 
concentration gradients between the inner and the outer part of the 
implanted material. In this sense, large pH calcium and phosphate 
concentration changes have been observed in β-TCP granules immersed 
in SBF [83]. The magnitude of such changes was demonstrated to be 
dependent on particle size, specific surface area, microporosity, and 
purity of the β-TCP granules. The presence of cracks in the materials 
would also modify the biological behavior. In some cases, the relatively 
high resorption rate of β-TCP might impair bone healing due to the sharp 
chemical conditions of the environment, limiting its clinical application. 
An adequate ceramic processing of β-TCP single-phase materials and/or 
its combination with other bioceramics with lower resorption rate might 
be a way to optimize the implant behavior, as will be discussed in this 
paper. 

One main drawback of β-TCP materials is their poor mechanical 
behavior as compared to other CaPs such as hydroxyapatite (HAp), 
which is linked to the characteristics of their microstructures, as dis-
cussed below. 

As shown in Table 4, experimental Young’s modulus values for dense 
and fine grained β –TCP materials are variable. They range from a value 
similar to that calculated theoretically by Liang et al. [84] from the 

crystalline structure to a value 30 % lower. The experimental strength 
values (Table 4) are much lower than theoretical one expected from the 
Young’s modulus value (σt ≈ 0.1. E = 11 GPa), as usual in real materials 
that, at minimum have the grain boundaries as defects. In addition, 
strength of TCP materials is greatly dependent on grain size, as it can be 
seen by comparison of data from Refs. [85,86] for two materials fabri-
cated using the same powder and with similar levels of density (>99 %); 
the material with the smallest grain size presented the highest bending 
strength (≈180 MPa vs 150 MPa, Table 4). The strong dependence of 
strength on grain size and the variability of the Young’s modulus is 
associated to thermal expansion anisotropy of the crystalline lattice. The 
great crystalline thermal expansion anisotropy of β –TCP (α22–1000◦C: ≈ 8 
and 24 × 10− 6 K− 1 for a and b axis, respectively calculated from 
Ref. [87]) is responsible for such dependence. 

When cooling materials with crystalline thermal expansion anisot-
ropy from the sintering temperature, stresses are developed at the 
boundaries of grains with different orientations due to thermal expan-
sion mismatch. Such stresses lead to cracking for grain sizes larger than 
the critical one [88], as occurred in β-TCP materials doped with 1 wt% 
diopside sintered at relatively high temperatures (≈1300-1400 ◦C) 
which developed coarse microstructures with crack networks and 
associated low strengths (DCDT, average strengths ≈ 4–6 MPa, calcu-
lated from Weibull distributions in Ref. [89]), as compared to undoped 
specimens sintered at lower temperatures (DCDT, average strengths ≈
15, 19 MPa, depending on processing, Fig. 4a)-b) [89], Table 4). In the 
same way, microcracks are responsible for low values of the Young’s 
modulus. For grains smaller than the critical, the thermal stresses are 
kept at room temperature as residual stresses that add to the applied 
ones during use, leading to the relatively low strength presented by 
β-TCP materials (Table 4). A careful control of the microstructure of 
ceramics with residual stresses and/or microcracks might lead to better 
properties. For example (Table 4), average tensile strength (DCDT) 

Table 4 
Mechanical properties of dense β-TCP based polycrystalline bioceramics.  

Material First author and reference Strength 
(MPa) 

Young’s modulus 
(GPa) 

Fracture Toughness  
KIC (MPam1/2) 

Uniaxial compression Bending (3 PB) Tensile DCDT Dynamic SEVNB 

β-TCP  
Liang [84]    110a  

>99 % T.D. HIP, 
Transparent 

Boilet [85]  181 ± 12  105 1.03 ± 0.09 

99 % T.D. d = 0.5–3 μm Garcia-Prieto [86]  150 ± 30  110 ± 3 0.8b 

Non-optimized processing 
Fig. 4a 

García-Páez [89]   σav = 15 
σ0 = 17 m = 2   

>99 % T.D d = 0.5–3 μm 
Fig. 4b 

Vanhatupa [90]   σav = 19 
σ0 = 20 m = 8   

SPS 
98 % T.D. 

Tkachenko [91] 200.4 ± 10.6  σav 

28.9 ± 15.0  
0.76 ± 0.05c 

β-TCPss 
1300 ◦C (5 wt% D initial) 
Fig. 4c 

García-Páez [89]   σav = 35 
σ0 = 38 m = 10   

1300 ◦C (10 wt%D initial) 
Fig. 4d 

García-Páez [89]   σav = 16 
σ0 = 18 m = 4   

β-TCP þ 3 wt% HAp 
Porous 
>2 μm 

Hsu [92] 40 ± 8 7.5 ± 0.5 4 PB    

β-TCP/D (wt.%) 
20/80 Vanhatupa [90]   σav = 72 

σ0 = 73 m = 7   
40/60 
≈98 % T.D. 

Vanhatupa [90]   σav = 63 
σ0 = 64 m = 6   

40/60 
Freeze cast ≈ 50 % Open porosity 

del Valle García [31]   σav = 3.9 
σ0 = 4.0 m = 6   

40/60 
Freeze cast + Laser 

del Valle García [31]   σav = 2.4 
σ0 = 2.5 m = 6   

T.D.: theoretical density; HP: Hot pressing; HIP: Hot isostatic pressing; SPS: Spark Plasma Sintering. 
a Calculated theoretical. 
b Stable tests. 
c Indentation; σ0 and m are the Weibull modulus and characteristic strength, respectively. σav: average strength. 
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values of well processed dense β-TCP materials change from ≈ 19 MPa 
for a conventionally sintered material [90] to ≈ 30 MPa for a sub-
micronic grain size one prepared by spark plasma sintering (SPS) [91]. 
However, such a sintering technology cannot be used in the case of 
scaffolds, thus, microstructure has to be optimized by different means. 

Thermal expansion mismatch also occurs between grains of different 
phases with different orientations, in fact, β-TCP as second phase has 
been reported as detrimental to the mechanical behavior for HAp-β-TCP 
composites, as reviewed by Wagoner Johnson et al. [32] In Table 4, the 
extremely low values corresponding to a HAp(3 wt%)-β-TCP material 
with relatively large grain sizes (>2 μm) [92] are collected as an 
example. 

Ceramic-ceramic composites containing phases with crystalline 
thermal expansion anisotropy might have improved specific properties 
once the microstructure is adequately tuned. In this sense, different 
ceramic-ceramic composites containing β-TCP with sufficient mechani-
cal properties and tailored bioactivity have been developed using 
compositions in the considered ternary system, as it will be discussed in 
sections 8.2 and 8.3. 

8.1.2. Wollastonite 
Until 1991, the glasses and glass-ceramics with CaO, P2O5 and SiO2 

as main constituents described previously were the only materials 
showing the standard concept of bioactivity identified by Hench et al. 
[22,23] The first to demonstrate that a P2O5-free CaO–SiO2 glass also 
developed a hydroxyapatite layer during soaking in simulated body fluid 
(SBF) were Ohura et al. [93] in 1991. This was the basis for the devel-
opment of polycrystalline wollastonite materials. 

The process of formation of the surface hydroxyapatite layer on the 
surface of bioactive glasses and glass-ceramics (type A bioactivity) starts 
with the exchange of H3O+ ions from the environment for ions existing 
in the glass or glass ceramic matrix (Na+, K+, Ca2+, Mg2+, …etc.). 
Considering this fact and that the crystalline structure of pseudo- 
wollastonite (psW; ps-CaSiO3) should permit fast diffusion of H3O+

ions from physiological fluid inside the crystal and its exchange with Ca 
ions, S. de Aza et al. proposed psW as the first bioactive polycrystalline 
silicate-based ceramic [94]. The in vitro bioactivity exhibited by psW 
was reported by these authors in 1994 [95,96] and further studies 
demonstrated its type A bioactivity both in vitro in human saliva [97] 
and in vivo [98]. 

Ps-wollastonite is a high temperature polymorph of CaSiO3 that 
crystalizes in a triclinic lattice [99] and which may exist in metastable 
state at room temperature. The low temperature form of wollastonite 
has six polytypes [99,100], being the most usual the monoclinic 2 M 
one. This crystal structure is that of high aspect ratio natural wollas-
tonite particles used as reinforcing phases in products such as plastics or 
paint films. Reported temperatures for the 2 M → pseudo wollastonite 
polymorphic transition in high purity CaSiO3 are slightly different (1130 
± 5 ◦C [115], 1125◦C [99]); the transformation temperature changes in 
the presence of different ions (e.g: Ca and P [101] and Mg [115]). The 
presence of Mg in solid solution in wollastonite (Ca1-xMgxSiO3; 0 ≤ x ≤
0.17) increases the transition temperature up to ≈1370 ◦C, which ex-
plains the presence of the 2 M form in composites with diopside sintered 
at high temperatures [115]. The denominations α and β wollastonite are 
inconsistently used for the high temperature psW and the low temper-
ature 2 M forms depending on the geographic area of the reporting 
research group. In order to be sure which material is being discussed the 
best way is to identify the sintering temperature because the 2 M → psW 
transformation occurs readily in pure materials. 

Wollastonite is known to present high bioactivity [115,116], how-
ever, it lacks mechanical performance as shown in Table 3. There is only 
one research [102] that reports strength values of wollastonite material 
relatively high as compared to HAp or β -TCP (Tables 3 and 4). The 
material was prepared by SPS at 950 ◦C, so it would correspond to the 
low temperature polymorph 2 M, and had fine grains (<1 μm, from the 
microstructures shown) and high density (95 %). Contrarily, uniaxially 

pressed compacts from commercial 2 M wollastonite powders, or pow-
ders prepared by chemical routes, sintered at temperatures under the 
transformation temperature present extremely low densities and 
strength (e.g: ≈50 % porosity, bending strength ≈ 20 MPa [103]). In 
general, sintering at temperatures over the 2 M → psW transformation 
produces psW materials that also have low densities and associated low 
bending strength values (e.g: 40–70 % TD and 20–50 MPa) [103,104]. 

The high aspect ratio of the 2 M wollastonite particles might be 
responsible for the difficult sintering of the compacts. Careful condi-
tioning of synthetic and natural psW powders by milling down to ≈ 1–2 
μm and conventional sintering allow reaching high density psW mate-
rials with increased strength but low reliability (i.e: low Weibull 
modulus)105 (Table 4) which would reveal low toughness. 

As in the case of β-TCP, SPS is not a possible processing route for 
scaffolds, thus, the highest strengths reported for wollastonite should 
not be considered when thinking about scaffold walls. In principle, the 
poor mechanical behavior of conventionally sintered wollastonites im-
pedes their use in single-phase biomaterials. In addition, dissolution of 
wollastonite in SBF leads to an increase of the pH at the SBF/ceramic 
interface [105]. Due to the high dissolution rate of this phase, the 
environment might attain toxic levels in vivo compromising osteointe-
gration of the biomaterial in the host bone, thus, limiting the use of psW 
as single-phase material. Contrarily, wollastonite-containing composite 
materials with attractive mechanical and biological properties have 
been developed as it will be described in sections 8.2 and 8.3. 

8.1.3. Diopside 
As described before, Mg and Si are basic for bone growth and 

regeneration. Diopside (CaMg(SiO3)2, D) is a Mg- and Si-containing 
source for bioceramics. From the biological standpoint, diopside is an 
attractive biomaterial because it is non-cytotoxic, biocompatible and 
bioactive in vitro and in vivo. It was proposed for the first time as 
biomaterial in 1989 by Nakajima et al. [106,107], who demonstrated 
the capability of diopside to form hydroxyapatite on its surface when 
immersed in SBF [106] and to directly bond with bone after 2 weeks of 
implantation as a block in rabbit mandibula [107]. After 4 week the 
reaction was finished for the diopside block while it took 12 weeks to 
attain a similar state for a HAp block in the same conditions. In 1995, 
Nonami et al. [108] reported the mechanisms of formation of HAp in 
granules and blocks of diopside in vitro and in vivo. In the in vivo ex-
periments, they observed a close contact between bone and diopside 
with HAp crystal growth from the diopside surface layer, and continuity 
between the diopside lattice and that of the new crystals. Laboratory 
tests using Ca–Mg–Si extracts from a diopside material crystalline ce-
ramics [45] have demonstrated that the ionic products released during 
its dissolution stimulate in vitro cell proliferation, osteogenic differen-
tiation and angiogenesis as compared to tricalcium phosphate. Diopside 
presents lower rate of Si- ions release than other ceramics such as 
akermanite and bredigite [45,109]. 

As single-phase and dense material, diopside has better mechanical 
behaviour than other bioceramics. As seen in Tables 3 and 4, diopside 
dense specimens have higher bending strength, Young’s modulus and 
toughness than optimized HAp ((about 3 times) and β-TCP (about 2 
times) specimens tested in the same conditions [40]. In the same way, 
reported compressive strength values of diopside scaffolds (1.4–0.6 
MPa, 75–80 % porosity) are higher than those of HAp (<0.3 MPa, 
0.69–86 % porosity), 45S5 BioglassR (0.6–0.4 MPa, 82–89 % porosity) 
and CaSiO3 (0.3 MPa, 81 % porosity) scaffolds. [110] The relatively low 
resorption rate and better mechanical behavior of diopside than those of 
other bioceramics makes of this compound one ideal candidate for 
multiphase materials containing highly dissolvable phases and stable 
phases with improved mechanical behavior, as discussed in sections 8.2. 
and 8.3. 
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8.2. Polycrystalline bioceramics in the systems TCP –W and W-D 

As discussed above, it is not possible to reach both optimum bio-
logical and mechanical performance when considering single-phase 
TCP, W and D materials. However, each phase has attractive proper-
ties to be considered in scaffold walls. Different resorption rates allow to 
envisage initially dense bioactive ceramic materials capable of devel-
oping an in situ porous structures once implanted. The adequate me-
chanical behavior of the low rate resorbing phase would maintain the 
structural integrity of the scaffold while being colonized by bone. In 
order to take advantage of and modulate the attractive biological 
behavior of wollastonite and to avoid its lack of mechanical properties 
and sinterability, two families of biphasic biomaterials containing 
wollastonite as a phase have been developed. They have been formu-
lated in the binary systems TCP-W and D-W. 

8.2.1. System TCP-W 
De Aza et al. were the first to propose a composite material TCP-W, 

Bioeutectic®, as polycrystalline bioceramic in 1989 [94]. Their initial 
approach was to overcome the lack of mechanical properties of porous 
scaffolds by making a material that would develop porosity once 
implanted, simultaneously to bone colonization. The selected micro-
structure was that of the eutectic point of the system TCP-W [101] 
(Fig. 1c, wt.%: ≈40 TCP/60 W and 1402 ± 3 ◦C) obtained by slow so-
lidification of a melt with the eutectic composition, under a radial 
gradient of heat extraction. The microstructure is constituted of 
quasi-spherical colonies of alternated radial lamellae of psW and α-TCP, 
embedded in highest volume fraction phase, psW. The phase that dis-
solved preferentially in SBF [94] and human parotid saliva [111] was 
α-TCP, which initially was expected to be the bioactive phase, and HAp 
was formed on the psW zones. After sufficient immersion time in SBF, 
the original microstructure was completely replaced and the final ma-
terial was constituted by a porous HAp structure with interconnected 
channel pores of diameter smaller than <1 μm. In spite of the interesting 
theoretical approach of Bioeutectic®, the material has two main draw-
backs to be used in practice for scaffold walls. On the one hand, as 
massive material for implant blocks, the size of the pores is too small to 
be colonized by osteoblasts and, on the other hand, the process of slow 
cooling of a melt is not adequate for the fabrication of scaffolds. 

8.2.2. System W-D 
In order to avoid the drawbacks of Bioeutectic®, Sainz et al. [115] 

proposed the eutectic composition of the W-D system (Fig. 1c), wt.%: 
36.77 W/63.23 D) focusing materials with the ability of developing a 
porous structure containing apatite when implanted to provide 
osseointegration. In principle, the use of solid-state sintering, a con-
ventional ceramic process, would allow the fabrication of different sizes 
and shapes and the control of macro porosity of such bioceramics when 
required. The materials studied by these authors were obtained by solid 
state sintering of synthetized psW and D powders. Depending on the 
sintering temperature, the materials contained psW (T=1250 and 1300 
◦C) or W-2M (T=1350 ◦C) as second phase. The diopside-rich compo-
sition was chosen close to that of the eutectic to facilitate sintering at 
lower temperatures. It was hypothesized that diopside will provide the 
materials with sufficient structural integrity during bone colonization 
due to its low resorption rate. Both materials containing psW had rela-
tively large porosities (20–26 vol%) while the material with W-2M had 
8 vol% porosity. The high solubility of wollastonite in SBF led to the in 
situ formation of an interconnected porous apatite-like/diopside layer at 
the ceramic–SBF interface. This porous structure is a three-dimensional 
architecture ceramic matrix that is expected to be useful for the colo-
nization by cells and new bone formation. 

The actual mechanical properties of the W-D materials developed 
have not been analyzed and the approach has not been implemented for 
high porosity materials with large pores. However, the conventional 
ceramic processing route used allows to hypothesized the adequacy of 

the W-D microstructures proposed for walls of scaffolds. 

8.3. Polycrystalline bioceramics in the system TCP-D-W 

Phase relations in the Ca3(PO4)2–CaMg(SiO3)2 system were estab-
lished by Sata112 and revised by Carrodeguas et al. [113] (Fig. 1 d). Sata 
[112] reported a eutectic point located at 63 wt% CaMg(SiO3)2 and 
1300 ± 5 ◦C. The existence of this eutectic point was confirmed by 
Carrodeguas et al. [113], with stoichiometric diopside (CaMg(SiO3)2) 
coexisting with β-[(Ca1-xMgx)3(P1-δSiδO4-δ/2)2, indicating the dissolution 
of D in the TCP network. This dissolution is incongruent, with the 
smaller Mg2+ cation being much more soluble than the bigger Si4+. 
Thus, even though these authors did not detect any minor phase asso-
ciated to the Si4+ excess, they concluded that the system TCP-D is not a 
real binary, but a pseudo-binary system in the quaternary system 
CaO–P2O5–SiO2–MgO. For the sake of simplicity, this system has been 
considered as binary for compositions with low tricalcium phosphate 
amounts (≤40 wt%), however, our research has consistently demon-
strated the presence of wollastonite 2 M in thermally treated TCP-D 
compositions with diopside amounts from 10 wt%, as will be 
described later [31,90]. 

As described previously, synthetic β-tricalcium phosphate 
(Ca3(PO4)2, TCP) granules and coatings are being successfully used for 
more than 40 years for bone repairing in dentistry, maxilla-facial and 

Fig. 3. XRD diffractograms of sintered materials corresponding to TCP-D 
compositions with 100–90 wt% TCP in the green state plotted in Fig. 1 c) 
and d). 
a) Composition with 100 wt% of TCP sintered at 1300 ◦C. 
b) Composition with 99 wt% of TCP sintered at 1300 ◦C. 
c) Composition with 90 wt% TCP sintered at 1225 ◦C. 
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Fig. 4. Weibull distributions of tensile strength values (DCDT) corresponding to single-phase β-TCPss materials. 
a) Material with 100 wt% of TCP. Non optimized green processing. Weibull modulus = 2. 
b) Material with 100 wt% of TCP. Optimized green processing. Weibull modulus = 8. 
c) Material with 95 wt% of TCP. Optimized green processing. Weibull modulus = 10. 
d) Material with 90 wt% of TCP. Optimized green processing. Weibull modulus = 4. 
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trauma surgery. Well known properties of β-TCP materials are their 
biocompatibility, bioactivity, osteconductivity, and biodegradability. 
Materials developed in the pseudo-binary system TCP-D present high 
potential to take advantage of the attractive properties of β-TCP in ap-
plications where structural integrity is needed. The adequate biological 
behavior is assured by the excellent biological behaviour of glasses and 
glass-ceramics with compositions formulated in this system. 

In our group it has been demonstrated that conventional solid-state 
sintering of green compacts is an adequate method to fabricate mate-
rials with different compositions and microstructures in the pseudobi-
nary system TCP-D. The main advantage of such conventional ceramic 
processing is that it can be scaled for the sintering of green shaped 
scaffolds. A series of optimized materials were processed using powder 
conditioning by milling and selected sintering temperatures. We have 
demonstrated that the phase development in β-TCP-D porous scaffolds 
processed using different shaping methods is the same as that in dense 

composites shaped by uniaxial pressing [31]. In Fig. 1 d) the studied 
chemical compositions are plotted in the binary system TCP-D. Sintered 
materials containing 40 and 20 wt% TCP in the green state present 
improved mechanical behavior as compared to single-phase β-TCP, 
β-TCPss and other bioceramics. In addition, the attained improvement of 
the mechanical behavior is maintained in the scaffold walls [31]. The 
main results are described below. 

Preliminary works showed that sintered materials with green com-
positions (wt.% of TCP) from 100 to 40 are biocompatible and not 
cytotoxic to human osteoblasts and stimulate cell proliferation 
increasingly with silicon content [89,114]. 

XRD diffraction patterns of sintered materials with TCP 90–100 wt% 
are shown in Fig. 3. The sintered TCP (1300 ◦C) 100 and 99 wt% com-
positions were a mixture of α and β-TCP, as expected from the TCP-D 
system (Fig. 1 d)). The composition with 95 wt% of TCP led to an 
essentially single-phase thermally treated (1250 ◦C) material with 
diopside in solid solution, β-TCPss, also expected from the binary dia-
gram, while traces of wollastonite were detected in the 90 wt% TCP 
composition. The Weibull distributions of the tensile strength (DCDT) 
values of these materials are plotted in Fig. 4. Adequate conditioning of 
the TCP powder by milling leads to a significant increase in the reli-
ability of the pure single-phase β-TCP material, as revealed by the sharp 
increase of the Weibull modulus (x4, Fig. 4 a)-b)), however, strength 
values remain relatively low (σ0 ≈ 20 MPa, Fig. 4 a)-b)). Optimized 
processing of the 95 wt% TCP composition led to β-TCPss sintered 
specimens with significantly higher values of strength (σ0 ≈ 38 MPa, 
Fig. 4 c)) and slightly higher reliability (Weibull modulus ≈ 8 and 10 for 
β-TCP and β-TCPss, respectively). However, higher amounts of diopside 
led to the degradation of the mechanical behavior (Fig. 4 d)) due to the 
coarsening of the microstructure and associated cracking [89]. 

For lower amounts of TCP (20 and 40 wt%) the sintered materials 
were constituted by β-TCPss and diopside as major phases and small 
amounts of wollastonite (CaSiO3, W; ≈6 wt% for 40 wt% TCP) [31]. As 
an example, Fig. 5 a)-c) shows the XRD difractograms of materials with 
40 wt% TCP green processed using different routes and sintered at the 
optimum sintering temperature, 1225 ◦C. The presence of W as third 
phase is due to the incongruent dissolution of diopside in the TCP 
described above. The real phase composition of these high 
diopside-containing materials has to be plotted in the ternary system 
TCP-W-D, as shown in the isothermal section at 1225 ◦C (Fig. 5 d)). 
Wollastonite is a highly bioactive ceramic compound, as described 
above [6,11,115]. Diopside resorption is slower than that of β-TCP and 
presents much higher toughness and stiffness (Tables 3 and 4), thus, 
suitable microstructural design allows the tailoring of bioactivity and 
mechanical response of materials in the TCP-D system. Optimum me-
chanical behavior was obtained for materials with the lowest amounts of 
TCP (40–20 wt%). 

Optimized (thermal treatment and powder conditioning) processing 
of mixtures with green compositions (β-TCP/D wt.%) 20/80 and 40/60 
uniaxially pressed and sintered produce homogeneous materials 
constituted by a diopside matrix surrounding highly microcracked 
β-TCPss zones and some isolated wollastonite particles [90]. Fig. 6 a) 
shows the characteristic microstructure of these composites. In the 
single-phase β-TCP material processed similarly, cracks are not confined 
into certain areas but traverse the whole material (Fig. 6 b)) When 
mechanically loaded, fracture origins are the TCP areas and microcrack 
growth is limited by the tough diopside matrix which presented trans-
granular fracture [90]. This mechanism endows the composite materials 

Fig. 5. phases found in the TCP-D materials with TCP contents ≤40 wt%. 
a)-c) XRD diffractograms of sintered materials (1225 ◦C) fabricated using different green processing routes. Uniaxial pressing (a); Freeze casting (b); Freeze casting 
and laser ablation (c). 
d) Schematic representation of the solid state compatibility in the TCP-W-D system at 1225 ◦C. The compositions with TCP = 40 and 20 wt.% are plotted considering 
the presence of wollastonite. 
TCP: Ca3(PO4)2; pW: pseudo-wollastonite (CaSiO3); 2 M: wollastonite 2 M; D: diopside (CaMg(SiO3)2. 
Note the significant solid solutions of diopside in wollastonite and TCP that change with composition. 

Fig. 6. Characteristic microstructures of materials sintered at 12225 ◦C. 
a) Composition with 40 wt% TCP. Homogeneous microstructure constituted by 
a diopside matrix surrounding highly microcracked β-TCPss zones is observed. 
b) Pure 100 wt% TCP composition. Extensive cracking through the whole 
microstructure is observed. 
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with higher strength (>3x) compared to single-phase TCP and reliability 
similar to that of the optimized single-phase β-TCP (Fig. 7 a) and 4 b), 
Table 4). In addition, tensile strength values of these specimens are in 
the range of those of cortical skull bone (Table 1). 

The improved mechanical behavior due to the presence of diopside is 
maintained in the walls of highly porous scaffolds, as it was demon-
strated for the composition with 40 wt% of TCP using two kinds of 
model specimens with different levels and morphology of pores [31]. 
This composition was chosen for scaffolds because of its higher bioac-
tivity [90]. One series of porous specimens (FC) was fabricated using 
freeze casting by ice templating. Porosity in freeze cast has been 
demonstrated to be adequate for the colonization by osteoblasts [117]. 
Another series (FC + L) was prepared by laser ablation of the green 
porous FC specimens to reach large cylindrical pores capable for 
vascularization. 

The Weibull strength distributions for the porous scaffolds prepared 
using freeze cast (FC) and freeze cast and subsequent laser ablation (FC 
+ L) are plotted in Fig. 7 b)-c), compared to the distribution for the 
uniaxially pressed specimens (P, Fig. 7 a)). Considering the simplified 
model of a bidimensional cellular porous microstructure uniaxially 
loaded [118] it is possible to evaluate the strength of the wall of the FC 
specimens using the experimental values of strength and the open 
porosity. For σ≈4 MPa (Fig, 7 b), Table 4) The obtained value, ≈50 MPa, 
is in the range of the corresponding to pressed specimens (≈60 MPa) 
showing that the relatively good mechanical behavior of the micro-
structure of pressed specimens is kept in the scaffolds. In addition, 
preliminary results [119] for specimens with ≈8 % open porosity sin-
tered from green parts fabricated by Lithoz GMBH the 
Lithography-based Ceramic Manufacturing (LCM) have shown that the 
phase development is similar to that of specimens shaped by the other 
methods (wt.% ≈ 57, 38 and 5 of D, β-TCPss and W, respectively) and 
that they maintain the reinforcing effect of diopside which keeps its 
transgranular fracture mode. 

Both structures with high porosity, FC and FC + L, have tensile 
strengths (Table 4) in the range or even higher of most values of 
compressive strength reported for cancellous bone (Table 1), thus, suf-
ficient for scaffold performance [27,34], as discussed in section 4. 

The single-phase β-TCP and the β-TCPss-D composites have excellent 
bioactive behavior [90], as they support viability and osteogenic dif-
ferentiation of human mesenchymal stem cells (hASCs). Main difference 
is the process of cell colonization and resorption of the materials. 
Modifications of the single-phase material occur homogeneously in the 
surface where a uniform and continuous layer of cells form (Fig. 8 a)). 
Initially, cell colonization in the composites (Fig. 8 b)-c)) occurs through 
the microcracked β-TCPss which is preferentially resorbed leaving the 
structure of diopside surrounded by the cell layer that enters into the 
material. This specific morphological features of the colonization of the 
materials by hASCs permits to infer that in the composite scaffolds 
seeded with hASC, the initial bone structure would be generated while 
maintaining the structural integrity of the scaffold. The remaining 
diopside will be resorbed for longer times as the bone structure grows 
further. In addition, the differential resorption rate of the mechanically 
performant phase diopside will permit cell seeding of the scaffold in vitro 
without compromising scaffold architecture. (caption on next column) 

Fig. 7. Weibull distributions of tensile strength (DCDT) for sintered (1225 ◦C) 
materials with TCP contents ≤40 wt% fabricated using different green pro-
cessing routes. The Weibull parameters are summarized in table 4. 
a) Uniaxial pressing, P. 
b) Freeze casting, FC. 
c) Freeze casting and laser ablation, FC + L. 
As FC and FC + L specimens were bigger than the P ones, strength values have 
been corrected using the Weibull modulus (m = 6) and the effective volume to 
be comparable to data for the P specimens. 
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9. Concluding remarks 

Modern perspectives for bone repairing and regeneration are based 
on the use of engineered structures combining resorbable bioceramic 
scaffolds, cells and/or reactive agents as growth factors or antibiotics: 
tissue engineering constructs (TEC). In the ideal case, these structures 
would facilitate host cells to deposit extracellular matrix (ECM) and 
replace the scaffold structure over time. 

Bones with different function differ strongly in shape and structure. 
One main opportunity for ceramic scaffolds is in the repair of plate-like 
bones, where the mechanical solicitations are lower and specific forms 
that can be green shaped by 3D technologies are required. 

Bioceramics for scaffolds should combine properties needed for 
adequate cellular function and viability and sufficient mechanical 
strength. The challenge is materials constituted by highly dissolvable 
phases and low resorbing phases with improved mechanical behavior. 
Layered or gradient porous structures with optimum behavior due to the 
contribution of the different layers could also be envisaged. 

Multiphase polycrystalline ceramics in the system TCP-W-D are one 
of the most appropriate responses to such a challenge. Solid-state sin-
tered bioceramics of variable microstructure and adequate biological 
and mechanical properties have been developed. Composites with TCPss 
microcracked areas surrounded by diopside present high strength due to 
the mechanically performant phase diopside. The differential resorption 
rate of diopside permits cell seeding of the scaffold in vitro without 
compromising scaffold architecture. The main advantage of such con-
ventional thermal treatment is that it can be scaled for the sintering of 
green porous scaffolds shaped by different methods. Results reviewed in 
this paper open a wide opportunity of developing personalized resorb-
able scaffolds for bone regeneration. 
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