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Abstract

The repair and restoration of bone defects in orthopaedic and dental surgery remains a
major challenge despite advances in surgical procedures and post-operative treatments.
Bioactive glasses, ceramics, glass-ceramics and composites show considerable potential for
such applications as they can promote bone tissue regeneration. This paper presents an
overview of the mechanical properties of various bioactive materials, which have the
potential for bone regeneration. It also identifies current strategies for improving the
mechanical properties of these novel materials, as these are rarely ideal as direct replacements
for human bone. For this reason bioactive organic-inorganic composites and hybrids that
have tailorable mechanical properties are of particular interest. The inorganic component
(bioactive glass, ceramic or glass-ceramic) can provide both strength and bioactivity, while
the organic component can add structural reinforcement, toughness and processability.
Another topic presented in this paper includes 3D porous scaffolds that act as a template for
cell attachment, proliferation and bone growth. Mechanical limitations of existing glass and
ceramic scaffolds are discussed, along with the relevant challenges and strategies for further
improvement. Advantages and disadvantages of different bioactive materials are critically
examined. This paper is focused on optimization of biomaterials properties, in particular

mechanical properties and bioactivity.

1. Introduction

Glasses are amorphous solids, which lack long-range structural order and exhibit open
structure [1, 2, 3]. Bioactive glasses were introduced in the early 1970s by Larry Hench and
the first commercialized glass was named Bioglass® 45S5 [4, 5]. Bioactive glasses are
excellent materials for clinical applications due to their high biocompatibility and bioactivity.
Bioactive glasses, as well as some crystalline ceramics like hydroxyapatite (HA) and

tricalcium phosphate (TCP), are osteoconductive and bond to the bone without any fibrous



connective tissue interface [5, 6, 7, 8]. Upon implantation of bioactive glasses into the defect
site, ion exchange reactions take place between the glass surface and the surrounding
biological fluid, leading to the formation of a bone-like apatite layer on the implant surface.
This biological apatite is partially replaced by the bone after long-term implantation because
apatite promotes cellular adhesion and proliferation of osteogenic cells [9, 10, 11].

Despite the excellent bioactive properties, the major disadvantages of bioactive glasses
and ceramics are their low mechanical strength and fracture toughness. These characteristics
typically restrict their use to non-load bearing applications. However, smart strategies like
combination with polymeric phases to produce composites or development of novel
fabrication methods (e.g. additive manufacturing techniques) allow partial overcoming of
these drawbacks. The present review focuses on the mechanical properties of bioactive
glasses, ceramics, glass-ceramics and composite materials for orthopaedic applications,
providing a picture of the current state of the art and highlighting open issues and challenges

for the near future.

2. Mechanical properties of bioactive glasses

Ideally, bioactive implants for clinical applications should match the mechanical
properties of the host tissue and exhibit strong interfacial bonds with hard and/or soft tissues
[12, 13, 14, 15, 16, 17, 18, 19]. Given the inorganic nature and mechanical properties of
bioactive glasses, which possess physical characteristics relatively close to ‘hard’ bone tissue,
great attention has been focused on using these biomaterials in contact with bone and teeth.
The main mechanical properties of some commercial bioactive glasses and glass-ceramics,
hydroxyapatite and human bones are summarised in Table 1. All the synthetic materials listed

in Table 1 exhibit notably lower toughness than natural load-bearing cortical bone.



Table 1 Mechanical properties of bioactive glasses, ceramics and human bones [20, 21,
22, 23] (HA = hydroxyapatite; AW = apatite wollastonite)

Compressive | Compressive Fracture Bending Vickers
Material modulus strength toughness strength Hardness | Structure
(GPa) (MPa) (MPam'?) | (MPa) (MPa)
HA 35-120 100-150 0.8-1.2 60-120 90-140 | ceramic
Bioglass® 4585 60 - 0.6 40 - glass
Bioglass® 5254.6 60 - - 40 - glass
® glass-
Cerabone® AW 120 1080 2 215 680 .
ceramic
Ceravital® 100-160 500 - 100-150 . glass-
ceramic
Bioverit® I 70-90 500 1.2-2.1 140-180 ; glass-
ceramic
Bioverit® II 70 450 1.2-1.8 90-140 ; glass-
ceramic
Bioverit® III 45 i 0.6 60-90 i glass-
ceramic
Trabecular bone 0.05-0.6 1.5-7.5 0.1-0.8 10-20 40-60 -
Cortical bone 7-30 100-135 2-12 50-150 60-75 -

The fracture toughness values obtained for CaO-Al,03-P,0s5 glasses are in the range

0.2-0.6 MPaem"?, which are similar to the fracture toughness of trabecular bone (0.1-

0.8MPaem'?), but are much lower than the values for cortical bone (2-12 MPasm'?) [24, 25,

26, 27].

More details on the bioactive glass products in current clinical use for healthcare can be

found elsewhere [28, 29].

3. Mechanical properties of bioactive glass-ceramics

Upon high-temperature thermal treatment, bioactive glasses can partially crystallize,

originating glass-ceramic materials with superior mechanical properties compared to the
parent glass. Glass-ceramics possess crystalline phases embedded in a residual amorphous
matrix. The crystalline phases enhance the strength of glass-ceramics and give them higher
fracture toughness when compared to the parent glass. In this regard, crack bridging and

crack deflection were determined to be the most potent toughening mechanisms [30, 31, 32,



33, 34, 35]. The main properties and applications of bioactive glass-ceramics for use in
orthopaedics and dentistry have been recently reviewed by Montazerian and Zanotto [36].

Table 1 indicates that the glass-ceramic Cerabone® AW (34Si0,—16.2P,05—44.7CaO-
0.5CaF,—4.6MgO wt%) [22, 37] has higher mechanical properties than 45S5 Bioglass and
hydroxyapatite HA. Therefore, apatite-wollastonite (AW) glass-ceramic is used for vertebral
replacements where significant compressive strength is required [38].

The major concern when using partially crystallized glasses is the corresponding
decrease in bioactivity, as ion-exchange phenomena at the interface between implant surface
and biological fluids are mainly related to the residual glassy phase. Hench and co-workers
found that 40% crystallinity did not affect the bioactivity of partially crystallized 45S5
Bioglass®. However, the formation rate for an apatite layer at a surface is slowed down if
crystallinity reaches 100%, although it is not totally suppressed [39]. Kokubo and co-workers
reported that AW glass-ceramics did not form a HA layer when immersed in Tris-buffer
solution. However, the formation of a polycrystalline HA layer occurred on their surface
upon soaking in the simulated body fluid (SBF) [33, 34].

Bioactive glass-ceramics in the MgO-CaO-Si0,-P,0s system, containing apatite and [3-
wollastonite phases can be obtained by sintering and subsequent crystallization of glass
powders. Increasing the P,Os content results in a decrease in compressive strength [40].

Bending strength and Vickers microhardness tests were performed on glass-ceramic
samples obtained by sintering of bioactive glasses containing MgF, and MgO [41]. Glasses
with the composition (50-x) Ca0O-34Si10,-14.5P,0s—CaF,-0.5MgF,— x MgO (wt. %) (where
x = 4, 25 and 46) were synthesized by a conventional melt-quenching method. The glass
samples were formed into pellets in a hydraulic press and then sintered in two steps, at
temperatures between 700-735 °C for 1h (for stepl) and 950-990 °C for 3h (for step2).

Increasing the MgO content resulted in an increase in the sintering temperature [41]. The



resultant glass-ceramic samples had Vickers microhardness of 4.9-6.9 (GPa) and bending
strength of 210-280 MPa. These values increased with the increase of the MgO content in the
parent glass composition [41].

Glass-ceramics were prepared by sintering a melt-derived bioactive glass with the
mol%  composition  33Si0,-21Ca0-32.5Na,0-12P,05-1.5Mg0O, at three different
temperatures 750 °C, 800 °C, and 850 °C [42]. Vickers hardness tests performed on glass
ceramic samples showed an increase of hardness values with the sintering temperature from
5.6 to 7.1 (GPa). As expected, increasing the sintering temperature the structure will become
denser, porosity will decrease and crystallinity will increase, leading to enhanced mechanical
properties [42].

Al-Haidary et al showed that the addition of 0.2wt% Y,0O;3 to bioactive MgO—CaO-
Si10,-P,0s—CaF, glass leads to glass-ceramic samples that have enhanced hardness, fracture
toughness and compressive strength compared to parent glass. However, Y,0Os-modified
glass-ceramic decreased the bioactivity of the original parent glass [43].

NiO doped bioactive glass-ceramics were prepared by melting and quenching. NiO
concentration was varied between 0.4-1.65 mol% [44]. Increasing the NiO content, flexural
strength (three-point bending) increased from 106MPa to 120MPa. Similarly, compressive
strength increased from 112 MPa to 133MPa and Knoop microhardness values increased
from 7.65 to 8.15 (GPa). The observed increase of mechanical properties is due to formation
of Ni-O-Si bonds in the silicate network (glass phase structure) and crystallisation of sodium
calcium silicate phases (ceramic phase structure). NiO doped bioactive glass-ceramics were
confirmed to be bioactive and non-cytotoxic for rabbit osteoblast bone cells [44].

ZrO, doped AW bioactive glass-ceramics were obtained by multistep sintering AW and
monoclinic ZrO, (mZrO,) or 8wt% Y,0; partially stabilized tetragonal ZrO; (tZrO,) mixtures

at temperatures between 700-1000 °C [45]. The amount of mZrO; or tZrO, in the mZrO,-AW



or tZrO,-AW glass-ceramic mixtures was varied between 2-8wt%. The main crystalline
phases were Cas(PO4);F (fluorapatite) and B-CaSiO3( B-wollastonite). mZrO, slightly
improved the fracture toughness of mZrO,-AW glass-ceramics but decreased hardness and
bending strength. tZrO, significantly increased the fracture toughness, bending strength and
Vickers microhardness of tZrO,-AW glass-ceramics [45]. The maximum values for bending
strength and fracture toughness were achieved by tZrO,-AW glass-ceramics containing Swt%
of tZrO, (5tZrO,-AW glass-ceramic). Thus, by adding Swt% of tZrO, the fracture toughness
increased from 0.92 + 0.02 MPaem"? (for pure AW glass-ceramic) to 1.67 = 0.01 MPaem'?
(for 5tZrO,-AW glass-ceramic), while bending strength increased from 37.17 + 0.54 MPa
(for pure AW glass-ceramic) to 46.41 + 0.23 MPa (for 5tZrO,-AW glass-ceramic). Elastic
modulus slightly increased from 19.2 + 0.14 GPa for pure AW glass-ceramic to 21.6 = 0.11
GPa for 5tZrO,-AW glass-ceramic, while microhardness increased from 114.19 + 0.76 (GPa)
for pure AW glass-ceramic to 145.44 + 0.72 (GPa) for 5tZrO,-AW glass-ceramic. 5tZrO,-
AW glass-ceramics are bioactive and showed no cytotoxicity for L.-929 fibroblasts cells. The
coefficient of thermal expansion of ZrO, doped AW bioactive glass-ceramics is close to that
of titanium alloy (Ti6Al4V), so these glass-ceramics could be used as bioactive coatings for

TicAl4V substrates [45].

4. Mechanical properties of ‘““traditional” bioceramics: from almost-inert ceramics to
calcium phosphates
Ceramics are usually hard and brittle materials, which possess elastic moduli within the
range of human cortical bone. Bioinert ceramics like Al,O3 and ZrO, are highly durable and
possess excellent mechanical strength, hence they are used as artificial femoral heads and
acetabular cups [46]. Al,O3 has been widely used for manufacturing prosthetic bearings as it
possesses high wear resistance, high strength and excellent corrosion resistance. High-purity

AL O3 (>99.5%) was the first bioceramic to be used clinically for load-bearing hip prostheses



and dental implants. Small amounts of MgO are added to Al,O3 to aid sintering and limit
grain growth process.

Zirconia has replaced Al,O3 or has been combined to Al,O3 for many applications due
to its higher toughness. Yttria-stabilised zirconia has been used as an alternative ceramic for
femoral head and acetabular cup, as it possesses higher strength and fracture toughness than
alumina [47, 48, 49, 50]. Despite their good biocompatibility, toughness and low friction,
alumina and zirconia are not bioactive. This is the main reason why calcium phosphate
bioceramics, exhibiting higher compositional and microstructural similarity with the mineral
phase of bone, have been proposed to regenerate bone in osseous defects. This wide class of
biomaterials has been comprehensively reviewed by Dorozhkin [51].

The mechanical strength of hydroxyapatite is particularly promising for bone
substitution, also considering that it does not tend to drop down over time as this material is
typically non-resorbable or very slowly resorbable, unless it is synthesized in the form of
nano-sized particles [52].

Hsu and co-workers studied the mechanical properties of three different compositions
of calcium phosphate bioceramics following immersion in Ringer’s solution [53]. Table 2
presents the composition of the three samples with different ratios of a-TCP/B-TCP/HA.

Table 2 Calcium phosphate bioceramic composition (wt% ) [53]

Sample Name a-TCP B-TCP HA

COMP 1 2.31 21.73 75.96
COMP 2 20.81 41.98 37.21
COMP 3 0 96.72 3.28

The four-point bending strength of the three samples after 26 weeks immersion in

Ringer’s solution at pH7.2 and distilled water at pH4.0, is shown in Figure 1 [53].
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Figure 1 Four-point bending strength after immersion in (a) Ringer’s solution at
pH 7.2 and (b) distilled water at pH 4.0, for 26 weeks [53]

COMP1, having the highest HA content (75.96 wt%) has the highest four-point
bending strength, whereas, COMP3 with the lowest HA content (3.28 wt%) has the lowest
strength, irrespective of the solution type and immersion time. There is no statistical
difference between the four-point bending strength in Ringer’s solution and distilled water
during the 26 weeks immersion time. Similar results were obtained for compressive strength
for samples immersed in Ringer’s solution or distilled water for 26 weeks. Compressive

strength increases with the increase of HA content from 20MPa (COMP3) to 160MPa



(COMP1). A similar range of variation was achieved for compressive strength in both
solutions (Ringer and distilled water) during 26 weeks immersion time [53].

Though hydroxyapatite is the most common osteoconductive material used for bone
tissue engineering, it has lower fracture toughness and higher compressive modulus than
human cortical bone (Table 1). These variations may lead to structural incompatibilities

between implants and natural tissue and premature failures.

5. Mechanical properties of silicate bioceramics

Silicon (Si) is considered as the vital trace elements located at the active calcification
sites in the bones inside the human body [54]. Si has been found to be directly involved in the
bone mineralization during the bone growth process. Bone and extracellular matrix
compounds contain almost 100 ppm and 200-550 ppm levels of silicon, respectively [55].
Looking at the importance of silicon inside the human body, various Si doped bioceramics
have been widely researched [56, 57, 58]. Some particular compositions of calcium silicate
ceramics possess unique bioactive properties and are found to enhance the in vitro osteogenic
as well as angiogenic differentiation of the stem cells [59, 60, 61, 62]. To date, more than 20
calcium silicate bioceramics with a broad range of compositions have been fabricated during
the past decade.

The preparation techniques significantly affect the mechanical properties of the calcium
silicate bioceramics. Techniques like chemical precipitation, solid-reaction method, sol-gel
method and hydrothermal method are used to synthesize the silicate bioceramics [58, 59, 60,
61]. Bioceramic monoliths can be fabricated using the pressureless sintering technique or
spark plasma sintering (SPS).

Compared to the conventional phosphate-based bioceramics such as HA and TCP,
calcium silicate bioceramics have extensive chemical compositions, which tailor their

physicochemical properties, such as bioactive behaviour, mechanical strength and

10



degradation mechanism. Table 3 lists the main calcium silicate bioceramics with

composition, mechanical properties, apatite mineralization and dissolution behaviour.
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Table 3 Composition, mechanical properties, apatite mineralization and dissolution behaviour for the calcium silicate bioceramics [58,

61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72]

Ceramic Form Composition System | Bending | Elastic Compressive Fracture Apatite Dissolution
strength | modulus strength Toughness | Mineralization behaviour
(MPa) (GPa) (MPa) (MPa » m"?)
Wollastonite Binary CaSiO; Powder 294 46.5 60 2 Excellent Rapid
Dicalcium Binary Ca,Si0, Ceramics 26-97 10-40 1.1-1.8 Excellent Rapid
silicate
Tricalcium Binary Ca;Si0; Scaffolds 93.4 36.7 1.93 Excellent Rapid
silicate .
Coatings

Magnesium Binary MgSiO; Ceramics 32 8.5 Poor Very slow
silicate
Dimagnesium Binary Mg,Si0;4 Powder 203 24 Poor Very slow
silicate
Monticellite Ternary CaMgSiO, Scaffolds 159 51 1.63 Moderate Slow
Merwinite Ternary CazMgSi,04 151 31 1.72 Good Moderate
Diopside Ternary CaMgSi,0¢ Spheres 300 0.2-1.36 3.50 Moderate Slow
Akermanite Ternary Ca,MgSi,0, Powder 0.53-1.13 0.63-1.72 Good Moderate
Bredigite Ternary Ca;MgSi4Oy6 Ceramics 156 43 0.233 1.57 Excellent Rapid

12




Hardystonite Ternary (Sr,Ca)SiO; Ceramics 136 37 1.37 Poor Very slow
Zn(x)CaSiO(S‘l‘X) C .
eramics
Ca,ZnSi,0, Powder
Strontium Ternary Sr,7ZnSi,0, Ceramics Poor Very slow
hardystonite CaNa,Si0, Ceramics
Ca:Na,31304 Ceramics
Baghdadite Ternary CasZrSi,0q Ceramics Moderate Slow
Spheres
Sphene Ternary CaTiSiOs Ceramics Poor Very slow
Coatings
Silicocarnotite Ternary CasP,Si0, Powder 65 80 Good Moderate
Nagelschmidtite Ternary Ca;Si,P,04¢ Ceramics Excellent Rapid
Strontium Binary SrSi0; Powder Good Moderate
silicate
Zinc silicate Binary 7Zn,S104 Ceramics 91 37.5 Poor Very
slow
Zinc silicate Quaternary | (Sr,Ca),ZnSi,O; | Scaffolds

13




2
and

HA possesses maximum fracture toughness and bending strength of 1.2 MPa m'"
120 MPa, respectively. As evident from table 3, the fracture toughness for many silicate
bioceramic like diopside, wollastonite, dicalcium silicate, monticellite, akermanite, bredigite
and hardystonite etc. is generally higher than that of HA [61]. The bending strength and
elastic modulus for most of the silicate ceramic monoliths is comparable to the human
cortical bone (table 1). SPS-sintered calcium silicate ceramics, such as dicalcium silicate and
wollastonite, have appreciably enhanced mechanical properties, as compared to the
conventional pressureless-sintered calcium silicate ceramics [73].

Calcium silicate bioceramics also possess the distinct ability of apatite mineralization as
shown in table 3. The chemical compositions and dissolution of bioceramics describes the
apatite mineralization ability. Wollastonite, tricalcium silicate, dicalcium silicate,
nagelschmidtite and bredigite ceramics exhibit the best apatite mineralization capacities
along-with rapid dissolutions in SBF. Merwinite, akermanite, silicocarnotite and strontium
silicate display good apatite mineralization and reasonable dissolutions. No observable
apatite mineralization could be seen for the hardystonite bioceramics and their dissolution is
also quite low. Usually, improved apatite mineralization could be observed for the calcium
silicate bioceramics with high Ca contents. When metal ions like Mg, Zn and Zr are
incorporated into the calcium silicate ceramics, then the apatite mineralization ability is
noticeably decreased. As evident from table 3, the bioceramics with fast dissolutions yield
enhanced apatite mineralization, indicating that dissolution rate linearly affects the
mineralization capability.

Despite having higher mechanical properties than calcium phosphate ceramics,
forsterite Mg,Si104 (M,S) ceramics have lower mechanical strength than cortical bone and
cannot be used for load-bearing applications. Despite M»S having good biocompatibility it

has low degradation rate and poor apatite-formation ability [74]. Hence, research was focused

14



on developing nanostructured materials based on bioactive forsterite ceramics. Webster and
co-workers designed the first nanosize ceramics with improved osteointegration properties
[75]. Kim and co-workers obtained improved biocompatibility, osteoblast adhesion and
proliferation for the nanostructured materials due to a high fraction of grain boundaries [76].
Nanosized forsterite exhibited better apatite formation ability when compared to the forsterite
microparticles. Kharaziha and Fathi [77] prepared dense forsterite ceramic discs using a two
steps sintering of sol-gel derived powder [78], to avoid grain growth during the conventional
sintering process. Pressed discs (sol-gel derived green bodies) were heated up to 600 °C for
60 min, followed by heating to temperatures in the range 900-1300 °C (T1) for 6 min (step
1). After heating, the samples were cooled down to 750 °C or 850 °C for 2h, 5h or 15h (step
2) [77]. The dense discs obtained after this two-step sintering process had fracture toughness
in the range 1.04.3 MPaem'"? and Vickers hardness HV of 475-1000 (MPa). These values
are higher than those of hydroxyapatite (0.8-1.2MPasm'?and 90-140 (GPa)), reported in
Table 1. Fracture toughness and Vickers hardness of forsterite samples as a function of
sintering temperature T1 are presented in Figure 2. These samples also showed good

biocompatibility for G292 osteoblast cells [77].
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Figure 2 a) Fracture toughness (MPa m" 2) and b) Vickers hardness (MPa) for the
forsterite samples as function of sintering temperature of the first step (T1) [77]

The two-step sintering method used by Kharaziha and Fathi [77] is very different from
conventional sintering methods. In a typical conventional sintering method, green body
compacts are heated in one step at a high temperature and held at that temperature until a
higher densification level is achieved. The grain size increases continuously as density
increases, leading to lower values of fracture toughness. In the two-step sintering method
green body compacts are heated to a high temperature and held for a short time (6 minutes) to
reduce the pore sizes to less than 1um, followed by cooling to a lower temperature for a
longer time (hours), in order to complete the sintering process. Samples heat treated at 1200
°C (T1) and 750 °C (T2) for 5h or 15h showed the highest values of fracture toughness and
Vickers hardness (Figure 2). Increasing the sintering time of step 2 from 2h to 5h (T1 = 1200
°C, T2 = 750 °C), the density of the resulted samples increased from 80% (after 2h) to
approximately 99% (after Sh). Thus, the two-step sintering method (T1 = 1200 °C/6min, T2 =
750 °C/5h) yields the optimization of mechanical strength and grain size, as highly dense

forsterite ceramics (98.6 + 0.22 %) with small crystallite size (30-45nm), high fracture
16



toughness of 4.3 + 0.2 MPaem'? and high hardness values 1100 £ 25 (MPa) have been
obtained [77].

Siyu Ni and co-workers [79] synthesised highly dense forsterite from coarse grain
forsterite powder with relative density of 92.9% by uniaxial pressing at 10MPa and then cold
isostatic pressing at 200 MPa. The samples were sintered at 1450 °C for 8 h and the
maximum fracture toughness value was 2.4 MPaem'?.

CaSiOs3 (CS) ceramics have relatively rapid apatite formation and high growth rate of
the apatite layer in SBF [74]. However, they also exhibited a relatively fast degradation rate
and poor mechanical properties. In vivo experiments showed that the CS coatings have good
osteoconduction [74]. Combination between CS and forsterite M,S leads to ceramics with
improved mechanical properties and apatite formation ability. By varying the initial CS/M,S
ratio, bending strength and compressive modulus increased compared to pure CS ceramics.
Varying the M»S percent from 0 to 70%, the bending strength increased from 33MPa to
185MPa, while compressive modulus increased from 16GPa to 30GPa [74]. Pure CS has a

relatively high dissolution rate while M»S has a lower dissolution rate. Increasing the amount

of CS also increases the solubility of CS/M,S ceramics [74].

6. Mechanical properties of bioactive hybrids

The bioactive glass composition can be modified with organic polymers to provide
mechanical properties similar to natural bone. Bioactive glass/polymer hybrids were found to
more closely match the low elastic modulus of bone while exhibiting increased toughness,
strength and fatigue resistance [30, 74, 79].

Organic-inorganic hybrid materials are mixed at the molecular level with or without the
aid of coupling agents and form a chemical bond between the organic and inorganic phase. A
coupling agent can functionalize the polymer to form a covalent bond with the inorganic

phase. The inorganic phase is a sol-gel derived silica glass. Due to the covalent bonding

17



between the organic and inorganic phases, their mechanical properties are higher than the
individual components.

One of the polymers used as a precursor for sol-gel derived organic-inorganic hybrid
biomaterials is poly(dimethyl siloxane) (PDMS, Si(OC,Hg),). PDMS-derived hybrids form a
covalent bond between the silica network and PDMS. However, these hybrids are not
bioactive unless Ca** ions are incorporated in the network [80]. Other polymers used to
prepare organic-inorganic hybrids include polyethylene glycol, gelatin, poly(e-caprolactone)
(PCL) [81]. Silica based sol-gel hybrids that employ self-hardening copolymers of methyl
methacrylate (MMA) and 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) have been
reported [82].

PCL/silica hybrids were obtained via sol-gel process, using 3-isocyanatopropyl
triethoxysilane (IPTS) as a coupling agent. The stability of the hybrid structure increases by
cross-linking, which is controlled by the molecular weight of the polymer. Using lower
molecular weight PCL leads to increased cross-linking and faster apatite formation.
Decreasing the amount of PCL in the hybrid, increased the apatite forming rate but the
material showed brittle fracture behavior [83].

PCL/borosilicate glass hybrid biomaterials containing 50wt% trimethoxysilane-
functionalised polycaprolactone (PCL) and 50wt% boro-phospho-silicate (B,03-P,05-S10,)
glass (BPSG) exhibited compressive strength, modulus and toughness values of 32.2+3.5
MPa, 573+85 MPa and 1.54+0.03 MPa, respectively. These were almost double the values
observed from composites of similar composition, obtained using pure PCL (non-
functionalised PCL) [81].

Poly(amido amine) / 70S30C bioactive glass inorganic-organic hybrids were developed

using 3-glycidoxypropyltrimethoxysilane (GPTMS) as coupling agent. These hybrids are
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bioactive, non cytotoxic for human gingival fibroblast cell lines and showed antibacterial
properties against Staphylococcus aureus [84].

When bioactive glasses containing silica and titania are intimately combined with
flexible organic components at the nanoscale, bioactive hybrid materials with low elastic
moduli can be obtained [85, 86, 87, 88, 89]. Functional groups as Si-OH and Ti-OH can
promote nucleation and growth of apatite crystals in SBF, especially when Ca®* ions are
released from the surface of the biomaterial [90]. The inorganic component of these hybrids
is usually derived from tetraecthoxy silane (or tetraecthyl orthosilicate, TEOS) or tetra
isopropyl titanate (TiPT) whereas the organic component is derived from PDMS or
polytetramethylene oxide PTMO terminated with 3-isocyanatopropyltriethoxysilane (IPTS)
[85]. These hybrids possess elastic moduli similar to human cancellous bone but they do not
exhibit apatite-forming behaviour unless CaO is present in the inorganic precursors.
Therefore, calcium salts such as CaCl, or Ca(NOs3), are incorporated into these hybrids to
improve bioactivity, even if this may involve a reduction in mechanical strength [85].

Tsuru at al [91] and Yabuta et al [92] fabricated bioactive organic-inorganic hybrids
using PDMS, TEOS and Ca(NO3), through a sol-gel process. By incorporation of highly
reactive Ti alkoxides (TiPT) Chen at al [86] obtained hybrids with higher mechanical
strength [93]. A similar approach was suggested by Aburatani et al [94] who modified the
synthesis method proposed by Tsuru [91] by the addition of colloidal silica, to increase the
mechanical properties. Increasing the content of colloidal silica resulted in increased
compressive strength of these hybrids [94].

Miyazaki and co-workers [90] synthesized bioactive organic-inorganic hybrids using
hydroxyl ethyl methacrylate (HEMA), tetra isopropyl titanate (TiPT) and CaCl,. HEMA
provides high hydrophilicity and biocompatibility, while TiPT provides Ti-OH groups that

promote apatite nucleation and crystallisation. Young's modulus varied between 0.04-
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6.4MPa, being similar to human articular cartilage (1-10MPa). Increasing the TiPT content,
the tensile strength and Young’s modulus increased. However, tensile strength values varied
between 0.4-7MPa, being lower than the values for human articular cartilage (10-40MPa)
[90].

One of the polymers that has been developed for soft tissue regeneration is
poly(glycerol sebacate) (PGS) elastomer. However, PGS has low bioactivity, hydrophilicity
and tensile strength (0.3 tol.5 MPa), limiting its applications for bone, cartilage or tendon
regeneration [95]. Zhao and co-workers developed PGS-silica-based bioactive glass hybrid
elastomers (PGS-SC) by a direct hybridization method. The silica-based bioactive glass is a
CaO-Si0; glass obtained by a sol-gel process, using TEOS and CaCl, as main reagents. The
PGS polymer solution was dissolved in ethanol and then mixed with the glass sol. The
resulted PGS-SC hybrid showed enhanced hydrophilicity and degradation compared with
pure PGS [95]. The tensile strength increased notably from 1.13 + 0.1 MPa for pure PGS to 4
+ (0.84 MPa for PGS-SC, while elastic modulus increased from 1.75 + 0.15 MPa (pure PGS)
to 34.52 + 473 MPa (PGS-SC). PGS-SC is bioactive after immersion in SBF and non
cytotoxic for MC3T3 osteoblasts [95].

3D-printable hybrids with “bouncy” elasticity and self-healing ability were also

recently proposed by Tallia et al. [96] for osteochondral applications.

7. Mechanical properties of bioactive glass-ceramic scaffolds

Bioactive glasses can also be processed to obtain three-dimensional (3D) scaffolds that
should exhibit a highly-interconnected macroporous structure (pore size above 100 um) to
promote bone integration [97]. Furthermore, porosity promotes vascular ingrowth, resorption,
bioactivity and osteoblast differentiation [98]. Porous scaffolds are commonly produced by

high-temperature sintering of glass particles following the shaping/moulding stage [99].
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However, the famous 45S5 glass composition has poor sinterability and, thus, scaffolds made
of this glass cannot be produced without partial crystallization. Specifically, 45S5 Bioglass
forms crystalline Na,CaSi,Og when treated above 550-600 °C [100], which is very close to its
glass transition temperature; hence, crystallization is almost unavoidable during sintering
[101]. The presence of crystalline phases can significantly slow the formation rate of nano-
crystalline hydroxyapatite on the material surface; however, it was reported that 45S5
composition still maintains a weak bioactivity even after achieving 100% of crystallinity
[102, 103].

The first 4S55 Bioglass-derived glass-ceramic scaffolds were produced in 2006 by
sponge replication but the poor glass sinterability led to porous structures with hollow struts
and, thus, compressive strength unacceptable for bone repair (<0.4 MPa vs. 2-12 MPa) [104].

Since then, different strategies have been proposed to improve the mechanical strength
of 4555-based scaffolds, including mixing the 4S55 Bioglass with a small amount of other
glass, which acts as a sintering aid, and/or increasing the sintering temperature. Xu and co-
workers [105] fabricated glass-ceramic scaffolds by sintering mixtures of 4S55 bioglass and a
sol-gel derived calcium borosilicate glass CBS (19.5 B,03;-48.2Ca0-30.2S10,-2.1P,0s5
wt%). 45S5/CBS porous scaffolds were obtained by mixing 45S5/CBS powder mixtures
(with a CBS content of 0-20wt%) with paraffin particles (280-400um) using a mass ratio of
65:35 (45S5/CBS:paraffin). The resulting powder mixtures were pressed into cylindrical
shape moulds using a uniaxial press at 4MPa. The samples were then sintered at 800-1100
°C for 2h [105]. Increasing the sintering temperature from 800 °C to 1000 °C the
compressive strength of 4S55/CBS10 scaffolds containing 10wt% CBS increased from 3MPa
to 12MPa, while the porosity decreased from 76% to 64%. Thus, the boron-rich CBS glass
can significantly reinforce the 45S5 bioglass when 4S55/CBS scaffolds are sintered at

850-900 °C [105]. CBS glass having a melting temperature of ~960 °C [106, 107] and a
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lower sintering temperature, assists bonding between 45S5 and CBS particles by viscous flow
in the porous scaffolds. Above a sintering temperature of 800°C, 4S55 starts to crystallise
forming mainly Na;Ca,Si309 crystalline phase, while CBS glass starts to soften. At
temperatures of 850-900°C, the intergranular CBS liquid-phase covers the 45S5 particles,
enhancing the strength of the scaffolds. Thus, liquid phase sintering of 45S5/CBS10 mixtures
at low temperatures (850-900°C) produced scaffolds with a compressive strength of 7-9MPa
and a porosity of 70-74%, similar to the values of the human trabecular bone. 10wt% CBS
reinforced 45S5 porous scaffolds (4S55/CBS10) sintered at 850-900 °C showed good
bioactivity and biodegradability. Immersion in Tris buffer solution for 14 days leads to a
slight decrease (1-2MPa) of compression strength for 45S5/CBS10 scaffolds sintered
between 800 °C and 1000 °C [105]. However, the scaffolds maintained their stability and can
provide a temporary mechanical support for bone ingrowth.

45S5 Bioglass-derived and CEL2-derived glass-ceramic scaffolds were fabricated using
the sponge replication technique, pushing to the limit the sintering temperature in an attempt
to achieve good densification of scaffold struts and high mechanical properties while
maintaining a total pore content comparable to that of human cancellous bone (>50 vol.%).
CEL2 is a silicate glass containing MgO and K;O in addition to the 45S5 composition.
Despite their high porosity (~70 %vol.), compressive strength of ~2.5 MPa and ~4.5MPa,
comparable to that of cancellous bone, were obtained for Bioglass-derived and CEL2-derived
glass-ceramic scaffolds, respectively. The difference in mechanical strength was attributed to
the different sintering behaviour of the two starting glasses [108].

Apatite-mullite (AM) and apatite-wollastonite (AW) glass-ceramic scaffolds were
fabricated using an indirect selective laser sintering (SLS) method by Dalgarno and co-
workers [109]. Powders with particles size in the range 45-90um or powder mixtures with

different fraction between 45-90um and 0-45um particles size have been used for SLS. AW
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green bodies produced by SLS were sintered using a two-step sintering process: 779°C for 1h
(step 1) to achieve optimal nucleation and 1150°C for 1h (step 2) for crystal growth. AM
green bodies produced by SLS were sintered using a one-step sintering process. AM green
bodies were placed into a furnace at 1200 °C for 1h, followed by cooling. After sintering the
AM and AW scaffolds have a porosity of 40-50% and open porous structures required for
bone ingrowth and vascularisation [109]. The flexural strength (three-point bending) of AM
and AW scaffolds was 7-38MPa (depending on the initial fraction of fine (0-45um) and
coarse (45-90um) particles size), being similar to the values reported for trabecular bone (10-
20MPa, Table 1). AM scaffolds with 100% coarse 45-90um powder had the lowest flexural
strength (7MPa). The flexural strength of these AM scaffolds increased to 12-20MPa by
mixing coarse and fine powders to produce green bodies or by infiltration of sintered AM
scaffolds with a phosphate glass at 1200 °C for 1h (flexural strength 14MPa). AW scaffolds
with 100% coarse 45-90um powder had the highest flexural strength (32-39MPa) [109]. This
increase in strength can be explained by the corresponding reduction of porosity. The
infiltration process reduced the scaffolds porosity significantly, while the use of powder
mixtures with different fraction of fine and coarse powder sizes preserves the porosity around
40% [109].

Furthermore, silicate scaffolds have been prepared using porogen method, polyurethane
foam templating method and 3D plotting technique. Porogen method yields good mechanical
strength of the scaffolds, but pores were not interconnected or uniform [110]. Conversely, the
template method provides enhanced interconnectivity along with large pore size; however,
the scaffolds prepared were not mechanically strong. The 3D plotting technique offers the
advantage of precise control of the scaffold structure and mechanical strength, attributed to

layer by layer plotting under suitable mild conditions [111, 112].
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Porogen method usually endows the scaffolds with high compressive strength attributed
to their low porosity and interconnectivity. Wollastonite scaffolds synthesized using porogen
method had a compressive strength of 60 MPa. However, when wollastonite scaffolds were
fabricated using polyurethane foam templating method and 3D plotting technique, the
compressive strength was 0.4 MPa and 3.6 MPa, respectively, these values being much lower
than the ones obtained from the porogen technique. Figure 3 depicts the stress-strain curve
for 3D-printed CaSiOs; scaffolds. Remarkably, these scaffolds partially retain their shape after

the compressive test (figure 3c) [113].
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Figure 3 a) Compressive strength for the CaSiOj; scaffolds; scaffolds before (b) and

after (c) compression testing [113].

24



8. Mechanical properties of bioactive glass scaffolds

The development of glass scaffolds with low tendency to devitrification upon thermal
treatment is often preferred when bone repair is the major goal, since the apatite-forming
ability and bone-bonding of these materials is dictated by the ion-exchange reactions between
amorphous phase and biological fluids [114]. A typical example is represented by the glass
composition 13-93, which has received approval for clinical use in Europe and USA [115].
On the other hand, glass-ceramic scaffolds embedding crystalline phases in a residual glassy
matrix often exhibit higher mechanical properties than their glass counterparts; however, the
use of additive manufacturing approaches has recently allowed strong glass scaffolds with
highly-promising mechanical properties for bone repair to be obtained.

In this regard, 45S5-derived and 13-93 bioactive glass scaffolds with mechanical
properties similar to those of cortical bone have been fabricated using 3D printing technique
(robocasting or direct ink printing) [116]. This process enables the formation of scaffolds
with grid-like structures and straight channels with open porosities in x, y, and z directions.
The robocasting process involves dispersing glass powder into a suitable binder, to create an
ink. The printed green body is then sintered into strong glass scaffolds while the binder burns
out [116]. In order to be used for robocasting, the ink should have appropriate shear thinning
rheology to flow easily through a fine diameter nozzle under force. After extrusion the ink
should be mechanically stable and not deform, and it should dry without producing cracks in
the extruded filaments. Mechanical stability of the green body depends on the physical and
chemical properties of the ink, particle size of the glass, and pore size distribution [116]. The
most common polymeric binders that have been used to produce bioactive glass scaffolds by
robocasting are Pluronic F-127, ethyl cellulose/polyethylene glycol, and carboxymethyl

cellulose [116].
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Liu and co-workers [117] also prepared grid-like porous scaffolds of 13-93 silicate
glass (53Si0,, 6Nay0O, 12K,0, 5MgO, 20Ca0, 4P,0s wt.%) using robocasting techniques
(Figure 4a). After printing, the samples were dried for one day in air at room temperature,
heated to 600 °C in O, to burn out the processing additives, and sintered in air for 1h at 700
°C. The resultant scaffolds have a grid-like microstructure with pore width of 300£10 pm in
the deposition plane (xy plane) and pore height of 150£10 um in the direction of deposition
(z axis) [117]. The flexural strength and flexural modulus values were 11+3MPa and
13+2GPa, respectively, being close to the lower end of trabecular bone values [117]. The
compressive strength and compressive modulus were 86£9MPa and 13+2GPa, respectively,
being close to the cortical bone values (Table 1).

The Weibull plots of compressive strength (Figure 4b) and flexural strength (Figure 4c)

are almost linear (R=0.92-0.93) except at low and high stress values [117].
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Figure 4 a) SEM of 13-93 scaffolds prepared by robocasting method, (b) Weibull plot of
compressive strength and (c¢) Weibull plot of flexural strength for 13-93 scaffolds
(adapted from [117])

The 13-93 scaffolds were tested under compressive cyclic stress between 1-30 MPa in
air at room temperature and in phosphate buffered saline (PBS) at 37 °C using a frequency of
SHz. All six samples tested under a cyclic stress of 1-10 MPa survived, showing that these
samples had a fatigue life greater than 10° cycles. Increasing the stress amplitude to 30MPa
the mean fatigue life decreased, but the difference was not statistically significant. For PBS
fatigue testing, five out of six samples survived 10° cycles limit when a cyclic stress of 1-10
MPa was used. Increasing the stress amplitude to 30MPa the mean fatigue life decreased
significantly [117].

Degradation of the compressive strength and compressive modulus of the 13-93
scaffolds was evaluated in vitro using a simulated body fluid (SBF) at 37°C. Degradation
tests in vivo were analysed using scaffolds after subcutaneous implantation in different sites
in the dorsum of rats for up to 3 months [117]. Both in vitro and in vivo studies showed a
notable decrease of compressive strength and compressive modulus values within 2 weeks.
However, after 2 weeks the mechanical properties changed more slowly for both in vitro and

in vivo tests (Figure 5) [117].
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The decrease of compressive strength and compressive modulus values in vivo was

larger than that in vitro [117]. The compressive strength decreased from 86 £+ 9 MPa to 58 + 5

MPa after 2 weeks in SBF, and to 35 + 4 MPa after the same time in vivo (Figure 5a). After

12 weeks of immersion in SBF the compressive strength of the scaffolds decreased to 52 + 10

MPa, while the compressive strength of in vivo implantation was 16 + 4 MPa after a similar

time (Figure 5a) [117]. The compressive modulus decreased from 13 +2 GPato 11 £ 1 GPa

after 2 weeks in SBF, and to 6 + 2 GPa after the same time in vivo (Figure 5b). After 12

weeks of immersion in SBF the compressive modulus of the scaffolds was 9 + 2 GPa, while

the compressive modulus after the same time of in vivo implantation decreased to 2 + 1 GPa

(Figure 5b) [117]. This decrease in mechanical properties is related to the formation of a

porous hydroxyapatite layer and partial dissolution of the glass filaments [117].
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Figure 5 (a) Compressive strength and (b) compressive modulus for 13-93
scaffolds after immersion of the scaffolds in SBF at 37 °C (in vitro) and after
subcutaneous implantation in rats for 12weeks (in vivo) [117].

Interestingly, the scaffolds implanted in vivo showed an increase in compressive strain

values with the implantation time; instead of fracturing, they maintained their integrity.

However, the fracture toughness of 13-93 scaffolds prepared by robocasting was 0.48+0.04

MPa°m1/2, which is much lower than that of the human cortical bone (2—12 MPaem" 2) [117].
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Kolan et al [118, 119] fabricated porous 13-93 bioactive glass scaffolds by indirect
selective laser sintering (SLS) using stearic acid as a polymeric binder (Figure 6). They
investigated the effect of particle size distribution, binder content, SLS processing parameters
(laser power, beam speed and scan spacing) and sintering conditions (heating rate and
temperature) on the mechanical properties of these scaffolds. Increasing the laser power and
scan speed produced scaffolds with higher mechanical properties. The heating rate during
sintering significantly affects the mechanical properties of the sintered scaffolds [119]. After
optimization of all process parameters for ‘green body’ and sintered constructs, the
compressive strengths of the sintered scaffolds varied from 41MPa for scaffolds with ~50%
porosity to 157 MPa for dense scaffolds. After immersion in the SBF for 6weeks, the
compressive strength of the porous scaffolds decreased but was in the range of human

trabecular bone [119].

Figure 6 Digital images of a) porous, hollow and solid ‘green bodies’ and b) sintered
porous 13-93 glass scaffolds (adapted from [119])

For the purpose of comparison, it is instructive to mention the work reported by Fu and
co-workers [120] who synthesized 13-93 porous glass scaffolds using a polyurethane foam
replication method. The stress strain curve for a 13-93 glass scaffold sample is presented in
Figure 7. The valleys and peaks in this diagram correspond to the progressive breaking down

of the scaffold structure [120].
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Figure 7 Stress strain curve for 13-93 glass scaffolds under compression [120]

During the initial compression, the glass showed elastic behaviour, followed by a
decrease in stress attributed to the fracture of scaffolds’ struts [120]. Eight samples were
tested in compression (porosity 85 + 2%). The average compressive modulus calculated from
the initial linear region of the stress—stain curve was 3.0 £ 0.5 GPa, while the average
compressive strength determined as the highest stress on the stress—strain curve was 11 + 1
MPa (values similar to the compressive strength of human trabecular bone (Table 1) [120].
The measured compressive strength of the 13-93 glass scaffolds was higher than the values
reported for hydroxyapatite scaffolds with similar porosity and polymer-ceramic composites
prepared by the thermally induced phase separation (TIPS) method [120]. Glass—ceramic
scaffolds with a porosity of 89-92%, obtained from 45S5 bioactive glass have a compressive
strength of 0.3-0.4MPa. Hydroxyapatite scaffolds with a porosity of 86% had compressive
strengths of 0.01-0.2 MPa, while those with porosity of 70-77% had higher values of
compressive strength (0.6-5.0MPa) [120]. Hydroxyapatite scaffolds coated with apatite-

wollastonite glass-ceramic and having a porosity of 93%, resulted in a compressive strength
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of approximately 1MPa. Hydroxyapatite scaffolds prepared by gas foaming techniques and
rapid prototyping had compressive strengths of 17MPa (73% porosity) and 30 MPa (35%
porosity) respectively [120].

Mechanically-strong grid-like robocast scaffolds were also obtained by using 47.5B
glass (47.5S10;-10Na,0-10K,0-10Mg0O-20Ca0-2.5P,05s mol.%) that was not prone to
devitrification upon sintering [121]. The compressive strength (around 10 MPa for as-
produced scaffolds) progressively decreased during immersion in simulated body fluids (3.3
MPa after 1 month) but it still remained comparable to that of human spongy bone. Thus,
47.5B glass has been considered acceptable for bone repair applications [122].

In general, it is apparent that additive manufacturing techniques exhibit higher
versatility for processing bioactive glasses compared to “traditional” methods, showing great
promise for the fabrication of hierarchical scaffolds based on mesoporous bioactive glasses
(MBGs). Over the last decade, MBGs have been proposed as smart platforms for the
controlled release of drugs, growth factors and therapeutic ions [123, 124] due to their
controlled solubility in aqueous environment and the presence of an ordered texture of
nanopores. The nanopore size can be finely controlled by varying some key parameters (e.g.
pH, temperature) during the sol-gel process applied for their synthesis [125]. However, the
size of mesopores (2-50 nm) [126] is several orders of magnitude smaller than bone cells (10-
200 pm); this precludes cells from entering the pores and, hence, MBGs should be somehow
processed by macro/meso-co-templating strategies to acquire multiscale porosity allowing
bone cell penetration, attachment and proliferation.

Scaffold processing methods should indeed preserve the original mesoporosity of
MBGs, which is exploited for encapsulating and releasing therapeutic biomolecules. Initially,
hierarchical MBG scaffolds were produced by dipping a polyurethane foam into the sol, but

dramatically brittle structures were obtained (compressive strength in the range of 50 to 250
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kPa) [127]. An exceptional improvement is obtained when MBGs are processed by additive
manufacturing strategies: Wu et al. [128] used 3D printing to fabricate SiO,-CaO-P,0s MBG
hierarchical scaffolds with compressive strength of 16 MPa, along with excellent apatite-
forming ability and sustained drug release. MBG scaffolds produced by 3D printing were also
shown to retain good mechanical strength (7 MPa) after being soaked in simulated body

fluids to mimic their evolution upon contact with body environment [129].

9. Mechanical properties of bioactive composite scaffolds

Composite materials consist of two or more distinct phases/constituents that are
combined in order to produce a different material with tailored chemical, physical,
mechanical and biological properties [130]. Composites offer the advantage of better
mechanical and bioactive properties and hence have been an intense topic of research.
Polymer matrix composites can be designed to combine mechanical properties of bioactive
glasses, ceramics or glass-ceramics with the flexibility of polymers. Bone is a composite
material, composed of carbonated apatite (65 dry wt%) that provides stiffness and structural
reinforcement, and collagen (35 dry wt%) that provides flexibility and toughness [131].
Development of polymer-ceramic composites that mimic bone structure should lead to higher
toughness for the composites compared to the pure ceramics.

The mechanical properties of bioactive ceramics and glasses, especially when
fabricated in a porous form (scaffold) and therefore more susceptible to catastrophic failure,
can be improved by surface coating strategies. Polymer-coated bioceramic scaffolds can be
simply produced by a dipping method that involves the immersion of the porous bioceramic
in a polymer solution followed by drying in air. In this way, significant improvements in the
compressive strength [132, 133, 134] as well as the fracture toughness can be obtained [135,

136].
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Glass-ceramic scaffolds coated with the natural-derived polymer melanin, extracted
from Sepia officinalis exhibited accelerated bioactivity, enhanced mechanical strength and
local drug delivery ability, when compared with uncoated scaffolds [137]. Compressive
strength increased from 0.5MPa to 1.3 MPa after melanin coating. The polymer coating
covers the scaffolds struts and fills the microcracks present on the strut surface, improving
the mechanical stability of the scaffold. The polymer reinforced the brittle glass-ceramic
structure of struts increasing their toughness [137]. Uncoated scaffolds collapsed into powder
during compressive test while the coated scaffolds partly retained their structure and did not
collapse entirely. Polymer coating did not significantly affect the scaffolds’ porosity. Vacuum
assisted dip-coating method used for coating the scaffolds with the polymer solution
decreased the porosity only slightly from 87.9% (uncoated scaffolds) to 87.1% (after coating)
[137].

Polylactide-co-glycolide (PLGA) and 45S5 bioglass (BG) microspheres were used to
fabricate porous PLGA-BG cylindrical scaffolds by heating the microspheres at 70 °C for 20
h in a stainless-steel mould [138]. PLGA-BG composite microspheres were formed through a
water-oil-water emulsion, where PLGA granules were first dissolved in methylene chloride
and then mixed with BG particles (<40 um) and polyvinyl alcohol. The compressive strength
of PLGA-BG composite scaffolds with a porosity of 43% was 0.42 + 0.05MPa while the
compressive modulus was 51.34 + 6.08MPa. BG particles reinforced the polymeric matrix
and provided bioactivity properties after immersion in simulated body fluid. Mechanical
properties were tailored by controlling the polymer to bioactive glass ratio, co-polymer ratios,
microsphere diameter, and sintering parameters (heating rate, temperature, and duration)
[138].

PLA-HA scaffolds fabricated by electrospinning method showed improved mechanical

strength compared to HA scaffolds. Scaffolds with high porosities (~97%) were fabricated

33



using the TIPS method. Pore morphology, microporosity, mechanical properties, bioactivity
and degradation rates of TIPS can be controlled by varying the polymer concentration in the
solution, volume fraction of secondary phase, quenching temperature and composition of
solvent and polymers [139].

Polyethylene and polysulfone have been reported to be excellent polymeric matrices for
the fabrication of composites including bioactive glass. Polysulfone is an amorphous polymer
which has higher specific strength and modulus than polyethylene and could be used for load
bearing prostheses [140].

Bioglass®/polysulfone composites have higher compressive modulus than the
hydroxyapatite/polyethylene, Bioglass®/p01yethylene and AW glass-ceramics/polyethylene
composite systems (Table 4) [1, 2, 24, 25]. Specifically, the compressive modulus of
Bioglass®/polysulfone composites with high glass content (Table 4) is close to the lower
values of compressive modulus for human cortical bone. However, the synthetic composites
generally fail to match the compressive modulus of natural bone, which may be due to the
fact that the polymer/bioceramic interface is weak [24, 25]. This indicates that the interfacial
strength between the bioceramic and polymer plays a key role that should be taken into
account when designing and developing more effective bone-like composites.

Table 4 Mechanical properties of Bioglass®/polymer composite [141, 142, 143, 144]

Material Volume of the Compressive Tensile strength
bioceramic modulus (MPa)
phase (%) (GPa)
Bioglass®/polyethylene 0 0.65 17.89
10 1.05 14.34
20 1.12 12.69
40 2.54 10.75
Bioglass“/polysulfone 0 2.5 10.7
20 4.65 2.5
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40 6.7 1.5
A-W glass 0 0.65 17.89
ceramic/polyethylene 10 0.96 17.32
20 1.34 16.67
30 1.83 14.68
40 2.84 14.87

Polysulfone-45S5Bioglass composites were prepared by dissolving the polymer in
chloroform, followed by mixing with Bioglass particles using different volume fraction and
particles size [145, 146]. The polymer was then precipitated on the surface of the glass
particles using ethanol. The resultant material was composed of well-distributed glass
particles within a porous polymer matrix. The composite was then dried at 160 °C under
vacuum for 12 h and hot pressed into a dense shape at 205 °C. Four-point bending tests of
polysulfone-45S5Bioglass composites showed properties comparable with cortical bone.
Mechanical properties depended on the volume fraction and particles size of Bioglass.
Flexural strength varied between 50-80MPa, while flexural modulus was between 4-8GPa
[145]. A four-point bending test was carried out on samples after immersion in a simulated
body fluid at 37 °C for different periods of time up to 60 days [146]. The results showed a
slow decrease of the flexural strength and flexural modulus after 35 days in the simulated
fluid. The decrease of the mechanical properties (~20% for flexural strength and ~40% for
flexural modulus) after simulated body fluid tests is related to glass dissolution due to ionic
exchange process between the glass particles and fluid. Thus, fluid migration through the
interface of the composite produces surface dissolution of glass particles and formation of

voids, which are responsible for the decrease in mechanical properties [146].
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10. Summary and discussion

To the best of the authors’ knowledge, the last review paper specifically dedicated to
the mechanical properties of bioactive glasses, ceramics and composites was published in
1998 by Thompson and Hench [147]. A bit surprisingly, no other “global” review has been
published on this key topic over the past twenty years, although the mechanical behaviour of
single classes of bioactive materials has been more recently discussed in a few specific papers
[148, 149].

The present review aims to provide an up-to-date comprehensive picture as well as
some comparisons among the different materials, which, now as then, are crucial and still
challenging. Figure 8 illustrates the main material properties for load-bearing orthopaedic and
dental applications. This includes the most relevant properties of fracture toughness,
compressive strength and flexural strength for natural bone, dentine, enamel, alumina,
zirconia, bioglass and calcium phosphate bioceramics. The graph was produced using CES
EduPack 2018 software. The software database contains bulk values for these materials and
does not include specific data for porous biomaterials, composites or hybrids. Nevertheless
some interesting observations and comparisons can be made. Due to their mechanical
properties, alumina and zirconia composites have been used for femoral head and acetabular
cup components, while bioglasses and calcium phosphate bioceramics have typically been
used for non-load bearing applications. As can be seen in Figure 8, calcium phosphate
ceramics have fracture toughness * compressive strength values similar to transverse cortical
bone and enamel, whilst the values of flexural strength are lower than those of cortical bone
and dentine. Thus, calcium phosphates ceramics have been commercially used as coatings or
incorporated in bone or dental cements. Bioglasses, alumina and zirconia have fracture
toughness * compressive strength values which are higher than cortical bone, dentine and

enamel. However, the flexural strength of bioglasses is lower than that of longitudinal
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cortical bone. Alumina and zirconia have flexural strength values higher than cortical bone,
dentine and enamel. Combined with their excellent wear resistance it is seen that only
alumina and zirconia are currently used commercially for load bearing components such as

hip and knee prostheses.
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Figure 8 Fracture toughness (MPa * m" 2) * compressive strength (MPa) versus flexural

strength (MPa)

In modern tissue engineering approaches, however, there is often the need for
processing bioactive materials in the form of 3D porous scaffolds that can support and direct
the regeneration of newly-formed healthy tissue. This is a further challenge from both
technological and mechanical viewpoints because (i) processing of glass or ceramic
structures with suitable porosity for bone applications may not be an easy task and (ii)
porosity obviously affects the mechanical performance.

The mechanical properties of bioactive glass or ceramic scaffolds can be improved by

optimizing (i) the thermal processes (sintering) that are usually carried out to obtain the
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material in a porous form and/or (ii) the material composition. The latter approach was
particularly useful in the case of bioactive glasses: the tendency of 45S5 Bioglass to
crystallize prior to achieving adequate densification pushed research towards the
development of many other biomedical glasses with larger sinterability window, such as 13-
93, which led to strong scaffolds with well-densified struts for potential use even in cortical
bone repair [150].

Other interesting strategies to improve the mechanical properties of bioactive porous
scaffolds involve the production of composites with polymeric phases or the application of a
polymeric coating on the surface of the brittle struts/walls. The polymeric layer acts as a
“glue” that holds the glass or ceramic particles together when the scaffold struts start to fail,
thereby increasing both the compressive strength and toughness.

Bone, being a living tissue, exhibits the intrinsic ability to self-heal autonomously and
continuously restore its mechanical performance, while synthetic implants do not possess
these critical properties. However, bioactive hybrids allow moving a step towards this ideal
“life-like” situation. Sol-gel hybrid materials are composed of interpenetrating networks of
silicate and organic phases, which are able to intimately interact at the nanoscale and allow
the material to behave as a single phase unlike “conventional” nanocomposites [151, 152].
This feature is responsible for highly controllable degradation rates, finely predictable
mechanical performance and the capability of inducing spontaneous closing of cracks.

Technological advancement in the processing of powder-based bioactive glass and
ceramic products is another key to improving mechanical performance. In this regard,
additive manufacturing technology is regarded as a versatile class of fabrication methods for
obtaining strong bioactive scaffolds even if intrinsically brittle MBGs are used [153]. Hence,
hierarchical scaffolds with multifunctional capabilities (apatite-forming properties, controlled

and local release of drugs/ions) can be successfully obtained.
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Conclusions

Bioactive ceramics and glasses have been used for decades in the surgical repair of
injured bone and teeth due to their biocompatibility and favourable physical and mechanical
properties that are close to those of ‘hard’ tissues. However, the widespread use of these
inorganic biomaterials, as well as their suitability for load-bearing applications, is still limited
by their inherent brittleness and low fracture toughness (typically below 2MPa m'?). With
designs inspired by those of biological structures that can be found in nature, such as cortical
bone, glass-ceramics and bioceramic/polymer composites have demonstrated great potential
for improving both strength and toughness compared to the ‘parent’ glasses used alone.
Future research in the field of bone repair should focus on the development of more effective
processing strategies (e.g. additive manufacturing) that allow optimizing the structure
towards bioinspired, bone-like solutions. Furthermore, emerging applications of bioceramics
and glasses in contact with soft tissues (e.g. wound healing, nerve repair, ocular implants)
will require partial rethinking of biomechanical issues and optimizing the stiffness to match

the compliance of delicate collagenous tissues.
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