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Abstract

Foam-like glass-ceramic scaffolds based on three different glass compositions (45S5 Bioglass and
two other experimental formulations, CEL2 and SCNA) were produced by sponge replication and
characterized from the morphological, architectural and mechanical viewpoints. The relationships
between porosity and compressive or tensile strength were systematically investigated and
modelled, respectively, by using the theory of cellular ceramics mechanics and, for the first time,
the new concept of quantum fracture mechanics. Models results are in good agreement with
experimental findings, which highlights the satisfactory predictive capabilities of the presented
approach. The developed models could have an interesting impact towards an ever more rational
design of porous bioceramics with custom-made properties. Knowing the scaffold recommended
strength for a specific surgical need, the application of the models allows to predict the
corresponding porosity, which can be tailored by varying the fabrication parameters in a controlled

way so that the device fulfils the desired mechanical requirements.

Keywords: Scaffold; Glass-ceramic; Strength; Cellular solids mechanics; Quantized fracture

mechanics.

1. Introduction

Bioceramics constitute a subset of ceramic materials that are specially designed for the repair and
reconstruction of diseased or damaged parts of the body. As reported by Dorozhkin in a valuable
historical review [1], plaster of Paris (calcium sulphate) was the first experimented artificial
bioceramic: ancient literature dating back to 975 AD notes that calcium sulphate was useful for

setting broken bones in ex vivo applications and, by the end of the 19" century, orthopaedic
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surgeons began to use plaster of Paris as a bone-filling substitute in vivo. Over the years, tens of
bioceramic compositions have been tested, ranging from inert ceramics (e.g. alumina, zirconia and
composites thereof) and calcium orthophosphates (due to the chemical similarity to mammalian
bones and teeth) to bioactive glasses (amorphous ceramics) [2].

To date, bioceramics have been preferentially proposed for hard tissue repair covering all areas of
the skeleton (e.g. healing of bone defects, fracture treatment, total joint replacement, bone
augmentation, cranio-maxillofacial and orbital reconstruction, spinal surgery, dental field) [3-7], but
in the last two decades their suitability for soft tissue engineering (e.g. glass fibres for muscle and
nerve regeneration) has been also suggested [8,9].

Since the invention of 45S5 Bioglass® by Hench and associates in the early 1970s [10], silicate
bioactive glasses have been the subject of great interest amongst bioceramics due to their unique
property to form both in vitro and in vivo, when exposed to physiological fluids, a surface apatite
layer having the ability to tightly bond to the surrounding bone tissue. This is a key feature, as the
clinical success of an implantable biomaterial primarily requires the achievement of a stable
interface with host tissue, as well as an adequate matching of the mechanical behaviour of the
implant with the tissue to be replaced [11]. In order to fulfil the latter requirement, bioactive glasses
are often designed into the form of three-dimensional (3-D) porous scaffolds, which act as
templates supporting and directing tissue in-growth and regeneration [12,13]. In this regard,
different methods have been proposed to produce glass or glass-ceramic (depending on the sintering
conditions) scaffolds, including starch consolidation [14], H,O, foaming [15], gel-casting [16],
sponge replication [17-21], polyethylene (PE) particles burning-out [22-24], directional freeze
drying [25,26] and software-guided manufacturing methods [27-29].

One of the key challenges in scaffold design is the achievement of a satisfactory balance between
adequate porosity, that should allow biological fluid flow and cells migration, and mechanical

strength, that should be comparable to that of cancellous bone; hence, under this perspective, the
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development of porosity-strength relationships are of utmost importance in the attempt at
optimizing the architectural properties of scaffolds, ideally at a pre-processing stage. Looking at the
broad field of ceramic science, many mechanical property-porosity relationships for porous
ceramics have been proposed over the years, as critically discussed by Pabst et al. in a valuable
review [30]; as to porous bioactive glasses and bioceramics in general, however, the relevant
literature is relatively scarce.

Reviewing the data from the literature, Gerhardt and Boccaccini [12] applied linear fitting and, in
most cases, found an acceptable negative linear relationship between glass scaffold porosity and
compressive strength (Fig. 1); however, the linear interpolation failed to hold for ultra-porous 45S5
Bioglass® scaffolds (porosity above 90 vol.%) [17] due to the onset of instability phenomena
promoting the collapse of the scaffold micro-architecture. Baino et al. [23] proposed quadratic and
cubic models correlating the theoretical porosity, established at the design stage, with the final pore
content and compressive strength of glass-ceramic scaffolds fabricated by PE burning-out method;
two-order polynomial fitting was also proposed to obtain compressive strength-porosity
relationships for bioactive glass foams [21].

A linear correlation was also established between porosity and elastic modulus of glass-ceramic
scaffolds using ultrasonic wave propagation [31]; a two-order polynomial Young’s modulus-
porosity relationship was assessed in the modelling of the mechanical properties of a face-cubic-
centred scaffold microstructure [32]. Hellmich and associates modelled the non-linear relationship
between porosity and elastic modulus of different porous bioceramics by applying homogenization
of heterogeneous materials and micromechanics theory of porous solids [33].

Following the hierarchical structure of natural bone, Chen et al. [34,35] recently used a bottom-up
approach and proposed a geometrical, general model for porous scaffolds with structural hierarchy
to optimize tissue regeneration; they studied its basic mechanical constants and elastic-plastic

stress-strain behaviour, showing that the mechanical properties are comparable to those of natural
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bone. Tancret et al. [36] considered the porosities at both the micro- and macro-scale and presented
a hierarchical model to predict the mechanical behaviour of biphasic calcium phosphate scaffolds.

It is worth mentioning that finite element methods (FEMs) have been gradually employed to study
the mechanical behaviour of bone tissue engineering scaffolds [37], often in combination with
advanced imaging techniques (e.g. X-ray micro-computed tomography [38,39]), by which the
precise geometric model of the scaffold can be reconstructed. The method can thoroughly examine
the stress-strain responses of scaffolds and the FEM-based quantitative analysis is helpful to
understand the mechanical stimuli on cells and local stress distribution in the scaffolds.

In this work, foam-like scaffolds based on three different bioactive glass formulations were
produced by sponge replication method and characterized from the morphological, architectural and
mechanical viewpoints. The relationships between porosity and compressive or tensile strength
were modelled following two different approaches, involving the application of cellular solids
theory for the compressive case and, for the first time, the use of quantum fracture mechanics

(QFM) concepts for the tensile one.

2. Experimental

2.1. Synthesis of the starting glasses

Three melt-derived glass formulations were used as starting materials for producing 3-D scaffolds
by sponge replication method. The molar compositions of the glasses are reported in Table 1 and
correspond to Hench’s 45S5 Bioglass, well known in the biomedical field since the early 1970s and
commercialized worldwide since 1985 [10], and CEL2 and SCNA, two experimental SiO,-based
glasses that have been originally developed and studied by Vitale-Brovarone and associates at

Politecnico di Torino [18,40-43]. All glasses were prepared by melting the required quantities of
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high-purity reagents (purchased from Sigma-Aldrich) in a platinum crucible in air (raw products
and melting conditions are reported in Table 1). The melt was then quenched into cold water to
obtain a “frit” that was later ground by using a six-ball zirconia mill, and the glass powders were
eventually sieved through stainless steel sieves (Giuliani Technologies, Italy) to obtain particles
with size below 32 pum to be used for scaffolds fabrication.

Besides, commercial 45S5 Bioglass® powder (NovaBone, USA) with particle size below 5 pm were
used as received for making separate scaffold batches.

From now on, the two types of 45S5 Bioglass powders will be distinguished as follows: the melt-
derived 45S5 Bioglass sieved below 32 um will be referred to as BG32, whereas the commercial

one will be denoted as BGS5.

2.2. Scaffolds fabrication

Sponge replication was chosen for making scaffolds due to its excellent suitability to obtain porous
bioceramics with trabecular architecture closely mimicking that of cancellous bone [13,17]. The
processing schedule adopted in this work was extensively described elsewhere [19]. Briefly, small
cubic blocks of a commercial open-cells polyurethane (PU) sponge (density of the porous polymer
about 20 kg m™) were coated with glass powder by being impregnated in a water-based glass slurry
(weight composition: 30% glass, 64% distilled water, 6% poly(vinyl alcohol) (PVA)). The slurry
infiltrated the porous network of the polymeric templates, which were extracted from the slurry and
eventually compressed (20 kPa for 1 s) in thickness along the three spatial directions in order to
homogeneously remove the exceeding slurry. Scaffolds batches with different porosities were
produced by varying the number of repetitions of this basic infiltration/compression cycle.

The samples were dried (first at room temperature for 3 h and then in an oven at 70 °C for 3 h) and

afterwards thermally treated in order to remove the polymeric template and to sinter the inorganic
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one. The sintering conditions as well as the crystalline phases developed accordingly are reported in
Table 2. Therefore, it should be taken in account that, after sintering, all scaffolds were constituted
by glass-ceramic materials; however, for sake of simplicity, the expressions “BGS5, BG32, CEL2
and SCNA scaffolds” will be hereafter adopted, without further specifying their glass-ceramic

nature.

2.3. Scaffolds characterization

2.3.1. Morphology

The scaffolds were chromium-coated, and their morphology and porous 3-D architecture were
examined by scanning electron microscopy (SEM, Philips 525 M; accelerating voltage = 15 kV).
The inner porous network of the scaffolds was also non-destructively investigated by micro-
computed tomography (micro-CT; SkyScan 1174, Micro Photonics Inc.) in order to assess the total

porosity, that will be used for the models development.

2.3.2. Mechanical strength

BG5S, BG32, CEL2 and SCNA scaffolds were polished by using a SiC #320 paper to obtain samples
suitable for mechanical tests. The compressive strength was evaluated by means of crushing tests
(Syntech 10/D, MTS System Corp., cross-head speed = 1 mm min'l); the failure stress o, (MPa)

was obtained as

L~




wherein L. (N) is the maximum compressive load applied during the test and A, (mm?) is the
sample’s cross-sectional area perpendicular to the load axis.

SCNA scaffolds were also tested under tensile loads; it was not possible to test the other scaffolds
batches in tension due to their brittleness, which did not allowed their safe attachment to the testing
fixtures. To the best of the authors’ knowledge, there are no available standards or guidelines on
how to prepare tensile test for bioceramic scaffolds; also, no data relevant to such a characterization
were found in the literature, except for few studies on bioceramic/polymer porous composites
[44,45]. In order to fill this gap, we propose a modification of the ASTM standard followed to test
the adhesion of HA coatings on prosthetic substrates [46]. Before testing, each scaffold was glued
to two loading fixtures (16-mm diameter steel cylinders to be then connected by metal pins to the
testing machine) by using an epoxy resin (Araldite® AV 119, Ciba-Geigy), which is able to
withstand a maximum stress of above 40 MPa (as declared by the manufacturer). At room
temperature, the adhesive was a gel; its polymerization was achieved by a low-temperature
treatment in oven (140 °C for 1 h). The failure tensile stress of the SCNA samples, o; (MPa), was

calculated as

o, =— ()

wherein L, (N) is the tensile failure load and A, (mm?) is the resistant cross-sectional area.

3. Modelling

3.1. Compressive case

The mechanical properties of porous solids, like the glass-ceramic scaffolds studied in this work,

can be well modelled by using micromechanical analysis. The classical approach was first reported
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by Gibson and Ashby who developed the so-called “density power law model” [47], obtained by
analysing the bending and buckling mechanisms of ligaments in a regular cellular microframe. As a
matter of fact, however, ligaments in open-cells porous materials may be subjected to complex

mechanical loads (e.g. tension, bending, shear, torsion and their combinations); therefore, a general

relationship between the normalized mechanical properties M of a porous solid and its relative

density P (or porosity p = 1 — p) was presented in the form:

M =Cp” 3)
wherein C and @ are constants depending on the different constituent materials, structural
morphologies and failure mechanisms (e.g. & =1 for pure tensile/compressive case and a =1.5 for
pure bending case [47]).

Since the properties of the natural constituents of bone are not constant and often difficult to be
determined [48], as they depend on many factors including composition, structure and harvesting
site, the mechanical properties M of natural bone can be directly expressed as:

M =Cp” 4)
Therefore, considering the potential application of the prepared porous scaffolds in the context of
bone tissue engineering, Eq.(4) can be used to express the scaffold compressive strength-porosity

relationship as:

®)

wherein the values of total porosity p are in the [0-1] range.

3.2. Tensile case

Unlike the compressive case, the tensile failure is caused by the instable crack propagation due to

pores or connecting-pore cracks [49] (Fig. 2a). First, Eq. (4) provides the Young’s modulus as:
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E=C (1— p) (6)
wherein ¢ =3 and C =E| are adopted [50]; E, is the Young’s modulus of the constituent bulk
(pore-free) material [49].
The surface energy density of a porous material is expressed as [51,52]:

y=ye PP %
wherein 7, is the surface energy density of the constituent (bulk) material and £ is a constant,

which is typically between 1 to 9 for most porous structures [51].
Considering Eq.(6) for the Young’s modulus and the high-porosity (above 40 vol.%) bulk modulus

[53], the Poisson’s ratio can be expressed as:
E 3 )
v=05—-——=05——0-v)1- 8
K 4( )= p) ()

2(1-20,)1- p)
31-v)

with K=K

wherein K, and ¥, are bulk modulus and Poisson’s ratio of the constituent bulk (pore-free)

material, respectively.

Here, the irregular shapes of real pores in the scaffolds are equivalent to be elliptical [54] in the [xy]
plane of the model, as observed in polished cross-sections of the scaffolds reported elsewhere [21].
Considering the largest elliptical crack or defect in the model (Fig. 2), which plays an important role
in model’s tensile failure, and according to the Irwin’s fracture formula [55], the tensile strength of

the scaffold can be obtained as:

_ 2Ey
O-’_q)\/zr(l—vz)(a+g) ©)

with
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wherein @ and b are equivalent to minor and major axes of the elliptical hole, respectively, a+&

d=

2

is the half length of the largest crack or defect in the minor axis direction, and § is the grain size. It
is noted that § can be interpreted as the fracture quantum defined by Pugno and associates

[49,56,57], and thus it can be calculated as:

g=2Ey,| 7m0’ (10)

wherein O, is the tensile strength of the bulk material. Then, rearranging Eq.(9), we find:

-pp
ﬁ:q) , e (1_p)1.5

’ \/(1—[0.5—3(1—05)(1—19)2} J(Haj (11)
4 g

For porous materials, the grain volume V,, the pore volume V, and the total volume V; satisfy the

following relationship:

V,=V, -V (12)

4

Then, dividing both sides of Eq.(12) by V; and after some rearrangements, we can find:
V,/V, =p/i-p) (13)
The volume of pores disappears when p — 0, and V, / V, > when p — 1.1If we simply assume

(a/g)’ o V,/V, , then Eq.(11) becomes:

-Bp
ﬁ:q) I e (1—]?)1'5

o, T 14
‘ \/{1—[0,5—i(1—1}s)(1—p) } ](1+K‘,3/p/(]—p)) (14)
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If we consider a peculiar case, i.e. a =b, the ellipse becomes a circle and ¢ = 5 /2 . For this case,

Eq.(14) is consistent with the result of oblate spheroid derived by Sack [58], who extended the
Griffith’s theory to 3-D configuration. Comparing Eq.(14) with the well-known result from Gibson
and Ashby [47], we observe that they are different in their final form. In particular, although the
power 1.5 is identical, the square-root term with respect to the porosity is not a constant and the

present result includes the shape factor of pores.

4. Results and discussion

4.1. Morphological investigations

Fig. 3a shows the open-cells structure of a typical PU sponge, used as a sacrificial template for
scaffolding, that exhibits a 3-D network of pores ranging from 200 up to 800 um with strut
thickness within 10-50 um. The porosity of the sponge, assessed by weight-volume measurements,
was above 90 vol.%. During the sponge replication process, the polymeric porous template was
coated with a thin and continuous layer of glass particles (Fig. 3b) in order to obtain, after the
appropriate high-temperature thermal treatment (Table 2), an inorganic glass-derived replica of the
foam. The sintered scaffolds were glass-ceramic because the thermal treatment induced the
nucleation and growth of crystalline phases (Table 2) in the glass amorphous phase, as detected
elsewhere by XRD investigations [19,21,43,49].

The typical appearance of the produced cubic scaffolds is shown in Fig. 4a: the macroporous nature
of the samples is already apparent in this low-magnification picture. From the architectural
viewpoint, all glass-ceramic scaffolds closely mimicked the 3-D foam-like structure of cancellous
bone and exhibited well-densified and sound trabeculae (Fig. 4b-d). This is an important

achievement especially in the case of BG5 and BG32 scaffolds, since the poor mechanical strength

12



of 4555 Bioglass® scaffolds reported in the literature (0.3-0.4 MPa) was mainly attributed to the
presence of hollow struts [17]. The persistence of the “trace” of the starting PU sponge as an inward
cavity along the axis of sintered scaffold struts is due to the peculiar sintering behaviour of 45S5
Bioglass®, characterized by a small sinterability window [21]. The optimization of the thermal
treatment allowed to overcome this problem, thereby obtaining mechanically suitable scaffolds for
bone restoration (see the section 4.2).

Micro-CT investigations (Fig. 5) revealed a good 3-D pores interconnectivity in all scaffolds
batches (the open porosity was estimated to be above 90 % of the overall porosity), which is a key
feature for bone tissue engineering applications. In fact, the flow of culture medium containing cells
during cell seeding is critical to develop an evenly populated tissue engineering scaffold and it is
fundamental that, in vivo, there are paths for cells to migrate, tissue to grow in and waste products
to flow out. The total porosity of scaffolds significantly varied in the 35-85 vol.% range depending
on the starting glass and processing parameters, such as the number of repetitions of the sponge
impregnation/squeezing cycle. For instance, the SCNA scaffold shown in Figs. 5e,f clearly exhibits
thicker struts and lower porosity in comparison to BG32 and CEL2 samples depicted in Figs. 5a,b
and Figs. 5c¢,d. Micro-CT analysis further confirmed the soundness and adequate densification of
the trabeculae of all scaffolds produced in this work, as already assessed by SEM investigation. An
extensive characterization by micro-CT of the scaffolds have been reported elsewhere by the

authors [38,39].

4.2. Mechanical properties and models results

The strengths of the four scaffolds types were studied by employing Eq.(5) and Eq.(14) for the

compressive and tensile case, respectively. The fitting of the experimental data to estimate the
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unknown parameters of the model was carried out by using an ad-hoc software code based on the
least mean squares (LMS) algorithm.

The results of model fittings with the experimental compressive data are shown in Fig. 6; the model

constants C and @ as well as the correlation coefficient R* are listed in Table 3. In order to clearly
contrast the two sets of 45S5 Bioglass scaffolds (BG5S and BG32) and experimental biomaterials
(CEL2 and SCNA), their results are separately depicted in Fig. 6a and Fig. 6b, respectively;
moreover, the global comparison between experimental findings and theoretical predictions for all

scaffolds is plotted in Fig. 6c.

As to the tensile tests for SCNA scaffolds, we employed the peculiar result of Eq. (14), i.e. ¢ = b

The tensile strength of the SCNA constituent (pore-free material) is 47 MPa [49] and Y is assumed

to be 0.3; the model fitting with the experimental results is shown in Fig. 7. The fitted parameters

are = 0.95 and x = 17.36, and the correlation coefficient R’ equals 0.91.

Models results generally exhibit good agreements with experimental data, as demonstrated by the
high values of the coefficients R?, which also reveals the good predictive capabilities of the
presented approach.

Looking at Fig. 6c, the following trend can be observed for the compressive strength of the

scaffolds (under analogous porosity/architecture and manufactured by the same process):

SCNA > CEL2 > 4585 Bioglass (BG5 and BG32)

This trend can be ascribable to intrinsic materials characteristics, and more specifically to the
different mechanical features of the crystalline phases nucleated in the various glass-ceramic
materials. This hypothesis can be supported by following an approach based on the fact that, in

principle, materials with higher density have higher mechanical strength [21]. We observed that the
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densities of Na,CaSi,0¢ (major crystalline phase of BG5 and BG32), NasCas(SicO;s) (major phase
of CEL2 scaffolds) and CaSiO3 (found in SCNA scaffolds) are ~2.83, ~2.85 and ~2.92 g cm’,
respectively, which consistently mirrors the “strength order” of the different types of scaffolds. The
remarkably high strength of SCNA scaffolds can be also explained taking in account that the
presence of Al,Os3 in a glass formulation is known to increase the mechanical resistance of the
material [13]; in the case of SCNA, Al,Os is contained in the residual amorphous phase.

It is also interesting to compare the properties of BG5S and BG32 scaffolds (Fig. 2a), as under the
same porosity the compressive strength of the former is higher than that of the latter. This can be
attributable to a better coating of PU template and a higher homogeneity obtained by the very fine
commercial 45S5 Bioglass® particles (size below 5 pm) with respect to non-commercial ones (size
below 32 um). Furthermore, hot-stage microscopy studies, reported elsewhere by the authors [21],
revealed that compact bodies of BG32 particles undergo low densification upon heating compared
to BG5S ones, which should involve the formation of “weaker” (less densified) struts in the final
scaffold.

As to the tensile case for SCNA scaffolds, B does not locate in the typical 1-9 range as observed
for most porous structures but is very close to the lower limit of the range; this might be caused by
the relatively limited number of tested samples, whose porosity is between 42 and 65 vol.%.

Having a general look at all the four scaffolds batches, the ultimate strength in compression is
between 0.2 and 27.7 MPa, thereby covering the strength range of natural cancellous bone. Indeed,
it should be taken in account that the compressive strength of trabecular bone significantly varies
depending on the sex, age, harvesting site and peculiar features of the patient; however, a typical 1-
20 MPa range can be used as a reference [48,59]. These values also locate in the strength range of
the promising hierarchical scaffold developed by Chen and co-worker [34,35], which has a
multiscale structure useful for cells activities and nutrients distribution. In the case of SCNA and

CEL2 scaffolds, the model powers & are 1.44 and 2.44, respectively, which are comparable to
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those assessed for cancellous (1.88) and even cortical bone (1.93) [60,61]; in this regard, the two
scaffolds might be particularly attractive for bone tissue engineering applications.

Focusing on SCNA scaffolds, their compressive and tensile strengths are 17.8 MPa + 6.9 MPa and
4.9 MPa £ 1.9 MPa, respectively; just to do a rough comparison with the literature, these data are
really close to those assessed for both human cancellous (1-20 MPa in compression, 10-20 MPa in
tension [48,62]) and bovine spongy bone (12.4 MPa + 3.2 MPa in compression and 7.6 + 2.2 MPa
in tension [63]).

Reviewing the existing literature, the model parameters of BG5S and BG32 scaffolds are
interestingly comparable, as order of magnitude, to those describing the compressive yield strength
of biomedical Ti-6Al-4V foams (pre-exponential constant = 336.69, power = 3.3) [64]; indeed, the
difference of fracture mechanisms in the two cases (glass-derived scaffolds are brittle, metal foams
are ductile) should be taken into account. The toughness of 45S5 Bioglass scaffolds could be
increased by the incorporation of a polymeric phase in the glass or glass-ceramic matrix, thereby
creating a porous composite [65].

In summary, it seems that SCNA scaffold is the most suitable biomaterial for orthopaedic
applications requiring load-bearing ability of the implanted graft. However, as shown elsewhere by
the authors [20], SCNA and its glass-ceramic derivatives exhibit low in vitro bioactivity, i.e. the
hydroxyapatite (HA) formation on the biomaterial surface after contact with acellular simulated
body fluids obeys very slow kinetics. Nevertheless, recent studies demonstrated that the HA
formation can significantly speed up in vivo and osteogenesis occurs thanks to the key role played
by the bone-like porous architecture of the scaffold [66].

Besides being proposed as bone fillers, SCNA scaffolds could be also suggested for more complex
orthopaedic applications due to their attractive mechanical properties. For instance, a couple of
previous studies indicate the possible suitability of SCNA to manufacture trabecular-like coatings

on prosthetic devices with the aim to enhance the implant osteointegration [20,49]. The findings
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achieved in the present study further demonstrate that SCNA scaffolds might be successfully
applied also in contexts requiring high strength under tension, for instance due to multiaxial
loading, which actually occurs in joint prostheses.

To the best of the authors’ knowledge, a comparison between the tensile strength of SCNA
scaffolds with that of other porous glasses/glass-ceramics is not possible due to the lack of
experimental data reported in the existing literature: in fact, the majority of bioceramic scaffolds,
such as the 45S5 Bioglass-derived samples, are too fragile to be safely handled for this test
according to current standards. The development of new and even more appropriate protocols or
guidelines for testing the mechanical properties of glass-derived scaffolds would be highly

desirable, as a useful tool for researchers working on this topic.

4.3. Potential implications in the field of porous ceramics for healthcare

Biomaterials science, mechanical modelling of porous solids and regenerative medicine are
apparently quite far disciplines, each one featured by a specific knowledge. Therefore, on one hand
the dialogue amongst scientists working in these different research fields is often difficult due to the
different “language” spoken by the researchers, which makes the collaboration a complex task; on
the other hand, however, the cross-fertilization amongst the various abilities allows to gain more in-
depth knowledge and to develop new, often unusual approaches to solve problems.

Thanks to the synergy amongst different research groups, in this work the concepts and background
traditionally used to solve structural mechanics problems were applied to the biomedical field in
order to model the strength-porosity relationship of different glass-ceramic foam-like scaffolds for
bone repair. The obtained models can be a valuable tool at the designer’s/manufacturer’s disposal to
link the mechanical properties of final scaffolds with the design/processing parameters, in order to

optimize the biomaterial performance. For instance, in the case of sponge-replicated scaffolds — like
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the samples fabricated in this work — the number of impregnation/squeezing cycles of the polymeric
foam used as a sacrificial template can be varied in a controlled way to obtain a desired pore
content, which plays a key role in affecting the mechanical properties of the material. Therefore, the
analytical model describing the strength-porosity relationship can be successfully employed for a
“predictive purpose” and not only in a “descriptive way”: in fact, knowing the minimum strength
(or strength range) recommended for a given biomedical application, it is possible to purposely
tailor the scaffold porosity (acting on the processing cycles in a controlled fashion) so that the
device can fulfil the desired mechanical requirements. The impact of the approach proposed in the
present work over the design of porous bioceramics could be very significant in the near future.
Ideally, the suggested method would allow to overcome the limitations and inaccuracies of the
traditional “trial and error” approach to optimize the mechanical performances of bone scaffolds,
also avoiding unwanted loss of experimental time used for samples preparation and testing.
Furthermore, the models can be used as a guideline for material selection. For instance, we can
suppose that the restoration of a given bone defect may require a scaffold with porosity of at least
60 vol.% and compressive strength of at least 10 MPa; having a look at Fig. 6, we could exclude the
use of BG5S, BG32 and CEL2 scaffolds, as only SCNA samples are able to fulfil both criteria. On
the other hand, it should be also taken into account that the scaffold strength can significantly
increase in vivo due to tissue in-growth, since the cells adherent on scaffold, the newly formed
tissue and the scaffold itself create a biocomposite construct in situ, thereby increasing the time-
dependent scaffold strength and toughness [29]. In this regard, therefore, also CEL2 could be a
valuable option thanks to its excellent bioactivity, even superior to that of 45S5 Bioglass [39].

In summary, it is evident that the design and fabrication of the “best” scaffold for a given
application is a complex issue that often requires a compromise amongst different and opposite

criteria (e.g. mechanical strength and bioactivity); the approach proposed in this work may be an
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helpful tool to guide researchers towards an ever more rational design of bone tissue engineering

porous biomaterials.

5. Conclusions

In this paper, 45S5 Bioglass-, CEL2- and SCNA-derived glass-ceramic scaffolds for possible use in
bone tissue engineering were fabricated by the sponge replication method; the total porosity of the
samples was varied in the 35-85 vol.% range by changing the processing parameters. The samples
exhibited a 3-D porous architecture closely mimicking that of cancellous bone. The scaffolds were
mechanically tested under compression and tension and the obtained experimental results were used
to develop compressive/tensile models describing the porosity-strength relationships. From a
mechanical viewpoint, the SCNA scaffold seems to be particularly suitable for bone substitution, as
their ultimate compressive and tensile strengths (17.8 + 6.9 MPa and 4.9 + 1.9 MPa, respectively)
are comparable to those assessed for bovine and human spongy bone. The models can be used in a
“direct fashion” to predict the scaffold mechanical strength using the porosity as a model input, but
they can be also interestingly employed in an “inverse way’: using the mechanical strength as an
input, the scaffold designer can obtain the corresponding porosity, which is properly tailored by
setting the fabrication parameters at the manufacturing stage. Therefore, the proposed approach
represents an helpful tool towards a custom-made design of porous bioceramics, in order to

optimize manufacturing time and scaffold performance.
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Figure legends

Fig. 1. Linear relationships between porosity and compressive strength of bioactive glass-ceramic
scaffolds for hard-tissue engineering (picture adapted from Gerhardt and Boccaccini [12]). The
large variations of compressive strength values are due to different starting glass compositions and
fabrication methods, resulting in different pore morphologies, pore sizes, pore size distributions as

well as different shapes and thicknesses of the scaffold struts.

Fig. 2. Reference scheme for the development of the tensile model.

Fig. 3. Scaffolds fabrication: (a) starting open-cells PU sponge (magnification 100x); (b) glass-

coated polymer before the high-temperature thermal treatment (magnification 150x).

Fig. 4. Sintered scaffolds: (a) BG32 scaffolds on a platinum plate just before the extraction from the
sintering furnace (size of each sample about 10 mm x 10 mm x 10 mm); SEM micrographs of the
porous architecture of (b) BG32 scaffolds (magnification 300x) (the white circles and arrows
indicate the absence of inner cavities along the axis of the struts, which might have been originated
by the starting PU template), (c) CEL2 scaffolds (magnification 200x) and (d) SCNA scaffolds

(magnification 300x).

Fig. 5. Micro-CT analysis on the prepared scaffolds (left: 3-D reconstruction of the scaffold
volume; right: mid-length cross-sections in the [xy], [xz] and [yz] orthogonal planes): (a) BG32
scaffold (porosity ~70 vol.%), (b) CEL2 scaffold (porosity ~61 vol.%) and (c) SCNA scaffold

(porosity ~45 vol.%).
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Fig. 6. Compressive case: comparison between experimental data and model results between (a)

45S5 Bioglass (BG5S and BG32) scaffolds, (b) CEL2 and SCNA scaffolds, (c) all scaffolds batches.

Fig. 7. Tensile case: comparison between experimental data and model results for SCNA scaffolds.
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Tables

Table 1. Compositions and synthesis conditions of the starting glasses.

Composition (mol.%)

Glass Raw products Melting conditions
SiOz P205 CaO Na20 MgO KQO A1203
45S5 1,500 °C for 1 h
46.1 2.6 26.9 24.4 - - - S10,, Ca3(PO4),, CaCO3, Na,COs
Bioglass (heating rate: 15 °C min™)
Si0,, Caz(PO4),, CaCO3, Na,COs, 1,500 °C for 1 h
CEL2 45.0 3.0 26.0 15.0 7.0 4.0 -
(MgCO03)4Mg(OH),'5H,0, K,COs3 | (heating rate: 15 °C min'l)
1,550 °Cfor 1 h
SCNA 57 - 34 6 - - 3 Si0,, CaCOs, NayCOs3, Al,O4

(heating rate: 15 °C min™)
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Table 2. Sintering conditions and crystalline phases developed upon the thermal treatment.

Starting material Sintering parameters * Crystalline phases References
BG5S 1100 °C for 3 h Na,CaSi,0¢ , Na,Cas(PO4),Si04 [21]

BG32 1180 °C for 3 h Na,CaSi,0¢ , Na,Cas(PO4),Si04 [21]

CEL2 1000 °C for 3 h NayCay(SicO15) , Ca;Mg(Si207) [19]
SCNA 1000 °C for 3 h CaSiO; [43,49]

% Heating and cooling rates set at 5 and 10 °C min™, respectively, in all cases.

Table 3. Compressive models parameters and coefficients of determination for the different scaffolds.

Scaffold material C (MPa) o R®

BG5S 497 4.58 0.95
BG32 259 4.36 0.97
CEL2 33 2.44 0.67
SCNA 50 1.44 0.76
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