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Characterisation of Bioglass based foams

developed via replication of natural marine
sponges

E. Boccardi?, A. Philippart?, J. A. Juhasz-Bortuzzo®, G. Novajra®,
C. Vitale-Brovarone? and A. R. Boccaccini**

A comparative characterisation of Bioglass based scaffolds for bone tissue engineering
applications developed via a replication technique of natural marine sponges as sacrificial
template is presented, focusing on their architecture and mechanical properties. The use of these
sponges presents several advantages, including the possibility of attaining higher mechanical
properties than those scaffolds made by foam replica method (up to 4 MPa) due to a decrease in
porosity (68-76%) without affecting the pore interconnectivity (higher than 99%). The obtained
pore structure possesses not only pores with a diameter in the range 150-500 um, necessary to
induce bone ingrowth, but also pores in the range of 0-200 um, which are requested for complete
integration of the scaffold and for neovascularisation. In this way, it is possible to combine the
main properties that a three-dimensional scaffold should have for bone regeneration:

interconnected and high porosity, adequate mechanical properties and bioactivity.

Keywords: Natural marine sponges, Bioglass, Replication technique

This paper is part of a special issue on glass and ceramic composites for high technology applications (GlaCERCo)

Introduction

One important tissue engineering branch involves the use
of porous three-dimensional (3D) engineered scaffolds as
an alternative to autografts and allografts to induce bone
regeneration. The present ‘gold standard’ is to harvest
‘donor’ bone from a non-load bearing site and transplant it
into the defect site of the same patient.' Using artificial
porous 3D scaffolds, the aim is to reproduce the complex
morphology of bone tissue using bioactive materials, which
are able to integrate with the biological environment and
promote the regeneration of natural tissue. The use of
artificial scaffolds avoids the limitations of autografts, such
as additional operating time, healing of both donor and
implant sites, as well as pain and increased risk of infection
at the donor site.' The challenge is the design of materials
able to match not only the biological but also the mech-
anical properties of real bone tissue matrix and to support
neovascularisation.*> Bioglass 45S5, discovered by
L. Henchin 1969, is one of the most important biomaterials
for bone defect repair: it is a degradable silicate glass with a
high content of calcium and is able to form a bond with
both soft and hard tissues.®” Indeed, when Bioglass is put
in contact with biological fluids, a layer of carbonated
hydroxyapatite similar to the mineral phase of bone is
deposited on the surface and there is a release of silicon and
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calcium ions, which can stimulate the expression of several
genes of osteoblastic cells and cause angiogenesis both in
vitro and in vivo.>* 13

Bioglass has been used in clinic for dental and ortho-
paedic applications in bulk form and as particulates in non-
load bearing sites for bone grafting and for the prevention
of dental hypersensitivity.>*’ Porous 3D Bioglass based
scaffolds are not yet available for clinical applications,
although numerous techniques have been reported for the
production of porous ceramics. Following the first study
on fabrication of Bioglass based scaffolds by the foam
replica method published in 2006,'° other techniques have
been proposed to make such scaffolds including foam
replication,'®'® sol-gel casting,'”?® freeze drying,*!
3D printing? and powder metallurgy.?*** One difficulty is
the fabrication of a scaffold that has the same high porosity
and sufficient mechanical strength and stability as natural
bone. One approach could be the manufacture of Bioglass
based scaffolds with enhanced mechanical properties by
reducing the total porosity but without detrimentally
affecting the pore interconnectivity. In recent years,
3D Bioglass based foams have been produced using a
powder technology process developed by the National
Research Council Canada—Industrial Material Insti-
tute.”>?* Aguilar-Reyes er al. showed that foams with
interconnected porosity (64—79% porosity) and with open
pores in the 100-800 um range can be produced with this
process. The foams produced showed good mechanical
strength (1.7-5.5 MPa) comparable with the compression
strength of cancellous bone (2-12 MPa).>*?* The achieved
values>>** are notably higher than those obtained by
the polyurethane (PU) sacrificial template method,'®
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which exhibits higher porosity. The replication of a PU
sacrificial template produces a porous structure that closely
resembles that of cancellous bone, highly porous and
interconnected structure with up to 95% porosity. How-
ever, the low mechanical properties, of only up to 2 MPa,
limit its suitability for clinical applications. In an early
effort, Cunningham ez al. used marine natural sponges as
sacrificial templates for the production of hydroxyapatite
based scaffolds in place of PU foam.?® They were able to
obtain scaffolds with high open porosity and improved
mechanical properties. Additionally, these scaffolds had
pores in the range of 0-200 um, which have been reported
as being necessary for the complete integration of a bone
substitute in natural tissue.?® 2> However, to the authors’
knowledge, no further developments have been reported
on this material. In the present work, the production of
Bioglass based scaffolds using marine natural sponges,
Spongia agaricina (SA) and Spongia lamella (SL), as tem-
plate materials was investigated. These sponges, thanks to
the millenarian evolution for water filtration, could be
potential precursors in the production of bone tissue
engineering scaffolds due to their efficient interconnected
porous architecture.*® The final aim of the present work
was thus to obtain Bioglass based scaffolds with reduced
total porosity and, consequently, increased mechanical
properties, without the loss of interconnectivity of the
pores essential for successful bone ingrowth.*>%’

Experimental

Scaffold preparation

The starting material was melt derived 45S5 Bioglass
powder (particle size 5 um). The templates for the scaffold
production were PU packaging foams (45 ppi) purchased
from Eurofoam Deutschland GmbH Schaumstoffe and
marine sponges SA and SL harvested respectively from the
Indo-Pacific Ocean (Pure Sponges, UK) and Mediterra-
nean Sea (Hygan Products Limited, UK) belonging to the
‘Elephant Ear’ family. Harvesting of all natural sponges
has been performed in an environmentally friendly
manner, as specified by the supplier companies. 45S5 Bio-
glass scaffolds were produced by the replica technique,
according to the method described by Chen et al.'° Briefly,
the slurry for the scaffold fabrication was prepared by
dissolving polyvinyl alcohol (PVA) in deionised water at
80°C for 1h, the ratio being 0.01 mol L™'. The 4585
Bioglass was then added to 25 mL PVA-water solution
with concentrations of up to 40 wt-%. Each procedure was
carried out under vigorous stirring using a magnetic stirrer
for 1 h. The sacrificial templates, cut into cylinders, were
immersed into the slurry for 10 min. The foams were
retrieved from the suspension, and the extra slurry was
completely squeezed from the foam. The samples were then
dried at room temperature for at least 12 h. This dip
coating procedure was repeated two or three times to
increase the coating thickness and, consequently, the
mechanical properties of the scaffolds. After the second
and third coating, the superfluous slurry was completely
removed using compressed air. The PU foams and SL were
immersed in the Bioglass powder slurry three times, while
SA only required two coating cycles. The heat treatment
required for the burn-out of the sacrificial template and
sintering of the bioactive glass was carried out as reported
in Fig. 1. The burn-out and sintering conditions were the
same for all sacrificial templates, namely, 400°C/1 h
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1 Thermal treatment: heat treatment programme designed
for burning out templates and sintering 45S5 Bioglass
green bodies

and 1050°C/1 h respectively. The heating and the cooling
down rates used were 2 and 5°C min ™! respectively.'®

Characterisation

The density of the foams, pryams, Was measured using the
mass and dimensions of the sintered cylinders. The
porosity, p, was calculated using the formula:

f
p= (1 _P Oam)*loo (1)

p solid
where pgorig = 2.7 gcm™ ~ (the theoretical density of
45S5 Bioglass not considering change of density due to
crystallisation®!).

The microstructure of the resulting scaffolds was
investigated by means of a scanning electron microscopy
(SEM) (Auriga 0750 Zeiss). The structure of the foams
was observed using a micro-computed tomography
(micro-CT) system (Skyscan 1147 Micro-CT). The pore
interconnectivity was evaluated using CTan image
analysis software. The pore size distribution was con-
ducted on 2D sections extracted from micro-CT recon-
structions using ImageJ analysis software.

The crystalline phases induced by the thermal treatment
were identified by X-ray diffraction (XRD) measurements,
carried out using a Philips Xpert diffractometer with a Cu
K, radiation source. The acquisition was performed in the
range 10-70° two-theta with a 0.02° step size and dwell
time/step time of 2 s. The diffraction lines were identified
using X’Pert HigScore software.

The compression strength of the foams was measured
using a Zwick Z050 mechanical tester at a crosshead speed
of 1 mm min~', with a load cell of 50 N and 50 kN. Ten
cylindrical samples, with dimensions of 7 mm in height and
5 mm in diameter, were tested. The load was applied until
densification of the porous samples began to occur.

3

Results

Template and scaffold architecture

Images of all three templates are shown in Fig. 2, namely,
PU packaging foam and two natural marine sponges (SA
and SL). The mean PU foam pore size (Fig. 2b) was
7704+ 60 pum, and the thickness of the pore walls was
110+ 15 um. The SA and SL were characterised by a vase or
fan shaped (Fig. 2a) growth and a surface composed by fine
fibres. It was possible to recognise two different structures as
reported by Pronzato and Manconi*’: an inhalant (Fig. 2¢
and d) and an exhalant (Fig. 2¢ and 1) surface, referred to
the directionality of water flow in the sponges in their natural
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2 Natural marine sponge structure: digital camera images of Indo-Pacific (a7) and Mediterranean sponges (a2) and PU
(b) templates; inhalant surfaces of Indo-Pacific (SA) (c) and Mediterranean (SL) (d) sponges; exhalant Indo-Pacific (SA)
(e) and Mediterranean (SL) ( f) sponges; fibrous network of Indo-Pacific (SA) (g) and Mediterranean Sea (SL) (h) sponges

habitat. The SL was composed of almost only primary fibres
with a diameter of 35 £ 3 um, while the SA was formed of a
network of primary fibres (173 um) and an irregular
network of secondary thicker fibres (63 = 5 pm). The other
main differences between these two marine sponges were (i)
the wall pore thickness (540 & 80 pm in SL and 420 4 40 pm
in SA) and (ii) the larger and more irregular pore structure of
the SL sponges. The fibres formed a mesh of macropores in
the inhalant surface (1.0+0.lmm in the SL and

Advances in Applied Ceramics 2015 voL 114 NO S1

590+ 50 pum in the SA) and an almost regular cluster of five
to seven pores on the exhalant surface (1.7 £0.2 mm in the
SL and 920-90 pm in the SA). These results are summarised
in Table 1. The obtained PU scaffolds (BG-PU) were
characterised by a porosity of 93.00 % 0.25%, while the SL
and SA replica foams (BG-SL and BG-SA respectively) had
a porosity of 76+ 2% and 68.0% 0.2%, as determined by
measurements of their mass and dimensions and applying
equation (1). However, it is possible to observe from the



Table 1

Boccardi et al. Characterisation of Bioglass based foams

Summary of natural marine sponge architecture properties: architectural properties of natural marine sponges are

summarised, focusing on pore dimension and structural thickness

Mediterranean Sea

Indian-Pacific Ocean

SL SA
Pore dimension inhalant surface 1.0+£0.1 mm 590450 pm
Pore dimension exhalant surface 1.7+0.2 mm 920+90 um
Pore wall thickness 540+80 um 400+40 pm

SEM images reported in Fig. 3 that almost all the space
between the fibrous structures of the marine sponges was
filled with the Bioglass particles and the macropore patterns
were perfectly replicated. In fact, it was still possible to dis-
tinguish the inhalant and exhalant surfaces of both types of
sponge. Some small sized pores connecting the larger pores
were also witnessed, forming an overall, highly inter-
connected porous structure.

Micro-CT analysis

Micro-CT analysis was employed to assess the inter-
connectivity of the porous network. It was also possible

to calculate the strut thickness and the pore dimensions
of the obtained 45S5 Bioglass based scaffolds. It was
possible to observe from the pore size distribution
analysis (Fig. 4) that when wusing PU as the
sacrificial template, the resulting Bioglass based foams
were characterised by a wide range of pore size from 100
to 900 um, an average pore size 670+ 70 pm and a high
level of interconnectivity (99.95%). The natural marine
sponge foam replicas were characterised by a lower total
porosity but, at the same time, by a very high pore
interconnectivity (>99.5%). They contained pores in the
range 0-600 pm and 0-900 um and an average pore size

3 Bioglass based scaffolds: a, b PU replica foam (BG-PU) at different magnification; ¢ inhalant surfaces and d exhalant

surface of SA replica foam (BG-SA); e, finhalant surfaces and exhalant surface of SL replica foam (BG-SL)
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4 Micro-CT reconstructions: 2D section and 3D reconstruction of a, d BG-PU, b, e BG-SL and f, g BG-SA obtained by micro-CT

analysis

of 215420 um and 2654120 pm for the BG-SA and
BG-SL respectively. These foams also possessed signifi-
cant microporosity, which was almost completely absent
in the PU foam replicas, as summarised in Table 2. A 3D
reconstruction of the micro-CT analysis in Fig. 4 pro-
vided images of their internal architecture, showing the
highly interconnected porous network.

XRD analysis

The XRD analysis assessed the crystalline phase formation
induced by the thermal treatment process. It was possible

Advances in Applied Ceramics 2015 voL 114 NO S1

Table 2 Bioglass based scaffold architectural properties:
architectural properties of Bioglass based scaf-
folds prepared with PU and natural marine sponges
as templates

BG-PU BG-SL BG-SA
Pore interconnectivity/% 99.95 99.66 99.96
Average pore dimension/um 670+70 265+20 215+2.7
% Pores <200 um 2.7 38 56
% Pores within 150-500 pm 25 93 40
% Pores =500 um 80 5 16




to observe that the starting 45S5 Bioglass was completely
amorphous, but after the sintering process, two crystalline
phases formed. The main crystalline phase was combeite
(Na,Ca,SizO9) and the secondary phase, rhenanite
(CaNaPQ,), as reported in Fig. 5. The same amorphous
crystalline transformation was observed for all samples.
The formation of combeite and rhenanite in sintered Bio-
glass structures has been discussed in literature.*>*

Mechanical testing

The maximum compressive strengths were recorded as
being 1.8+0.3 MPa for the BG-SL, 4.0+0.4 MPa for
BG-SA and < 0.05 MPa for the Bioglass scaffolds prepared
using PU foam as template. Typical stress—deformation
curves are shown in Fig. 6 for BG-SA and BG-SL. For
BG-PU, the measurements were below the detection limit of
the equipment.

Discussion

45S5 Bioglass, the original formulation of bioactive
glasses identified by L. Hench in 1969,%73 is the most
used bioactive glass in clinical applications as powders or
bulk material.” So far, Bioglass based porous
scaffolds have not been considered for load bearing

_ ®Combeite Na Ca 810, @
= Rhenanite CaNaPO,

Intensity (a.u.)

Bioglass 4555

PO

T T T 1

10 20 30 40 50 60
26 ()

5 XRD of Bioglass scaffolds: XRD spectra of Bioglass 45S5,
SL replica foam and SA foam replica

§q =mmm BG-SA
——BG-SL
= 4 !
=] Fix
231 A
@ @
o 2 :
— I
9]
l 4
OT

0 10 20 30 40 50 60 70 80
Displacement %

6 Mechanical properties: stress—displacement curves of
Bioglass foams manufactured with different sacrificial
templates
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applications due to their low mechanical properties.”>> In
fact, it is still a challenge to obtain a Bioglass scaffold
presenting at the same time good mechanical properties
and high porosity.* In the present work, the possibility to
increase the mechanical behaviour of Bioglass based
scaffolds by reducing the total porosity was considered
with natural marine sponges, SA and SL, chosen as
sacrificial templates for the production of the
scaffolds.?>* These sponges were characterised by a high
interconnected porous structure made by fine fibres.*® The
architectural properties were well reproduced for SA;
however, high variability in pore dimension and strut
thickness was observed for SL. As a result of the high
porosity of these natural marine sponges, the resulting
Bioglass scaffolds were characterised by a very high
interconnectivity of pores (>99%). However, the total
porosity was ~ 18-20% lower than that of the samples
obtained with the PU foam as sacrificial template. In ad-
dition, there was a significant amount of pores in the range
of 0-200 pm, which were impossible to obtain using the
PU template. Pores in this size range play an important
role in the complete colonisation of the scaffolds by cells,
enhancing the flow of biological fluids also in the inner
core of the porous structure and the complete integration
with the surrounding tissue.’®*” Moreover, pores in the
range of 200-500 pm were present, which are necessary
for bone integration and neovascularisation.”®*” As a
main consequence of the reduction of the total porosity,
there was an improvement of the mechanical properties
up to 4 MPa for BG-SA and up to 1.8 MPa for SL. In the
case of BG-PU, the resulting maximum compressive
strength was lower than the average values found in lit-
erature (~0.4 MPa).>> This was probably due to the
compressed air used for the removal of the slurry excess
after the second and third coating during scaffold prep-
aration. Following this technique, it was easier to main-
tain an open porosity, but the amount of slurry removed
was higher. The XRD results confirmed that the thermal
treatment caused a modification of the Bioglass
structure, inducing the formation of two crystalline
phases: combeite (Na,Ca,SizOg) as the main phase, as
widely reported in literature, ' and rhenanite (CaNaPO,)
as the secondary crystalline phase.*>>* It was demon-
strated that rhenanite can act as a heterogeneous nucleus
for carbonated hydroxyapatite crystallisation in contact
with simulated body fluid, and thus, it should improve the
bioactivity of the material.!#3%343¢

The achievement of improved mechanical behaviour,
combined with the high pore interconnectivity and
wide pore size distribution, confirmed the possibilities
of using natural marine sponges from the Elephant Ear
family as porous precursors for production of bone tissue
scaffolds. The present results thus warrant further investi-
gations on these scaffolds, in particular to characterise the
scaffolds bioactivity, mechanical stability in vitro and
in vivo, and oxygen diffusivity.

Conclusions

The use of natural marine sponges as sacrificial templates
for porous Bioglass based scaffold preparation has been
demonstrated as promising alternative to PU foams. The
obtained scaffolds are characterised not only by the high
interconnectivity of their porous structure but also by
sound mechanical properties. In this way, it is possible to
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combine the main properties (structural, mechanical and
biological) that a 3D scaffold should have for bone
regeneration.
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