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Abstract

Providing structural support while maintaining bioactivity is one of the most important goals for bioceramic scaffolds, i.e. artificial templates

which guide cells to grow in a 3D pattern, facilitating the formation of functional tissues. In the last few years, 45S5 Bioglass1 has been widely

investigated as scaffolding material, mainly for its ability to bond to both hard and soft tissues. However, thermal treatments to improve the

relatively poor mechanical properties of 45S5 Bioglass1 turn it into a glass-ceramic, decreasing its bioactivity. Therefore, the investigation of new

materials as candidates for scaffold applications is necessary. Here a novel glass composition, recently obtained by substituting the sodium oxide

with potassium oxide in the 45S5 Bioglass1 formulation, is employed in a feasibility study as scaffolding material. The new glass, named BioK,

has the peculiarity to sinter at a relatively low temperature and shows a reduced tendency to crystallize. In this work, BioK has been employed to

realize two types of scaffolds. The obtained samples have been fully characterized from a microstructural point of view and compared to each other.

Additionally, their excellent bioactivity has been established by means of in vitro tests.
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1. Introduction

Until the end of the 1960s, the concept of a material that

would not be rejected by living tissues when implanted into the

body seemed unimaginable. Biomaterials, in fact, were mainly

selected to minimize the formation of fibrous or scar tissue at

the interface with host tissues [1,2]. Thanks to the investigations

by Hench and co-workers, for the first time the chemical

composition of a special family of glasses able to bind to the

bone was determined [3,4]. The bioactivity of these glasses is

attributed to the formation of a hydroxyapatite (HA) layer on

their surface in a biological environment [5,6]. In fact, HA is

chemically and structurally very similar to the calcium

phosphate mineral present in the human bone tissue, therefore

osteoblasts can proliferate on this HA layer and a strong bond

can form with the surrounding bone. Among bioactive glasses,

the so-called 45S5 Bioglass1, containing 45 wt% SiO2,

24.5 wt% CaO, 24.5 wt% Na2O and 6 wt% P2O5, is the most
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bioactive one, being able to bond both to hard and soft

connective tissues [5].

The bioactivity of these materials is usually tested in vitro,

i.e. by investigating their ability to form a superficial HA layer

when soaked in a simulated body fluid (SBF) solution, an

acellular solution with inorganic ion concentrations similar to

those of the human plasma [7,8]. The in vitro HA formation, in

fact, is considered as a necessary requirement for an adequate

integration of the implant also in vivo.

The bioactivity of glasses is deeply influenced by their

composition. For example, glasses with a SiO2 content between

52 and 60 wt% can bond to bone, but their bonding rate is very

slow. If the SiO2 content further increases, exceeding 60 wt%,

glasses do not bond to bone any more and are substantially

bioinert. An overview of different bioactive glasses along with

their composition and bioactivity degree can be found in Refs.

[9,10]. However, it is worth noting that the bioactivity of glasses

also depends on their specific surface area. In fact, increasing

the glass surface area usually extends the range of bone-

bonding compositions to higher SiO2 percentages [4]. This is

the case, for example, of fine glass particles used as fillers in the

reconstruction of small bone defects. Moreover the enhanced
d.
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glass reactivity due to the increased specific surface will be

crucial for scaffold technology, as shown in the next

paragraphs.

Despite all the biocompatibility tests and toxicology studies

performed on bioactive glasses since their discovery, it was

only by the mid 1980s that sufficient animal data became

available to ensure their clinical safety and efficacy, opening up

the possibility to employ them as prosthesis materials.

Presently, 45S5 Bioglass1 is widely used for orthopedic bone

grafting, middle ear implants, dental and maxillofacial

applications [11–14].

In the last few years, the use of 45S5 Bioglass1 for

scaffolding applications has been proposed by several authors,

mainly due to its high bioactivity degree [15,16]. Scaffolds are

among the key ingredients in bone tissue engineering, being

artificial extracellular matrices able to drive and support three-

dimensional tissue regeneration. Bone repair by means of tissue

engineering protocols is becoming an important and promising

field of investigation, since it makes it possible to overcome

several shortcomings of conventional approaches such as

autografts, i.e. the use of materials coming from the patient

body, and allografts, i.e. the use of materials coming from an

external donor. Autografts, in fact, are strictly limited by the

volume of bone that can be safely obtained and by donor site

morbidity. On the other hand, allografts introduce the

possibility of immune rejections or pathogen disease transfers

[17–19].

Ideal scaffolds should fulfil several criteria [20–22]. First,

they should be biocompatible and bioactive. Moreover, they

should have an open and interconnected porosity higher than

50–60 vol%, with pore sizes larger than 100 mm in order to

satisfy cell size and migration requirements; the fundamental

goal, in fact, is to replicate the typical porosity of bone tissue.

Many authors have reported that very large pores, with a

diameter of some hundred microns, could be extremely

effective [23,24]. However also micropores, smaller than

10 mm, are required to promote fluid diffusion. In addition, a

rough surface is an ideal texture to foster progenitor cell

attachment and adsorption of biological metabolites. Finally,

the scaffolds should have adequate mechanical properties

matching those of the bone to be repaired, and should bond to it

by means of a stable interface.

The use of porous bioactive glasses as scaffolding materials

is limited by their intrinsic mechanical weakness and

brittleness. Unfortunately, the usual sintering treatments

employed to enhance their mechanical properties are

performed in a range of temperatures between 900 and

1100 8C, causing the Bioglass1 to crystallize into a glass-

ceramic [15]. Although this fact does not compromise the

formation of a bone–biomaterial bonding, nevertheless the HA

formation in vitro as well as the bonding process in vivo are

slowed down by crystallization. Additionally the rate of HA

formation decreases when the percentage of crystallization

increases [25,26]. For this reason, the mechanisms that turn

bioactive glasses into glass-ceramics during thermal treatments

and the bioactivity degree of partially crystallized systems are

crucial issues. Moreover, it is important to identify new
bioactive glass compositions with a reduced tendency to

crystallize. These new bioactive glasses can open unexpected

and intriguing scenarios for scaffold fabrication.

Recently a novel glass composition, named BioK and

obtained by substituting the sodium oxide with potassium oxide

in the 45S5 Bioglass1, was formulated [27]. The potassium

oxide is expected to reduce the tendency to crystallize of the

parent glass [28].

In this work, for the first time the behaviour of BioK powders

as a function of the increasing temperature is studied. The

identified sintering temperature is significantly lower with

respect to the high-temperature cycles usually employed to

sinter 45S5 Bioglass1 powders [15,29,30]. This fact helps to

maintain the amorphous nature of BioK. Moreover, it should be

noted that a thermal treatment at lower temperature also results

in a cheaper technological protocol.

In a feasibility study, the BioK was used to realize two kinds

of bioceramic scaffolds based on powder pressing and

sintering. The first type of samples was fabricated by means

of the standard polymer burning out method [31], which

employs organic particles as pore generating agents in a

ceramic matrix. This method combines versatility and low cost.

The second type of scaffolds was obtained by employing

sodium chloride particles as pore generating agents. This

approach was based on the unique thermal behaviour of BioK,

which can be sintered at a relatively low temperature. Unlike

the burning out method, here the porogens remained unaltered

during the entire sintering process, being easily removed by salt

leaching at the end of the thermal cycle. The resulting structure

is surprisingly compact and highly porous. Finally, the

bioactivity of the obtained samples was tested in vitro

according to the standard protocol developed by Kokubo and

co-workers [7,8].

2. Materials and methods

2.1. BioK fabrication

The BioK composition was inspired by that of the 45S5

Bioglass1, but the sodium oxide was substituted by potassium

oxide. The resulting BioK proportions are 46.1 mol% SiO2,

26.9 mol% CaO, 24.4 mol% K2O (which substituted Na2O),

2.6 mol% P2O5. A preliminary characterization of this glass can

be found elsewhere [27]. BioK was prepared by melting the raw

powder materials (commercial reagent-grade SiO2, CaCO3,

K2CO3 and K3PO4�H2O by Carlo Erba Reagenti, Italy) in a

platinum crucible at 1450 8C for 1 h. The molten glass was then

rapidly quenched in cold water to obtain a frit that was

subsequently ball-milled and sieved to a final grain size below

70 mm. The final grain size distribution was measured by a laser

granulometer (Mastersizer 2000, Malvern Instruments, Eng-

land); it is reported in Fig. 1.

2.2. BioK characterization

The BioK behaviour as a function of the temperature was

first investigated by means of an optical dilatometer (Misura
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Fig. 1. Particle size distribution of the BioK glass (starting material).
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3.32, Expert System Solutions), in order to identify the

sintering and the melting temperatures of the glass. The effect

of the firing temperature on BioK specimens, obtained by

pressing the pure BioK powders at the same conditions used for

the scaffolds, was also investigated in a scanning electron

microscope, SEM (ESEM Quanta 200, FEI Co., Eindhoven,

The Netherlands). The instrument was operated in low-vacuum

mode, with a pressure of 0.5 Torr. The chemical analyses were

performed by X-ray Energy Dispersion Spectroscopy, EDS

(Inca, Oxford Instruments, UK). Moreover, the BioK speci-

mens were also characterized by means of X-ray diffraction

(XRD) in order to investigate the crystallinity of the BioK after

sintering. The samples were preliminarily ground to obtain a

fine powder and then analyzed by means of a PANalytical

X’pert PRO diffractometer employing Cu Ka radiation. Data

were collected in the angular range 10–708 2u, with steps of

0.028 and 5 s/step.

2.3. Fabrication of scaffolds via burning out (PolyS

scaffolds)

The obtained glass was tested to realize a first type of

scaffolds by means of the standard polymer burning out

approach [31]. To this aim, 50 vol% of BioK powders were

mixed with 50 vol% of polyethylene powders (Goonvean

Fibres, UK), a thermally removable organic phase acting as

pore generating agent. The following mixture was employed for

polyethylene powders: 50 wt% with particle size within 90–

150 mm and 50 wt% with particle size within 300–500 mm.

This choice was the result of several tests, with the aim to

produce samples characterized by the best compromise

between porosity and compactness.

The BioK and polyethylene powders were mixed for 30 min

in a plastic bottle using a rolls shaker in order to achieve an

effective mixing. Subsequently, green bodies were obtained by

uniaxial pressing at 140 MPa using propanol as liquid binder.

The green bodies were then thermally treated in order to

remove the binder and the polyethylene powders while

sintering the BioK ones. The thermal treatment was set at a

final temperature of 750 8C for 3 h. The heating rate was 10 8C/

min.
The acronym PolyS will be used, from now on, to name

these scaffolds.

2.4. Fabrication of scaffolds via salt leaching (SaltS

scaffolds)

In this case BioK powders were mixed with sodium chloride

powders sieved to a final grain size below 500 mm. As for PolyS

samples, various glass-to-sodium chloride ratios were tested in

order to obtain the best compromise between porosity and

compactness. The following glass-to-sodium chloride ratios

were selected:

� BioK1: 40 vol% of BioK powders and 60 vol% of sodium

chloride powders.

� BioK2: 30 vol% of BioK powders and 70 vol% of sodium

chloride powders.

The BioK and sodium chloride powders were mixed in a

polyethylene bottle using rolls shaker. Then, green bodies were

obtained by uniaxially pressing the powders at 140 MPa using

acetone as liquid binder. Subsequently, the green bodies were

heat-treated in a furnace at 750 8C for 3 h with a heating rate of

10 8C/min. However, while in PolyS samples the porogens

were removed during the sintering process – the polyethylene

particles are burnt out at a relatively low temperature, about

400 8C, when the glass particles are not yet densified –, in this

case the sodium chloride particles did not melt and preserved

their original shape during the entire sintering process.

Afterwards, the samples were retrieved from the furnace and

cooled down to room temperature. The sodium chloride

particles were removed from the scaffold by salt leaching. To

this aim, the samples were briefly immersed in distilled water at

80 8C. The water was agitated by magnetic stirring and

frequently replaced. Finally, the scaffolds were dried overnight

in a furnace at 110 8C.

The acronym SaltS will be used, from now on, to name these

scaffolds. In particular, SaltS_1 and SaltS_2 will indicate the

samples fabricated employing the BioK1 and BioK2 composi-

tions, respectively.

2.5. Scaffolds characterization and assessment of

bioactivity in simulated body fluid

The porosity of the scaffolds was calculated by

P% ¼ 1�W f

W0

� �
� 100

where P% is the total pore content (vol%), Wf is the measured

weight of the scaffold and W0 is the theoretical one, obtained by

multiplying the scaffold volume by the BioK density. The

volume of the scaffolds was easily measured, since the pressed

samples were shaped in form of disks (4.0 cm of diameter,

0.7 cm of thickness for PolyS and 0.8 cm for SaltS, respective-

ly). The density r = 2.65 g/cm3 of the glass was measured by

means of a pycnometer test (Micromeritics AccuPyc 1330,
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Fig. 2. Optical dilatometer analysis of the BioK powders.
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Georgia, USA). For each type of scaffold, five specimens were

evaluated. Optical microscope images were also considered and

analyzed with the aim to validate the porosity values. In

particular, for each kind of scaffold, at least five images were

acquired with an optical microscope equipped with a 10�
objective. The area occupied by the pores was quantified by

means of image analysis (UTHSCSA Image Tool).

A complete morphological characterization was carried out

on the scaffolds by means of a SEM equipped with EDS. The

scaffolds were also characterized through X-ray diffraction

analysis. The SEM and XRD analysis were performed under

the same conditions as described in Section 2.2.

[(Fig._3)TD$FIG]

Fig. 3. Micrographs of a BioK specimen, obtained by powde
The scaffolds bioactivity was evaluated in vitro using the

standard protocol developed by Kokubo and co-workers [7,8].

In order to reproduce in vitro the formation of HA in scaffolds,

PolyS and SaltS samples were immersed in flasks containing

20 ml of a simulated body fluid. The flasks were placed inside

an incubator at a controlled temperature of 37 8C. The SBF was

refreshed every 2 days. After given times of 3, 7 and 14 days the

samples were extracted, rinsed with deionized water and then

left to dry at ambient temperature. The evaluation of the amount

and morphology of the precipitated HA on the samples surface

was carried out by SEM (equipped with EDS) and XRD

analysis.
rs pressing, as a function of the increasing temperature.
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Fig. 4. XRD spectra of the BioK starting powders and of a BioK specimen

treated at different temperatures and ground into powder.
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3. Results and discussion

3.1. BioK characterization

Fig. 2 shows the results of the optical dilatometer analysis

carried out on the BioK powders, which gives useful indications

about the sample sintering kinetics, since sintering is usually

accompanied by high specimen shrinkages. It is possible to

observe a two-step sintering process: the first one between 600

and 650 8C (maximum shrinkage rate at 633 8C) and the second

one between 800 and 900 8C (maximum shrinkage rate at

886 8C). Then, a third step begins at high temperature, about

950 8C, where the sample starts to soften and finally melts.

However, as reported in the next paragraphs, preliminary tests

carried out at 600 and 650 8C showed that these temperatures

were not high enough to sinter the glass particles in samples

containing also pore generating agents, such as PolyS and SaltS

scaffolds. In particular, in PolyS samples, the polyethylene

powders are thermally removed at about 400 8C, when the glass

struts are not well densified yet. In this case, the struts

themselves may collapse and clog the pores, resulting in a poor

interconnected porosity. Finally, the gas release caused by the

polyethylene burning out may further increase this effect. The

optimal heat treatment was identified to be 750 8C for 3 h. On

the one hand, in fact, such a temperature ensures the complete

vaporization of the organic porogens in PolyS samples with no

residual contamination, on the other hand it is not high enough

to melt the sodium chloride particles in SaltS samples. In this

[(Fig._5)TD$FIG]

Fig. 5. Micrographs and EDS analysis of a BioK specimen, obtained by powders pre

the sintered material can be observed (a, d).
way it was possible to fabricate PolyS and SaltS samples at the

same temperature, making it easier to compare their micro-

structure.

The effect of the firing temperature on the BioK alone, with

no porogen addition, can be appreciated observing Fig. 3. In

fact, Fig. 3 reports some representative micrographs of BioK

specimens obtained by pressing the pure BioK powders at the

same conditions used for the scaffolds and firing them at

various temperatures. Fig. 3 shows the final microstructure as a
ssing and subsequently sintering at 750 8C. Hexagonal crystals on the surface of
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Fig. 6. Photograph of SaltS_1 samples.
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function of the increasing temperature at low (a, b, c) and high

(d, e, f) magnification. The specimen in Fig. 3(a) and (d) shows

that at 400 8C the system is poorly densified: there are large

voids on the surface texture and it is possible to identify the

starting glass particles. The densification, which accompanies

the sintering process, is observable in Fig. 3(b) and (e). In

particular, at 600 8C the optical dilatometer analysis reports the

beginning of the specimen shrinkage. The particles start to

adhere to one other and locally some pores increase their size

while the system rearranges. At 750 8C, as shown in Fig. 3(c)

and (f), the system is well densified.
[(Fig._7)TD$FIG]
Fig. 7. Photograph of SaltS_1 (a, c) a
Fig. 4 shows the XRD analysis performed on the BioK

starting powders and on the BioK abovementioned specimens

ground into a powder. Also in this case, the analysis was

performed on samples treated at 400, 600 and 750 8C. Up to

600 8C, the patterns indicate that the system remains almost

amorphous. At 600 8C a slight devitrification appears, as

witnessed by some small peaks in the corresponding XRD

pattern. The peaks observed at 750 8C reveal the presence of

two main crystalline phases, identified as K2CaSiO4 and

KCaPO4. However, also in this case the broad halo, typical of

glasses, is still present, confirming the limited tendency to

crystallize of the BioK. It should be noted that improving the

mechanical properties of the glass by means of a complete

sintering, while retaining its amorphous nature, is crucial in

order to preserve the material and the resulting scaffold

bioactivity. From this point of view, in the last few years many

works in the literature have discussed the effect of the

temperature on the bioactivity of the widely used 45S5

Bioglass1, and the debate is still open [25,32,33,37]. Many

authors, in fact, have observed a complete crystallization of

45S5 Bioglass1 at the temperatures usually employed to

fabricate scaffolds, by both the burning out method and the

foam replication technique [15].

Micrographs and EDS analysis of the considered BioK

specimens are reported in Fig. 5. Hexagonal crystals on the

surface of the sintered material can be occasionally observed

(Fig. 5(a) and (d)). The EDS analysis (Fig. 5(b) and (c)) shows

that the chemical composition of the hexagonal crystals slightly

differs in potassium content from the environment one.
nd SaltS_2 (b, d) samples surface.
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Fig. 8. Photograph of the PolyS sample surface.
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However, this analysis is not trivial, since the crystals thickness

is very small compared to the typical volume analyzed by the

EDS probe.

3.2. Scaffold characterization

PolyS and SaltS samples are quite similar from a macroscopic

point of view. A photograph of a SaltS_1 sample is reported in

Fig. 6. Fig. 7 shows SaltS_1 and SaltS_2 samples with details of
[(Fig._9)TD$FIG]
Fig. 9. Micrographs of the SaltS_1 internal st
the external surface perpendicular (Fig. 7(a) and (b)) and parallel

(Fig. 7(c) and (d)) to the pressing direction. It is possible to note

the presence of a large amount of pores in both samples. However

SaltS_2 samples, prepared using a lower amount of glass, seem to

possess a larger porosity compared to SaltS_1 ones. An example

of a PolyS sample surface is reported in Fig. 8.

Micrographs of the internal structure of SaltS_1 and the

PolyS at different magnifications are reported in Figs. 9 and 10,

respectively. Independently of the fabrication process, the
ructure at different magnification degrees.
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Fig. 10. Micrographs of the PolyS internal structure at different magnification degrees.
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samples are characterized by an open macroporosity in the

range of a few hundreds of mm. The average pore size lies

within a critical range, i.e. 100–200 mm, which satisfies the

requirements to allow ingrowth of osteoblast cells inside the

scaffold [20,21]. Additionally, it is possible to note a

widespread microporosity on the struts between the pores,

which plays a fundamental role in ensuring the adequate

[(Fig._11)TD$FIG]

Fig. 11. EDS analysis of the whole area reported
angiogenesis together with the diffusion of fluids and nutrients

[34]. A good sintering level was achieved, although the thermal

treatment was performed at a relatively low temperature.

Finally, the rough texture which covers the scaffold surface is a

key factor to foster the attachment of proteins and bone

proliferation cells [35], as already mentioned in the introduc-

tion. The average porosity was about 60 (�3) vol% for PolyS
, which refers to the PolyS internal structure.
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Fig. 12. The PolyS surface after immersion in simulated body fluid for 3 days.
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samples. This value is satisfactory, in particular taking into

account the values commonly reported in literature for scaffolds

based on a burning out approach [31]. However the novel NaCl-

based protocol, employed to fabricate SaltS samples, is a

substantial improvement compared to the classical burning out

approach. In fact, it makes it possible to achieve the same

porosity level which is usually produced by means of more

sophisticated (and complex) techniques [15]. The average

porosity, in fact, is about 70 (�2) vol% and 75 (�2) vol% for

SaltS_1 and SaltS_2, respectively. The calculated porosity

values were also confirmed by image analysis both for SaltS

[(Fig._13)TD$FIG]

Fig. 13. Hydroxyapatite formed on the surface of PolyS scaffolds after immersion i

carried out on the whole area reported in (a).
and PolyS scaffolds. However, it should be noted that the values

calculated by means of this technique presumably approximate

the real porosity: on the one hand, indeed, relatively low

magnification (10�) images are required to appreciate large

pores, but small pores cannot be detected clearly; on the other

hand, the calculated values are based on 2D images, while the real

porosity is intrinsically 3-dimensional and highly interconnected.

Moreover, in spite of their porosity, the SaltS samples look

surprisingly compact and manageable with no damage. Unlike

PolyS scaffolds, in fact, where the removal of the porogens

occurred when the glass had not been sintered yet, in SaltS
n simulated body fluid for 7 days. (c) Detail and (b) EDS results of the analysis
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Fig. 14. Hydroxyapatite formed on the surface of PolyS scaffolds after immersion in simulated body fluid for 14 days.
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scaffolds the thermal treatment did not decompose the pore

generating agents, i.e. sodium chloride particles, which

remained unchanged in the glass matrix during the whole

sintering process. In this way, the porogens ensured a proper

support to the pore walls during sintering and maintained their

shape until an adequate densification of the glass struts was

achieved. Therefore it was possible to avoid any collapse and

obstruction of the pores.

In addition, the PolyS microstructure appears to be more

heterogeneous compared to the SaltS one; this fact is probably

due to the evaporation of the organic phase. It should be noted

that the novel fabrication protocol based on the salt leaching,

which is easy to realize and, at the same time, represents a

substantial step forward in respect to the burning out method, was

made possible by the intriguing properties of the new BioK

composition. Although an evaluation of the mechanical strength

of the scaffolds goes beyond the scope of this work, the SaltS

scaffolds look rather promising compared to PolyS ones.

Fig. 11 shows the EDS analysis performed on the PolyS

internal structure. The chemical species that characterize the

system, together with their relative amount, can be observed.

The SaltS EDS pattern is analogous to the PolyS one, therefore[(Fig._15)TD$FIG]
Fig. 15. XRD analysis of a PolyS sample before and after soaking in SBF for 14

days.
it is not reported. It is important to note that, as regards the in

vitro HA precipitation, the potassium ion, which is clearly

visible in the BioK composition also after thermal treatment,

plays the same role as the sodium ion in 45S5 Bioglass1.

According to the model proposed by Hench [5,35–37], in fact,

the HA precipitation process, which prepares the ground to the

cellular adhesion, begins with ion leaching: the glass starts its

dissolution by exchanging K+ (or Na+) cations with H+ or H3O+

ions from the physiological solution. This first step, which

determines an increase of the interfacial pH, is followed by the

breaking of Si–O–Si bonds in the glass network and the

subsequent formation of silanol groups (Si–OH) at the glass/

solution interface. The polycondensation of neighbouring

silanol groups results in a silica gel layer on the glass surface,

depleted in K+ ions. The –OH functional groups act as effective

nucleation sites for apatite precipitation and crystallization

[38,39]. Once the HA nuclei are formed, they would

spontaneously grow thanks to the migration of calcium and

phosphate groups from the physiological solution. The results

of the in vitro tests performed on the scaffolds, which will be

reported in the next sections, can be interpreted following the

abovementioned model.

Fig. 12 shows the PolyS surface after immersion in

simulated body fluid for 3 days. A silica gel covers the surface

(Fig. 12(b)) that started its dissolution process. It is possible to

note some white spherical agglomerates on the surface, which

can be identified as the first HA nuclei.

The HA formed on PolyS samples after 7 days in SBF is

appreciable in Fig. 13. In this case, the sample surface is

completely covered by globular precipitates with the typical

HA morphology. Some considerations may be made observing

the EDS spectrum depicted in Fig. 13(b), which refers to the

whole area reported in Fig. 13(a):

� After immersion in SBF, the potassium content of the sample

is strongly reduced compared to the spectra reported in

Fig. 11. This phenomenon, due to the ion leaching, is

accompanied by a SBF supersaturation with respect to HA,

through pH increase, and marks the beginning of the

crystalline network breakdown.
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� The detected intensity of the Silicon peak decreases due to the

HA layer above it.

� The EDS analysis shows the presence of Ca and P in

proportion similar to that in HA, since the Ca/P ratio is about

1.8 while in the stoichiometric HA it is 1.67 [40].

Fig. 14 shows the PolyS surface after 14 days in SBF. The

scaffold is completely covered by HA. HA covers also the[(Fig._16)TD$FIG]
[(Fig._17)TD$FIG]

Fig. 17. The SaltS_2 surface after immersion in simulated body fluid for 7 days. (b

Fig. 16. The SaltS_2 surface after immersion in simulated body fluid for 3 days.
internal pore surface (Fig. 14(b)). Many struts have been

completely dissolved and it is difficult to identify the original

pore network. Apart from local fluctuations, the Ca/P ratio in

the globular precipitates approaches 1.67. The pH value

reached a steady value between 7.5 and 8.

The XRD analysis of a PolyS sample before and after

soaking in SBF for 14 days is reported in Fig. 15. The

diffraction pattern of the scaffold was obtained after milling. It
, c) EDS results of the analysis carried out on the whole areas reported in (a).

(b) EDS results of the analysis carried out on the whole area reported in (a).
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Fig. 18. The SaltS_2 surface after immersion in simulated body fluid for 14 days.
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is possible to observe the dissolution of the main crystalline

phases. Unfortunately, the peaks of the crystalline phases still

present after soaking and the peaks of HA overlap, therefore it

was not possible to identify them in the XRD spectra. On the

basis of these considerations, a bioactive behaviour of the BioK

PolyS samples may be expected.

A similar analysis can be carried out on the SaltS samples.

Fig. 16 depicts the SaltS_2 surface after immersion in simulated

body fluid for 3 days, together with the results of the EDS

analysis. In this case, just after 3 days the surface is completely

covered by a HA layer. Additionally, the potassium content of

the sample surface approaches to zero, therefore the scaffold

surface is almost depleted in K+. For these reasons, SaltS_2

samples seem to be more bioactive compared to PolyS ones.

However, this fact can probably be attributed to the SaltS_2

higher porosity degree, which is accompanied by a higher

specific surface. The EDS analysis reported in Fig. 17 shows

that no differences can be noted between the chemical

compositions of the HA precipitate outside and inside a pore.

The HA layer, therefore, evenly covers the whole scaffold

structure. The Ca/P ratio in the globular precipitates is about

1.7. Also in this case the pH value reached a steady value

between 7.5 and 8. Finally, the SaltS_2 surface after 14 days in

SBF is reported in Fig. 18. The samples look rather similar to

the PolyS ones after the same soaking time, i.e. when also in the

latter the dissolution process was advanced. The XRD analysis

of the SaltS samples is very similar to the PolyS one, therefore it

is not reported. SaltS_1 samples showed an analogous

behaviour with respect to SaltS_2 samples, since their porosity

degree was almost the same (70 and 75 vol%, respectively).

4. Conclusion and perspectives

A new glass composition, recently obtained by substituting

the sodium oxide with potassium oxide in the 45S5 Bioglass1

formulation, was employed in a feasibility study to produce

scaffolds for bone tissue repair. The first part of the work was

devoted to a full characterization of the new glass composition,

named BioK, in order to investigate its behaviour as a function

of the temperature. From this point of view, BioK presents

several advantages compared to the widely used 45S5
Bioglass1. In particular it can be treated at a relatively low

temperature and it is characterized by a reduced tendency to

crystallize. This fact is crucial to preserve the material bioactivity.

In the second part of the work, the new glass was employed

to realize two types of scaffolds based on powder pressing and

sintering: PolyS scaffolds, used as reference samples, were

realized by the standard burning out method, while SaltS

scaffolds were fabricated employing a novel protocol recently

developed, based on salt leaching. It should be noted that it was

possible to obtain SaltS scaffolds mainly thanks to the BioK

peculiarity to be sintered at a relatively low temperature. SaltS

scaffolds are easy to realize and manageable, in spite of their

high porosity, comparable to that obtainable by means of more

sophisticated methods. The samples were characterized from a

microstructural point of view, while their bioactivity was tested

in vitro giving excellent results.

In conclusion, the novel BioK glass resulted to be an

interesting material for scaffolding applications. Further studies

on BioK-derived scaffolds for bone tissue repair are under

investigations. In particular, it will be interesting to test in vivo

the realized samples in a biological reactor. These studies will

be the subject of future works.
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