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Abstract Highly bioactive scaffolds for tissue engineering

were synthesized using a glass belonging to the SiO2-CaO-

K2O (SCK) system. The glass SCK was prepared by a tra-

ditional melting-quenching route and its bioactivity was as-

sessed by in vitro tests in a simulated body fluid (SBF). The

glass was ground and sieved to obtain powders of specific size

that were subsequently mixed with polyethylene particles of

two different dimensions. The powders were then uniaxially

pressed to obtain a crack free green compact that was ther-

mally treated to remove the organic component and to sinter

the inorganic phase. The obtained biomaterial was charac-

terised by means of X-ray Diffraction, SEM equipped with

EDS, mercury intrusion porosimetry, density measurements,

image analysis, mechanical tests and in vitro evaluations. A

glass-ceramic macroporous scaffold with a homogenously

distributed and highly interconnected porosity was obtained.

The amount and size of the introduced porosity could be

tailored using various amounts of polyethylene powders of

different size.

1 Introduction

The problem of bone loss and the need for bone grafts are

ever increasing due to an increase in our life expectancy. In

fact, bone grafts have many uses, e.g. bone loss or tumors, pe-

riodontal resorption, osteoporosis and arthroplasty revision

surgery [1–3]. At present, autologous bone still represents

the optimal material for a bone graft but its limited avail-
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ability, the risk of donor site morbidity and the shape and

size limitations should be borne in mind [4–6]. The use of

allogenic/xenogenic implants also involves a nonzero poten-

tial of pathogen disease transmission and generally shows a

bioresorption rate not compatible with the bone healing pro-

cess [7–9]. Alternatives to autograft/allograft and xenograft

are therefore highly desirable and are studied by many inves-

tigators. In fact artificial bone substitutes, being synthetic,

overcome antigenicity and morbidity problems and can be

available in unlimited amounts. Among alloplastic materials,

a few ceramics ones are of particular interest due to their bio-

compatibility and osteoconductivity. These include hydrox-

yapatite and tricalcium phosphate, which have been widely

investigated and are able to bond to bone in vivo but not to soft

tissues [10–16]. Bioactive glasses and glass-ceramics of spe-

cific composition do represent a very attractive alternative. In

fact they are biocompatible, bioactive, osteoconductive and

even osteoproductive [10].

Their ability of creating a strong bond with the surround-

ing bone tissue is ascribed to a complex mechanism of ion

exchange, silica gel formation and precipitation of a hydrox-

yapatite layer (HAp) on their surfaces when they are in con-

tact with body fluids. This HAp layer has been shown to be

very effective in promoting the osteointegration of the im-

plant [17–19]. Besides it was recently discovered that the dis-

solution products of bioactive glasses exert a positive effect

on the expression of genes regulating osteogenesis [20, 21].

An ideal scaffold should mimic the trabecular structure of

bone and should act as a template on which cells can adhere,

proliferate and promote the bone regeneration phenomena. A

good osteointegration and vascularisation of the scaffold can

be attained with an interconnected macro-porous network

with pore diameters larger than 100 μm, though many au-

thors agree that pores of a few hundred μm can be more effec-

tive [15, 22, 23]. Many methods [24] have been proposed to
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prepare scaffolds for tissue engineering. Among them, starch

consolidation [25–28], polymer foam replication [29, 30],

direct foaming [31, 32], gel-casting [12] and solid freeform

[23] have been widely investigated. Another method pro-

posed in the literature involves the use of organic fillers that

will be thermally removed. The organic fillers can be gela-

tine, camphor, sucrose or, as was in our case, polyethylene

[33–35]. In this research work we choose the organic filler

method to prepare macroporous bioactive scaffolds due to

the high versatility of this method and its low-cost. A bioac-

tive glass has been chosen to prepare the scaffolds due to its

osteoproductive properties and to its potential in stimulating

the ostoblasts proliferation with its dissolution products. Be-

sides the high specific surface of the prepared scaffolds and

the high reactivity of the chosen glass can be an effective way

to produce a resorbable scaffold for tissue engineering.

2 Experimental procedure

2.1 Materials

In this research both organic and inorganic materials were

used to obtain macroporous scaffolds through the burning out

of the organic phase and the sintering of the inorganic one.

The chosen inorganic phase is a bioactive glass belonging to

the system SiO2-CaO-K2O with the following molar compo-

sition: 50%SiO2-44%CaO-6%K2O. The proposed glass was

previously prepared and used with success by the authors to

obtain bioactive coatings on alumina and Ti6Al4V [36] and

will be from now on named SCK.

SCK was prepared by melting the raw products (SiO2,

CaCO3, K2CO3) in a platinum crucible at 1500◦C for 1 h

and by quenching the melt in cold water to obtain a frit that

was subsequently ground by ball milling and sieved to a final

grain size below 106 μm (sieve of 140 mesh per inch).

This glass was thermally characterized in a previous work

[36] where the thermal analysis pattern is reported. In that

work the glass transition temperature(Tg = 720◦C), the crys-

tallization of two phases at 800 and 820◦C (with a decomposi-

tion signal at about 880◦C) and of a third phase at 910◦C (sta-

ble up to the instrumental limit, i.e. 1300◦C) were evidenced

and the linear expansion coefficient (α = 9.5 × 10−6/◦C) was

reported. The softening range for this glass was around

900◦C.

2.2 Scaffolds preparation

The scaffolds were prepared by mixing SCK powders with

a thermally removable second phase. At this purpose, two

different polyethylene particles, supplied by Wrigley Fibres

(Somerset, United Kingdom) were used.

Briefly, SCK powders, sieved below 106 μm, were mixed

with a proper amount of one of the two following polyethy-

lene powders:� PE1: particles size within 100–300 μm� PE2: particles size within 300–600 μm

The powders were carefully mixed for 30′ in a plastic bottle

using a rolls shaker in order to obtain an effective mixing.

Various amounts of PE1 or PE2 were added to SCK pow-

ders to produce different series of scaffolds. Specifically,

the investigated polyethylene range was varied from 40 to

70%vol. for evaluating the optimal conditions for obtain-

ing scaffolds with satisfactory mechanical strength and high

porosity content. Polyethylene contents higher than 70% did

not yield reproducible green compacts, and contents below

40% were considered too low to produce enough porosity.

The prepared scaffolds will be named, from now on, with an

acronym indicating the type and amount of used polyethy-

lene particles: for instance PE1-40 (scaffolds obtained using

40%vol. of PE1 particles) or PE-50 to indicate generically

the series of scaffolds realised using 50%vol. of polyethylene

powders (they could be PE1-50 or PE2-50).

The green samples were obtained optimising the applied

pressure and time aiming to obtain a crack free material: the

best conditions were identified with a pressure of 150 MPa

for 10 s using propanol as liquid binder. The green compacts

were shaped in form of disks (3 cm diameter, 0.5 cm thick-

ness) for the morphological and in vitro characterisation and

in form of bars (5 cm × 1 cm × 1 cm) for the mechanical tests.

The green bodies were thermally treated aiming to remove

the polyethylene powders while sintering the SCK ones to

obtain a macroporous scaffold. The time and temperature

of the thermal treatment (2 h at 950◦C after introducing the

green pieces in the furnace directly at the chosen tempera-

ture) were chosen on the basis of SCK characteristics and

were optimised to allow a good sintering while avoiding an

excessive softening of the glass that will cause the collapse

of the structure and of the introduced porosity.

2.3 SCK characterisation

Aiming to characterise the in vitro bioactivity of the start-

ing glass, SCK was also poured on a preheated stainless

steel plate to produce bars. The bars were annealed for 12 h

at 650◦C and then cut in slices using a diamond blade in

order to produce slices of 1 cm × 1 cm × 0.2 cm. The an-

nealing temperature was chosen on the basis of previous

thermal characterizations [36], and it was close to the glass-

transition temperature of SCK. On the prepared slices the

bioactivity was evaluated by soaking them in a simulated

body fluid (SBF), which has almost the same ion concentra-

tions as human plasma [37], for different times, from 1 week

to 3 months. Specifically, the slices were soaked in 25 ml

Springer



J Mater Sci: Mater Med (2006) 17:1069–1078 1071

of SBF in polyethylene bottles with a refresh of the solu-

tion every 48 h. To evaluate the formation of a silica rich

layer and of hydroxyapatite (HAp) aggregates on the glass

surface the slices were characterised, after different soaking

periods, by X-ray diffraction (X’Pert Philips diffractometer)

using the Bragg Brentano camera geometry and the CuK

incident radiation. On the soaked slices, scanning electron

microscopy (SEM Philips 525 M) with compositional analy-

ses (EDS, Philips-EDAX 9100) were carried out to evaluate

the amount and morphology of the precipitated HAp and its

precipitation kinetics. The same investigations were carried

out on SCK slices that underwent a treatment analogous to

the optimised sintering one to ascertain eventual differences

between the as prepared amorphous SCK and glass-ceramic

SCK (GC-SCK).

In fact, the proposed sintering treatment is above the

SCK crystallization temperature and thus the nucleation and

growth of crystalline phases in the amorphous SCK will oc-

cur. The nature and morphology of the nucleated crystalline

phases was investigated through X-ray diffraction and SEM

equipped with EDS.

For the morphological and compositional studies, GC-

SCK slices were chemically etched for 30 s with a 5%mol

HF/HNO3 (1:1) solution to remove the amorphous phase.

2.4 Scaffolds characterisation

On the prepared scaffolds a complete morphological char-

acterisation was carried out through SEM investigations.

Specifically the outer surfaces of the scaffolds were observed

before and after polishing to evaluate the pore morphology

and distribution, their degree of interconnection and the qual-

ity of the pore struts.

The cross sections of the scaffolds were also studied to

evaluate the homogeneity of the pores distribution along the

section as well as the degree of interconnection. SEM ob-

servations and comparison were carried out on the different

scaffolds to evaluate the influence of the type and amount

of polyethylene particles on the final quality of the scaf-

fold (presence of dense sintering necks, pore distribution and

amount). On the most representative samples, mercury in-

trusion porosimetry studies (FISONS macropores unit 120)

were performed to acquire a quantitative evaluation of the

amount and size of the obtained porosity. This technique al-

lows the detection of pores of less than 100 μm diameter.

The total porosity (%) was also evaluated on

1 cm × 1 cm × 1 cm cubic samples through weight measure-

ments knowing the SCK true density, by the following cal-

culation: [1− (scaffold density/true density)] × 100.

Finally, for pores larger than 100 μm, image analysis stud-

ies (QWin Leica) were carried out to attain a quantitative

evaluation of the pores size distribution and amount.

On the most promising scaffolds compressive tests were

carried out on 3 cubic samples 1 cm × 1 cm × 1 cm using an

Instron machine. The compressive strength was calculated

from the maximum load registered during the test divided by

the loaded area.

Moreover to study the isotropy of the prepared scaffold,

the compressive strength was evaluated in the three directions

to assess any eventual anisotropy.

Preliminary in vitro tests (soaking in SBF) were carried

out on the scaffolds to verify the influence of the pores and of

the higher specific surface involved. Samples of 1 cm3 have

been soaked in 25 ml SBF, in polyethylene bottles, with the

same modalities described for bulk SCK.

3 Results and discussion

Figure 1a reports the as prepared SCK surface after 1 week in

SBF. A silica gel covers the whole surface (the cracks are the

result of SEM vacuum) and globular shaped agglomerates

can be seen on top of it. The white agglomerates show the

typical morphology of HAp precipitated from solutions. The

morphological findings were integrated with EDS analyses

to assess the composition of the whole surface (1b) and of the

area in the white rectangle (1c). As shown by the composi-

tional results, SCK surface after 1 week of soaking is manly

composed by silica gel (Fig. 1b) and the globular shaped ag-

glomerates can be identified as calcium phosphates (Fig. 1c).

The SCK surface modifications induced by soaking in

SBF were further investigated by X-ray diffraction (Fig. 2).

The as prepared SCK pattern shows only a broad halo con-

firming that the starting material was completely amorphous.

After 1 week of soaking in SBF, the diffraction pattern shows

a broad signal at 31–32◦ degrees and the presence of an amor-

phous halo, a few degrees lower. After 1 week of soaking the

amorphous halo was detected at lower diffraction degrees

than for the as-prepared SCK due to the formation of the silica

gel layer on the SCK surface [38]. The peaks at 31–32◦ de-

grees two theta were identified with HAp and are broad due to

the microcrystalline nature of HAp nucleated from solutions

[39, 40]. For longer soaking periods (3 months), the signals

of HAp became more intense due to a more complete cover-

ing of the SCK surface by HAp aggregates as confirmed also

by morphological evaluations and compositional analyses.

The preparation of the scaffold involved a thermal treat-

ment to remove the organic phase and to sinter the inorganic

one. The chosen thermal treatment was above the SCK crys-

tallisation temperatures and thus the nucleation and growth of

one or more crystalline phases within the amorphous matrix

will occur. The nucleation and growth of crystalline phases

in a glass greatly influences its bioactivity. In fact, the crystal

phase may or may not be bioactive and of course the residual

amorphous phase differs, sometimes remarkably, from the
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Fig. 1 Micrograph of SCK after 1 week in SBF (a), EDS analysis on

the whole reported area (b), EDS analysis on the area in the rectangle

(c).

original glass composition. For this reason, 1 × 1 cm2 SCK

slices were cut and underwent a thermal treatment analogous

to the optimised sintering one so that glass-ceramic samples

were obtained (GC-SCK).

The presence of one or more crystalline phases, their mor-

phology and composition were investigated through SEM

equipped with EDS: only a crystalline phase containing Si

and Ca was found. Figure 3a reports the morphology of the

crystalline phase that, as can be observed, is present in great

amounts.

The diffraction data, not reported here, were consistent

with the compositional ones and identified the crystalline

phase with β-wollastonite (β-CaSiO3), which is known for

its high bioactivity index [41, 42].

The GC-SCK in vitro bioactivity was investigated by soak-

ing the samples in SBF for different periods, from 1 week up

to 3 month. As can be observed in Figs. 3b and 3c GC-SCK

is bioactive as on its surface after 1 week in SBF globular

precipitates, identified as HAp, can be observed. In fact the

EDS results showed the presence of Ca and P in proportion

typical of HAp and of Si in lower amount due to the silica

gel underneath it. The high bioactivity found both for as pre-

pared SCK and for GC-SCK could be expected due to the

presence of K+ ions in the glass. The K+ release occurs in
vitro during the H+/K+ exchange phenomena that represent

the first step of the bioctivity mechanism. K+ have a quite

large ionic radius (1.33 Å) if compared with the alkaline ions

present in a traditional bioactive glass composition (es. Na+,

0.95 Å) and thus their release into physiological fluid has a

“disrupting” effect on the glass network highering its specific

surface area and thus its reactivity.

On this basis and considering their high surface area, a

bioactive behaviour of the scaffolds could be expected.

In this research the scaffolds were obtained using two

organic phases thermally removable as pores former. The

two organic phases consisted of PE powders that only differ

for their sizes as can be seen in Figs. 4a and 4b where the

micrographs of PE1 and PE2 are reported respectively. On

the Wrigley Fibres Data Sheet, PE2 powders are said to be

two times larger than PE1 ones, in good accordance to our

SEM observations.

The minimum pore size allowing a proper bone in-growth

is still under discussion, though most authors agree in fixing

a minimum size of 100 μm and considering larger pores (for

instance 300–500 μm) more effective. The pores amount and

size greatly influences the final mechanical performances of

a scaffold and thus using various type and amounts of PE can

be an effective way for offering the best solution for different

requirements and applications.

The optimized thermal treatment led to glass-ceramic

macroporous scaffolds containing β-CaSiO3, as verified by

XRD.

PE1-40, PE2-40, PE1-50 and PE2-50 were the first

prepared scaffolds and their morphology and mechanical

strengths demonstrated that the PE-50 series maintain sat-

isfactory properties.

Figure 5a shows the polished surface of PE1-50 where

pores as large as 100–150 μm can be seen. As can be ob-

served, the pores struts are thick and dense. Figure 5b shows
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Fig. 2 Diffraction pattern of glassy SCK as done and after soaking in SBF for different periods of time (1 week and 3 months).

the as prepared surface of PE2-50, where pores as large as

a few hundred microns can be observed. In this case, as

the sample was not polished, the surface roughness of the

scaffolds due to their glass-ceramic nature can be seen. The

scaffolds roughness is crucial, as many investigators have

assessed that osteoblasts prefer a rough surface [43]. Besides,

smaller pores of only a few microns can be seen all over the

surface and they are probably due to the CO2 and H2O gases

coming out of the sample during the thermal treatment. The

presence of micropores is an important feature of these scaf-

folds, as it is known that small pores favour cell adhesion

and allow the physiological fluids to enter the inner part of

the scaffold. The micrograph reported in Fig. 5b shows also

the presence of other pores behind those on the foreground

assessing the good interconnection degree of the prepared

scaffolds. A high degree of interconnection is crucial to at-

tain a fast and complete viability of the inner part of the

scaffolds and thus to assure a complete and effective bone

in-growth in vivo.

All the pores show dense sintering necks that can be ob-

served rather well in the right bottom part of the micrograph

(see arrows).

After this first analysis the organic content was higher

till 60 and 70%vol, generating the PE-60 and PE-70 series.

Figure 6a reports the cross section of PE2-60. The morphol-

ogy of the cross section was particularly important to verify

if the proposed method was suitable for obtaining homoge-

nous scaffolds with pores distributed uniformly all over the

sample. As can be seen in Fig. 6a, which is representative

of what has been observed also for the other scaffolds, a ho-

mogenous pores distribution was attained. The homogenous

distribution on the scaffold surface (Fig. 5) and on the cross

sections, combined with the observed interconnection of the

pores, was assessed for all the scaffolds.

All these features are of crucial importance when a good

vascularisation of the scaffolds and a satisfactory biological

viability of them are desired in vivo.

Generally, increasing the PE content will higher the pores

amount but will also gradually lower the mechanical proper-

ties so that it is important to identify the maximum PE content

allowing satisfactory mechanical strength of the scaffolds.

Figure 6b reports the PE2-70 surface morphology. In this

case, the scaffolds struts are not well densified as the single

SCK powders can be seen and thus poor mechanical strength

will result. On this basis, 60%vol. was considered as the

higher content of PE that allowed maintaining sufficient me-

chanical strength and obtaining dense pores struts.

The degree of pore interconnection as well as the pres-

ence of thick pores struts was further investigated through

SEM observations at higher magnifications as can be seen in

Figs. 7a and 7b respectively. The presence of a high amount

of microporosity along with larger pores was assessed for

every scaffold. Despite the presence of microporosity, which

as explained before can play an important role in vivo, the

pores struts are well sintered as the original SCK particles

can not be distinguished.

The morphological observations were useful to assess the

microstructure of the scaffolds, the pore morphology, inter-

connection and size. A quantitative pore-size distribution was

performed, on the most representative samples, by mercury
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Fig. 3 Micrograph of GC-SCK after chemical etching (a), micrograph

of GC-SCK after 1 week in SBF (b), EDS analysis on the area in the

rectangle (c).

intrusion porosimetry. This technique is useful to study the

amount and pore size distribution of pores as large as 100 μm,

but can not detect larger ones, as Hg, despite its very low

wettability, enters inside them without any applied pressure.

For this reason, the mercury intrusion porosimetry was used

only to investigate the presence and size of the microporos-

ity observed at SEM. Figure 8 reports the mercury intru-

Fig. 4 Micrographs of the two different polyethylene powders: PE1 (a)

and PE2 (b).

Table 1 Total porosity obtained via density

measurements

Total porosity

Sample (vol.%)

PE1-50 60 ± 1

PE2-50 62 ± 1

sion porosimetry results obtained for PE1-50 that shows the

presence of many micropores within 1–10 μm. The results

obtained for the other scaffolds are analogous to the one re-

ported for PE1-50. The presence of a high amount of small

pores was ascribed to the removal of the polyethylene decom-

position products, as the pores are open and accessible to Hg.

The total porosity was evaluated through weight measure-

ments of cubic samples considering the SCK density. The

calculated total porosity values for the most representative

samples are reported in Table 1. As can be observed, the to-

tal porosity is slightly higher than the used PE content due to
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Fig. 5 Micrographs of the polished surface of PE1-50 (a) and of the as

done PE2-50 surface (b).

the removal of the decomposition products and the formation

of micropores.

A more complete characterisation of the introduced poros-

ity was attained through image analysis on polished sections

of the scaffolds. In such a way the size and number of pores

could be evaluated. At this purpose, Fig. 9a reports, as an ex-

ample, a micrograph of PE2-50 in which the darker areas are

pores that will be identified from the image analysis system as

empty space. Figure 9b reports the results of the image anal-

ysis calculated considering, not the number of pores having

a particular size, but the total area occupied by the pores hav-

ing a specific size range, considering as 100% the whole pore

area. The results were calculated in such a way considering

that the total number of pores having a specific size range is

not as important as the total empty volume and its mean size.

In fact the crucial point is that the blood vessels and cells can

easily penetrates inside the scaffold due to an elevated area

of it occupied by sufficient large pores. Different areas were

analysed obtaining comparable results.

Fig. 6 Micrographs of a PE2-60 cross section (a) and of PE2-70

surface (b).

Table 2 Compressive strengths of the scaffolds

Compressive

Sample strength (MPa)

PE1-50 6.0 ± 1.2

PE2-50 3.2 ± 1.1

PE1-60 1.8 ± 0.4

PE2-60 1.5 ± 0.5

The obtained results perfectly agree with the density data

proving the reproducibility and the homogeneity of the pre-

pared scaffolds. For the different samples, due to the PE

content, a total porosity within 50 to 70%vol. was found.

The amounts, size of total porosity as well as the pore

struts morphology are the main factors affecting the mechan-

ical characteristics of the scaffolds. On the basis of the mor-

phological observations, being the most promising samples,

series PE-50 and PE-60 scaffolds were tested in compression

using cubic samples of 1 × 1 × 1 cm3: the obtained results

are reported in Table 2. As can be observed the standard
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Fig. 7 Micrographs of PE1-50 (a) and PE2-50 (b).

deviation values are low indicating a good reproducibility

of the samples. The series of PE1 scaffolds showed greater

values compared to PE2 series with the same PE content due

to the presence of larger pores in the latter ones.

An increase in the pores amount involved a decrease in the

compressive strength: the decrease was less evident for PE2-

60 scaffolds. On PE-50 and PE-60 series of scaffolds, the

compressive strength was evaluated in the three directions to

Fig. 9 Selected area for image analysis of sample PE2-50 (a), pores

distribution for PE2-50 (b).

Fig. 8 Mercury intrusion porosimetric analysis of sample PE1-50.

Springer



J Mater Sci: Mater Med (2006) 17:1069–1078 1077

Fig. 10 Micrograph of PE2-50 after 1 week in SBF.

verify the homogeneity of the scaffolds and the isotropy of its

properties. The obtained values were analogous in the three

directions with differences not significant and well below the

standard deviation. On the basis of the obtained results we

could conclude that the observed scaffolds morphology and

homogeneity corresponded to mechanical strength compara-

ble to the ones reported in the literature for other scaffolds

and for cancellous bones [3, 12, 23, 44, 45].

The in vitro bioactivity of the prepared scaffolds was as-

sessed through soaking in SBF and many HAp agglomerates

were observed after only one week in SBF. At this pur-

pose, Fig. 10 reports a micrograph of PE2-50 after 1 week in

SBF where HAp aggregates nucleated both outside and in-

side the pores can be seen. The scaffolds showed a stronger

bioactivity than GC-SCK due to their higher specific surface

reactivity.

4 Conclusions

Macroporous glass-ceramic scaffolds were produced via uni-

axial pressing followed by a thermal treatment to remove the

PE particle and to sinter the glass powders.

The pores were highly interconnected. The pores struts

were thick and dense and the compressive strength of the

scaffolds was about the strength of cancellous bone. An ex-

tensive microporosity was observed in all the scaffolds and

can positively affect cell adhesion phenomena.

The introduced porosity was higher than 100 μm for series

PE1 and above 200–500 μm for series PE2 scaffolds. The

total pores amounts could be tailored within 50 to 70%vol.

The use of different polyethylene particles in various

amounts showed to be an effective way to tailor the pores

size and amount to the desired extent.

The scaffolds showed a great in vitro bioactivity due to

the presence of β-wollastonite crystals, to the K+ ions effect

and to their high specific surface area.

The prepared scaffolds can be proposed as bone substi-

tutes or can be used to vehicle osteoblasts, collagen or other

biological species for tissue engineering applications. Bio-

compatibility tests are in progress and will be discussed in a

next paper.
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