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Abstract
A 45S5 bioactive glass (nominal composition: 46.1 mol.% SiO2, 2.6 mol.% P2O5, 26.9 mol.% CaO, 24.4 mol.% Na2O) was electrothermally poled by applying voltages up to 750 V for 45 min at 200 °C, and the thermally stimulated depolarization currents (TSDCs) were
recorded. Changes in chemical composition and electrical properties after poling were investigated by TSDC measurements, impedance
spectroscopy and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX). The poling led to the formation
of interfacial layers underneath the surface in contact with the electrodes. Under the positive electrode, the layer was characterized by
Na+ ion depletion and by a negative charge density, and the layer was more resistive than the bulk. The inﬂuence of poling on the bioactivity was studied by immersion of samples in simulated body ﬂuid (SBF) with subsequent cross-sectional SEM/EDX and X-ray diffraction analysis. It was found that poling leads to morphological changes in the silica-rich layer and to changes in the growth rate of
amorphous calcium phosphate and bone-like apatite on the glass surface. The bone-like apatite layer under the positive electrode was
slightly thicker than that under the negative electrode.
Ó 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
In recent years, research has focused on the development
of new types of materials that stimulate a biochemical
response from living tissue in order to obtain a strong bond
(‘‘biological ﬁxation”) between the prosthesis and the tissue
[1]. These kinds of bioactive materials also facilitate the
regeneration of tissue instead of replacing it with an inert
material; they are therefore of interest for tissue engineering applications [2]. Bioactive glasses (e.g. composition
45S5 BioglassÒ [1]) are the oldest bioactive materials, ﬁrst
reported in 1969 by Hench et al. [3], and these now very
well-characterized materials have found use in a number
of biomedical applications such as orthopaedic implants
and bone ﬁller materials [1]. More recently, bioactive glass
of composition 45S5 BioglassÒ has been used to fabricate
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highly porous foam-like structures as scaﬀolds for use in
bone tissue engineering [4]. BioglassÒ in particle form has
also been applied as a ﬁller or coating for porous, resorbable polymers such as polylactic acid (PLA) to form composite scaﬀolds exhibiting tailored degradation rates
matched to the formation of new bone tissue [5] and to
induce angiogenesis in vivo and in vitro [6]. To date, several
glass compositions have been developed which have been
demonstrated to be bioactive [7–11], a property that can
be assessed by analyzing the formation of hydroxyapatite
(HA) layers on the material surfaces upon immersion in
relevant physiological ﬂuids, such as simulated body ﬂuid
(SBF) [1,12,13]. The strong interfacial bond to bone that
bioactive glasses form in vivo is due to formation of the
above-mentioned HA layer which enables integration with
living bone without ﬁbrous tissue formation [1,2]. This
interfacial attachment or bond between the bioactive glass
and bone can be controlled by diﬀerent methods [14–17],
including: (i) physicochemical methods, such as variation
of surface composition and/or creation of surface charges
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(positive or negative); (ii) morphological methods by variation of surface roughness or artiﬁcial grooving; and (iii)
biochemical methods, such as using cell adhesion molecules
and osteotropic molecules. Surface charge, composition,
structure and morphology are important parameters inﬂuencing the formation of HA on the glass surfaces as well as
dictating the interaction between the material surface and
the surrounding medium, including proteins and cells.
Several researchers have found a signiﬁcant inﬂuence of
surface charge on the formation of bone-like apatite layer
on bioactive inorganic materials and on the surface interaction with the biological environment. For example, Li et al.
[18] recommended that some bioactive materials for bone
bonding must have or must develop negatively charged surfaces with an abundance of OH groups, while Kurokowshi
et al. [19] have reported that negatively charged polymer
beads promote bone formation after implantation in rats.
More recently, Lu et al. [20] have presented results of
immersion tests of bioactive glass using physiological solutions showing that the formation of calcium phosphate layers on bioactive glass surfaces correlates with their zeta
potential. They concluded that surface charges on the bioactive glass inﬂuence bone formation by mediating the formation of HA surface layers.
Yamashita and co-workers [21–23] have recently investigated the bone-like apatite growth on crystalline HA
(Ca5(PO4)3OH) and bioactive glass (composition in
mol.%: 46.1 SiO2, 24.4 Na2O, 26.9 CaO, 2.6 P2O5 (45S5))
surfaces after electrical polarization between blocking electrodes. HA electrets were made by the polarization of HA
ceramics, in which ion dipole moments become aligned due
to the external electrical ﬁeld. The inﬂuence of the resulting
surface charges on the bioactivity of HA was conﬁrmed by
the overgrowth of calcium phosphate layers on samples in
contact with SBF, by the proliferation of certain cells in
physiological ﬂuids, and by an enhanced osteoconductivity
during in vivo studies. When polarized HA samples were
placed in SBF, calcium ions from the SBF were adsorbed
readily on the negatively charged surface, followed by
PO43 deposition, resulting in an accelerated formation
of bone-like apatite. Apatite crystal growth was accelerated
on the negative surface, whereas no crystal growth was
found on the positive surface after 3 days of immersion
in SBF. The growth rate on the negative surface was about
10 lm/day, several times higher than that on non-polarized
HA sample surfaces.
Obata et al. [15,24] reported that the electrical polarization of bioactive glass 45S5, and thus the formation of surface charges, was dependent on the migration of sodium
ions and could be controlled by the polarization time, the
polarization temperature and the applied voltage. When
compared to HA, bioactive glass 45S5 gained 1000 times
higher polarization with 100 times lower DC ﬁeld in comparison to HA. After polarizing the 45S5 glass at temperatures of about 500 °C with an applied voltage of 10 V for
about 1 h and after subsequent cooling to room temperature, the surface charges persisted long enough to result
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in a signiﬁcant enhancement of the bioactivity [23]. The
considerable enhancement of the bioactivity eﬀect was conﬁrmed in the morphological diﬀerences of the formed apatite layers among the non-polarized, positive and negative
surfaces of 45S5 glass after immersion in SBF for a short
period (2 h). However, no diﬀerences were detected among
the three types of surfaces (positive, negative and nonpolarized) after 24 h immersion in SBF.
These results raise two questions. (i) Why are there morphological diﬀerences of the HA layer between polarized
and non-polarized samples after only a short period of
immersion in SBF, yet no diﬀerences after long periods of
immersion in SBF? (ii) What is the chemical composition
and morphology of the surface layers growing on the bioactive glass surfaces after immersion in SBF for short periods
of time? Advanced analytical techniques, such as high-resolution scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM/EDX) and X-ray diﬀraction
(XRD) methods, are necessary in order to determine the
characteristics of the newly formed surface layers in SBF,
such as the silica-rich layer, the amorphous calcium phosphate layer and the bone-like crystalline apatite layer.
In this study, we investigated the electrothermal poling
and depoling of 45S5 bioactive glass, and we determined
the total stored charge of the glass as function of poling
voltage. The thickness of the positive ion depletion layer
under the anode side of bioactive glass was examined by
impedance spectroscopy and SEM/EDX. The inﬂuence of
poling on the bioactivity of glass was investigated using
an in vitro approach, i.e. immersion in acellular SBF.
The time-dependent calcium phosphate layer formation
and/or crystalline bone-like apatite layer formation on
poled and unpoled bioactive glass surfaces was analyzed
by SEM/EDX and XRD. In addition, the thickness of
newly formed crystalline HA layers on the positive and
negative charged surfaces was examined in detail by
cross-sectional SEM/EDX measurements.
2. Materials and methods
2.1. Bioactive glass preparation
A bioactive glass with molar composition 46.1 SiO2,
24.4 Na2O, 26.9 CaO, 2.6 P2O5 (labelled 45S5) was prepared from Na2CO3, CaCO3, SiO2 and (NH4)2HPO4 powders. Initially, the reagents Na2CO3 and CaCO3 were dried
in an oven at 393 K to remove water and adsorbed gases.
Stoichiometric amounts of the starting materials were
mixed for 1 h in an agate mortar. The mixture was placed
in a Pt crucible and melted in an electric furnace at 1623 K
for 2 h. After complete homogenization, the melts were
poured into preheated cylindrical stainless steel molds.
The obtained bulk glass samples were then annealed 40 K
below their respective glass transition temperatures (determined by diﬀerential scanning calorimetry) for 10 h. The
annealed glass discs were cut into slices with a thickness
of about 600–1000 lm using a high-precision cutting
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