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a b s t r a c t
Ideal bioceramic microspheres for bone regeneration need to be bioactive and degradable, but at the same
time possess a controlled drug-release ability. The main disadvantage of the currently available microspheres is their failure to combine these properties. The aim of this study is to develop bioactive ceramic
microspheres with optimal properties for use in bone-tissue regeneration. In this study, we utilize diopside
(CaMgSi2O6, DP) with proven excellent bioactivity and degradation ability to develop microspheres by controlling their porosity and size, and further modify their surface with polymer to enhance and control their
drug-loading/release ability. The phase composition, surface and inner microstructure, and porosity of DP
microspheres were tested. Results indicate that carbon powders as porogens with various contents determined the porosity of the porous DP microspheres. The drug-loading and release ability of dexamethazone
(DEX) from porous DP microspheres was regulated by their porosity and size. Poly(lactide-co-glycolide)
modiﬁcation forms a ﬁlm on the surface of DP microspheres and resulted in an enhanced DEX-loading
and release ability of the microspheres. Results presented here indicate that the developed DP microspheres
have the potential to be used as bioactive ﬁlling materials for bone-tissue regeneration.
Ó 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Signiﬁcant attention is focused on the use of microspheres as
carriers for proteins and drugs. The main advantage of microspheres,
compared to the more traditional macroporous block scaffolds, is
that microspheres possess not only better drug-delivery properties,
but also the ability to ﬁll the bone defects with irregular and complex
shapes and sizes [1]. The interstitial space between the particles of
the microspheres is crucial for effective and functional bone regeneration [2–4] as they allow for both bone and vascular ingrowths.
Current available microspheres are made of ceramics, polymers
or their composites. Polymers microspheres, such as poly(lactideco-glycolide) (PLGA) and poly(hydroxybutyrate-polyhydroxyvalerate) (PHBV), are resorbable but their bioactivity is compromised
[5,6]. On the other hand, ceramic microspheres, such as hydroxyaptite (HAp) ceramics, are bioactive, but they lack the controlled
porosity, which to some extent inﬂuences the controlled drug
release [7–10]. Although nano-sized microspheres have been
developed for drug delivery, their small sizes compromise their
use in cell-based therapy for bone-tissue engineering [11–13].
Their nano-sizes result in an inadequate interstitial space for tissue
and vascular ingrowth and are also too small to carry the boneforming cells. It is therefore important to develop new bioactive
larger-size microspheres (hundreds of micrometers) with controlled drug-delivery properties and improved degradation rate.
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Diopside (CaMgSi2O6, DP) ceramics possess excellent in vitro
apatite-formation ability, in vivo bioactivity and degradability
[14–17], and improved mechanical strength compared to hydroxyapatite [16]. In the current study, we explored the use of bioactive
DP as microspheres for drug delivery and as ﬁller materials for
bone-tissue regeneration.
It is known that the porosity and surface properties of microspheres may inﬂuence their drug-delivery properties [18–20].
Carbon powders, as porogens, have been used to prepare porous
alumina ceramic bulk [21]. In the present study we used carbon
powders as porogens in the preparation of porous DP ceramic
microspheres to obtain various porosities by controlling the porogen contents. We previously showed that polymer modiﬁcation of
CaSiO3 ceramic scaffolds can form a layer of polymer ﬁlm (3 lm
thick) on the surface of scaffold walls [22]. We propose that the
polymer modiﬁcation of DP microspheres will also form a polymer
ﬁlm and this layer of ﬁlm may further control drug release. Therefore, the aim of this study is to develop DP microspheres with combined bioactivity, degradability and controlled drug delivery for
bone-tissue regeneration through controlling the spheres’ porosity,
size and through their surface modiﬁcation with polymers.
2. Materials and methods
2.1. Preparation of porous diopside ceramic microspheres
DP powders were synthesized by the coprecipitation process
using tetraethyl orthosilicate ((C2H5O)4Si, TEOS), magnesium
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nitrate hexahydrate (Mg(NO3)26H2O) and calcium nitrate tetrahydrate (Ca(NO3)24H2O) as raw materials according to our previous
publication [14].
Porous DP microspheres were prepared using alginate crosslinking with CaCl2 solutions in combination with the porogen of
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carbon powders with a size of 10 lm (Barnett Chemicals, USA).
Steps include mixing DP powders (<60 lm) and different contents
of carbon powders (the mass ratio of carbon/(DP + carbon): 0%,
20%, 40% and 60%) with 3wt.% sodium alginate water solution to
obtain a uniform and well-dispersed slurry (the concentration of

Fig. 1. Optical microscopy of diopsode (DP) microspheres with different carbon contents before sintering (a, c, e and g) and after sintering (b, d, f and h): (a) and (b) no carbon;
(c) and (d) 20% carbon; (e) and (f) 40% carbon; (g) and (h) 60% carbon. The size of spheres before and after sintering is about 1000 lm and 800 lm, respectively.
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