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Development of novel biomaterials with Mg?+, Ca?+, and silicate ions releasability for bone
regeneration is now in progress. Several inorganic ions have been reported to stimulate
bone-forming cells. We featured Ca?*, silicate, and especially, Mg?* ions as growth fac-
tors for osteoblasts. Various biomaterials, such as ceramic powders and organic—inor-
ganic composites, that release the ions, have been developed and investigated for their
cytocompatibilities in our previous work. Through the investigation, providing the three
ions was found to be effective to activate osteogenic cells. Magnesium and siloxane-
containing vaterite was prepared by a carbonation process as an inorganic particle that
can has the ability to simultaneously release Ca?*, silicate, and Mg?+ ions to biodegradable
polymers. Poly (L-lactic acid) (PLLA)- and bioactive PLLA-based composites containing
vaterite coatings were discussed regarding their degradability and cytocompatibility
using a metallic Mg substrate as Mg?* ion source. PLLA/SIV composite film, which has
a releasability of silicate ions besides Ca?* ion, was coated on a pure Mg substrate to
be compared with the PLLA/V coating. The degradability and releasability of inorganic
ions were morphologically and quantitatively monitored in a cell culture medium. The
bonding strength between the coatings and Mg substrates was one of the key factors to
control Mg2* ion release from the substrates. The cell culture tests were conducted using
mouse osteoblast-like cells (MC3T3-E1 cells); cellular morphology, proliferation, and
differentiation on the materials were evaluated. The PLLA/V and PLLA/SIV coatings on
Mg substrates were found to enhance the proliferation, especially the PLLA/SIV coating
possessed a higher ability to induce the osteogenic differentiation of the cells.

Keywords: bioceramics, magnesium, calcium, silicate, bone regeneration

INTRODUCTION

Various types of bioactive ceramics and glasses have been investigated for application in bone
regeneration (Jarcho, 1981; Winter et al., 1981; LeGeros, 2002). Calcium phosphate and calcium
silicate glasses, such as Bioglass® 4585, are well known to have excellent bioactivity and promote
new bone formation in vivo. Recently, several ions released from these materials have been found
to influence cell functions and some of the ions can accelerate osteogenesis, angiogenesis, and
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antibacterial activity (Hoppe et al,, 2011). Calcium (Ca**) ions
released from composite materials, consisting of a type II collagen
gel and hydroxyapatite (HA), have been demonstrated to have
a stimulatory effect on the activation of mouse primary osteo-
blasts (Maeno et al., 2005). Ca*" ion concentrations of 2-4 mM
are reported to be suitable for enhancing the proliferation and
survival of osteoblasts, whereas concentrations of 6-8 mM favor
their differentiation and biomineralization of extracellular matrix
(ECM). Ca?* ion concentrations >10 mM were found to be cyto-
toxic for cells.

Stimulatory effects for the enhancement of bone formation
were found for the soluble silica species and Ca** ions that were
released from Bioglass® 4555 (Xynos et al., 2000a). The cellular
numbers of human osteoblasts (HOBs) cultured in the ionic prod-
ucts of Bioglass® 45S5, obtained by its dissolution in Dulbecco’s
modified eagle medium (DMEM), increased by 155.1 + 6.5%
compared with normal DMEM after 4 days of culture. HOBs
cultured on the Bioglass® 45S5 disk exhibited higher alkaline
phosphatase (ALP) activity, which is known to be associated with
osteoblastic differentiation of HOBs, compared with those grown
on a bioinert (plastic) substrate, after 6 days of culture (Xynos
etal., 2000b). Trace amounts of Ca?* and silicate ions are believed
to be beneficial for the promotion of bone formation.

Additionally, magnesium (Mg?**) ions have been reported to
enhance cell adhesion to materials, along with the differentiation
and biomineralization of osteoblasts. The expression of various
integrin family members, which are a class of adhesion proteins,
was increased on Mg?*-modified alumina compared with Mg?**-
free controls (Zreiqat et al., 2002). The stimulatory effects of Mg**
ions on early bone cell differentiation have also been reported,
whereby osteoblasts cultured on bioactive S$iO,-~CaO-P,Os-
MgO glass exhibited a high ALP activity (Saboori et al., 2009).
Moreover, the effects of Mg** ions on angiogenic function have
been clarified by Maier et al. (2004). Mg?* ions stimulate the pro-
liferation of human umbilical vein endothelial cells (HUVECs)
and enhance the mitogenic response to angiogenic factors. These
stimulatory effects of the released inorganic ions on cellular
activities should be beneficial to the design of new biomaterials
for bone regeneration.

Magnesium- and siloxane-containing vaterite (MgSiV) has
been developed as a material that provides Mg**, Ca**, and sili-
cate ions upon degradation in our previous work (Yamada et al.,
2014a). Of the calcium carbonates, vaterite, calcite, and aragonite,
vaterite is the most thermodynamically unstable polymorph. The
chemical structure and their degradation behavior in physical
condition were examined. From cell culture tests, mouse osteo-
blast-like cells had an improved proliferation, differentiation, and
mineralization in the extract of the MgSiV and the dependence
on the ion-type contained in the extract; these cell functions
were significantly enhanced when all of the ions, Mg?*, Ca**, and
silicate ions, were simultaneously provided to the cells.

The improved functions of the cells were also observed in
the results of the cell culture tests for metallic magnesium (Mg)
substrates coated with a siloxane-containing vaterite (SiV) and
poly (r-lactic acid) (PLLA) composite layer (Yamada et al., 2013,
2014b). The metallic Mg substrate coated with the composite
layer releases the three kinds of ions at the same time; Ca** and

silicate ions are supplied by SiV, and Mg** ions are from the
metallic Mg substrates. The cell proliferation and differentiation
were accelerated on the metallic Mg substrate coated with the
composite layer in comparison with those on the sample releasing
only Ca?* and Mg** ions or no ions.

The up-regulation effects by the three kinds of ions on the
cells were found to be similar even though the providing process
was different between the MgSiV and the Mg substrate coated
with the composite layer. These findings imply that biomaterials
providing the three kinds of ions would be good for achievement
of the rapid mineralization of osteogenic cells. In addition, such
inorganic ions supplied by bioceramics can be regarded to be one
of the important factors for promoting bone formation in vivo.

In this review, we provide an overview of materials providing
Mg, Ca?, and silicate ions, i.e., the MgSiV and the Mg sub-
strates coated with PLLA/SiV composite layer, and osteoblast-
like cell reactions to the materials. In addition, new composite
materials that possess an excellent 3D structure (cotton wool-like
structure), flexibility, and a providing ability of Ca** and silicate
ions are introduced as well. They have been expected to be good
candidates for bone fillers.

MAGNESIUM- AND
SILOXANE-CONTAINING VATERITE

The development of SiV (Nakamura et al., 2013) and its compos-
ites with biodegradable polymer, such as PLLA or poly(lactic-co-
glycolic acid) (PLGA), as materials providing Ca®* and silicate
ions has been published in our previous work (Obata et al., 2009,
2010; Wakita et al., 2010; Fujikura et al., 2013). Electrospun fibre-
mats consisting of the PLLA/SiV composites possessed excellent
cell compatibility in vitro and a formation of mineralized tissue
in vivo. Especially, in the results of cell culture tests, the PLLA/SiV
composites accelerated the proliferation and the differentiation
of mouse osteoblast-like cells in comparison with a composite
consisting of vaterite and PLLA (Obata et al., 2009). This implies
that the ions released from the PLLA/SiV composites, particu-
larly silicate ions, must contribute to the enhanced cell functions.
Many reports demonstrated that such ions are able to enhance
osteogenic cell functions, proliferation, differentiation, and
mineralization, and regarded to be one of the important factors
for bone formation in the body (Hoppe et al., 2011). Thus, the
SiV-containing composites are expected to be some of the good
candidates for new biomaterials promoting bone formation.

In contrast, the ions released from the SiV and its composites
are believed to have no up-regulation effect on cell adhesion. Cell
adhesion is a significant process of progressing proliferation for
adherent cells, such as osteoblasts and fibroblasts. To improve cell
adhesion should be useful to improve proliferation and following
biological reactions of these cells. Mg** ions have been found
to improve cell adhesion to substrate surfaces (Zreiqat et al.,
2002). Thus, to incorporate magnesium to the SiV was expected
to achieve new biomaterials having higher cell compatibility,
along with enhanced cell adhesion, proliferation, differentiation,
and mineralization. In addition, MgSiV is expected to possess
buffering action in aqueous solution since it releases carbonate
ions as well, while most of silica-based bioactive glasses, such
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as 45S5-type bioactive glass, increase its surrounding pH. This
might be good for cells cultured on the material surfaces. The
preparation of MgSiV powders has been reported in our previous
work (Yamada et al., 2014a). In the present short review, some of
their significant results are introduced briefly.

Preparation

Magnesium and siloxane-containing vaterite powders were
synthesized by a carbonation process in methanol using calcium
hydroxide, 3-aminopropyltriethoxysilane (APTES), and mag-
nesium hydroxide as calcium, silicate, and magnesium sources,
respectively (Yamada et al., 2014a). All the chemicals were mixed
into the slurry under carbon dioxide gas flow, resulting in the
formation of a precursor gel. The obtained gel was aged for 12 h
at room temperature, dried at 110°C for 24 h, and then grounded
to form particles. The obtained MgSiV contained 2.0 wt% of mag-
nesium and 2.8 wt% of silicon. SiV powders were also prepared by
the same method without adding magnesium source.

Structure

The prepared MgSiV samples exhibit flat-spherical morphology,
around 1.3 pm in diameter and 0.6 pm in thickness (Figure 1).
They consist of primary particles with several being 10 nm in
size. On the other hand, the SiV have a spherical morphology,
~1.4 pm in diameter. The reason why the morphologies are
different between the two samples is that it is expected that the
orientation of the vaterite phase in MgSiV might be varied by
Mg?* ions. Vaterite is known to have a characteristic symmetry
and orientation of carbonate ions in its crystalline structure. The
orientation is parallel to the c-axis (Wang and Becker, 2009). The
siloxane derived from APTES is believed to contribute to the
stabilization of the c-face (Nakamura et al., 2013). The Mg** ions
in the MgSiV might influence the orientation, resulting in the
formation of the flat-spherical particles. The surface areas of the
two samples are also different; they were 103 and 34 m?*/g for the
MgSiV and SiV, respectively, from the results of BET-nitrogen
adsorption.

The crystalline phase of MgSiV consists predominantly of
vaterite one and contains small amounts of calcite and calcium
magnesium carbonate. X-ray diffraction (XRD) pattern of the
MgSiV demonstrates that the peaks corresponding to the c-axis-
dependent plane of vaterite shifted to a higher angle (Figure 2). By

FIGURE 1 | SEM images of (A) SiV and (B) MgSiV. Reprinted with
permission from Yamada et al. (2014a).

contrast, the ab plane shows no shift. Mg might be incorporated
into the vaterite crystalline structure and substitute for some of
the Ca-sites in vaterite, since the lattice spacing for the vaterite
(004) plane changed from 0.426 to 0.421 nm by adding Mg to
SiV. The MgSiV and SiV were found to also contain the amor-
phous calcium carbonate (ACC) phase in their structures from
the results of Fourier transform infrared spectroscopy (FTIR)
analysis (data not shown here).

lon Release

The MgSiV powders release Mg**, Ca**, and silicate ions through
their crystalline transformation from vaterite to aragonite phase
in aqueous solution. They were immersed in the Tris-HCI buffer
solution (pH 7.4) for 7 days, and the amount of the released ions
was measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Figure 3). Their crystalline phases at
each time point during the immersion were characterized by XRD
(Figure 4). The crystalline phase of the MgSiV transformed from
vaterite into aragonite in 12 h after the immersion and simultane-
ously released 60% of the total Mg and 80% of the total Si. The
release of the two ions continued until day 7, while the release
rate decreased after 12 h. A total amount of 83% of the total Mg
and almost all Si in the MgSiV were released in the 7 days. On
the other hand, the Ca-release behavior was different from those
of Mg and Si. The amount of the released Ca was maximum after
12 h and then continued to decline until day 7. The increase in
the Ca amount in 12 h after the immersion is believed to originate
from the dissolution of ACC. On the other hand, the decline in
the amount is due to the formation of precipitates at the bottom
of the containers used.

O Vaterite < Calcite % (Ca, Mg)CO,

0(112)
Si std
=~ O(114)

~=- O(211)

Intensity (a. u.)

SivV

20 30 40 50 60
Diffraction angle 26/degree (CuKa)

FIGURE 2 | XRD patterns of SiV and MgSiV. Reprinted with permission
from Yamada et al. (2014a).
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The SiV powders possess ion-release behavior similar to
the MgSiV. The transformation of the crystal phase of the SiV
is, however, different from the MgSiV; its phase changed from
vaterite to calcite in 12 h after the immersion. This is because
aragonite phase precipitates more easily in an aqueous solution
containing a large amount of Mg?* ions (Kitano, 1962; Bischoff,
1968; Sawada et al., 1990; Bottcher et al., 1997; Morse et al., 1997;
Kitamura, 2001; Zhang et al., 2012). No Mg** ion is incorporated
in the lattice of aragonite because it has a tightly bound hydra-
tion shell (Falini et al., 1996, 2009). After 12 h, small peaks cor-
responding to vaterite phase are still seen for the MgSiV, while
the crystal phase of SiV completely transformed to calcite. Mg
must be incorporated into the vaterite crystalline structure in the
MgSiV, since the peaks corresponding to vaterite in the MgSiV
shifted compared with those of the SiV. The Mg incorporated into
the vaterite dissolved from the MgSiV in 12 h, because the peaks
revert to the original positions of the SiV. Vaterite disappeared
and the predominant crystalline phase was aragonite after 7 days.
The particle shape of the MgSiV varied after the immersion; no
original MgSiV particles were found, but needle-like ones, which
is a typical shape of aragonite, were newly observed in the samples
after 7 days of immersion.

PLLA/SiV COMPOSITE COATING ON A
METALLIC MAGNESIUM SUBSTRATE

Metallic Mg and its alloys possess biodegradability and proper
mechanical properties and are regarded to be good candidates for
metallic biomaterials (Staiger et al., 2006; Witte et al., 2008; Witte,
2010). They have the suitable properties for being used as vascular
stents or orthopedic implants; they possess high reactivity with
water and dissolve in body fluid through corrosion, which would
contribute to the avoidance of secondary surgery after healing
and achieve a complete replacement of bone tissue. In addition,
they have the similar Yong’s modulus (41-45 GPa) to that of
human cortical bone, which might contribute to the decrease
of bone resorption around the implants. The modulus is lower

than that of any other metallic biomaterials, such as titanium
alloys (Staiger et al., 2006).

On the other hand, there are concerns that metallic Mg rapidly
degrades and produces corrosion, hydroxyl ions, and bubbles
of hydrogen gas around the surrounding tissues (Witte et al.,
2005). This induces an extremely high local alkali concentration
(pH > 9.0) on the metallic Mg surface, which is harmful for cells
(Shen et al., 2012). The bubbles of hydrogen gas formed in 1 week
after implantation, which induced vacant spaces around the
metallic Mg. This is attributed to poor integration of the metallic
Mg implanted into body tissue (Witte et al., 2005). To solve these
problems, the metallic Mg surfaces were coated with biodegrad-
able polymer, such as poly(e-caprolactone) (PCL) and PLLA
(Wong et al., 2010; Xu and Yamamoto, 2012). The cytocompat-
ibility of the metallic Mg was improved by the polymer coatings.

Bioactive coatings consisting of PLLA-based composites
containing SiV or vaterite (V) powders have been developed in
our previous work, since Mg?*, Ca?*, and silicate ions must be
provided from the metallic Mg, vaterite phase, and siloxane in
the SiV, respectively, which were expected to enhance osteogenic
cell activities. The adhesion, proliferation, and differentiation of
MC3T3-E1 cells cultured on the prepared samples were estimated
to clarify the effects of the each ion released from the samples on
the cell functions (Yamada et al., 2013, 2014b).

Preparation

The SiV and V powders were prepared by a carbonation method
aforementioned. The composites of PLLA and SiV or V were pre-
pared by a melt-blending method, dissolved in chloroform, and
then coated on surfaces of a commercially available pure metallic
Mg with a spin coater. The amount of SiV or V in the composites
was set to be 60 wt% (~47 vol%).

Morphology, Bonding Strength, and

Degradation
The surface morphology of the coatings on the metallic Mg
was different among the PLLA/SiV, PLLA/V, and pure PLLA
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FIGURE 4 | XRD patterns of (A) SiV and (B) MgSiV before and
after soaking in Tris buffer solution (pH 7.4) and their SEM
images after 7 days of the soaking. Reprinted with permission from
Yamada et al. (2014a).

(Figures 5A-C), since the diameters of the powders are different;
itis ~1.5 pm for SiV and 0.5 pm for V. The thickness also varied
among them; it was 5.3 + 0.4, 3.0 + 0.1, and 1.8 + 0.2 pm for
PLLA/SiV, PLLA/V, and pure PLLA. Roughnesses of the coat-
ings were 0.40 + 0.00, 0.19 + 0.01, and 0.08 + 0.01 um for the
PLLA/SiV, PLLA/V, and pure PLLA, respectively. This might be
due to the difference in the viscosity of the composite or pure
PLLA solution. The layer prepared using a spin-coating method
depends on the concentration and viscosity of polymer solutions
(Schubert and Dunkel, 2003).

Tensile bonding strength tests for the three types of coat-
ing demonstrated that the PLLA/SiV coating possesses the
highest strength; the rank order of the strength was the PLLA/
SiV > PLLA/V > pure PLLA. The difference in the bonding
strength would be due to the changes in the molecular weight
of PLLA in the coatings by adding the powders. The bonding
mechanism was reported to be influenced by molecular weight
of polymer in coatings (Xu and Yamamoto, 2012). More free ends
of the polymer chains are in the polymers with a lower molecular
weight in comparison with those with a higher molecular weight.
In the case of the PLLA composite coatings, a larger number of

free carboxyl groups for electrostatic intermolecular interaction
between polymer chain and the metallic Mg surface is supposed
to be contained in PLLA/SiV, based on the results of the tensile
bonding tests. The molecular weights are, however, 82 kDa for
PLLA/SiV, 46 kDa for PLLA/V, and 90 kDa for pure PLLA. The
varied coating thicknesses of the coatings between them might
contribute to the differences in the bonding strength.

All the coated samples release a trace amount of Mg** ions
in a-MEM, while no detachment of the coating layer from the
metallic Mg substrates was happened for them. The amount of
the ions significantly decreases by the coatings compared with
the uncoated (pure) metallic Mg, except the PLLA/V coating
(Figure 6). Up to 30 pg/mL of the ions were released from the
uncoated Mg for 7 days of culturing. On the other hand, the PLLA/
SiV and PLLA-coated samples released only 11 and 5 pg/mL of
the ions, respectively. The PLLA/V-coated sample possessed a
completely different releasing behavior from those of the other
two samples; the value of the released ions was the same level of
the uncoated Mg at day 3 (16 pg/mL) and then reached about 1.4
times as large as that at day 7 (43 pg/mL). This might be because
a large amount of pores formed on the surface of the PLLA/V
coating, while no pore or tiny one were done on the surfaces of
the other two samples (Figures 5D-F). The pores on the PLLA/V
coating were generated through the detachment of V powders
and the degradation of the PLLA matrix. The Ca?* ions released
from the PLLA/V coating might accelerate the corrosion of the
metallic Mg, resulting in the enhanced release of Mg** ion. Thus,
the chemical component of the filler in coatings is important for
achievement of suppressing the corrosion of the metallic Mg and
the rapid release of Mg** ions from the substrates.

Cytocompatibility

The proliferation of MC3T3-E1 cells on the three types of coated
samples and the uncoated one was evaluated by counting live cells
after 1, 3,and 7 days of culturing (Figure 7A). Results represent the
mean values of the experiments in triplicate. Statistical analysis was
performed using Student’s ¢-test and single-factor ANOVA (SPSS
21 software; IBM, USA) followed by Tukey’s multiple comparison
test. Values of p < 0.05 were considered to be significant. Although
almost no proliferation ability was found for the cells cultured
on the metallic Mg, the cells proliferated on the coated samples,
especially the proliferation on the PLLA/SiV- and PLLA/V-coated
samples was excellent. The uncoated sample should degrade rap-
idly and generate extremely high alkali condition surrounding its
surface after seeding the cells, resulting in the poor cell activity. The
polymer coatings suppress such harmful influence on the seeded
cells by the metallic Mg, which improves the cell activity. The
surface morphology and roughness of the coatings might relate
to the cell proliferation ability. However, although the PLLA/SiV
coating possess much rougher surface than the PLLA/V one, the
proliferation ability of the cells was the similar between the two
samples. The crystallinity of polymer was also reported to influ-
ence cell proliferation (Park and Cima, 1996; lafisco et al., 2012).
The crystallinities of PLLAs in the PLLA/SiV, PLLA/V, and pure
PLLA coatings were 12, 9, and 14%, respectively. Thus, the cells
on the samples can be regarded to proliferate independently of
the crystallinity of the coatings. The Ca** and Mg** ions released
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FIGURE 5 | SEM images of (A,D) PLLA coating, (B,E) PLLA/V coating, and (C,F) PLLA/SiV coating (A-C) before and (D-F) after soaking in a-MEM at

50
=[]~ uncoated
< -2/Xx- PLLA-coatin R
sl | g {
S -4 PLLA/V-coating
2 —@— PLLA/SiV-coating
—~ 30+
IS
>
£
© 20+
c
k=l
g'cn
s 10
0
Soaking time / day
FIGURE 6 | Mg?* ion concentrations dissolved from uncoated, PLLA
coating, PLLA/V coating, and PLLA/SiV coating. Reprinted with
permission from Yamada et al. (2013).

from the PLLA/SiV- and PLLA/V-coated samples may influence
the cell proliferation, since the two ions have been reported to
influence osteoblast functions (Diba et al., 2012).

Although there was no significant difference in the prolifera-
tion between the PLLA/SiV and PLLA/V coatings, adhering and
spreading of the cells varied between the two. The morphology of
the cells cultured on the two samples was observed after staining
with a Giemsa’s solution (Figure 7C). The cells exhibit spindle-
like shape on the PLLA/SiV coating, while they did circular and a
less-spread shape on the PLLA/V one. The aspect ratios of the cells
varied between the two samples; the ratio of PLLA/SiV samples

was higher than that of the PLLA/V ones. The proliferation is
comparable between the two samples; nevertheless, the instability
of the PLLA/V coatings as shown in Figure 5E might inhibit the
cell spreading.

The osteogenic differentiation of the cells varied on the three
types of coated samples. The rank order of the ALP activity was the
PLLA/SiV > PLLA/V > pure PLLA ~ the uncoated Mg substrate
after 21 days of culturing (Figure 7B). There are two possible rea-
sons why the differentiation varied among the samples, the shape
of adhesive cells, and the ions released from the samples. Cell
morphologies influence gene expression (Lavenus et al., 2011). As
aforementioned, the cells showed a good spreading on the PLLA/
SiV coating in comparison with those on the PLLA/V ones. The
good spreading should be good for exhibiting their high perfor-
mances. On the other hand, the ions, especially silicate ions, are
known to accelerate osteogenic cell differentiation (Xynos et al.,
2001). In addition, MgSiV is expected to possess buffering action
in aqueous solution since it releases carbonate ions as well, while
most of silica-based bioactive glasses, such as 45S5-type bioactive
glass, increase its surrounding pH. This might be good for cells
cultured on the material surfaces. Thus, the PLLA/SiV coating
is useful for improving the cytocompatibility of the metallic Mg
because of its strong bonding with the Mg surface, the stability
in an aqueous solution, and the ability of providing three kinds
of ions, Mg**, Ca**, and silicate ions, which enhance osteogenic
cell functions.

BONE-VOID FILLERS WITH COTTON
WOOL-LIKE STRUCTURE AND
ION-PROVIDING ABILITY

Bone-void filler is one of the most common biomaterials for bone
reconstruction. Materials for the bone-void fillers are required to
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FIGURE 8 | (A) Appearance and (B) SEM images of cotton wool-like
structured PLLA/SIV composites. Reprinted with permission from Obata et al.
(2013).

have bioactivity and porous structure for achieving excellent cell
integration and rapid bone regeneration in body. Electrospun
fibremats have been widely investigated for the use in bone
tissue engineering because of their flexibility and high intercon-
nected porosity (Li et al., 2002; Sill and von Recum, 2008). A
conventional electrospinning system consists of a syringe pomp,
a power supply, and a metallic plate (collector). A polymer-based
solution is put in a syringe set in the syringe pomp and then elec-
trically charged with the power supply. The electrically charged
solution is sprayed onto the earthed collector. Electrospun fibers

tightly overlap one another on the collector, resulting in the
fabrication of fibremats. However, fabricating thick fibremats,
e.g., several millimeter in thickness, had been regarded to be
difficult with the conventional electrospinning system, because
electrospun fibers hardly sprayed onto a collector when thick-
ness of fibremats formed reaches several hundred micrometer
(Pham et al., 2006). Pore sizes of electrospun fibremats are not
enough big to induce tissue ingrowth. PLLA/SiV composites
having a cotton wool-like structure have been developed with
two-types of our original electrospinning systems (Kasuga et al.,
2012; Obata et al., 2013). The obtained samples were evaluated
in their mechanical properties, ion-releasing ability, and cell
compatibility.

Preparation

Two different systems for electrospinnig were used to fabricate
a cotton wool-like structure. One is the system having a vessel
(100 mm in diameter) filled with ethanol as a collector (Kasuga
etal., 2012). Electrospun fibers are collected in the ethanol, which
avoids adhesion between the fibers. In addition, electrical charges
on electrospun fibers are expected to be neutralized instantly
after entering the ethanol. The electrospun fibers contain large
gaps between them, resulting in the formation of 3D structure.
Another one is the system having a metallic plate collector
(like a conventional system) and a fan which blows air against
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electrospun fibers (Obata et al., 2013). The air can immediately
evaporate the solvent in the electrospun fibers (chloroform) in
between a tip of syringe and the collector and prevent the fiber
sticking to each other.

Structure, lons-Releasing Ability, and

Mechanical Properties

The PLLA composite containing 10, 20, or 30 wt% of SiV with a
cotton wool-like structure has been successfully fabricated. The
fibers are 10-20 pm in diameter and have pores with ~1 pm in
diameter on their surfaces. The SiV powders disperse inside of
the fibers and some of them are observed on the fiber surfaces
(Figure 8). The pores might be formed due to the evaporation
of chloroform in the fibers during the electrospinning (Huang
et al., 2003; Kim et al., 2005). The pores are expected to play a
role in the achievement of ion releasing from the fibers in an
aqueous solution. An aqueous solution must penetrate inside
the fibers through the pores, and the SiV powders can be
exposed to the solution even at central parts of the fibers. In
fact, Ca?* and silicate ions gradually release from the fibers and
their amounts depend on the contents of SiV in the composite
fibers. Thus, the amounts of the ions released are controllable by
changing the content of SiV. When the samples are used as bone-
void fillers, they would be tightly packed into irregularly shaped
bone defects. Mechanical elasticities of the prepared samples
are almost the same as that of the pure PLLA sample. That is,
they are able to be packed into such defects without collapse.
In addition, handling of the samples during operation must be
improved.
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