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a  b  s  t  r  a  c  t

Apatite-polymer  composites  have  been  evaluated  in  terms  of  its potential  application  as  bone  substitutes.
Biomimetic  processes  using  simulated  body  fluid  (SBF)  are  well-known  methods  for  preparation  of  such
composites.  They  are  reliant  on  specific  functional  groups  to induce  the  heterogeneous  apatite  nucleation
and phosphate  groups  possess  good  apatite-forming  ability  in SBF.  Improving  the  degree  of  polymer-
ization  is important  for obtaining  phosphate-containing  polymers,  because  the  release  of  significant
quantities  of  monomer  or low  molecular  weight  polymers  can  lead  to suppression  of  the  apatite  for-
mation.  To  date,  there  have  been  very  few  studies  pertaining  to the  effect  of adding  a polymerization
accelerator  to  the  polymerization  reaction  involved  in the  formation  of these  composite  materials  under
physiological  conditions.  In this  study,  we  have  prepared  a copolymer  from  triethylene  glycol  dimethacry-
late  and vinylphosphonic  acid (VPA)  in the  presence  of different  amounts  of sodium  p-toluenesulfinate

brought to you by ata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher C
odium p-toluenesulfinate (p-TSS)  as  a polymerization  accelerator.  The  effects  of  p-TSS  on the chemical  durability  and  apatite  for-
mation  of  the copolymers  were  investigated  in  SBF.  The  addition  of  0.1–1.0  wt%  of p-TSS was effective  for
suppressing  the  dissolution  of  the  copolymers  in  SBF,  whereas  larger  amount  had  a detrimental  effect.  A
calcium polyvinylphosphate  instead  of the  apatite  was  precipitated  in  SBF.

©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
. Introduction

Bioglass [1], glass-ceramics A-W [2], and sintered hydroxyap-
tite [3] have been used as bone substitutes because all three
f these ceramic materials can bond directly to living bone. This
nique property of these materials is referred to as bioactivity and
hese ceramics are therefore known as bioactive ceramics. How-
ver, bioactive ceramics generally have a higher Young’s modulus
han living bone, which can cause mechanical stress at the bone
nterface and increase the likelihood of the surrounding living bone
eing absorbed because of stress-shielding after the implantation.
iving bone is an organic-inorganic composite consisting of apatite
∗ Corresponding author at: Graduate School of Life Science and Systems Engi-
eering, Kyushu Institute of Technology, 2-4, Hibikino, Wakamatsu-ku, Kitakyushu
08-0196, Japan. Tel.: +81 93 695 6025; fax: +81 93 695 6025.

E-mail address: tmiya@life.kyutech.ac.jp (T. Miyazaki).
Peer review under responsibility of The Ceramic Society of Japan and the Korean

eramic Society.

ttp://dx.doi.org/10.1016/j.jascer.2015.09.001
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
and collagen fiber, and it is therefore expected that novel bone sub-
stitute composites should not only exhibit bioactivity properties
similar to those of living bone, but also show similar mechanical
properties.

Biomimetic processes involving simulated body fluid (SBF) have
been developed as effective methods for the preparation of organic-
inorganic composites [4]. According to these processes, specific
functional groups are positioned on the surface of an organic
material where they play an important role in inducing the het-
erogeneous nucleation of apatite to give an organic-inorganic
composite. A variety of different functional groups, including Si-
OH [5], Ti-OH [6], Ta-OH [7], –COOH [8], –SO3H [9], and –PO3H2
(phosphate) [8], have been reported to induce the nucleation of
apatite in SBF.

Tanahashi et al. investigated the effect of several different
functional groups in terms of their ability to induce the growth

apatite crystals on self-assembled monolayers in SBF. The results
of this particular study showed that phosphate groups had good
apatite-forming ability [8]. Based on this result, it is envisaged that
the introduction of phosphate groups to an organic polymer would

tion and hosting by Elsevier B.V. All rights reserved.
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3. Results

Fig. 1 shows the results for the phosphorus content and the
water contact angles for the surfaces of the different copolymer
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rovide an effective strategy for the preparation of apatite-polymer
omposites via a biomimetic process. Furthermore, it is envisaged
hat the formation of apatite on polymers with a high cross-linking
ensity will provide access to high-strength composites.

Phosphate-containing vinyl monomers such as vinylphospho-
ic acid (VPA) have been used extensively as precursors for the

ormation of apatite-polymer composites in a wide range of bioma-
erial applications. For example, Tan et al. reported the preparation
f a VPA-acrylamide copolymer that enhanced the adhesion and
rowth rate of osteoblast-like cells [9,10]. Stancu et al. reported
he preparation copolymers from methacryloyloxyethyl phosphate
nd (diethylamino)ethyl methacrylate [11]. The same authors went
n to report the formation of calcium phosphate in SBF, although
hese results were not confirmed spectroscopically with the apatite.

Phosphate-containing monomers can inhibit radical polymer-
zation processes initiated by the combination of peroxide or
amphor quinone with a tertiary amine, because the monomers
an form a salt with the tertiary amine [12,13]. Furthermore, the
issolution of monomers or low molecular weight polymers can
isfavor the formation of apatite by causing a decrease in the
H of the surrounding fluid. It has been reported that sodium
-toluenesulfinate (p-TSS) can be used to promote the radical poly-
erization of phosphate-containing monomers for the preparation

f dental resins [14]. Na+ ions in p-TSS are exchanged with H+ ions of
cidic monomer [15]. This reaction inhibits the formation of the salt
nd more amount of tertiary amine can contribute the radical pro-
uction. Thus polymerization of phosphate containing monomer is
romoted.

However, the effect of the addition of an accelerator on the
iomineralization behavior of a copolymer in simulated body fluid
emains unclear. Furthermore, several other factors can affect the
issolution and degradation of copolymers of this type, including
he molecular weight, crosslink density and hydrophilicity of the
opolymer [16,17].

In the current study, effects of the p-TSS addition on calcification
ehavior on the surface of VPA-based copolymer were investigated

n SBF in terms of its chemical structure and surface reaction.

. Materials and methods

.1. Preparation of the polymers samples

All the reagents used in the current study were purchased
rom commercial suppliers and used without further purifica-
ion. VPA (95%, Tokyo Chemical Industry Co., Ltd, Tokyo, Japan)
nd triethylene glycol dimethacrylate (TEGDMA, 90%, Wako Pure
hemical Industries, Ltd, Osaka, Japan) were used as the monomers
t a VPA:TEGDMA weight ratio of 1:3.98. Different amounts of
-TSS (98%, Tokyo Chemical Industry Co., Ltd) were dispersed
n the mixture of VPA and TEGDMA monomers described above
t 0–5.0 wt% to the total amount of VPA and TEGDMA using an
ltrasonic cleaner. The photo polymerization initiator of N,N′-
imethyl-p-toluidine (97%, Wako Pure Chemical Industries, Ltd)
nd (±)-camphorquinone (NDT, 97%, Wako Pure Chemical Indus-
ries, Ltd) were then added at concentrations of 2 and 0.77 wt%,
espectively, relative to the total amount of monomers in the
ixture.
The mixtures were then stirred in the absence of light for 1 h,

nd then exposed to blue light (460 nm)  for 1 h to progress the
olymerization reactions. The resulting copolymer products were
hen dried at 60 ◦C for 1 day before being soaked in ultra-pure water

or 1 day at room temperature to remove any unreacted monomers.
fter being dried for 24 h at 60 ◦C, the copolymer products were cut

nto square pieces of 10 mm × 10 mm × 1 mm in size and polished
sing waterproof abrasive paper (SiC #1000).
ic Societies 3 (2015) 407–411

2.2. Preparation of SBF and soaking specimen in SBF

SBF (Na+ 142.0, K+ 5.0, Mg2+ 1.5, Ca2+ 2.5, Cl− 147.8, HCO3
− 4.2,

HPO4
2− 1.0, SO4

2− 0.5 mM (M = kmol m−3)) was  prepared by adding
NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, and Na2SO4
(Nacalai Tesque, Inc., Kyoto, Japan) to one pot of ultra-pure water
in this order. The pH of the resulting solution was  adjusted to 7.40
by the addition of tris(hydroxymethyl) aminomethane (Nacalai
Tesque, Inc.) and the appropriate volume of a 1 M hydrogen chloride
solution. The polymers samples prepared above were then soaked
in 30 mL  of SBF at 36.5 ◦C for various time periods over a maximum
of 7 days.

2.3. Characterization

The polymer samples were analyzed by scanning electron
microscope (SEM, S-3500N, Hitachi Co., Tokyo, Japan) equipped
with an energy dispersive X-ray (EDX) analysis system (EMAX
Energy, Horiba Ltd, Kyoto, Japan). The samples were also ana-
lyzed by powder and thin-film X-ray diffraction (TF-XRD; MXP3V,
Mac  Science, Co., Yokohama, Japan) and Fourier transform infrared
spectroscopy (FT-IR; FT/IR-6100, JASCO Co., Tokyo, Japan) using an
attenuated total reflectance method. For the TF-XRD analysis, the
angle of the X-ray (CuK�) was fixed at 1◦ relative to the surface of
the sample. For the SEM-EDX analysis, the surfaces of the samples
were coated with carbon using a carbon coater (CADE, Meiwafo-
sis Co., Ltd, Osaka, Japan). The hydrophilicities of the surfaces of
the different samples were evaluated using a water-contact angle
gauge (DMe-200, Kyowa Interface Science, Co., Ltd, Saitama, Japan).
The glass-transition temperature (Tg) of each sample was measured
by differential scanning calorimetry (DSC; DSC 3100S, Mac  Sci-
ence, Co.). During the DSC measurement, the samples were heated
from room temperature to 200 ◦C at a rate of 10 ◦C/min. Moreover,
the initiation temperature of thermal decomposition of samples
was evaluated by thermal thermogravimetric analysis (TG; TG-DTA
2000S, Mac  Science, Co.). During the TG analysis, the sample was
heated at a rate of 10 ◦C/min.

The concentrations of Ca and P in the SBF following the soaking
of the different polymer samples were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES; Optima
4300DV CYCLON, Perkin-Elmer Inc., London, UK). The pH of the
SBF was also measured following the soaking procedure using a pH
meter (F-23IIC, Horiba Ltd).
Addi�on of p-TSS / wt%

Fig. 1. Changes in phosphorus content and water contact angle on the surfaces of
the  samples added with p-TSS (N = 3).
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ig. 2. DSC curves and glass-transition temperatures (Tg) of the different copolymer
amples treated with p-TSS.

amples treated with different amounts of p-TSS. The results
evealed that the P content of the copolymer samples increased
nd the contact angle decreased as the amount of p-TSS increased.
ig. 2 shows the DSC curves of the different copolymer samples
nd the corresponding Tg values. The baseline of the curve slightly
hifted to the side of endotherm due to the glass transition and
he exothermic peak of crystallization appeared for all the sam-
les. The results showed that the Tg values tended to increase as
he amount of p-TSS increased. The initiation temperature of the
hermal decomposition of the sample added with 0.1 and 5.0 wt% of
-TSS was 263.3 and 269.7 ◦C, respectively. This means that thermal

tability of the copolymer is enhanced by p-TSS addition.

Fig. 3 shows the SEM images of the different copolymer samples
fter they had been soaked in SBF for 7 days. The results revealed
hat deposits had formed on the surfaces of the copolymers

Fig. 3. SEM images of the surfaces of the different copolymer
Fig. 4. TF-XRD patterns of the surfaces of the different copolymer samples treated
with p-TSS after they had been soaked in SBF for 7 days.

containing 0.5 wt%  or more p-TSS. Furthermore, the size of these
deposits increased as the amount of p-TSS added to the polymer-
ization increased. From a magnified SEM image of the deposits
formed with 5.0 wt%  p-TSS, it was clear that the deposits were
composed of fine spherical particles with diameters in the range
of 300 nm to 1 �m. Subsequent EDX analysis revealed that the
depositions contained Ca and P, and that the molar ratio of Ca/P
was about 3:2 for all of the copolymer samples tested.

Fig. 4 shows the TF-XRD patterns of the different copolymer
samples after they had been soaked in SBF for 7 days. The results
revealed that no diffraction peaks were observed for any of the
copolymer samples prepared in the current study. In the powder
XRD pattern of samples containing 5.0 wt% of p-TSS before and after
soaked in SBF for 7 days, the broad halo patterns characteristic to
the amorphous phase were only observed in both patterns (data
not shown).
Fig. 5(A) shows the FT-IR spectra of the different copolymer sam-
ples prepared in the current study prior to being soaked in SBF.
Two peaks were observed at 930 and 990 cm−1 in all of the sam-
ples, which were attributed to the P O bonds. An additional peak

 samples after they had been soaked in SBF for 7 days.
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ig. 5. FT-IR spectra of the specimens added with p-TSS before (A) and after soaki
EGDMA; �: C O bond of TEGDMA; �: salt of –PO3

2−· · ·Ca2+).

as observed at 1150 cm−1 for all of the copolymer samples before
oaking in SBF, which was assigned to the P O groups. Peaks cor-
esponding to C O C stretching vibrations were also observed at
030, 1130 and 1160 cm−1, as well as a peak at 1720 cm−1, which
as attributed to a C O stretching vibration.

After they had been soaked in SBF for 7 days as shown in Fig. 5(B),
he intensity of the band corresponding to the C O peaks derived
rom the TEGDMA monomer decreased over time, whilst a new
eak corresponding to the P O bond in the –PO3

2−· · ·Ca2+ complex
ppeared at 889 cm−1 for the specimens added with 3.0 and 5.0 wt%
-TSS [18].

Fig. 6 shows the changes in the P, Ca concentrations and pH of
he SBF following the soaking of the different copolymer samples
or various periods of time. Minor increases in the P concentration

ere observed when the specimen contained 0.1, 0.5 and 1.0 wt%

-TSS. In contrast, significant increases in the P concentration were
bserved for the copolymer samples treated with 3.0 and 5.0 wt% p-
SS. The Ca concentration of the SBF decreased monotonically for
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Fig. 6. Changes in P, Ca concentrations and pH of
BF for 7 days (B) (�: P O bond of VPA; �: P O bond of VPA; ©: C O C bond of

all of the copolymer samples prepared in the current study after
they had been soaked. Copolymer samples containing high p-TSS
contents showed a greater tendency toward the adsorption of large
amounts of Ca2+ in SBF. The pH values of the SBF following the
soaking of the copolymer samples containing 0.1, 0.5 and 1.0 wt%
p-TSS were higher than that of the sample containing 0 wt% p-TSS.
In contrast, the pH values of the SBF following the soaking of the
copolymers containing 3.0 and 5.0 wt% p-TSS were lower than that
of the sample containing no p-TSS.

4. Discussion

The copolymerization reactions of VPA and TEGDMA reached
completion regardless of the amount of p-TSS added to the reac-

tion, as evidenced by the lack of peaks corresponding to the C C
bonds of the uncured VPA and TEGDMA monomers (see Fig. 5(A)).
Despite the fact that the initial VPA content remained constant
regardless of the amount of p-TSS added to the reaction, the amount
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 SBF with soaking of the specimens (N = 3).
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f phosphorus incorporated into the different copolymers was
ifferent, as shown in Fig. 1. The increase in phosphorus content

ndicates the accelerated polymerization of VPA. It is assumed that
-TSS reacts with VPA as shown in Eq. (1), inhibits the formation
f NDT-VPA salt and finally promotes the radical polymerization.

his result indicated that it was becoming increasingly difficult
o wash any phosphorus-containing compounds from the poly-

erized VPA after it had been treated with p-TSS and soaked
n ultra-pure water. The dissolution of phosphorus-containing

olecules from the copolymer and the decrease in the pH of the
BF were suppressed significantly by the addition of 0.1–1.0 wt%
f p-TSS, although the addition of even larger amounts of p-TSS
id not lead to further changes in these properties (see Fig. 6). The
olubility of a polymer generally decreases as its molecular weight
nd/or crosslink density increases. A high molecular weight or
igh crosslink density can also lead to an increase in the Tg value of

 polymer [19]. The results of the current study showed that the Tg

alues of the copolymer products increased as the amount of p-TSS
ncreased (see Fig. 2), and it was therefore assumed that even
he copolymers treated with 3.0 and 5.0 wt% p-TSS would have
igh crosslink densities. This is supported by TG results showing
nhancement of thermal stability by p-TSS addition.

In this case, the hydrophilicity of the polymer would be expected
o have a significant impact of the dissolution of the copolymer in
BF in a similar manner to the molecular weight and/or crosslink
ensity. Yiu et al. reported the preparation of a dental resin from
isphenol A diglycidyl ether dimethacrylate and 2-hydroxylethyl
ethacrylate. Notably, this highly hydrophilic resin was found to

issolve readily in pure water because of the enhanced diffusion of
he water molecules to the resin and the subsequent cleavage of the
ydrogen bonding interactions between the polymer chains [20].
oreover, decreasing the pH of the resin led to the acid-catalyzed

ydrolysis of the ester bond [21,22]. The results of the current
tudy revealed that the hydrophilicity of the copolymer could be
nhanced by increasing the p-TSS content, because this led to an
ncrease in the phosphorus content on the surface of the copoly-

er  (see Fig. 1). The dissolution of the copolymer could therefore
e enhanced by the acid-catalyzed cleavage of the ester bond of
EGDMA using a proton dissociated from the phosphate.

Deposits composed of Ca and P formed on the copolymers
reated with 1.0–5.0 wt% p-TSS after they had been soaked in SBF for

 days (see Fig. 3). However, the morphology of these deposits was
ound to be different from that of the apatite formed on an organic
olymer under simulated physiological conditions [9]. Although
he formation of a PO3

2−· · ·Ca2+ complex was confirmed by FT-IR
see Fig. 5(B)), the P O bond of an orthophosphate ion (PO4

3−),
hich is characteristic of apatite and amorphous calcium phos-
hate was not observed [23]. In addition, no crystalline peaks were
bserved in powder XRD patterns. This suggests that the formed
alcium polyvinylphosphate may  be amorphous.

The results of this study therefore revealed that the calcium
olyvinylphosphate was  formed on the copolymer. The phosphate
roups in the present specimens hardly contribute to the apatite
ormation in SBF, in spite that the decrease in pH of the SBF was sup-

ressed. Tanahashi et al. reported that ion–ion interaction between
hosphate group and Ca2+ induce excellent apatite nucleation on
he surface of material [8]. Chemical structure of VPA is slightly
ifferent from the structure reported in the previous research.

[

[
[

ic Societies 3 (2015) 407–411 411

(1)

Namely, VPA is phosphonic acid-type (–C–P(O)(OH)2), whereas the
structure of the previously reported self-assembled monolayers is
acid phosphate-type (–O–P(O)(OH)2). Acidity of the phosphate is
different by its chemical structure. Namely, the acidity of the former

is lower than that of the latter [24]. Tanahashi et al. also claims that
ion–ion interaction between functional group and Ca2+ gives higher
apatite-forming ability than ion-polar or ion-nonpolar interaction
in SBF. With this point in mind, it is assumed that VPA with lower
acidity may  hardly contribute to the heterogeneous nucleation of
apatite in the SBF. Such structural effects should be investigated in
more detail in future study.

5. Conclusions

The effects of p-TSS on the chemical durability and calcification
of copolymer containing phosphate groups, which was prepared
from VPA and TEGDMA, have been investigated in SBF. The addi-
tion of p-TSS at 1.0 wt%  or less suppressed the dissolution of the
VPA-TEGDMA copolymer in SBF, whereas the addition of larger
amount of p-TSS had a little to no effect. The copolymers pre-
cipitated calcium polyvinylphosphate in SBF, meaning that all the
phosphate groups do not induce the apatite nucleation. Further
material design is therefore required to allow the stronger interac-
tion of Ca2+ and phosphate groups on the surface of the copolymer,
because this may  be important for inducing the apatite formation.
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