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Biomimetic  processing  is an  attractive  method  for the  fabrication  of  inorganic  crystalline  materials  with
designed  morphology  under  ambient  conditions.  Precipitation  of  inorganic  solids  in  a  hydrogel  matrix
could  be  regarded  as mimicking  the  process  of  biomineralization  and  be called  gel-mediated  processing.
The  importance  of the  functional  groups  in reaction  media  and  templates  has  been  pointed  out  for  such
gel-mediated  processing.  In  the  present  study,  the role of carboxyl  groups  in hydrogel  matrices  on  pre-
cipitation  of  calcium  phosphate  was  investigated.  Carboxyl  groups  in  the hydrogel  matrices  provided  pH
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ydroxyapatite
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ydrogel
rystal growth
arboxyl group

buffering  action,  chelate  formation  with  calcium  ions  and decreased  the  diffusion  rate  of calcium  ions.
The  crystalline  phase  of  the calcium  phosphate  changed  from  octacalcium  phosphate  to hydroxyapatite
with  increasing  carboxyl  group  concentration  in the  hydrogels.  The  crystalline  phase  change  is attributed
to  a decrease  in the  activation  energy  for  calcium  phosphate  formation  via  a chelate  structure  involving
calcium  ions  and  carboxyl  groups.
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. Introduction

Ceramic biomaterials are now widely used as bone substitutes
n orthopedic applications. Sintered hydroxyapatite (HAp;
a10(PO4)6(OH)2) is a typical example of bioactive ceramics,
roviding direct bonding to living bone. Because of its biological
roperties, synthesis of HAp and its related calcium phosphate
ompounds has become attractive. We have focused on synthetic
outes of calcium phosphate compounds for the fabrication of
esigned microstructures, including compositions, phases, and the
orphology of inorganic compounds. Development of biomimetic

rocessing is an active research area for the fabrication of designed
alcium phosphate crystals to produce well-designed materials
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hrough environmentally friendly processing. Organisms produce
aterials and structures with particular mechanical, optical and

tructural properties under standard temperature and pressure
onditions [1]. We  aim to develop novel materials and synthetic
rocedures using the materials synthesis mechanisms found in
ature.

Calcium phosphate, especially HAp, can be formed on substrates
y using a simulated body fluid (SBF) and its modified solutions
2–4]. SBF has been used to estimate the potential for the osteo-
onduction of materials [5]. The SBF is supersaturated with respect
o HAp and is a metastable solution. Specific functional groups,
or example COOH [6,7], SiOH [8] and TiOH [9], on material sur-
aces induce heterogeneous nucleation of calcium phosphate in the
BF and its modified solutions. These functional groups are nega-
ively charged in the SBF and attract calcium ions. A type of chelate
tructure, composed of calcium ions and functional groups, induces
eterogeneous nucleation. Calcium phosphate precipitates sponta-
eously in SBF, thus SBF can be used for biomimetic HAp coating on
ubstrates. A technique mimicking biomineralization is generally
onducted under conditions with a low degree of supersaturation,
nd hence the application of functional groups to control nucleation
n material surfaces is useful for biomimetic HAp coating.

For further development of biomimetic fabrication, controlled
recipitation of calcium phosphates in 3-dimensional network

tructures is expected to be important. Crystallization of calcium
hosphates in a hydrogel matrix is regarded as a process that mim-

cs biomimeralization. Formation of poorly soluble compounds
n hydrogel media is regarded as one crystal growth method.

https://core.ac.uk/display/82647076?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.jascer.2013.04.003
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ontrolled formation of precipitates in hydrogels is called as
el-mediated processing, which is inspired from biomineraliza-
ion. Calcium phosphate [10–17] and calcium carbonate [18–20]
ere reported as typical precipitates synthesized through gel-
ediated processing. Formation of inorganic compounds by a
echanism that is similar to gel-mediated processing can be

bserved in nature. Biomineralization, such as the calcification in
ones and shells, takes place in hydrogel-like environments. From
he viewpoint of physical chemistry, calcification of bones can be
egarded as the formation of HAp crystals in a collagen hydro-
el. Hence, gel-mediated processing is categorized as a biomimetic
rocess.

In biomimetic mineralization, the importance of functional
roups in the hydrogel for calcium phosphate mineralization has
een pointed out. Crystalline phases are affected by the degree of
upersaturation in the calcium phosphate system [21]. The crys-
alline phases of calcium phosphate could be changed, depending
n the functional groups present in the hydrogel matrix, because
unctional groups might change the degree of supersaturation
equired for nucleation. Crystalline phase control is an important
ssue in materials fabrication. To cite a specific case, synthesis
f calcium phosphate-polymer composites through gel-mediated
rocessing was studied to fabricate novel bone-repair materials
10,12]. Control of the crystalline phases of calcium phosphate is
mportant in these materials, because they influence the biological
nd physicochemical properties of the composites. Understanding
he roles of functional groups in a polymeric hydrogel matrix for
alcium phosphate formation results in the fabrication of well-
esigned calcium phosphate-polymer composites. However the
recise roles of the functional groups remain unclear. In this paper,
he roles of functional groups, in particular COOH groups, on cal-
ium phosphates formed in polymeric hydrogels were investigated.

e  focused on the COOH group, because this was expected to affect
alcium phosphate formation, based on the results of SBF studies
22].

. Experimental procedures

.1. Chemicals

Acrylamide (Am, CH2CHCONH2, 98%) was purchased from
igma–Aldrich Japan (Tokyo, Japan). Acrylic acid (Ac, CH2CHCOOH,
8%), N,N′-methylenebisacrylamide (MBAAM, 99%), N,N,N′,N′-
etramethylethylenediamine (TEMED, 98%), diammonium
ydrogen phosphate ((NH4)2HPO4, 99%), ammonium perox-
disulfate ((NH4)2S2O8, 99%) and calcium nitrate tetrahydrate
Ca(NO3)2·4H2O, 98.5%) were purchased from Wako Pure Chemical
ndustries Ltd. (Osaka, Japan). Tris(hydroxymethyl)aminomethane
Tris, 99%) was purchased from Nacalai Tesque Inc. (Kyoto, Japan).

.2. Preparation of polymeric hydrogels containing phosphate
ons

Copolymer hydrogels composed of various mole fractions of
m and Ac were used as crystal growth matrices. Appropriate
mounts of Am, Ac, MBAAM, TEMED and (NH4)2HPO4 were dis-
olved in ultra-pure water. The pH values of the monomer solutions
ere adjusted to 7.9 by the addition of aqueous ammonia or
itric acid. The volume of the solution was adjusted in a volu-
etric flask. The final concentrations of chemicals in the solution

ere as follows: the sum of the concentrations of Am and Ac,

.5 mol  dm−3 (M); (NH4)2HPO4, 0.20 M;  MBAAM, 1.5 × 10−2 M;  and
EMED, 3.0 × 10−2 M.  The molar ratios of Am:Ac were 100:0, 75:25,
0:50, 25:75 and 0:100. A 20 cm3 aliquot of the monomer solution

c
d
I
h

ic Societies 1 (2013) 155–162

as transferred to a glass vessel (capacity 50 cm3, 5 cm in diam-
ter). 9.0 × 10−5 mol  of (NH4)2S2O8 was dissolved in the aliquot
olution under vigorous stirring. After dissolution of (NH4)2S2O8,
he glass vessel was covered with a poly(vinylidene chloride) film
nd a polyethylene lid to prevent water evaporation. Gelation was
hen allowed to take place at 60 ◦C for 24 h.

The initial pH values of the prepared gels were measured with
 glass electrode-type pH meter (InLab® Solid; Mettler Toledo,
witzerland). The chemical structures of the prepared gels were
haracterized using a Fourier-transform infrared (FTIR) spectrom-
ter (FT/IR-610; JASCO Co., Tokyo, Japan) using the KBr pellet
ethod. The mass ratio of sample:KBr was 1:50. Each sample was

canned between 2000 and 1000 cm−1 at a resolution of 4 cm−1.
he gels were sliced and soaked in ultra-pure water for 1 h to
emove chemicals contained within the hydrogels. This soaking
peration was repeated three times. The rinsed gels were dried
nd the gels were then used for FTIR characterization.

.3. Mineralization of calcium phosphate

Appropriate quantities of Ca(NO3)2·4H2O and Tris were dis-
olved in ultra-pure water. The pH of the mixed solutions was
djusted to 7.0 by the addition of 1.0 M HCl solution. The vol-
me  of the solution was adjusted using a volumetric flask. The
nal concentrations of Ca(NO3)2 and Tris were fixed at 0.50 and
.10 M,  respectively. A 20 cm3 volume of the Ca(NO3)2 solution was
oured onto a synthesized polymeric hydrogel in a glass vessel.
he vessel was covered with a poly(vinylidene chloride) film and a
olyethylene lid, then maintained at 40 ◦C. After 1, 3, 5 or 10 days,
he supernatant Ca(NO3)2 solutions on the polymeric hydrogels
ere removed and the gels were extracted from the glass vessels.

he gels were cut in a vertical direction and the cross-section of
ach gel was  then observed by the naked eye. The pH values of
he removed solutions were measured with a glass electrode-type
H meter (D-51; Horiba Ltd., Japan). The concentrations of calcium
nd phosphate ions in the solutions were measured by inductively
oupled plasma atomic emission spectroscopy (ICP-AES, Optima
000DV, PerkinElmer Japan Co., Ltd., Japan).

The gels with precipitates were sliced and soaked in ultra-pure
ater for 1 h. This soaking operation was repeated three times.
fter the soaking operations, the sliced gels with precipitates were
ried at 40 ◦C for 24 h. The dried samples were coated with thin
old films and then examined using scanning electron microscopy
SEM, JSM5600; JEOL Ltd., Japan). In addition, the dried samples
ere ground, and then the powdered samples were placed on glass

ample holders for powder X-ray diffraction (XRD). The crystalline
hases of the precipitates were identified by powder XRD (RINT
100V; Rigaku Co., Tokyo, Japan) in the range 3◦ ≤ 2� ≤ 40◦ with a
can rate 1.0◦ min−1, using CuK� radiation.

.4. Measurement of the calcium ion adsorption capacity of the
olymeric hydrogels

The polymeric hydrogels, synthesized from 1.0 cm3 of monomer
olution, without phosphate ions, were soaked in a 15 cm3 volume
f a 0.10 M Ca(NO3)2 solution. The pH values of the monomer solu-
ions were adjusted to 7.0 using appropriate amounts of ammonia
olution or nitric acid. The pH value of the Ca(NO3)2 solution was
djusted to 7.0 by the addition of Tris and HCl solution. The con-

entration of Tris in the Ca(NO3)2 solution was  1.0 mM.  After 5
ays, calcium ion concentrations in the solutions were measured by

CP-AES. The amounts of calcium ions adsorbed by the polymeric
ydrogels were calculated from the decrease in the calcium ion
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increased by the diffusion of phosphate ions from the hydrogels. In
100Am·0Ac, the phosphate ion concentration increased from 0 to
25 mM over the first day and then gradually increased. Finally, the
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ig. 1. Fourier-transform infrared (FTIR) spectra of 100Am·0Ac, 75Am·25Ac,
0Am·50Ac, 25Am·75Ac and 0Am·100Ac samples.

oncentration. This quantity was equated to the calcium adsorption
apacity.

Hereafter, the prepared samples are denoted as xAm·yAc. The
otations Am and Ac denote acrylamide and acrylic acid, respec-
ively, and x and y are the corresponding numerical values that
ive the ratio of components. For example, the notation 25Am·75Ac
enotes that the polymeric hydrogel was synthesized from a
onomer solution in which the molar ratio Am:Ac was 25:75.

. Results

The initial pH values of the synthesized polymeric hydro-
els containing (NH4)2HPO4 were approximately 7.8. All the
s-prepared gels were transparent and their appearance was sim-
lar, regardless of composition.

Fig. 1 shows the FTIR spectra of the samples. Absorption peaks
ere assigned based on previous reports [23,24]. The typical

bsorption peaks derived from COOH stretching mode of Ac and
H2 deformation modes of Am were 1718 and 1609 cm−1, respec-

ively. The intensities of the absorption peak assigned to COOH
ncreased with increasing Ac content in the gels. By contrast,
he intensities of absorption peaks assigned to NH2 concomi-
antly decreased. The other peaks were assigned as follows. The
bsorption peak detected at 1402 cm−1 was attributed to the C C
tretching mode of the vinyl group. The adsorption peak detected
t 1453 cm−1 was attributed to the CH2 bending mode and C O H
n-plane deformation mode of COOH. The C O stretching (amide I)
ibration was detected at 1660 cm−1.

Fig. 2 shows the relationship between the composition of the
olymeric hydrogels and the amounts of calcium ions adsorbed by
he gels. The quantity of adsorbed calcium ions increased linearly
ith increasing Ac content in the gels. The molar ratios between the

mounts of calcium ions and COOH groups adsorbed (Ca2+/COOH)
n the 75Am·25Ac, 50Am·50Ac, 25Am·75Ac and 0Am·100Ac sam-
les were 0.45, 0.38, 0.38 and 0.39, respectively.

Fig. 3 shows the reaction time dependence for the pH of the
a(NO3)2 solutions in contact with the gels. The initial pH value
f the Ca(NO3)2 solution was 7.0. After 1 day, the pH values
ere almost constant. At 10 days, the pH values for 100Am·0Ac,
5Am·25Ac, 50Am·50Ac, 25Am·75Ac and 0Am·100Ac were 4.1, 4.6,
.1, 5.4 and 5.7, respectively. The decreases in pH values were found
o decrease with increasing contents of Ac in the polymeric hydro-
els.

F
1
i

ig. 2. Relationship between compositions of polymeric hydrogels and their cal-
ium ion adsorption capacity.

Fig. 4 shows the reaction time dependence of the concentra-
ions of calcium and phosphate ions in the Ca(NO3)2 solutions
n contact with the gels. The initial calcium ion concentration

as 500 mM.  The calcium ion concentrations in all samples dra-
atically decreased over the course of day 1. The calcium ion

oncentrations at 1 day in 100Am·0Ac, 75Am·25Ac, 50Am·50Ac
nd 25Am·75Ac were 189, 205, 153 and 182 mM,  respectively. The
alcium ion concentrations in these samples gradually decreased
ith increasing reaction time. At day 10, the calcium ion concen-

rations in 100Am·0Ac, 75Am·25Ac, 50Am·50Ac and 25Am·75Ac
ecreased to 153, 97, 42 and 29 mM,  respectively. The calcium

on concentration in 0Am·100Ac was almost constant at 22 mM
rom day 1 onwards. The initial phosphate ion concentration in
he Ca(NO3)2 solution was  0 mM.  The phosphate ion concentra-
ions in the Ca(NO3)2 solutions in contact with the hydrogels were
Reaction time /  day

ig. 3. Reaction time dependence of the pH of Ca(NO3)2 solutions in contact with
00Am·0Ac, 75Am·25Ac, 50Am·50Ac, 25Am·75Ac and 0Am·100Ac. The error bars

ndicate standard deviation.
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Fig. 4. Reaction time dependence of the concentrations of calcium and phosphate ions in Ca(NO3)2 solutions that were in contact with 100Am·0Ac, 75Am·25Ac, 50Am·50Ac,
25Am·75Ac  and 0Am·100Ac samples. The error bars indicate standard deviation.

·50Ac, 25Am·75Ac and 0Am·100Ac. (The reaction time was 5 days.)
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Fig. 5. Cross-sectional images of 100Am·0Ac, 75Am·25Ac, 50Am

hosphate ion concentration was almost constant at 30 mM from
ay 5 onwards. The phosphate ion concentrations in 75Am·25Ac,
0Am·50Ac, 25Am·75Ac and 0Am·100Ac increased over the first 3
ays. The phosphate ion concentrations in 75Am·25Ac, 50Am·50Ac,
5Am·75Ac and 0Am·100Ac were almost constant at 12, 7.0, 11 and
7 mM,  respectively, from day 5 onwards.

Cross-sectional images of the samples are shown in Fig. 5.
he reaction time for these samples was 5 days. Before calcifica-
ion, the polymeric hydrogels were transparent. After calcification,
hite precipitates were observed. In the 100Am·0Ac, 75Am·25Ac

nd 50Am·50Ac samples, precipitates were observed in the gels.
n the 25Am·75Ac and 0Am·100Ac samples, precipitates were
bserved on the surface of the gel. The semi-transparent parts
ere observed around the surface, namely around the interface

etween Ca(NO3)2 solution and the hydrogel, and these areas were
ard.
Fig. 6 shows the powder XRD patterns of samples as a func-
ion of reaction time at 5 days. The diffraction peaks were assigned
sing the powder diffraction file database: the card numbers of HAp
nd OCP were #00-009-0432 and #01-074-1301, respectively. The

2θ(CuK α) / degree

Fig. 6. Powder X-ray diffraction (XRD) patterns of 100Am·0Ac, 75Am·25Ac,
50Am·50Ac,  25Am·75Ac and 0Am·100Ac samples. (The reaction time was  5 days.)
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Table  1
Reaction time dependence of crystalline phases of calcium phosphate formed in 100Am·0Ac, 75Am·25Ac, 50Am·50Ac, 25Am·75Ac and 0Am·100Ac samples. The diffraction
peak  intensities are shown by the following: strong +++; medium ++; weak +; and no specific peak −.

Sample Reaction time/days

1 3 5 10

100Am·0Ac OCP(+++) OCP(+++) OCP(+++) OCP(+++)
75Am·25Ac  HAp(+++) OCP(+) HAp(+++) OCP(+) HAp(+++) OCP(+) HAp(+++) OCP(+)

+) 
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50Am·50Ac  HAp(+++) HAp(++
25Am·75Ac −  HAp(+)
0Am·100Ac −  HAp(+)

trong peaks assigned to OCP were detected in the 100Am·0Ac sam-
le. In the 75Am·25Ac sample, diffraction peaks assigned to OCP
nd HAp were detected. The intensities of the diffraction peaks
ssigned to OCP in the 75Am·25Ac sample were lower than that
n the 100Am·0Ac sample. The diffraction peaks assigned to OCP

ere not detected and those assigned to HAp were detected in the
0Am·50Ac sample. The diffraction peaks assigned to HAp were
etected in both 25Am·75Ac and 0Am·100Ac samples. The reaction
ime dependence of the crystalline phases of the samples is summa-
ized in Table 1. The strong diffraction peaks assigned to OCP were
etected in the 100Am·0Ac case at all reaction times. The strong
iffraction peaks assigned to HAp and the weak diffraction peaks
ssigned to OCP were detected in the 75Am·25Ac sample at all reac-
ion times. Similarly, the strong diffraction peaks assigned to HAp
ere detected in the 50Am·50Ac sample at all reaction times. In the

5Am·75Ac and 0Am·100Ac cases, a small amount of white precip-
tate near the surface of the gels was observed, but no diffraction
eak was detected at day 1. The weak diffraction peaks assigned to
Ap were detected in these samples at 3 days. The diffraction peaks
ssigned to HAp were detected in the 25Am·75Ac and 0Am·100Ac
amples at both 5 and 10 days. The crystalline phases changed from
CP to HAp with increasing Ac content of the gels.

The morphologies of the precipitates are shown in Fig. 7. In the
00Am·0Ac, 75Am·25Ac and 50Am·50Ac samples, granule-shape
recipitates with particles approximately 3 �m in diameter were
bserved in the gels. No precipitate was formed in the gels for the
5Am·75Ac and 0Am·100Ac samples. In these samples, precipitates
ere observed only at the surfaces of the gels. Granular parti-

les with network-like structures were observed in the 25Am·75Ac
ample. The particles were partially covered by polymeric gels.
ranular precipitates with particles approximately 3 �m in diam-
ter were observed at the surface of the 0Am·100Ac sample.

. Discussion

The FTIR spectra (Fig. 1) and calcium ion adsorption capacity
f gels (Fig. 2) imply that the compositions of the synthesized
olymeric hydrogels were almost identical to those of the corre-
ponding monomer solution. The intensities of absorption peaks
ue to the COOH group increased with increasing Ac content in
he monomer solutions. Additionally, the intensities of absorption
eaks derived from NH2 decreased with decreasing Am content in
he monomer solution. A previous report indicated that the binding

olar ratio of (calcium ion):COOH in poly(acrylic acid) was approx-
mately 1:3 [25]. The molar ratios between the amounts of adsorbed
alcium ions and COOH groups in the 50Am·50Ac, 25Am·75Ac and
Am·100Ac samples were 0.38, 0.38 and 0.39, respectively. These
olar ratios of amounts of adsorbed calcium ions and COOH group
ere almost equal to 1/3 (0.33), and hence calcium ion adsorption

as mainly caused by the COOH groups of Ac. In the 75Am·25Ac

ase, the molar ratio between the amounts of adsorbed calcium
ons and COOH groups was 0.45, and this larger value was  gener-
ted by calcium ion adsorption on the Am component. The results of

s
c
c
f

HAp(+++) HAp(+++)
HAp(++) HAp(++)
HAp(++) HAp(++)

TIR characterization and measurement of the calcium ion adsorp-
ion capacity of the gels indicate that almost all Ac and Am in the

onomer solutions were used for polymeric hydrogel formation.
he absorption peak due to the vinyl group was detected by FTIR
Fig. 1). This absorption peak is considered to be due to unreacted

BAAM, because absorption peaks derived from the COOH stretch-
ng mode of Ac and NH2 deformation mode of Am implied that Ac
nd Am in the monomer solutions were used for polymeric hydro-
el formation. Additionally, the calcium ion adsorption capacity of
he gels also implied that almost all Ac in the monomer solutions
as used for polymeric hydrogel formation.

According to the data in Fig. 3, the pH values of the experimental
ystems were decreased by calcium phosphate formation. The crys-
alline phases of calcium phosphate formed in the samples were
CP and/or HAp (Fig. 6 and Table 1). When PO4

3− and/or HPO4
2−

ere consumed by the formation of OCP (Ca8(HPO4)2(PO4)4·5H2O)
nd/or HAp (Ca10(PO4)6(OH)2), the following reaction occurred,
nd hence the pH of the reaction system decreased:

PO4
2− → PO4

3− + H+

2PO4
− → HPO4

2− + H+ (1)

The decreases in pH values of the samples with lower Ac
ontents were larger than those of the samples with higher Ac
ontents and this phenomenon was  caused by an increase in pH
uffering capacity with increasing Ac content. Carboxylic acids are
idely used as pH buffers. In the polyacrylamide hydrogel with

he succinic acid system, we  reported that the magnitude of the
ecreases in pH values generated by OCP formation in the gels
ecreased with increasing succinic acid concentration [17]. In the
eaction system, pH changes were buffered by the COOH group
f succinic acid, and it is likewise considered that the pH changes
n this experimental system were buffered by the Ac component.
he amounts of precipitates are another factor causing pH dif-
erences, depending on the hydrogel composition. According to
ig. 5, the amounts of precipitates decreased with an increase in
he Ac content of the gels. The likely reason for these phenomena
s chelation of calcium ions by the COOH groups of Ac. The activity
f calcium ions was decreased by complex formation, and hence
he amount of the precipitate decreased with increasing Ac con-
ent in the sample. Hardening of the gels was observed, especially
or the 25Am·75Ac and 0Am·100Ac samples, around their top sur-
ace. Gelation of poly(acrylic acid) due to cross-linking of COOH
roups in the polymer by calcium ions is a well known phenomenon
26]. Hence the hardening of the gels was due to cross-linking of
c components in the gels by calcium ions and this phenomenon
howed that chelation of calcium ions was  taking place. Hence, the
agnitude of the decrease in pH by calcium phosphate formation
hrank while increasing pH buffering capability with increasing Ac
ontents in the gels, as well as by decreases in the amount of cal-
ium phosphate formed in the reaction systems through chelate
ormation.
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indicates that the reaction systems had achieved steady state at
5 days and longer. The data for pH, calcium and phosphate ions
concentrations and crystalline phases present also show that the
reaction systems were at steady state at these reaction times.
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ig. 7. Scanning electron microscope images of precipitates. In 100Am·0Ac, 75Am·25
nd  0Am·100Ac, precipitates were only observed near the surfaces of the gels.

Chelate formation controls the precipitation sites and the
rystalline phases of calcium phosphates formed. In the case of
00Am·0Ac, calcium ions diffused into the hydrogel and granule-
hape precipitates were formed inside the gel (Figs. 5 and 7).
he thicknesses of the precipitation areas in the 75Am·25Ac and
0Am·50Ac samples were smaller than that in the 100Am·0Ac
ample (Fig. 5). Granule-shape precipitates were observed in the
recipitation areas of 75Am·25Ac and 50Am·50Ac. In 25Am·75Ac
nd 0Am·100Ac, granule-shape HAp was formed at the surface of
he gels (Figs. 5 and 7). These findings imply that the COOH groups
f the Ac component inhibited the diffusion of calcium ions into the
els from the Ca(NO3)2 solution in contact with the gels. The results
bserved are due to the chelation of calcium ions and a decrease
n their diffusion rate caused by electrostatic interaction between
a2+ and COO− moieties.

The crystalline phases of precipitates were changed from OCP
o HAp with increasing Ac content in the gels (Fig. 6 and Table 1).
he initial pH values of the hydrogels and Ca(NO3)2 solution were
.8 and 7.0, respectively. The initial pH conditions in the reaction
ystems were almost the same, regardless of hydrogel composi-
ion; hence pH is not the dominant factor for crystalline phases
f calcium phosphate in these experimental conditions. It was
eported that the crystalline phases of calcium phosphate precip-
tating in a solution depend on the supersaturation ratio of the
rystalline phase of calcium phosphate [21]. For example, the order
f supersaturation ratio, which is calculated for HAp, required for
ormation is amorphous calcium phosphate (ACP) > OCP > defective
ydroxyapatite (DHAp) > HAp under conditions with pH 7. It was
ifficult to calculate a supersaturation ratio inside the gel, but it
an be assumed that the supersaturation ratio inside is related
o the supersaturation ratio of the Ca(NO3)2 solution in contact
ith a gel. The supersaturation ratio of HAp in the Ca(NO3)2 solu-

ion was calculated based on assumptions used in the previous
aper [16]. Specifically, the pH values and the concentrations of
alcium and phosphate ions in the gel were equal to those in the

a(NO3)2 solution in contact with the gel. In the hydrogels, the
ctivity coefficients of calcium and phosphate ions would be <1,
ecause the polymer network of the hydrogels would decrease the
ctivity of ions. A calculation method for the activity coefficient

F
C
2

d 50Am·50Ac, precipitates were formed in the gels. On the other hand, in 25Am·75Ac

n hydrogels has not been established and measurement of the
ctivity of calcium and phosphate ions in hydrogels is technically
ifficult. Hence, the activity coefficients of calcium and phosphate

ons in hydrogels are regarded as 1 for descriptive purposes. With
hese assumptions, the supersaturation ratio of HAp (S(HAp)) was
alculated using the following equation:

(HAp) = IAP (HAp)/Ksp (HAp) (2)

In Eq. (2), IAP and Ksp are the ion activity product and the sol-
bility product, respectively. IAP for HAp was  calculated using Eq.
3), and the pKsp(HAp) value under these experiments was sup-
osed to be 117.2, which was  previously reported at 37 ◦C [27].

AP(HAp) = [Ca2+]10 [PO4
3−]6 [OH−]2 (3)

Fig. 8 shows the reaction time dependence of S(HAp). The
(HAp) values were also constant at 5 days and longer. This finding
Reaction time / day

ig. 8. Reaction time dependence of the supersaturation ratio of HAp (S(HAp)) in
a(NO3)2 solutions that were in contact with 100Am·0Ac, 75Am·25Ac, 50Am·50Ac,
5Am·75Ac  and 0Am·100Ac samples.
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ig. 9. Relationships between the compositions of polymeric hydrogels, the calcium
f  calcium phosphates.

he pH values of the samples were almost constant after 1 day
Fig. 3). The calcium and phosphate ions concentrations were
lmost constant after 5 days (Fig. 4). No changes in crystalline
hases and diffraction peak intensities were observed after 5
ays (Table 1). The order of the S(HAp) values after 5 days was
Am·100Ac > 25Am·75Ac > 50Am·50Ac > 75Am·25Ac > 100Am·0Ac.
his order is equal to that considered for the pH value of the
amples at steady state. The S(HAp) values increased with increas-
ng pH values in the reaction systems. It is reasonable that the
olubility of HAp decreases with increasing pH in the range 4–8
28]. The pH values were determined by the composition of the
els, namely the Ac content in the gels. Hence, the S(HAp) values
n regions of the gels where calcium phosphate formation occurs

ay  be increased by increasing the Ac content in the gel. The
rder of S(HAp) assumed from S(HAp) values of Ca(NO3)2 solution
as opposite to the S(HAp) values assumed from the crystalline
hases of calcium phosphate. The order of S(HAp) required for
ormation is ACP > OCP > DHAp > HAp under conditions with pH 7
21], and hence it should be considered that there is a decrease
n the activation energy of nucleation of calcium phosphate by
OOH groups. The functional groups present in acrylamide and
crylic acid are CONH2 and COOH, respectively. The effects of
ONH2 on calcium phosphate formation can be neglected, because
he activity of the CONH2 group for induction of heterogeneous
ucleation of calcium phosphate is very much weaker than the
ctivity of the COOH in the SBF environment [22]. The cause of the
nduction of calcium phosphate nucleation is likely to be a chelate
ormation, involving calcium ions and COOH groups [22]. Hence,
he nucleation process would be changed from homogeneous to
eterogeneous nucleation with increasing Ac content in the gels.
enerally, heterogeneous nucleation occurs preferentially over
omogeneous nucleation, because of its smaller activation energy.
ence, we consider that the formation of the chelate structure of
OOH groups and calcium ions decreases the activation energy
or calcium phosphate nucleation. The S(HAp) estimated from
H, calcium and phosphate ions concentrations in the Ca(NO3)2
olution increased with increasing Ac content in the gels, but
ctually the supersaturation required for nucleation would be
ecreased by the COOH groups in the Ac component. Hence,

Ap in the 50Am·50Ac, 25Am·75Ac and 0Am·100Ac samples was

ormed under low supersaturation conditions and OCP in the
00Am·0Ac case was formed under higher supersaturation condi-
ions, although the degree of supersaturation was apparently low.

d
e
t
i

dsorption capacity, crystalline phases of calcium phosphate and the formation area

he activation energy decreased with increasing Ac content in the
els, and hence both HAp and OCP were formed in the 25Am·75Ac
ample. Estimation of the supersaturation ratio inside the gels
rom the supersaturation ratio of Ca(NO3)2 solutions contacted
ith the gels is important for understanding the mineralization
rocess of calcium phosphates in the gels. Our  results indicate
hat the decrease in the activation energy of nucleation by the
unctional groups in the hydrogel matrix must be considered.

Fig. 9 shows the relationships between the calcium ion
dsorption capacity of the hydrogels per 1 cm3 of hydrogel, the
omposition of the hydrogel and the crystalline phases of calcium
hosphate observed. In Region 1, hydrogels did not contain COOH
roups, and hence OCP was  formed in the gels under high supersa-
uration conditions. In Region 3, the activation energy of nucleation
f calcium phosphate was  decreased by a chelate structure involv-
ng calcium ions and COOH groups, and hence HAp was  formed in
he gels under low supersaturation conditions. In Region 2, both
Ap and OCP were formed in the gels, because Region 2 is a transi-

ion state between Regions 1 and 3. In Region 4, the COOH groups
n the hydrogel chelate with calcium ions and inhibit the diffusion
f calcium ions from the Ca(NO3)2 solution to the hydrogel, and
ence HAp was  formed near the surface of the hydrogels, with no
recipitate being observed in the gels.

. Conclusions

The roles of the COOH groups within the hydrogels in cal-
ium phosphate formation through gel-mediated processing were:
H buffering action, chelate formation with calcium ions and
ecreasing the diffusion rate of calcium ions. Decreases in the
H values of the samples by calcium phosphate formation were
ound to be proportional with an increase in the concentration
f the COOH groups in the gels by the pH-buffering action of
he COOH groups. The crystalline phase of the calcium phosphate
as changed from octacalcium phosphate to hydroxyapatite with

ncreasing concentrations of COOH groups in the gels. The cause of
he crystalline phase change is due to a decrease in the activation
nergy of calcium phosphate formation by forming a chelate struc-
ure involving calcium ions and COOH groups. The decrease in the

iffusion rate of calcium ions was  due to chelate formation and the
lectrostatic interactions between Ca2+ and COO− entities. Hence,
he thickness of the precipitation area gradually decreased with an
ncrease in the concentration of COOH groups in the gels.
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