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In an attempt to synthesize hydroxyapatite (HAP)/polymer composites, HAP crystallization

was investigated in solution in the presence of ionic synthetic polymers. The side groups of

the polymers used include carboxylate, dihydrogen phosphate, sulfate, and primary amine.

Spontaneous HAP precipitation and amorphous—crystalline transformation occurring in

both the presence or absence of ionic polymers were studied by measuring the solution

turbidity change and titrating the released protons, respectively. The rates of HAP nucleation

and growth were determined from an induction period before onset of crystallization and the

subsequent propagation of HAP crystallites. The added anionic and cationic polymers, were

found to suppress the crystallization in a concentration-dependent manner. An exception

was a concentrated poly(acrylic acid), which was precipitated by calcium ion binding to

accelerate the nucleation and the growth of HAP crystallites. These results suggest that

a molecular interaction is operative between the ionic polymer chains and the growing HAP

crystallites. Infrared spectroscopy and X-ray diffraction analysis revealed that the HAP

precipitated in the presence of ionic polymers incorporated the polymer chains in the HAP

microcrystalline aggregates. Based on these findings, HAP/poly(acrylic acid) composites

were prepared through in situ HAP crystallization in the presence of poly(acrylic acid).

Tensile testing of the composites and electron microscopic observation of their fractured

surfaces revealed that the composite prepared through this wet process was superior to that

obtained by simple physical mixing with respect to the wet state mechanical properties and

homogeneity in mixing.
1. Introduction
The molecular control of inorganic crystallization by
organic substances is a key technology for the fabrica-
tion of novel inorganic/organic composites that has
recently received a considerable amount of attention
[1, 2]. This process mimics biological mineralization
in which a preorganized organic phase provides a
niche for inorganic crystals to nucleate and grow.
Such composite materials prepared through the
biomimetic process will offer a wide variety of applica-
tions, for instance, in microelectronics, optoelectro-
nics, and biomedical engineering [3]. A number of
studies have focused on the effect of functional com-
pounds on the crystallization of hydroxyapatite
(HAP) which is the main inorganic component of
vertebrate skeletal tissue. Some of these studies have
attempted to accumulate fundamental knowledge rel-
evant to the biological calcification mechanism
[4—24], since the bone formation seems to proceed
through HAP crystallization under molecular regula-
tion by a preorganized organic matrix with respect to
its kinetic and spatial aspects. Others have aimed at
establishing new approaches for fabricating composite
0022—2461 ( 1997 Chapman & Hall
materials to be used for orthopaedic and oral surgery
[25—32]. In this case, the HAP component may pro-
vide a biocompatible surface which has an ability to
firmly bind to bone tissues.

The starting materials employed in these studies on
composite formation include low-molecular-weight
inorganic [4, 5, 25] and organic [6—11] metabolites
and high-molecular-weight natural [12—33] and syn-
thetic [6, 15, 24, 26—32] macromolecules. Most of the
macromolecules investigated have a bias toward bone
and teeth formation and include collagen [12, 13, 15],
bone phosphoprotein [14, 17, 20], dentin phospho-
protein [17], osteonectin [19], bone Gla protein [16],
proteoglycan [15], synthetic polypeptides [15, 21, 22,
24], and saliva [18]. However less attention has been
paid to the use of synthetic polymers as a component
of the composites [34], although they may also have
specific effects on the HAP crystallization.

The formation and growth of nuclei for the HAP
crystallization are reported to be affected (either inhib-
ited or accelerated) by the organic additives [24, 33].
The main roles that the added organic polymers
play in the composite formation are thought to be
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structural control on the morphology, size, and an-
isotropy of generated inorganic crystals and their dis-
tribution over the organic phase [24, 33]. Kinetic data
taken for the HAP crystallization can provide evid-
ence for molecular interactions between the inorganic
crystals and the added organic molecules. Structural
studies on inorganic/organic composites can be help-
ful in elucidating the micro- and macroscopic struc-
ture of calcified tissues and consequently an under-
standing of their superior mechanical properties. Such
studies can also provide practical information for fab-
ricating inorganic/organic composites through bio-
mimetic processes.

The major aim of the present study is to gain a deep
insight into the HAP crystallite formation from super-
saturated calcium phosphate solutions in the presence
of synthetic ionic polymers in order to fabricate
HAP/polymer composites. In particular, poly(acrylic
acid) (PAAc) is employed as the organic additive,
because of its ability to strongly bind calcium ions.
The HAP crystallization will be kinetically studied in
the presence of PAAc. For comparison with the
HAP/PAAc composite fabricated using a three-di-
mensional PAAc gel, a simple physical mixing method
is employed to fabricate a HAP/PAAc composite.
Finally, the microstructure and tensile properties of
the resultant composites will be briefly studied.

2. Experimental procedures
2.1. Chemicals
Calcium chloride dihydrate and anhydrous disodium
hydrogenphosphate both of an extra pure grade were
purchased from Wako Pure Chemical Industries
Co. Ltd., Japan, and used as received. Acrylic acid
(AAc) and methacryloyl-poly(oxyethylene) phosphate
(MPOP) monomers were obtained from Wako Pure
Chemical Industries Co. Ltd. and Unichemical Co.
Ltd., Japan, respectively. The AAc monomer was puri-
fied by the conventional distillation method prior to
use. The poly(acrylic acid) (PAAc) that had average
molecular weights (MM

8
) of 4.5]105, 1.0]106, and

4.0]106 were obtained from Polyscience, USA, whilst
an additional PAAc with an MM

8
of 1.0]104 was

prepared in our laboratory by conventional free rad-
ical polymerization techniques. The poly(2-acryl-
amido-2-methyl propane sulfonic acid) (PAMPS) and
polyallylamine (PAA) were obtained from Nitto
Chemical Industry Co. Ltd., Japan. The chemical
structure of the polymers used in this study is presented
in Fig. 1.

2.2. Preparation of the AAc-MPOP
copolymer

The free radical copolymerization of MPOP and AAc
was carried out at three different feed concentration
ratios of 0 :5.0, 0.5 : 4.5, and 3.0 :2.0 (MPOP/AAc,
w/w). A Pyrex glass ampoule containing an aqueous
monomer solution with a total monomer concentra-
tion of 5.0 wt %, 0.05 wt % potassium persulfate (in-
itiator), and 0.01 wt % L-cysteine (chain transfer agent)
was sealed after degassing. The sealed ampoule
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Figure 1 Chemical structure of the ionic polymers used in this
study.

was kept at 50 °C for 40 min in order to effect free
radical copolymerization and the resulting water-
soluble copolymers were recovered by precipitation
with a large amount of acetone. The mole fraction of
MPOP units in the copolymers was determined, using
the molybdenum blue method [35], to be 0.00 (PAAc),
1.67, and 5.41 MPOP mol %.

2.3. Kinetic study of the HAP crystallization
A kinetic study of the HAP precipitation was per-
formed in the presence of polymers by mixing two
solutions of calcium chloride and disodium hydrogen
phosphate at two different concentrations (systems
I and II) under a fixed Ca/P molar ratio of 5 :3. For all
the precipitation studies the water used for the me-
dium preparation was deionized, double-distilled, and
filtered through a Milipore MG-X membrane.

2.3.1. System I
The solution used in system I is characterized by its
significantly lower concentration product of calcium
and phosphate ions than the solution used in system II
as is further described below. The aqueous solution of
2.45 mM disodium hydrogen phosphate and that of
200 mM calcium chloride were prepared separately,
stored at 4 °C, and used within 1 week after prepara-
tion. These solutions were buffered with a 0.1 mM

2-amino-2-hydroxymethyl-1,3-propanediol and hy-
drogen chloride (tris-HCl buffer) (pH 7.4). Each of the
polymers was dissolved in 19.6 ml of the disodium
hydrogen phosphate stock solution under stirring and
then kept at 30 °C. To this polymer solution, 0.4 ml of
the calcium chloride stock solution was added and the
time of addition was recorded as time zero. The mixed
solution was stirred with a teflon-coated magnetic
stirrer under a constant rotation of 400 r.p.m. at 30 °C.
The initial calcium and phosphate concentrations
were 4.0 and 2.4 mM, respectively. The solution ap-
peared clear shortly after mixing, but became turbid
after a period of time and yielded a precipitated solid
phase. The solution turbidity was recorded with a
spectrophotometer (Shimadzu UV-1200, Kyoto,
Japan) at 500 nm and plotted against time after
mixing.



2.3.2. System II
The aqueous solutions of 7.2 mM disodium hydrogen
phosphate and 60 mM calcium chloride were prepared
separately, stored at 4 °C, and used within 1 week after
preparation. Each of the polymers was dissolved in
250 ml of the disodium hydrogen phosphate stock
solution in a 3-necked round flask equipped with a
thermometer, a pH electrode (6366-10D, Horiba,
Kyoto, Japan) connected with a pH meter (pH meter
F-14, Horiba, Japan), and a microburette and then the
resulting solution was kept at 20 or 25 °C. The pH
electrode was freshly equilibrated using pH standard
buffer solutions. To this polymer solution, 50 ml of the
calcium chloride stock solution was added and similar
to system I, this time was recorded as time zero. The
initial calcium and phosphate concentrations were 10
and 6 mM, respectively. The mixed solution became
turbid upon mixing due to the formation of precipi-
tates of amorphous calcium phosphate. The pH of the
mixed solution was adjusted to 7.40 by adding 5.0 N

NaOH solution within 30 s of the mixing. The solu-
tion pH started to drop after a period of time, because
an amorphous—crystalline transformation occurred
with a release of protons. The pH was maintained at
7.40$0.05 by adding 0.1 N NaOH and the amount of
the titrant added was measured using a microburette
after mixing.

2.4. Characterization of the precipitates
The precipitates formed in systems I and II were
immediately separated from the aqueous medium by
centrifugation to avoid any additional transformation.
After freeze-drying, the Fourier-transform infrared
(FT-IR) absorption spectrum of precipitates was re-
corded on an FT-IR 8000 Spectrometer (Shimadzu
Corp., Kyoto, Japan) at a resolution of 4 cm~1 using
the KBr pellet technique. The morphology of the
precipitates was observed after coating of the samples
with a thin layer of platinum with a scanning electron
microscope (SEM) (S-450, Hitachi, Japan) operated at
15 kV. A powder X-ray diffraction (XRD) pattern of
the precipitates was recorded with a RAD-X diffrac-
tometer (Rigaku International Corp., Tokyo, Japan)
(X-ray: CuKa1

) operated at 40 kV, 30 mA, and a scan
speed of 2.0° min~1. Sintered HAP powders were used
as a standard.

To investigate the adsorption of the ionic polymers
onto the HAP surface, a suspension of the HAP pow-
ders formed in system II was mixed with an ionic
polymer solution. The concentrations of the HAP and
ionic polymer were kept at 1.0 and 0.2 wt %, respec-
tively. The adsorption of the suspension at 500 nm
1 min after addition of the polymer solution was re-
corded as the turbidity.

2.5. Composite preparation
HAP/PAAc composites were prepared through two
different methods; physical mixing and in situ mixing.

Physical mixing between the HAP powders formed
in system II in the absence of polymers and PAAc
powders was performed in a mortar with a pestle in
the dry state. The HAP/PAAc ratio was fixed at 40 :60
by weight. The mixed powders were then compres-
sion-moulded under 20 MPa at 25 °C.

For the HAP/PAAc composite preparation
through in situ mixing, the precipitates formed in
system II in the presence of 10 mM PAAc were used as
a starting material. They were compressed in the same
manner as described above. The HAP content in the
precipitates was 40 wt %. Tensile testing of the above
two HAP/PAAc composites was performed in both
dry and wet states with an Autograph type AGS-D
tester (Shimadzu Corp.) at a constant crosshead speed
of 1 mmmin~1 and 25 °C under a 60% relative hu-
midity (RH). The wet specimens tested were obtained
by soaking the dry composites in water for 0—10 min
at 25 °C.

Another composite was prepared through in situ
HAP crystallization in the presence of a PAAc hydro-
gel prepared by copolymerizing an AAc monomer
with N,N-methylene-bis-acrylamide using 0.2 wt %
ammonium persulfate and 0.1 wt % N,N,N@,N@-tetra-
methylethylenediamine. The content of the crosslinker
was 10 wt % of AAc. To a 200 mM calcium chloride
solution (pH 7.4) containing the PAAc gel, 120 mM of
disodium hydrogen phosphate solution (pH 7.4) of
equal volume was added and the mixture was kept at
25 °C for 48 h under mild shaking in order to deposit
HAP inside the gel. The back-scattered image and
X-ray image of the calcium atoms were taken on
carbon coated fractured surfaces of the composite
with an electron microprobe analyser (EMA)
(Shimadzu Corp.) operated at an accelerating voltage
of 20 kV.

3. Results
The physicochemical properties of inorganic/organic
composites are largely governed by the interfacial
structure between the inorganic and organic phases,
which is a function of the compatibility between the
two different phases. In order to quantitatively study
this compatibility, aqueous solutions of various poly-
mers were added to aqueous suspensions of the HAP
powders. It is expected that the turbidity of an HAP
suspension changes on polymer addition if there is any
interaction between the HAP surface and the added
polymer. Fig. 2 shows an SEM photograph of the
HAP powders used for the physical mixing and
Table I lists the turbidity changes observed when
10 ml of 0.2 wt % polymer solution in 0.1 M tris-HCl
buffer of pH 7.4 was added to 10 ml of 1 wt % HAP
suspension. Since the turbidity changed very rapidly
on solution addition, the absorption was measured
1 min after addition. The absorption of the HAP sus-
pension before the addition of the polymer solutions
was 1.301. As can be seen from Table I, the suspension
turbidity decreased when the PAAc or AAc-MPOP
copolymer solutions were added, but increased on the
addition of the PAMPS and PAA solutions. Evident-
ly, the reduction in the turbidity is due to the coagula-
tion of HAP particles caused by polymer adsorption
onto their surface, followed by precipitation to the
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Figure 2 Scanning electron micrograph of the HAP powders
formed under the condition of system II in the absence of polymers
(these powders were used for the physical mixing with PAAc).

TABLE I Coagulation of HAP particulates upon addition of ionic
polymers to the HAP suspension

Polymer Ionic group Anionic Solution
in the polymer or cationic turbidity

None — 1.301
PAAc Carboxylic acid Anionic 0.130
AAc—MPOP Carboxylic acid- Anionic 0.295

copolymer Dihydrogen
phosphate

PAMPS Sulfonic acid Anionic 1.859
PAA Primary amine Cationic 1.805

vessel bottom, resulting in the creation of a less turbid
supernatant. On the other hand, the turbidity increase
may be ascribed to the incorporation of the added
polymer molecules to the suspension without precipi-
tation.

3.1. Physical mixing
Since PAAc showed the largest turbidity change with
the polymer addition, composite preparation using
physical mixing was attempted using PAAc. Fig. 3
shows the back-scattered electron micrograph of the
fractured surface of the composite made from PAAc
and HAP powders by pressing a mixture of these
powders at room temperature. The composite was
very brittle, as expected from the rough surface no-
ticed in Fig. 3. When a composite was prepared by
casting a PAAc solution containing suspended HAP
powders, followed by drying, the resulting composite
film was much more brittle than that prepared by
pressing. This is probably because mixing of the HAP
powders with the PAAc phase was extremely in-
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Figure 3 Back-scattered electron micrograph of the fractured
surface of the HAP/PAAc composite prepared through physical
mixing.

homogeneous due to HAP aggregation by PAAc, as is
suggested by the results listed in Table I.

3.2. In situ mixing
In order to improve the mixing of the two phases, we
attempted to create HAP particulates from Ca2` and
PO3~

4
ions in the presence of soluble PAAc. In other

words, solid HAP was deposited from a saturated salt
solution containing PAAc.

3.2.1. Deposition kinetics
The deposition of HAP from an aqueous PAAc solu-
tion containing the saturated salt was performed at
two different solute concentrations: low (system I) and
high (system II).

In system I, the plot of solution turbidity against the
stirring time after mixing of disodium hydrogen phos-
phate solution with calcium chloride solution gave
a sigmoidal curve, regardless of the presence or ab-
sence of PAAc. Fig. 4a shows the curves, which may
be divided into two distinct regions; the clear solution
region before onset of the spontaneous precipitation
and the turbid solution region associated with calcium
phosphate precipitation. The induction time (¹

13%
) be-

fore onset of the precipitation was determined from
the point where the extrapolated linear curve of the
increased turbidity part (b in Fig. 5) intersected the
extrapolated linear curve of the constant turbidity
part (a in Fig. 5). The inverse of the induction time was
defined as the nucleation rate in this study. The appar-
ent rate (R

13%
) of precipitate formation or growth in

the initial stage was determined from the slope of the
linear curve (b) in Fig. 5. Also in system II, the plot of
NaOH uptake after mixing of the two solutions exhib-
ited similar two regions, as presented in Fig. 4b,
although instantaneous precipitation was observed
on the addition of the phosphate solution to the
calcium chloride solution. Until a rapid increase
in the NaOH consumption, the solution pH remained
constant. The induction time (¹ ) before onset of
53!/4



Figure 4 Time course of the HAP crystallization in; (a) system
I ([Ca]"4 mM, [PO

4
]"2.4 mM, [polymer]"0.02 mM, 30 °C)

and (b) system II ([Ca]"10 mM, [PO
4
]"6 mM, [polymer]"

5 mM, 20 °C) in the presence of PAAc (d) and in the absence of
polymers (s).

Figure 5 Schema for determining the induction time (¹
13%

, ¹
53!/4

)
and the growth rate (R

13%
, R

53!/4
) of HAP crystallization from

a time—conversion curve.
the transformation was determined from the point
where the extrapolated linear curve of the NaOH
uptake part (b in Fig. 5) intersected the extrapolated
curve of the constant NaOH uptake part (a in Fig. 5).
The apparent rate (R

53!/4
) of the initial transformation

(growth) was determined from the slope of the linear
curve (b) in Fig. 5, similar to R

13%
in system I.

Table II summarizes the kinetic data on the crystal-
lization of HAP in the presence and absence of PAAc,
together with those of other polymers. The MPOP
homopolymer is not included in Table II due to its
very poor solubility in aqueous media. It can be seen
from Table II that the addition of polymers to system
I mostly prolonged the induction period whilst the
growth rate exhibited no significant change. The result
suggests that these ionic polymers inhibit the HAP
nucleation. In system II, the amorphous—crystalline
transformation was significantly enhanced by the ad-
dition of PAAc, whereas the addition of the other
polymers gave the opposite result. It should be noted
that the 5 mM PAAc added in system II underwent
aggregation on mixing with the calcium chloride solu-
tion, whereas the other polymers did not form such
aggregates. The addition effect of the cationic PAA
was not significant in system I, but a strong inhibition
of the transformation into HAP was observed in
system II.

The dependence of the nucleation and growth rate
of HAP on the monomer unit concentration of PAAc
with MM

8
of 4.5]105 is plotted in Fig. 6 (a and b). In

system I, an increase in the PAAc concentration
clearly led to a significant decrease in the nucleation
rate and a slight reduction in the growth rate. A fur-
ther increase in the PAAc concentration from 0.06 mM

resulted in no induction of HAP crystallization in
system I. On the contrary, the nucleation and growth
rate of HAP slightly increased with an increasing
concentration of PAAc in system II.

Fig. 7 (a and b) shows the effect of the molecular
weight of the PAAc. Apparently, in system I, the
influence of the PAAc molecular weight on the growth
rate is unremarkable, although the nucleation rate
became significantly higher when PAAc with a MM

8
of

4.5]105 was added. In system II, the nucleation rate
was not influenced to a large extent by the molecular
weight, while the growth rate considerably increased
with an increase in the PAAc molecular weight.
The addition of the AAc monomer (molecular
TABLE II Addition effects of ionic polymers on the induction period (¹
13%

,¹
53!/4

) and the growth rate (R
13%

,R
53!/4

) of HAP crystallization

Polymer System I ! System II !

¹
13%

(min) R
13%

(min~1) ¹
53!/4

(min) R
53!/4

(ml min~1)

None 9.8 14.9 28.6 0.574
PAAc " 14.3 14.6 19.3 0.802
AAc—MPOP # 32.5 12.3 24.9 0.263

copolymer
PAMPS 16.4 22.5 40.7 0.466
PAA 9.0 12.7 29.9 0.065

!Precipitation condition: system I: [Ca]"4 mM, [PO
4
]"2.4 mM, [polymer]"0.02 mM, 30 °C. System II: [Ca]"10 mM, [PO

4
]"6 mM,

[polymer]"5 mM, 20 °C.
"MM

8
"450 000.

#MPOP content"5.41 mol %.
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Figure 6 Effects of the PAAc concentration on the nucleation rate
(s) and the growth rate (h) of HAP crystallization in; (a) system
I ([Ca]"4 mM, [PO

4
]"2.4 mM, 30 °C) and (b) system II

([Ca]"10 mM, [PO
4
]"6 mM, 25 °C). The MN

8
of the added PAAc

was 450 000.

weight"72), which was not precipitated on the
addition of calcium ions, effectively reduced the
growth rate, while PAAc with a MM

8
higher than

1]104, that was precipitated due to binding with
calcium ions, enhanced the growth rate of HAP in
a MM

8
-dependent manner. As is shown in Table II,

copolymerization of AAc with a small amount of
MPOP greatly reduced the HAP growth rate in sys-
tem II. To confirm this copolymerization effect, the
deposition kinetic parameters were determined for the
AAc—MPOP copolymers with different MPOP con-
tents. The result is shown in Fig. 8 (a and b). The
MM

8
of the copolymers were almost similar to each

other, when assessed from the solution viscosity. The
copolymers were water-soluble and underwent no fur-
ther precipitation by calcium binding, although incor-
poration of the phosphate monomer into the
copolymers was very low. An increase in the mole
fraction of dihydrogen phosphate in the copolymers
gave rise to a low nucleation rate and a low growth
rate in both systems I and II, in comparison with the
addition of the AAc homopolymer.

3.2.2. Structure of the precipitates
FT-IR spectra of the precipitates formed in systems
I and II are presented in Figs 9 and 10, respectively. As
is shown in Fig. 9, the precipitates collected 40 min
5538
Figure 7 Effects of the average molecular weight (MM
8
) of PAAc on

the nucleation rate (s) and the growth rate (h) of HAP crystalliza-
tion in; (a) system I ([Ca]"4 mM, [PO

4
]"2.4 mM, [polymer]"

0.03 mM, 30 °C) and (b) system II ([Ca]"10 mM, [PO
4
]"6 mM,

[polymer]"5 mM, 20 °C). Filled symbols (d,j) indicate the results
obtained in the absence of polymers. Plots at MM

8
"72 in system II

correspond to the AAc monomer.

after solution mixing show typical IR spectra charac-
teristic of poorly crystallized HAP. The crystallization
of the precipitated HAP is supported by the split
antisymmetric absorption bands observed at around
600 cm~1 [36]. No significant changes in the IR spec-
trum due to the PAAc addition to system I was
observed which is probably due to the quite low con-
centration of PAAc involved in the precipitation. On
the other hand, spectra of the HAP precipitated in
system II in the presence of PAAc have peaks that are
assigned to both HAP (560, 600, 960 and 1040 cm~1),
and ionized PAAc (1170, 1250, 1410, 1450 and
1650 cm~1), as is shown in Fig. 10, where the IR
spectra of acid-type and partially dissociated PAAc
are also presented. The peak at 1560 cm~1 can be
assigned to the antisymmetric mode of the carboxylate
ion, while the peak at 1710 cm~1 can be assigned to
the carbonyl stretching vibration mode. This peak is
shifted to 1560 cm~1 upon dissociation. As can be
seen in the spectra taken before the transformation,
the peak at 1560 cm~1 also appears in the precipitates
collected just after mixing, suggesting that calcium
ions have bound instantaneously to the PAAc before
the HAP crystallization starts. XRD patterns of the
precipitates formed under different conditions in sys-
tem II are shown in Fig. 11. As can be seen in patterns
a—c the precipitates collected 10 min after mixing of



Figure 8 Effects of the dihydrogen phosphate side group on the
nucleation rate (s) and the growth rate (h) of HAP crystallization
in; (a) system I ([Ca]"4 mM, [PO

4
]"2.4 mM, [polymer]"

0.02 mM, 30 °C) and (b) system II ([Ca]"10 mM, [PO
4
]"6 mM,

[polymer]"5 mM, 20 °C). Filled symbols (d,j) indicate the results
obtained in the absence of polymers.

Figure 9 FT-IR spectra of precipitates formed in system
I ([Ca]"4 mM, [PO

4
]"2.4 mM, [polymer]"0.02 mM, 30 °C,

40 min). (a) in the absence of polymers and (b) in the presence of
PAAc (MM

8
" 450 000).

the two solutions in the absence of any polymers have
a diffraction pattern that is characteristic of the
amorphous form of HAP, whereas those after 2 h
reaction show apatitic peaks. Prolongation of the re-
action up to 48 h did not cause any further appreci-
able changes in the diffraction patterns, as is apparent
from pattern c, although a gradual NaOH uptake still
continued after 2 h. These findings indicate that
Figure 10 FT-IR spectra of HAP formed in both the presence and
absence of PAAc in system II ([Ca]"10 mM, [PO

4
]"6 mM,

25 °C). (a) and (b) in the presence of 10 mM PAAc (MM
8
"450 000).

The precipitates were collected (a) before and (b) after HAP trans-
formation; (c) undissociated PAAc; (d) partially dissociated PAAc
and (e) HAP formed in the absence of polymers.

Figure 11 XRD patterns of the precipitates formed in system II
([Ca]"10 mM, [PO

4
]"6 mM, [polymer]"5 mM, 25 °C) precipi-

tated (a) 30 s; (b) 2 h and (c) 48 h after addition of calcium chloride
to disodium hydrogen phosphate solution in the absence of poly-
mers; (d) precipitated after 2 h in the presence of PAAc (MM

8
"

450000) and (e) AAc-MPOP copolymer (MPOP content"5.41
mol %) (f ) sintered HAP powders.
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Figure 12 Scanning electron micrographs of the precipitates
formed in system I ([Ca]"4 mM, [PO

4
]"2.4 mM, [polymer]"

0.02 mM, 30 °C, 1 hr). (a) in the absence of polymers (b) in the
presence of PAAc (MM

8
"450000); (c) AAc-MPOP copolymer

(MPOP content"5.41 mol %); (d) PAMPS and (e) PAA.

3.2.3. Composite from PAAc gel
Based on the HAP deposition kinetics observed for
system II, we attempted to prepare HAP/PAAc com-
posites through in situ HAP crystallization in the
presence of PAAc. The precipitates formed were
pressed at room temperature to obtain a composite
with a HAP/PAAc weight ratio of 40 : 60. The tensile
the rapid increase in NaOH uptake is observed
15—30 min after mixing of the two solutions is a conse-
quence of the phase transition of amorphous calcium
phosphate into HAP. The broad nature of the peaks in
the diffraction pattern may be a result of the relatively
low reaction temperature [37]. On the other hand, the
precipitates formed in the presence of PAAc 2 h after
solution mixing showed much more diffuse diffraction
patterns than those formed in the absence of polymers.
As is shown in the diffraction patterns d and e, when
PAAc and the AAc-MPOP copolymer were added,
the polymers were incorporated into the HAP aggreg-
ates. Fig. 12(a—e) shows scanning electron micro-
photographs of the HAP deposited in system I both in
the absence and presence of ionic monomers. Appar-
ently, the precipitates consist of small aggregates.
Other polymers yielded HAP precipitates with a mor-
phology quite similar to that of PAAc, with the excep-
tion of PAMPS which produced an assembly of small-
er particulates than the others, as shown in Fig. 12d.
5540
strength in the wet state is plotted against the time
immersed in water in Fig. 13, together with that of the
composite prepared by simple physical mixing to have
the same HAP/PAAc ratio. The strength at time zero
is equal to that of composites in the dried state.
Clearly, the in situ deposition method provides a
HAP/PAAc composite with a higher resistance to
water, although the dry state tensile strength was
much lower than that prepared by physical mixing.

A crosslinked PAAc gel was also used for composite
preparation using in situ crystallization. The PAAc gel
was immersed in an aqueous solution containing
phosphate and calcium ions at oversaturated concen-
trations to deposit HAP precipitates inside the water-
swollen PAAc gel. The resulting HAP/PAAc gel
composite was dried and the fractured surface was
observed by back-scattered electron microscopy.
Fig. 14(a) shows the result. Comparison of Fig. 14(a)
with Fig. 3 clearly reveals that the HAP precipitates
are homogeneously dispersed throughout the cross-
section of the compact composite in marked contrast
with that prepared through physical mixing. An EMA



Figure 13 Tensile strength of HAP/PAAc composites prepared
through: (s) in situ HAP crystallization and (d) physical mixing as
a function of the soaking time in water.

result of this composite is shown in Fig. 14(b), where it
can be seen that the calcium in the fine HAP particles
are homogeneously dispersed in the PAAc matrix.

4. Discussion
Although details of the formation mechanism of biolo-
gical inorganic/organic composites such as bone tissue
are still covered with a thick veil, it seems probable
that deposition of the inorganic phase on the organic
matrix is controlled by non-collagenous proteins or
glycosaminoglycans adsorbed on the surface of the
organic matrix. Currently available composite techno-
logy is far behind that of biological composite systems,
although it has been recently demonstrated that co-
operativity at the inorganic/organic interface can re-
sult in complete alignment of inorganic calcite crystals
along an identifiable structural feature of organic 10,
12-pentacosadiynoic acid [38]. The present study did
not aim at producing control over such a molecular
orientation in the composite fabrication.

We selected ionic polymers possessing side-groups
such as carboxyl and phosphate as the organic matrix
for the HAP crystallization, because these ionizable
side-groups have a high affinity for the calcium ions
that are a major component of HAP. As expected, the
two polymers containing carboxyl and phosphate
groups exhibited a significant effect on the coagulation
of the HAP suspension as compared with the other
ionic polymers, as is demonstrated in Table I. Also in
the kinetic study of HAP deposition from aqueous
solutions of oversaturated calcium and phosphate
ions containing different ionic polymers, PAAc exhib-
ited an interesting effect not shown by the other poly-
mers. PAAc accelerated the nucleation of HAP from
highly concentrated calcium and phosphate solutions
unless the PAAc concentration in the solutions was
very low, as is shown in Table II and Fig. 6 (a and b).
Figure 14 (a) Back-scattered electron image (a) of the fractured
surface of a HAP/PAAc-gel composite prepared through in situ
HAP crystallization and (b) its X-ray image in which the dots
denote calcium atoms.

To explain the subtle difference in the kinetic para-
meters among the polymers used, further studies are
needed, but the very low rate of transformation ob-
served when PAA was added may be due to a strong
ionic interaction of the cationic polymer chain with
the HAP surface. The formation of an amorphous
calcium phosphate (ACP) precursor was not detected
in the present study. Boskey and Posner [39] have
also reported that HAP microcrystallites are directly
precipitated from the metastable solution with a low
supersaturation. When the solution before mixing had
a higher degree of supersaturation (system II), ACP
was formed as a precursor, which was subsequently
converted to the crystalline HAP through solution-
mediated, solid-solid transformation with a release of
protons to the outer environment [40, 41]. This pro-
cess involves dissolution of ACP and the subsequent
formation of HAP nuclei with a critical size.

A remarkable difference in solution properties be-
tween PAAc and the other ionic polymers used in this
study is the extent of polymer solubility in aqueous
media containing calcium ions. Amongst the studied
polymers only PAAc underwent precipitation from
the aqueous solution when calcium ions were added to
the solution. This precipitation takes place as a result
of irreversible binding of calcium to the PAAc chains.
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This point is supported by the IR spectra of patterns
(a—e) shown in Fig. 10. The PAAc precipitates formed
after the calcium binding may provide a favourable
site for HAP crystallization, both nucleation and
growth, because the chemisorption of calcium ions in-
to the PAAc gel-like network structure may reduce the
free energy for formation of the critical nuclei. A
previous study [30] revealed that calcium-binding
anionic polymers chemically immobilized onto the
surface of a polymer substrate could effectively induce
in situ formation of HAP microcrystallites in a physio-
logic environment, thus allowing the formation of
a thin HAP layer on the substrate surface with a high
adhesion to the substrate. It has also been reported
that noncollagenous matrix proteins such as osteo-
nectin [19], bone Gla protein [16], and dentin
phosphoprotein [17] accelerate calcium phosphate
crystallization when immobilized onto solid support
matrices. On the other hand, Termine et al. [15]
reported that sodium polyacrylate inhibited the
amorphous—crystalline transformation of HAP in
solution. The retarding effect of PAAc addition on
HAP deposition in system I, shown in Fig. 6a, may be
due to reasons other than the PAAc precipitation. In
this low polymer concentration range, no appreciable
precipitation of PAAc was observed. The calcium ions
in this case have probably not been taken into solu-
tion by the PAAc, which results in a decrease in the
calcium concentration in the solution. It is also pos-
sible that PAAc chains have been adsorbed onto the
surface of immature or growing HAP crystals and
have thus retarded the HAP crystallization. The as-
sumption that the precipitated PAAc provides a good
surface for HAP deposition is supported by the results
presented in Figs 7 (a and b) and 8 (a and b). With an
increase in the molecular weight of PAAc the polymer
precipitation takes place more readily. Since the incor-
poration of a small amount of MPOP unit into the
PAAc chain renders PAAc water-soluble, even when
calcium binding occurs, AAc copolymerization with
the MPOP monomer will prevent PAAc precipitation
even if calcium ions are present.

As is evident from the IR spectra of patterns (a—e)
shown in Fig. 10, the HAP deposits formed in system
II in the presence of PAAc contain PAAc. The absence
of any indications of PAAc in the IR spectra presented
as patterns (a) and (b) in Fig. 9 must be due to a very
low PAAc content in the deposits. This is probably
due to the point that the PAAc concentration in the
starting solution is low (0.02 mM) in comparison with
the concentration of calcium (4 mM) and phosphate
(2.4 mM). The XRD result for the HAP deposits also
supports the incorporation of PAAc into the HAP
deposits. As the diffraction patterns (a— f) of Fig. 11
demonstrates, the addition of PAAc and the AAc-
MPOP copolymer to the calcium phosphate solutions
gave solids that produced more diffuse diffraction
patterns, which is probably caused by the incorpora-
tion of the polymers into the HAP. There is no in-
formation on how the polymer chains are associated
with the HAP crystals.

A number of methods are possible for HAP/PAAc
composite fabrication. The simplest may be the phys-
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ical mixing of HAP powders with PAAc in the solid or
liquid state. As is apparent from Fig. 3, physical mix-
ing of the two powders yielded a very brittle com-
posite with an inhomogeneous structure. On the other
hand, HAP crystallization in solutions containing
PAAc gave a HAP deposit with incorporated PAAc
chains. The XRD results presented in Fig. 11 imply
that there is a strong interaction between HAP and
PAAc, since the XRD patterns for HAP precipitates
obtained both in the absence and presence of PAAc
show significant differences. The adsorption of PAAc
chains onto the HAP crystalline surface will disrupt
any further HAP crystallization, but will allow the
formation of well-mixed composites. As can be ob-
served in Fig. 14, the fractured surface of the com-
posite fabricated through in situ crystallization of
HAP inside a three-dimensional PAAc gel placed in
an aqueous medium containing oversaturated calcium
and phosphate ions shows a fine dispersion of HAP in
the composite. The tensile testing results shown in
Fig. 13 also reveal that the in situ fabricated composite
is different from the physically mixed composite. As
mentioned above, strong adhesion of in situ formed
HAP crystals onto the MPOP polymer chains grafted
to a solid polymer surface was reported in a previous
paper [30]. A more detailed study on the in situ
formation of composites is at present under way.

5. Conclusions
The spontaneous precipitation and amorphous-cry-
stalline tansformation of HAP were affected by the
presence of anionic and cationic synthetic polymers
through molecular interactions of the polymer chains
with inorganic components. These kinetic parameters
varied depending on the chemistry, concentration, and
molecular weight of the polymers added and the
supersaturation of the system with regard to HAP. In
contrast to the other polymers used, PAAc accelerated
the nucleation of HAP from highly concentrated cal-
cium and phosphate solutions. This acceleration was
due to PAAc precipitation as a result of irreversible
calcium binding to the polymer chains, which may
provide a favourable site for the nucleation and
growth of HAP crystallites. The high affinity for cal-
cium ions was confirmed by the fact that the polymers
carrying carboxylic acid and phosphate have a signifi-
cant effect on the coagulation of HAP suspension. As
a consequence of in situ crystallization of HAP in the
presence of PAAc, the polymer chains were incorpor-
ated to the microcrystalline aggregates. The HAP/
PAAc composite prepared through in situ HAP crys-
tallization in the presence of PAAc was superior to
that obtained by simple physical mixing with regard
to the wet state mechanical properties and homogen-
eity in mixing.
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