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Rapid and topotactic transformation from
octacalcium phosphate to hydroxyapatite (HAP): a
new approach to self-organization of free-
standing thin-film HAP-based nanohybrids+

Satoshi Kajiyama,® Takeshi Sakamoto,® Moe Inoue,® Tatsuya Nishimura,$®
Taishi Yokoi,” Chikara Ohtsuki® and Takashi Kato*?

Biomineralization-inspired processing is attractive for the preparation of functionalized inorganic/organic
polymer hybrid materials because the materials are obtained under mild conditions and by using organic
templates. As for the formation processes of ordered nanocrystalline hydroxyapatite (HAP), the preparation
of self-standing hybrid films based on HAP has not yet been established. In the present study, self-standing
thin-film hybrids composed of HAP and poly(vinyl alcohol) (PVA) are obtained by rapid and topotactic
transformation of thin films based on octacalcium phosphate (OCP) as a precursor in the organic polymer
matrix. Bioinspired crystallization of calcium phosphate on the PVA matrix in the presence of poly(acrylic
acid) leads to the formation of nanocomposite structures with oriented OCP nanorod crystals 2-4 nm in
width and 10-30 nm in length. The nanostructures allow the composites to transform rapidly into a HAP/
PVA hybrid thin film in water. The transformation proceeds without a change in the original OCP/PVA
nanostructures, resulting in the formation of a HAP/PVA hybrid thin film with oriented HAP nanorod crystals
5-6 nm in width and 20-50 nm in length. The HAP/PVA hybrids have been obtained as self-standing films
with submicrometer scale thickness. The ratio of organic to inorganic components in the self-standing hy-
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Introduction

Biominerals have attracted increasing attention because of
their hierarchical functional composite structures from the
nano- to macro-scale.” It is noteworthy that they are formed
under mild conditions.>” For example, teeth have nano-scale
ordered structures consisting of hydroxyapatite (HAP;
Ca;o(PO4)s(OH),) nanorod crystals, which exhibit high com-
pressive strengths.> HAP is now recognized as an important
functional material. If thin films composed of HAP crystals
are formed under mild conditions, new, stable and biocom-
patible materials can be obtained. Thin-film hybrids of cal-
cium phosphate with thicknesses on the submicrometer scale
were previously reported to have been obtained through bio-
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brid thin films is similar to that in bones of vertebrates.

mimetic methods.* However, free-standing films with ordered
nanocrystalline hydroxyapatite of several hundred nanometers
have not yet been obtained. Our strategy here is to fabricate
HAP-based thin-film hybrids with ordered structures through
a self-organization process inspired by biomineralization.

Preparation of ordered hybrids of calcium phosphate crys-
tals is desirable for the development of structural and func-
tional hybrid materials.>® HAP-based hybrids are also candi-
dates for biomedical materials such as drug delivery systems
and scaffolds applicable to the regeneration of hard tissues.”
In particular, thin films and coating materials based on cal-
cium phosphate crystals are utilized to control interactions
between artificial hard materials and natural hard tissues.
Kokubo and coworkers proposed a biomimetic process for
coating a layer of HAP similar to bone minerals using simu-
lated body fluid (SBF) and its modified solutions.® Processes
were also developed to prepare a bone-like HAP layer on vari-
ous organic substrates.’

In our previous work, we have successfully developed not
only thin films>**®'*!* but also free-standing thin-film hy-
brids'> of CaCO; and SrCO; by mimicking the structure of
nacre of seashells. Cooperative interactions between soluble
acidic polymer additives such as poly(acrylic acid) (PAA) and
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Fig. 1 Schematic illustration of the approach in the present study:
development of a free-standing HAP-based thin film.

insoluble organic matrices such as poly(vinyl alcohol) (PVA)
play key roles in the formation of thin-film hybrids."* PVA
has a high density of hydroxyl groups, which are compatible
with aqueous ionic solutions.'®”* Moreover, the crystal
growth and polymorphism of the crystals in the polymer ma-
trices were found to be tuned by the density of
crosslinking.'®? Our approach is to use these cooperative in-
teractions for the preparation of HAP-based thin-film hybrids.
Recently, free-standing thin films based on HAP were
reported by Imai'* and Wang."® In these cases, films with 10~
20 um thickness were obtained by a solution-air interface
process. Jensen et al. prepared transparent HAP aggregates
on the millimetre scale by sedimentation of HAP nano-
crystals.'® Our intension is to prepare HAP-based free-stand-
ing thin films with a thickness of less than 1 pm for versatile
applications.

We herein report on a novel approach to the fabrication of
thin-film HAP/PVA nanohybrids (Fig. 1). To achieve synthesis
of HAP-based nanohybrids with submicrometer thickness, we
have developed a process of transforming octacalcium phos-
phate (OCP; CagH,(PO,)s-5H,0) crystals to HAP nanorods.

Experimental section

Materials

Poly(vinyl alcohol) (PVA) (Mw: 1.46 x 10°-1.86 x 10°; 87-89%
hydrolyzed) and poly(acrylic acid) (PAA) (Mw: 2.0 x 10%) were
purchased from Sigma-Aldrich. Calcium chloride (CaCl,,
>95.0%), dipotassium hydrogen phosphate (K,HPO,,
>99.0%) and dimethyl sulfoxide (DMSO, >99.0%) were
obtained from Wako. All chemical compounds were used
without further purification. The water used in this study was
produced by an Autopure WT100 system (Yamato, Tokyo)
and had a relative resistivity of about 1.8 x 10”7 Q cm.

Preparation of hybrid thin films

PVA matrices were obtained by a method reported
previously.’** 4 wt% PVA in DMSO solution was spin-coated
on glass substrates (30 mm x 30 mm) at 1500 rpm for 60 s. A
water-insoluble PVA matrix was obtained after annealing at
200 °C for 60 min. The resultant PVA matrix on a glass sub-
strate was placed at the bottom of a plastic vessel. Then, 2.5
ml of a CaCl, aqueous solution containing dissolved PAA and
an equal amount of a K,HPO, (Wako) aqueous solution was
poured into the vessel. The final concentration of CaCl,,
K,HPO,, and PAA in the crystallization solution was adjusted
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to 20 mM, 20 mM, and 7.2 x 10> wt%, respectively. The poly-
mer matrices were soaked in the crystallization solution for 7
days at room temperature to allow the complete crystalliza-
tion in the PVA matrix. The sample was washed with purified
water and dried in air. Transformation of the hybrids was
conducted in water. An appropriate amount of water was
poured into a Petri dish. The thin-film hybrids on a glass
substrate were soaked in hot water at 80 °C for 60 min. They
were washed with purified water and dried at room
temperature.

Characterization of the hybrids

The morphologies of the resultant thin-film hybrids were ob-
served using a polarizing optical microscope (POM) (OLYM-
PUS, BX51), a scanning electron microscope (SEM) (Hitachi,
S-4700, operated at 3.0 kV) and a transmission electron
microscope (TEM) (JEOL, JEM-2010HC, operated at 200 kV).
SEM observations of the samples were performed after plati-
num coating using a Hitachi E-1030 ion-sputterer, and no
conductive treatments were performed during the TEM obser-
vation. X-ray diffraction (XRD) (Rigaku, SmartLab) patterns
were obtained by a paralleling method with Cu Ko radiation
(A = 0.154 nm) using 26 and 26y scanning methods for out-of-
plane and in-plane measurements, respectively. To examine
the crystallographic orientation, XRD measurements were
conducted in in-plane and out-of-plane geometries, wherein
the scanning direction is parallel to the substrate and non-
parallel to the substrate, respectively. The composition of the
crystals formed in the PVA matrix was determined using an
inductively-coupled plasma atomic emission spectrometer
(ICP/AES)  (Thermo  Scientific, =~ iCAP  DUO-6300).
Thermogravimetric (TG) (Rigaku, TG-8120) measurements
were conducted under a flow of N, (100 cm® min™) up to
1000 °C at a heating rate of 5 °C min™".

Results and discussion

PVA was used as a matrix of crystallization of calcium phos-
phate to form HAP-based nanohybrids. PVA matrices were
obtained by spin coating of a DMSO solution of PVA onto
glass substrates. The matrices were then annealed.'*”’ For
the preparation of precursor thin films of calcium phosphate,
the insoluble PVA matrices were soaked in a crystallization
solution containing CaCl,, K,HPO,, and PAA for 7 days at
room temperature. The initial pH of the crystallization solu-
tion was 6.2. Subsequently, the precursor hybrid thin films
were soaked into 80 °C water for 1 hour to obtain HAP/poly-
mer hybrid thin films.

Thin-film crystals were successfully formed on the PVA
matrices after 7 days (Fig. 2a). The X-ray diffraction (XRD)
measurements of the thin-film crystals were conducted in
out-of-plane and in-plane geometries to characterize the crys-
tal structures (Fig. 2b). These two patterns of the hybrid are
ascribed to the characteristic peaks of OCP (ICDD: no. 26-
1056). The two peaks observed in the in-plane XRD pattern at
26° and 53° are attributable to the 002 and 004 reflections of
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(a) Polarizing optical micrograph of the thin-film OCP/PVA hybrids. (b) In-plane and out-of-plane XRD patterns of the thin-film OCP/PVA

hybrids measured at 0.1° min™™. The upper trace shows the standard powder diffraction pattern of OCP crystals obtained from ICDD (no. 26-1056).
(c) XRD patterns of the original OCP/PVA hybrids and the HAP/PVA hybrids obtained by soaking in water at 80 °C for 10, 20, and 60 minutes. The
scanning rate for the XRD measurements is 1° min™*. (d) Enlarged patterns of the samples in the angular regions from 8° to 12° (left) and from 25°
to 35° (right). The standard powder XRD patterns of OCP and HAP are listed in ICDD (OCP: no. 26-1056, HAP: no. 09-432).

OCP, respectively. Compositional analysis of the thin-film
crystals formed on the matrix was performed using
inductively-coupled plasma atomic emission spectroscopy
(ICP/AES). The molar ratio of calcium to phosphorus (Ca/P)
in the resultant hybrids was determined to be 1.49. This
value is larger than the stoichiometric composition of OCP
(1.33). The larger Ca/P ratio of the resultant thin-film hybrids
is attributable to a defective structure in OCP crystals. The
defective structure may cause broadening of the peaks, as ob-
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served in the XRD pattern (Fig. 2b). Disappearance of the 010
reflection at 4.7°, which is the characteristic peak of OCP,
may be attributed to the small crystallite size of the crystals.
In addition, the Ca/P ratio 1.49 is ascribed to the existing cal-
cium ions included in the organic matrices consisting of PVA
and PAA.

Observation of the hybrids using a polarizing optical
microscope reveals that the hybrids are assemblies of spheru-
litic crystals 10-50 um in domain size (Fig. 2a). Although the

This journal is © The Royal Society of Chemistry 2016
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hybrids are composed of OCP with defective structures, bire-
fringence of the hybrids is clearly observed as a cross-
extinction pattern under a polarizing optical microscope
(POM). The cross-extinction pattern suggests that the thin-
film crystals formed on the PVA matrix exhibit self-assembled
structures with aligned optical axes of the OCP crystals in the
radial direction of spherulitic thin films. In the XRD mea-
surements, the 00/ reflections appear only in the in-plane
XRD pattern (Fig. 2b). The resultant thin-film hybrids based
on the OCP crystals form oriented structures with their ¢ axes
parallel to the substrates. The hybrids consisting of PVA and
OCP with the self-assembled structures were successfully
converted to HAP/PVA hybrids in water at 80 °C. The transfor-
mation from OCP to HAP was confirmed by the change in
their XRD patterns, as shown in Fig. 2c. The peak at 10.8° at-
tributed to the 100 reflection of HAP is observed in the XRD
pattern (Fig. 2d, left) of the samples soaked in water at 80 °C
for 10 min, while the OCP peak at 9.5° disappears in the XRD
pattern (Fig. 2d, left) of the hybrids after 20 min of reaction.
The broad peak around 32° due to the OCP crystals is shifted
and results in the peak around 33° attributed to the 112, 211,
and 300 reflections of HAP (Fig. 2d, right). All the peaks ob-
served in the XRD patterns of the sample after 20 min of re-
action can be assigned to the HAP phase. The XRD pattern of
the sample after 60 min of reaction is almost the same as
that of the sample after 20 min of reaction. The birefringence
of the thin-film hybrids disappears as the sample was trans-
formed into HAP (Fig. S1t). Dark images are observed under
cross-polarization after soaking in hot water for 20 min,
suggesting the completion of transformation (Fig. S11). The
measured value of the Ca/P molar ratio in the transformed
materials by ICP/AES suggests that the HAP/PVA hybrids had
a larger Ca/P ratio (1.70) compared to the value of the stoi-
chiometric composition of HAP (1.67), after 60 min of reac-
tion. This value of the Ca/P ratio being larger than the stoi-
chiometric value suggests that HAP has nonstoichiometric
compositions due to a defective structure and substitution of
phosphate ions in the crystals, as well as the Ca** ion in-
cluded in the organic polymers existing in the samples after
the treatment for the transformation of OCP to HAP in the
hybrids. The transformation into HAP in water at 80 °C was
also confirmed by means of the FTIR spectra (Fig. S27).

Macroscopic crystallographic orientation within the HAP-
based hybrids, after soaking in hot water for 60 min, was
confirmed by XRD measurements (Fig. 3). The 1k0 reflections
are observed as intense peaks in the out-of-plane XRD pat-
tern of the thin-film HAP-based hybrids compared with the
standard powder diffraction (Fig. 3). Besides, the 00! reflec-
tions of HAP crystals appeared only in the in-plane XRD pat-
tern, which is comparable with the OCP/PVA thin-film hy-
brids (Fig. 2¢,d and 3). It should be noted that these XRD
measurements suggest that the macroscopic orientation of
the ¢ axes in the hybrids is preserved through the transfor-
mation in hot water.

Fig. 4 shows the hybrid thin films of calcium phos-
phates before and after the conversion. Macroscopic POM

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 In-plane and out-of-plane XRD patterns of the HAP/PVA hy-

brids measured at the scanning rate of 0.1° min™. The upper trace
shows the standard powder XRD pattern of HAP crystals from ICDD
(ho. 09-432).

and SEM images of the OCP/PVA hybrid thin films
(Fig. 4a and b) show assembled structures of spherulitic
thin-film crystals 10-50 pm in domain size. The thickness
of the thin-film OCP/PVA hybrids is estimated to be 800
nm based on the cross-sectional SEM image (Fig. 4c). HAP/
PVA hybrids prepared from precursor OCP/PVA hybrids also
exhibit domain structures 10-50 pum in diameter
(Fig. 4e and f). The thickness of the hybrids decreased
from 800 to 400 nm on transformation (Fig. 4g). In both
fractured surfaces of OCP/PVA and HAP/PVA hybrids, no
boundaries between the inorganic crystals and the PVA ma-
trices are observed. This biomineralization-inspired crystalli-
zation of calcium phosphates develops hybrid structures
comprising OCP nanocrystallites and PVA matrices
(Fig. 4d). These hybrid structures are maintained until the
transformation into HAP hybrids (Fig. 4h).

The size and morphology of the nanocrystallites formed in
the PVA matrices are observed using transmission electron
microscopy (TEM) (Fig. 5). Fig. 5a shows that assemblies of
OCP nanocrystals are formed in the PVA matrix. The corre-
sponding selected-area electron diffraction (SAED) pattern
shown in Fig. 5b suggests that the OCP crystals in the assem-
bled structures are oriented in the c-axis direction. The TEM
image of the HAP/PVA hybrids shows oriented nanorods 4-6
nm in width and 20-50 nm in length (Fig. 5¢). The direction
of the c-axis of HAP corresponds to the long axis of the nano-
rods, which is confirmed by the localized 002 reflection in
the SAED pattern similar to that of the OCP assemblies
(Fig. 5d). It is considered that the OCP nanocrystallites
formed in the PVA matrix exhibit rod-like morphologies with
elongated ¢ axes. The size of the OCP nanocrystallites is esti-
mated to be 3 nm in width and 20-30 nm in length, based
on Fig. 5a. The size of the nanocrystallites may cause the dis-
appearance of the characteristic peak assigned to the 010 re-
flection (d = 18.7 A) of OCP in the XRD pattern (Fig. 2b).

CrystEngComm, 2016, 18, 8388-8395 | 8391
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Fig. 4 OCP/PVA thin-film hybrids (a-d) and HAP/PVA thin-film hybrids (e-h) prepared from the OCP/PVA thin-film hybrids. These hybrids are
formed on glass substrates. Polarizing optical micrographs (a and e) and SEM images of top-view surfaces (b and f) and fractured surfaces (c and
g). (d and h) Schematic illustrations of OCP/PVA and HAP/PVA thin-film hybrids with self-assembled structures. The arrows in (d and h) indicate

the direction of crystal growth.

Similar phenomena were observed in exfoliated nanosheet
systems of layered inorganic compounds.”

It was reported that OCP-like nanocrystals simultaneously
transform into HAP crystals accompanied by the release of
protons because the OCP-like phase is an intermediate
phase.’® However, in the present case, the polymer matrices
and the relatively low pH condition inhibit the simultaneous
transformation into HAP crystals within a week, resulting in

b)

Fig. 5 TEM images and corresponding SAED patterns of the hybrids
isolated from glass substrates: OCP/PVA hybrids (a and b) and HAP/
PVA hybrids (c and d). The arrows in the TEM images indicate the
orientation of the c axes of nanocrystallites.

8392 | CrysttngComm, 2016, 18, 8388-8395

the formation of intermediate OCP nanocrystals in the PVA
matrices.

The transformation into HAP from the intermediate OCP
phase can be induced by the hydrothermal process. It should
be noted that the OCP crystals can be topotactically trans-
formed into HAP crystals because of similarities in their crys-
tal structures."” The rod-like morphologies and oriented
structures in the HAP-based hybrids should be adapted from
original OCP nanorod crystallites in the hybrids.

It is significant that the transformation from OCP/PVA to
HAP/PVA proceeded rapidly, compared with other studies
conducted in water, below the boiling point.>’ The OCP crys-
tals in the hybrids were completely transformed into HAP
crystals within 20 min. The nanocrystallites with a larger sur-
face area contribute to the rapid transformation, as well as
the defective structure of the intermediate OCP crystals.

These OCP/PVA and HAP/PVA hybrids were isolated from
the glass substrates as freestanding thin-film hybrids
(Fig. 6a and b). These free-standing thin films exhibited
colors that can be ascribed to their submicrometer thickness.
To evaluate the components of these thin-film hybrids,
thermogravimetric (TG) measurements were conducted
(Fig. 6¢). The TG curves of these thin-film hybrids show
weight loss attributable to the water molecules included in
the PVA hydrogel below 200 °C and thermal decomposition
of the PVA matrix above 200-600 °C (Fig. 6¢). Table 1 shows
the composition of the OCP/PVA and HAP/PVA hybrids as de-
termined by TG analysis. Due to hydrolysis reaction and dis-
solution of some inorganic crystals, the amount of inorganic
components in the hybrids decreases after the transforma-
tion. Consequently, we obtained HAP/PVA hybrids with ori-
ented nanorod structures, with a composition of 6.2 wt%
adsorbed water molecules, 42.7 wt% organic polymer and

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Photographs of free-standing thin-film OCP/PVA (a) and HAP/
PVA (b) hybrids isolated from the glass substrate. The thickness of the
isolated thin-film hybrids is several hundred nanometers, estimated
from the SEM images shown in Fig. 3. (c) Thermal decomposition
behaviors of thin-film OCP/PVA (blue line) and HAP/PVA (black line)
hybrids under a N, atmosphere.

Table 1 Composition of OCP/PVA and HAP/PVA hybrids as determined
by TG analysis

Adsorbed water Organic Inorganic

molecules polymers crystals
OCP/PVA hybrids 4.9 wt% 33.7 wt% 61.4 wt%
HAP/PVA hybrids 6.2 wt% 42.7 wt% 51.1 wt%

51.1 wt% inorganic crystal. The HAP/PVA hybrids are similar
in structure and composition to bones of vertebrates.'”

Conclusions

In summary, we have developed self-standing HAP/PVA thin-
film hybrids of submicron thickness. Biomineralization-
inspired crystallization under mild conditions led to the for-
mation of oriented nanostructures of OCP/PVA hybrids,
which, when soaked in water at 80 °C enable the rapid and
topotactic transformation into HAP/PVA hybrids. During the
transformation, PVA served as a template to maintain the hy-
brid structures, resulting in the formation of HAP/PVA thin-
film hybrids with oriented nanostructures. It is expected that
the thin-film hybrids shall adhere to hard tissues during this
conversion. Their free-standing structures and resorbability
under physiological conditions should be convenient for tis-
sue engineering in the repair of bones and teeth. Moreover,
their structures, composed of oriented nanorod crystals and

This journal is © The Royal Society of Chemistry 2016
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polymer matrices, are similar to that of the bones of verte-
brates. Further biological research is needed to use these hy-
brids as clinical materials. Moreover, the methods of crystalli-
zation described in this study can be utilized for the
fabrication of additional inorganic/organic hybrids, which
will be candidates for the next generation of environmentally
friendly or less-energy-consuming materials.
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