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Abstract—We report the synthesis and characterization of crystalline calcium phosphate (CaP) nanostructures from
calcium inositol hexakisphosphate (CalPg) precursor in water-ethanol mixed solutions. We show how these CaPs can
be prepared by a solvo-hydrothermal reaction and determined their compositions and structures using a battery of
material characterization techniques. Our results show that only the hydroxyapatite (HAP) and dicalcium phosphate
anhydrous (DCPA) phases of CaP were present in the nanostructures produced in water-ethanol mixtures, and that
HAP/DCPA ratio of the rod- and plate-shaped CaP nanostructures produced were affected by the amount of ethanol
present in these mixtures. The described method can be used to improve morphological control of CaP-based biomate-
rials and has potential use in bone regenerative medicine.
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INTRODUCTION

Calcium phosphates (CaPs) are important in the tissue engineer-
ing, regenerative medicine, and drug delivery fields due to their
excellent biocompeatibility; low toxicity, and outstanding osteocon-
ductivity [1-4]. CaP-based materials have many potential uses in
biomedical applications due to their unique bioactivity, biocompati-
bility, and mechanical properties, and are used as scaffold materi-
als for bone and tooth repair [2,5,6], bioactive coatings and fillers
[7,8], composite materials [9], and drug delivery transporters [10-
12]. These material properties strongly depend on CaP morphol-
ogy, crystallinity, composition, and particle size [13], and thus, the
ability to control CaP morphology, crystallinity, composition, and
size (typically, with lengths in the nanometer to sub-micron range)
is of great importance for their applications.

CaPs with different phases have been synthesized in numerous
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ways [14-17] and the majority of them have been based on the use
of hydroxyapatite (HAP, Cao(PO,)s(OH),), because it is one of the
key mineral components of the bones and teeth of vertebrate [1].
Some excellent reviews have been published on the advances made
in the syntheses of CaP crystals with various sizes and shapes [14,
18,19]. HAP is commonly used as bone graft and filler [2], and as
drug delivery carrier [10-12], catalyst [20], and adsorbent [17]. Mon-
etite (dicalcium phosphate anhydrous (DCPA, CaHPQ,)), has also
been used for bone regeneration applications because it is absorbed
more rapidly than HAP in vivo, and thus better promotes bone
regeneration [21]. DCPA is also used commercially to produce bone
cements, toothpastes, and food additives [22], and as a precursor
material to produce HAP [16]. For these reasons, HAP- and DCPA-
based composites represent promising alternatives to conventional
implant replacement materials.

Phytic acid (inositol hexakisphosphate (IP;)), is a non-toxic six-
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Fig. 1. Schematic diagram of the preparation of CaP nanostructures from CalP, precursor nanoparticles in the water-ethanol mixtures under

solvo-hydrothermal conditions.
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fold dihydrogenphosphate ester of inositol typically found in mam-
malian cells and plant tissues [23]. IP, contains six phosphate groups
attached to a six-membered carbocyclic sugar. At physiological pH
conditions, these phosphates are partially ionized so that they be-
come negatively charged. These charges offer a high binding affinity
to metal ions such as Ca”* and Mg™". TP is also used to protect teeth
because it prevents the dissolution of crystalline HAP from tooth
enamel [24], and recent studies have revealed IP; is involved in the
inhibition of pathological calcification in soft tissues [23]. Grases et
al. reported IP; suppressed the crystallization of CaP from solu-
tion under ambient conditions [25]. Although the detailed mecha-
nisms are not fully understood, IP; is believed to inhibit the crystal
growth by adsorbed onto HAP nuclei or certain crystalline facets
of HAP, which suggests IP, may play an important role in affecting
the growth of CaP crystals under physiological conditions. How-
ever, few studies have investigated the effect of IP on CaP crystal
growth under hydrothermal conditions, which usually involves rela-
tively high temperatures and pressures [23,26].

Herein, we present a means of synthesizing crystalline CaP nano-
structures with different phases from CalP; nanoparticles under
solvo-hydrothermal conditions and describe the influence of water-
ethanol solution compositions on the crystalline phases, morphol-
ogies, and sizes of the CaP nanostructures produced.

EXPERIMENTAL SECTION

1. Materials

Calcium chloride dihydrate (CaCl,-2H,0, 98%), sodium hydrox-
ide (NaOH), and ethanol (CH,;CH,OH, 99.9%) were obtained from
Daejung Chemical & Metals Co. (Korea), Ltd. An aqueous solu-
tion of myo-inositol hexakis(dihydrogen phosphate) (C;H,3O0,,Pg,
50% (w/w)) was purchased from Sigma-Aldrich (USA). All other
chemicals were of analytical ACS Regent grade and once purchased
they were used without further purification.
2. Preparation of Calcium Inositol Hexakisphosphate (CalPy)
Precursor

CalP nanoparticles were synthesized as previously described
with a few modifications [27]. 2.20 g (1.67 mmol) of a 50% (w/w)
aqueous solution #myo-inositol hexakis(dihydrogen phosphate) and
1.47 g (10 mmol) of CaCl,-2H,0O were added to 400 mL of 182 MQ
ultrapure water (Milli-Q purification system, Millipore Corpora-
tion) at room temperature and a Ca to P atomic ratio of 1: 1. The
pH of the solution was adjusted to ~8.5 with 1 N sodium hydroxide
(NaOH) solution while vigorously stirring at 300 rpm for 1.5 hr. The
solution turned from a clear light brown to an opaque white during
the reaction. After reaction completion, the mixture was centrifuged
at 18,686 xg for 10 min, filtered through a mixed cellulose ester mem-
brane of a pore diameter of 0.45 pm, rinsed with an excess of deion-
ized water followed by absolute ethanol, re-dispersed in deionized
water, centrifuged at 18,686 xg for 25 min, and filtered. The resulting
white product was dried in a vacuum oven at 90 °C to give ~1.48 g
(~17% yield) of CalP, nanoparticles. Finally, the CaIP, nanoparti-
cles were stored in a desiccator at ~4 °C.
3. Preparation of CaP Nanostructures via a Solvo-hydrothermal
Reaction of CalPg Precursor in Water-ethanol Mixed Solutions

CaP nanostructures were synthesized from CalP; precursor under
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Fig. 2. (a) Survey XRD patterns of as-synthesized CaP nanostructures
synthesized in water-ethanol mixture H,O/EtOH (v/v %)=
100/0, 75/25, 50/50, 25/75, and 0/100. (b) Comparison of the
XRD patterns of CaP nanostructures synthesized in water-
ethanol mixtures (H,O/EtOH (v/v %)=100/0, 75/25, 50/50, 25/
75, and 0/100) and standard XRD patterns of the hydroxyapa-
tite (HAP) (JCPDS No. 09-0432, ICDD 98-000-1706), dical-
cium phosphate anhydrous (DCPA or monetite) (JCPDS No.
09-0080, ICDD 01-071-1795), dicalcium phosphate dihydrate
(DCPD or brushite) (JCPDS No. 09-0077, ICDD 98-017-2261),
Ptricalcium phosphate (5-TCP) (JCPDS No. 09-0169, ICDD
01-070-2065), and octacalcium phosphate (OCP) (JCPDS No.
26-1065, ICDD 98-006-5347) phases of CaP. Dotted lines indi-
cate peak assignments.



Solvo-hydrothermal synthesis of calcium phosphate nanostructures from calcium inositol hexakisphosphate 893

solvo-hydrothermal conditions (Fig. 1). In a typical experiment,
~110 mg of CalP nanoparticles were added to ~40 mL mixture of
ethanol and 18.2 MQ ultrapure water, at v/v % ratio of 100/0, 75/
25, 50/50, 25/75, and 0/100, and ultrasonicated at room tempera-
ture to produce clear solutions. Then, the resulting solutions were
transferred to a 100 mL Teflon-lined stainless steel autoclave and
heated at ~180 °C for ~6 hr. After cooling to room temperature, the
solutions were then filtered through a Nylon membrane of pore
diameter of 0.2 um. The resulting white powders were washed with
an excess of deionized water and absolute ethanol and dried in air at
room temperature. The weights of final products for water/ethanol
compositions of 100/0, 75/25, 50/50, 25/75, and 0/100 were ~43
mg (yield ~35%), ~46 mg (~41%), ~58 mg (~56%), ~68 mg (~64%),
and ~99 mg (~90%), respectively.
4. Characterization

X-ray powder diffraction (XRD) patterns were obtained using a
Philips X’Pert-MPD diffractometer with a monochromatized source
of Cu K, radiation (1=0.15405nm) at 1.6kW power (40kV, 30
mA). Fourier transformation infrared spectroscopy (FT-IR) was
performed on a Spectrum GX FT-IR spectrometer. The morphol-
ogy of CaP nanostructures was determined by field emission scan-
ning electron microscopy (FESEM) using a Zeiss Supra 40 FESEM
microscope at an accelerating voltage of 5 to 10kV and by trans-
mission electron microscopy (TEM) using a Hitachi H-7600 TEM
unit operating at an accelerating voltage of 80 kV. High-resolution
TEM (HRTEM) analysis was performed using an FEI TALOS
F200X unit at an operating at accelerating voltage of 200 kV.

RESULTS AND DISCUSSION

Fig. 2 shows the XRD patterns of as-synthesized CaP products
synthesized using the solvent mixtures shown in Table 1. The XRD
pattern of the reaction product obtained using 100% ethanol (olive
curve, Fig. 2) closely resembled that of the amorphous CalP; pre-
cursor (navy curve, Fig. 2) and exhibited only one broad peak at
20=259". As the proportion of water was increased, XRD patterns
revealed diffraction peaks corresponding to HAP (JCPDS No. 09-
0432) and DCPA (JCPDS No. 09-0080). The relative fraction (F)
of HAP and DCPA in products was determined semi-quantitatively
from XRD patterns using the empirical formula (Eq. (1)) and the
relative ratios of the integrated intensity of the HAP (211) reflec-
tion at 260=31.8° (I;4p) and the DCPA (002) reflection at 20=26.4°
(Incpa) 28]

F(%):flix 100= ———— %100 (1)

Lap+Ipcea
phase

As the proportion of ethanol was increased, HAP fractions gradu-
ally decreased from ~100% (H,O/EtOH=100/0) to ~52% (75/25),
~36% (50/50), and ~23% (25/75) and DCPA fractions increased from
~0% (100/0) to ~48% (75/25), ~64% (50/50) and ~77% (25/75).

Note that the XRD pattern (Fig. 2(a) red curve) of the CaP prod-
ucts produced in 100% water matched the reference HAP pattern
(JCPDS No. 09-0432). The integrated intensity of the HAP (002)
reflection at 26=25.9" as a percentage of that of the (211) reflection
at 26=31.8" in the reference XRD pattern of HAP (black curve, Fig,
2(a)) was ~40%. However, in the present study; it was slightly higher
for the CaP product in 100% water at ~63% (red curve, Fig. 2(a)),
which suggested the CaP product produced in 100% water had a
rod-like shape elongated along its preferential growth direction. It
has been reported that HAP synthesized in aqueous environments
exhibits anisotropic rod-like morphologies due to their preferen-
tial growth along c-axis while obeying their intrinsic crystal habit
[29]. This anisotropic growth in the [001] direction is typically ac-
companied by an increase in exposed (001) and its equivalent faces,
which was probably increased the (002) to (211) reflection inten-
sity ratio [30].

FESEM and TEM micrographs of the as-synthesized CaP prod-
ucts synthesized in 100% water confirmed their anisotropic rod-
like structures. Figs. 3(a) and (b) show rod-shaped HAP nanostruc-
tures that were produced from the CalP nanoparticle precursor
under hydrothermal conditions at 180 °C with relatively uniform
lengths and widths (111+24 and 28+2 nm, respectively). Selected
area of electron diffraction (SAED) patterns of the rod-shaped HAP
nanostructures (see Fig. S1 of the supplementary information) de-
monstrated that they were highly crystalline. The d-spacings calcu-
lated from SAED patterns were ~0.34, ~0.29, and ~0.26 nm, which
were putatively attributed to (002), (211), and (202) or (300) planes,
respectively. These results were indeed in good agreement with the
XRD results (Fig. 2(a)).

Figs. 3C and D show HRTEM images of these rod-shaped HAP
nanostructures. A number of the rod-shaped HAP nanostructures
revealed nearly identical lattice fringe highlighted in Fig. 3C. The
spacing of the fringe was measured to be 0.343 nm, which corre-
sponds to that of (002) lattice plane [31]. Fig. 3D illustrates two lat-
tice planes with an angle of ~36.1°, which were assigned to the (002)
and (112) planes based on measured d-spacings of 0.343 and 0.278

Table 1. Summary of the phases and morphologies of nanostructured calcium phosphate (CaP) products synthesized in water-ethanol mix-

tures under solvo-hydrothermal conditions

H,O/EtOH (% (v/v)) Phase of CaP Morphology of CaP

100/0 HAP Nanorods
HAP-rich

75/25 (HAP-DCPA mixed) (major) Microspheres composed of rod- and plate-shaped CaP nanostructures

(minor) Microrods

50/50 HAP-DCPA mixed

25/75 DCPA-rich (major) Micorspheres composed of rod- and plate-shaped CaP nanostructures
(HAP-DCPA mixed) (minor) Microrods

0/100 CalP; precursor Aggregated amorphous nanoparticles

Korean J. Chem. Eng.(Vol. 37, No. 5)
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Fig. 3. (A) FESEM and (B) TEM images of rod-shaped CaP nanostructures synthesized in 100% water solution. Inset plots in Figs. 3A and B
show histograms of measured lengths (mean length 111424 nm) and widths (mean width 28+2 nm) based on 117 counts. (C) and
(D) HRTEM images of rod-shaped CaP nanostructures. Two lattice spacings of 0.343 and 0.278 nm were assigned to distances
between the (002) and (112) planes of HAP. The inset image in Fig. 3D is the corresponding fast Fourier transform image of the
HRTEM lattice fringe images. Based on the analysis performed, rod-shaped CaP nanostructures grew in the [001] direction.

nm, respectively. Overall, our results indicated that rod-shaped HAP
nanostructures typically grew in the [001] direction, which aligned
with the c-axis of HAP crystals. This is also consistent with the in-
creased ratio of the integrated XRD intensities (red curve, Fig. 2(a)).

Fig. 4 shows the FT-IR spectra of the as-synthesized CaP prod-
ucts synthesized during solvo-hydrothermal conditions. The FT-
IR spectrum of CalP, precursor (navy curve) exhibited the two char-
acteristic groups of IR bands at ~794, ~840, ~895, ~994cm™ (C-O-P
collective vibrations of the IP; moiety) and at ~1,130, ~542 cm™
(POj;™ vibrations of the IP; moiety) [32]. The FI-IR spectrum of the
CaP product (olive curve with H,O/EtOH=0/100) produced using
100% ethanol closely resembled that of the CalP, precursor nano-
particle, which suggests the CalP precursor was unchanged. How-
ever, the FT-IR spectra of the product (red curve with H,O/EtOH=
100/0) produced in 100% water showed the following characteristic
IR bands at ~1,096, ~1,030, ~963, ~634, ~604, and ~563 cm™, which
were assigned to the vibration modes of the phosphate (PO} ") group
of the rod-shaped HAP nanostructures. These values are reason-
ably consistent with reported values of ~1,093 and ~1,030cm™
(PO; 13 bending vibrations of HAP) and ~606 and ~561 cm "
(PO; 14 bending vibrations of HAP), respectively [26,33]. Based
on the results from elemental analysis (+0.03), the rod-shaped HAP
nanostructures produced from CalPg precursor in 100% water
consisted of a Ca to P atomic ratio of ~1.67: 1 that corresponds to
stoichiometric HAP (Cayy(PO,)s(OH),). Besides, the rod-shaped
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HAP nanostructures did not exhibit IR bands at 870-880 cm ™"
that are characteristic of (HPO,)"~ groups present in Ca-deficient
HAP (Ca,,_(HPO,)(PO,)s(OH),_,). These results are reasonably
consistent with the SAED and HRTEM analyses.

The FT-IR spectra of the products (blue, orange, and magenta
curves) in the water-ethanol mixtures showed the following addi-
tional characteristic IR bands at ~1,130, ~1,064, and ~902 cm™', which
were attributed to the vibration modes of PO; groups of DCPA
nanostructures. Furthermore, these values agreed well with reported
values of ~1,130, ~1,065, and ~892 cm ™ for the vibration modes
of PO;~ groups present in DCPA [15]. Therefore, both XRD and
FT-IR analysis confirmed that only the HAP and DCPA phases of
the CaP were produced in water-ethanol mixtures.

Table 1 summarizes the phases and morphologies of the CaP
products synthesized under solvo-hydrothermal conditions. Fig. 5
shows FESEM micrographs of the as-synthesized CaP products syn-
thesized in the presence of ethanol. When the CalP; precursor was
solvo-hydrothermally treated in 100% ethanol (H,O/EtOH=0/100),
the CaP products remained as amorphous CalP, nanoparticles
(Fig. 5A and A1). However, as the amount of water was increased
(H,O/EtOH=25/75 (Fig. 5B and B1), 50/50 (Fig. 5C and C1), or
75/25 (Fig. 5D and D1)), we made the following observations.

First, nanostructured CaP products aggregated to form micro-
spherical superstructures with uniform diameters in the sub-pum
(Fig. 5B) to tens of um range (Figs. 5C and D) in the H,O/EtOH
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Fig. 4. (a) Survey FI-IR spectra of CaP nanostructures synthesized
in water-ethanol mixtures H,O/EtOH (v/v %)=100/0, 75/25,
50/50, 25/75, and 0/100. Dotted lines indicate peak assign-
ments. (b) Selected regions of the FT-IR spectra of CaP nano-
structures synthesized in water-ethanol mixtures H,O/EtOH
(v/v %)=100/0, 75/25, 50/50, 25/75, and 0/100. Characteristic
IR bands of HAP and DCPA are indicated by red and blue
dotted guidelines for comparison.

(25/75) mixture. Second, a few different types of microspherical
superstructures were produced at H,O/EtOH=25/75 (Figs. 5B and
BI), 50/50 (Figs. 5C and C1), and 75/25 (Figs. 5D and D1). One of
these types was composed of aggregated CalP, precursor nanopar-
ticles and the other predominantly of rectangular plate-shaped CaP
nanostructures in the H,O/EtOH (25/75) mixture. However, both
rectangular plate- and rod-shaped CaP nanostructures aggregated
into microspherical superstructures (Figs. 5C1 and D1) at H,O/
EtOH=50/50 and 75/25. Third, microrods of uniform length (30.8+
29 um) and width (9.9+1.6 um) were also produced in H,O/EtOH
(50/55) and (75/25) mixture (Figs. 5C and D).

Our FESEM results indicated that the rod- and rectangular plate-
shaped CaP nanostructures by solvo-hydrothermal treatments of
CalP; precursor were composed of HAP and DCPA, and that their

Fig. 5. (Left column) FESEM images of CaP nanostructures synthe-
sized in water-ethanol mixtures H,O/EtOH (v/v %)=(A) 0/100,
(B) 25/75, (C) 50/50, and (D) 75/25. (Right column) high mag-
nification FESEM images of these nanostructures synthesized
in water-ethanol mixtures H,O/EtOH (v/v %)=(A1) 0/100, (B1)
25/75, (C1) 50/50, and (D1) 75/25.

phase compositions affected by the relative ratio of water to ethanol.
The existence of HAP and DCPA phases and their relative frac-
tions in CaP as determined by FESEM were consistent with the
above-mentioned XRD and FT-IR measurements.

Interestingly, CalP, nanoparticles were not transformed to HAP
or DCPA in 100% ethanol, possibly because of a lack of water re-
quired to generate phosphate ions from hydrolysis of CalP,. It has
been reported HAP is the thermodynamically stable phase if Ca™
and PO; ions are reacted hydrothermally at 100 to 200°C [34].
However, we found that the DCPA to HAP ratio increased with
an increase of ethanol concentration in solution. We believe this may
be because polarity of the reaction environment plays an import-
ant role in determining the phase of CaP nanostructures. Based
on the dielectric constants of water and ethanol at 25 °C, which are
78.5 and 24.3, respectively, the dielectric constant of the water-eth-
anol solutions would decrease as the proportion of ethanol is in-
creased and it would appear that this less polar environment mili-
tates against HAP crystal formation [35]. It is also possible that small
pH decreases may promote DCPA formation. As has been previ-
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ously reported, a slight pH reduction occurs when water is added
to aqueous solutions containing a high percentage of ethanol [36].
This increase in H' ion concentration would result in a shift of the
equilibrium between PO; and HPO;  ions towards an increase in
HPO;, hence promoting the formation of DCPA. In fact, the sol-
ubilities of all CaPs rapidly increase when pH is reduced, but the rate
of increase is highly dependent on the type of CaP. The pH-depen-
dence of the solubility of HAP is greater than that of DPCA, and
at a pH values of <5.5 the solubility of HAP exceeds that of DCPA;
thus, in this acidic range DCPA becomes the more stable phase and
its formation is facilitated [37].

Why the rectangular plate- and rod-shaped CaP nanostructures
aggregated more to form the microspherical superstructures of uni-
form diameter and morphology in the water-ethanol solutions is
uncertain. One possible explanation is that lowering the overall di-
electric constant of the water-ethanol may have boosted interac-
tions between rectangular plate- and rod-shaped CaP nanostruc-
tures and caused them to aggregate. This rationalization suggests
that the composition of the water-ethanol solutions is an important
parameter, which by extension suggests that ethanol content influ-
ences the assembly of CaP nanostructures and, consequently, the
hierarchical structures of microspheres.

CONCLUSIONS

We prepared CaP nanostructures from CalP¢ nanoparticles in
the water-ethanol solutions using a solvo-hydrothermal method.
FESEM, TEM, HRTEM, XRD, and FT-IR analyses of their struc-
tures indicated that all products were highly crystalline CaP nano-
structures with distinctive shapes and morphologies. Anisotropic
rod-shaped CaP nanostructures of relatively uniform length and
width were obtained exclusively by the decomposition of CalP; in
100% water; these nanostructures had pristine crystal structures
with less grain boundary and their crystalline structure equaled to
HAP phase. When the same reaction was carried out in the water-
ethanol solutions, rod-shaped and rectangular plate-shaped CaP
nanostructures were both produced. The ratios of HAP to DCPA
phases in these nanostructure were influenced by the water to eth-
anol ratio that seemed to dictate the solution polarity. As the etha-
nol fraction increased, the formation of HAP-rich rod-shaped CaP
nanostructures gave way to the formation of DCPA-rich rectangu-
lar plate-shaped CaP nanostructures. Our findings are significant
because they enable control of the size, morphology; and crystalline
structures of CaP nanostructures. Consequently, we believe the de-
scribed method can be utilized to improve morphological control of
novel biomaterials for bone regeneration and repair applications.
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{300} {211} {002}

Fig. S1. Selected area electron diffraction (SAED) pattern of as-syn-
thesized rod-shaped CaP nanostructures in the pure water
solution. The diffraction pattern shows several ring patterns
composed of bright spots that are indexed to the set of {300}
and {202}, {211}, and {002} equivalent planes belong to the
hexagonal lattice of HAP.
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