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through Dicalcium Phosphate with Gelatin

Kozue Furuichi, Yuya Oaki, and Hiroaki Imai*

Department of Applied Chemistry, Faculty of Science and Technology, Keieldity 3-14-1 Hiyoshi,
Kohoku, Yokohama 223-8522, Japan

Receied October 5, 2005. Rised Manuscript Recegéd October 31, 2005

Organized nanostructures of hydroxyapatite (HAp) were produced using a novel preparation route
through the topotactic transition of dicalcium phosphate dihydrate (DCPD) containing gelatin molecules.
A nanoscale texture of dicalcium phosphate (DCP) was formed by the dehydration of DCPD prepared in
gelatin gel containing phosphate ions. A three-dimensionally oriented framework of HAp consisting of
ca. 20 nm grains was prepared by a rapid hydrolysis of the nanotextured DCP with a sodium hydroxide
solution. Nanoscale HAp fibers elongated alongdlasis with a diameter of ca. 50 nm were also obtained
by a moderate hydrolysis with ammonia water. The hierarchical architectures of the nanostructured HAp
were successfully achieved by the phase transition associated with the specific interaction of the organic
molecules.

Introduction posite of HAp—-collagen which is similar to the nanostruc-

Oqj 1 in 21,22
Hydroxyapatite [HAp; Ca(POQy)s(OH);] is the main tuhr.(tes ofngggl boge.r']r hedeff?_cts Olﬁcggim’ S|ka|Ibr0|rl, died
inorganic component of hard tissues in vertebrates, such agontosam =t and chondroitin suffa were also studie

bone and teeth.® For practical purposes, HAp has been on the contr_olled_pr7o du<_:tion Qf I;b;‘\op cry_stals. The_ pre:zze nee
utilized for artificial bones’;® scaffold for tissue engineering, of poly(acrylic) acid; amino acid;* and inorganic |on3_é’ .
and liquid chromatographic packihecause of its high has been shown to influence the crystal morphologies with

bioactivity and absorbability for various ions and molecules. Eg;irgt':: dopbfgeg'fﬁ ASUréﬁcsetZ]sTE:spLeepe?aggﬁ'emeghés_
Therefore, the structural control of HAp is important for the y i hl' u ph Y hvdroth I Itﬁ\éé‘is y
improvement of its performance. Many synthesis methods, \I;a?:us nec nlqlrJesi, itSl;i%Frgs N dythro he(;rrn? ?ygdi i '
including precipitatiorf,hydrothermal processésydrolysis omogeneous precipita ’38; € Nyarolysis ob-tri-

of salts?™*® and sol-gel routes*!®> have already been caicium phosphate o¢TCP) D espite thes.e previous
reported for the preparation of HAp crystals. Recently, Shape_e1‘forts, the control of macroscopic forms consisting of HAp
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met with partial success in the preparation of a nanocom- % BFi‘(‘)r#é‘(’j’_‘OM;ér.T?{%‘gquTgO{(gSﬂ‘?a' A Akashi, M.; Tamada,JY.
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Figure 1. Schematic illustration of the overall process from precursor DCPD (a) to nanostructured HAp (c) through nanotextured DCP (b). Precursor DCPD
(a) was prepared in gelatin gel containing phosphate ions. Nanotextured DCP (b) was obtained by the dehydration of precursor DCPD. Nanassale structu
of HAp consisting of textured particles (c-1) and fibers (c-2) were formed by hydrolysis at pH 13.6 and 10.0, respectively.

nanocrystals has been insufficient for mimicking real bone. poly(acrylic) acid®**?However, nanostructured HAp has not
A three-dimensionally oriented assembly of nanoscale unitsbeen obtained by the phase transition of the precursor
with a hierarchical architecture would be essential for crystals. Because DCPD and HAp are similar in their ionic
improving the particular ability of artificial bone. Moreover, configuration of the calcium cation on the (010) face, the
HAp crystals having a controlled macroscopic structure and structural control of DCPD and DCP crystals with organic
a high specific surface area are also utilized for protein molecules would be important as a precursor of nanostruc-
adsorbents, liquid chromatographic packing, and scaffold for tured HAp. Here, we synthesized DCP crystals having a
tissue engineering. three-dimensionally organized nanostructure from DCPD
It is widely known that crystal morphologies depend on containing gelatin molecules. Subsequently, nanotextured and
the correlation between the driving force of crystallization nanofibrous HAp crystals were prepared by the transition
and the diffusion of atoms, ions, molecules, or heat. Thus, aof nanostructured DCP crystals without deformation of the
gel matrix has been used for the control of nucleation and macroscopic shapes. A new family of HAp structures de-
morphology on aqueous solution-based crystal grd{it. scribed here would be applied to a wide variety of biomedical
The formation and morphology of fluorapatite in gelatin were applications because of their hierarchical architecture with
investigated>=47 In our previous study, hierarchically lami-  a high specific surface area. Furthermore, this new prepara-
nated calcium phosphate was produced through Liesegangion route through the topotactic transition of the precursor
periodic precipitation in a gel matrix of poly(acrylic acid) crystals is informative for the science and technology of
containing phosphate anions by diffusion of calcium cat- materials processing.
ions?8 In this work, we successfully produced nanostructured
calcium phosphate from a precursor crystal of dicalcium Experimental Section
phosphate dihydrate (DCPD, brushite, CaH#0) pre-
pared in gelatin gel. A hierarchical architecture consisting A Stock solution containing 1.1 mol/dhof ammonium dihy-
of HAp nanocrystals was achieved by a specific route from g:ggz?edpl?;ﬁzﬁiu(rﬁ?gésvié rﬁ?rr];%mctr:nnggiiurizg'\(/)\;ﬁ)dig\;?)slved
E?)ecge(;lqjgi]c:artiltjecP(?a}:]g};ggigfgcgjthporxsspga;ir?;n?;?i:;ates'o 9 of gelatin powder (Kanto Chemical) in 50 %:Df the S'[.O(.)k
) i ’ . solution at 70°C. Then, 20 cri of the gelatin solid containing
illustration of the procedure for the preparation of hanotex-

] phosphate ions was poured into a 50gulypropylene vessel and
tured and nanofibrous HAp crystals from precursor DCPD ¢qoled at 4°C for 6 h topromote gelation. The same volume of a

grown in a gelatin matrix through nanotextured DCP. The 2.7 mol/dn# calcium nitrate tetrahydrate [Ca(N@4H,0, Junsei

structural modification of octacalcium phosphate and TCP Chemical, 98.0%] aqueous solution adjusted to the physiological

was achieved by the addition of gelattproteins3® and pH of 7.5 with a,a,a-tris(hydroxymethyl) methylamine-HCI was
loaded onto the gel in the vessel at®5 A white powder of DCPD

(39) Ota, Y.; Iwashita, T.; Kasuga, T.; Abe, ¥. Am. Ceram. S0d.99§ was formed in the gelati'n .matrix with the diffusion of calcigm ions.
81, 1665. The particles were precipitated on the bottom of the reaction vessel
(22) Ioak_i’ |.\|( é)mii" ';-X:WSI- chok‘]"’th Dfizg(gﬂo% 72%- 1363 after the gelatin gel changed into a solid. Opaque crystals of DCP
é42§ &Ti', Y In?a;: H:J.n,gﬁvaICheinn?"So?zbozl 122 0271, were obtained from the precipitates of DCPD by drying in air at
(43) Mann, SNature 1993 365, 499. 60 °C. HAp was prepared by the hydrolysis of the resultant DCP

(44) Mann, S.; Archibald, D. D.; Didymus, J. M.; Douglas, T.; Heywood,
B. R.; Meldrum, F. C.; Reeves, N. $ciencel993 261, 1286.

(45) Busch, S.; Schwarz, U.; Kniep, Rhem. Mater2001, 13, 3260. (49) Gobel, C.; Simon, P.; Buder, J.; Tlatlik, H.; Kniep, RMater. Chem.
(46) Busch, S.; Schwarz, U.; Kniep, Rdv. Funct. Mater.2003 13, 189. 2004 14, 2225.
(47) Busch, S.; Dolhaine, H.; DuChesne, A.; Heinx, S.; Hochrein, O.; Laeri, (50) lijima, M.; Moradian-Oldak, JJ. Mater. Chem2004 14, 2189.
F.; Podebrad, O.; Vietxe, U.; Weiland, T.; Kniep, Rur. J. Inorg. (51) Bigi, A.; Boanini, E.; Cojazzi, G.; Falini, G.; Panzavolta, &yst.
Chem.1999 10, 1643. Growth Des.2001, 1, 239.
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Figure 2. Appearance of precursor crystals of DCPD prepared in agar
gel; an optical micrograph (a) and a SEM image (b).

crystals using a 10 mass% NaOH aqueous solution (pH 13.6) under

stirring at 95°C for 5 min or an NHOH solution (pH 10.0) at 95 e (d)

°C for 2 h. The final products were washed with purified water ° .

and dried under ambient conditions. R oo o0 et o W
X-ray diffraction (XRD) patterns were recorded on a Rigaku 10 20 30 40 50

RAD-C system with Cu K radiation. The morphology of the 20 [degree] _ _
particles was observed with a field-emission scanning electron Figure 3. XRD patterns for crystals as-deposited (a), dried at@Qb),

; T . Al amicci ._ dried and treated for 5 min in NaQplat 95°C (c), and dried and treated
microscope (SEM; Hitachi S-4700) and a field-emission transmis for 2 hin NHsOHaqat 95°C (d). Whereas a small amount of DCP remained

sion electron microscope (TEM; Philips TECNAI F20). Fourier  after a rapid hydrolysis with NaOH, the signals of DCP disappeared with
transform infrared (FTIR) spectra and thermogravimetry were a prolonged treatment.

performed with a BIO-RAD FTS-60A and a Seiko Instruments
TG/DTA6200, respectively. The specific surface area was calcu-
lated by the BrunauerEmmett-Teller methods using nitrogen
adsorption isotherms obtained at 77 K with a Micromeritics TriStar

(e)

3000. (d)
=
Results and Discussion o
gl @
Precursor crystals were prepared in gelatin gel con- E
taining phosphate ions by the diffusion of calcium ions from % Fon
a Ca(NQ), solution loaded on the gel. Clear and platy h o HOH

crystals -2 mm in width were slowly grown at the top of (b) po N

the gel matrix with the introduction of calcium ions (Figure
2). Since the gel network of gelatin molecules was weakened m
by the penetration of calcium ions, the grown crystals were (@ -COO"++-Ca?*
then precipitated on the bottom of the reaction vessel. W
Because the diffraction peaks of the (020) and (040) planes
of DCPD were mainly observed for as-grown crystals (Figure 3600 2800 2000 1200 400
3a), DCPD was produced by the reaction in the gel. The top Wavenumber [cm™]
face was assigned to be the (010) plane because platy crystalBigure 4. FTIR spectra for gelatin (a), a mixture of gelatin and calcium
were easily arranged parallel to the surface of the holder for ©°"S (b). as-deposited precursor crystals (c), dried crystals aC6@),

. . and commercial DCPD (e). The absorption peak at 1380'cwas not
the XRD measurement. A weight loss estimated by thermo- gpserved for pure gelatin and DCPD.
gravimetry indicated that the DCPD crystals contained ca. ) _
2 mass% of organic compounds. The absorption peak at 1380_of the_ water moleculé? T_hus, the presence of gelatin, which
cmin the FTIR spectra was associated with the interaction 'S @ highly water-absorbing molecule, promoted the dehydra-
of C&* and COO of the gelatin (Figure 4ac). A slight tion of DCPP even at 60C. Concurrently with the crystql _
shift of the (020) peak to a lower angle was observed in the phase transition, the products peca}me opaque and exhibited
XRD pattern, although other peaks were not changed from & POrous structure, as shown in Figure 5a and b, although
the standard. These results indicate that the gelatin moleculedN® macroscopic platy form was hardly changed. Since the

in the DCPD crystals were incorporated in a hydrated water <RD pattern (Figure 3b) indicated that the main face of the
layer parallel to the (010) plane. plates was also identified to be the (010) face of DCP, the

" . topotactic transition, in which the crystal lattice of the product
We found that. e prgpqred in the gel- phase shows one or more crystallographically equivalent and
atin gel tc_) DCP |nstant!y proceeded at®Din air, whezeas orientational relationships to the crystal lattice of the parent
dehydration of '.DCPD IS usually observed at +220°C. phase, occurred with the dehydration of the precursor crystal
When the gelatin covering the platy crystals was removed

b hi ith purified heati lativelv high of DCPD. However, the crystallographic orientation of the
y washing with purified water, eatmg atarelatively high - oqjitant DCP was partially different from that of the parent
temperature above 200C was required for the phase

trans_lt_lon' The dehy_dratlo_n_ _Of [_)CPD was _Sques_ted to be (53) Schofield, P. F.; Knight, K. S.; van der Houwen, J. A. M.; Valsami-
precipitated through instabilities in the chemical environment Jones, EPhys. Chem. Miner2004 31, 606.
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density of DCPD (2.328 g cmi) and DCP (2.929 g cni).
Recently, Ctien et al. reported that polymer-mediated calcite
consists of three-dimensionally, well-aligned nanocrystals
that are scaffolded to a so-called mesocrystdf The
nanotextured DCP consisting of iso-oriented nanocrystals
may be classified into a family of mesocrystals. In this case,
however, the lattice morphology was produced through the
topotactic transition of single-crystalline DCPD. Thus, the
iso-oriented structure would not be ascribed to the oriented
attachment of nanoscale units directed by the adsorbed
polymers, as suggested for the formation of mesocrystals.

Gelatin molecules played a dual role in the construction
of the lattice architecture of DCP. Initially, gelatin gel
provided a matrix for the formation of gelatin-incorporated
precursor crystals of DCPD. Since the gel matrix suppressed
the rapid mixing of C& and PQ®", the crystal growth of
DCPD gradually proceeded with the inclusion of gelatin
molecules. The results of the thermogravimetry and FTIR
spectra supported the specific interaction between DCPD and
the gelatin molecules. The gelatin molecules incorporated
with DCPD played another role in the generation of a
hierarchical architecture. The phase transition from DCPD
to DCP at 60°C is assisted with the dehydration promoted
. A - by the gelatin molecules. At the same time, the specific
Figure 5. Appearance of crystals dried at 8Q; an optical micrograph interaction of the gelatin molecules with the (100) and (001)
(a), SEM images (b, ¢, and d), and TEM images (e and f). The inset of e faces restricted the crystal growth during the phase transition
is an electron diffraction pattern for the rectangle area. : . . .

and produced the lattice architectures with rectangular units.
phase. Thus, the topotactic transition from DCPD into DCP The negatively charged carboxy groups (CQQ@f the
was imperfect in this reaction system. gelatin molecules would show a particular interaction with

In contrast to the similarity of the macroscopic morphol- the specific faces. The oriented attachment of the nanoscale

ogy, the microstructure of the products was drastically Puilding blocks of DCP covered with gelatin resulted in a
changed with the transition. A laminated lattice architecture féctangular unit mainly exhibiting a (010) face. Therefore,
was found to be an attachment of rectangular units with a the dual role of gelatin molecules effectively leads to the
2—5um length and 108200 nm width (Figure 5be). TEM emergence of DCP hierarchical architecture. Calcium car-
images show that the nanoscale building blocks with a size Ponate was prepared by the same procedure using a gel of
of ca. 50 nm made up the rectangular units (Figure 5f). Poly(acrylic acid) having carboxy group¥.n this case,
However, the spot pattern of electron diffraction assignable however, large platy crystals of precursor DCPD were not
to a single-crystalline DCP shows that the lattice of the Obtained because the gel network was firmly maintained after
rectangular units was elongated to [100] and [001] directions the diffusion of calcium ions. Consequently, the transforma-
(inset of Figure 5e). The angle of the lattice (ca. )04 tion of gelatin gel into a solid with the crystal growth of
associated with the unit structure of the DCP crystal. DCPD was also essential for the production of the lattice
Broadening of the FTIR peak assigned to the carboxy groupsarchitecture of DCP.

(COO) of gelatin suggests the change of the status of gelatin  Nanotextured DCP was transformed to HAp with hydroly-
molecules with the phase transition from DCPD to DCP sis in alkali solutions at 95C (Figure 3c and d). The
(Figure 4c and d). Thus, the textured architecture is deducedstructure of HAp strongly depended on the condition of
to be composed of iso-oriented nanocrystals covered with hydrolysis. When HAp was synthesized at % for 5 min
gelatin. Commercially available crystals of DCPD (Junsei at high pH (pH 13.6) in a NaOH solution, the macroscopic
Chemical) were transformed into DCP by heating at 200  morphology and the microscopic lattice structures consisting
in air. However, a porous body or a lattice structure was not of small needlelike crystalites remained (Figure—6
formed, whereas cracks parallel to the (010) face were Furthermore, the needlelike crystals were composed of
observed as a result of the shrinkage by removal of the waternanoparticles with an average size of 20 nm (Figure 6d).
layers of DCPD. No phase transition at 80 was observed  Because the axis of HAp was parallel to the surface of the
when the gelatin was simply mixed with the commercial plate, the topotactic transition from DCP to HAp was
DCPD powder. Thus, the presence of gelatin inside the achieved. On the other hand, hydrolysis at a low pH (pH
DCPD crystal was essential for the promotion of the 10.0) using an NEOH solution fa 2 h produced aggregates
transition into the hierarchically porous structure of DCP. of nanofibrous HAp without deformation of the macroscopic
Because the porous structure was formed by the volumeplaty morphology (Figure 7). The average diameter of the
change on dehydration, the porosity of the lattice structure hexagonal fibers was estimated to be ca. 50 nm. The
of DCP was theoretically calculated to be 37.3% from the hexagonal habit indicates that the HAp fibers were elongated
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confirmed that nanoscale HAp needles perpendicular to the
surface were formed through the nucleation at the surface
of commercial DCPD plates. We also found that hydrolysis
with a moderate condition at a relatively low pH (pH 10.0)
produced aggregates of thin plates of HAp in the platy mother
crystal. However, a hierarchical architecture consisting of
nanostructured HAp was not obtained from the commercially
available DCPD. Consequently, the specific interaction be-
tween gelatin molecules and DCPD/DCP crystals is essential
for the preparation of nanotextured and nanofibrous HAp.
A rapid hydrolysis at a high pH induced the topotactic tran-
sition of DCP to HAp without a drastic variation of the nano-
structure. The nanotextured architecture of the resultant HAp
was inherited from the lattice structure of the parent crystal

.| d=3.46 A . .
p | HAp (002) because the size of the unit crystals and the angle of the
. b T, lattice (ca. 109) were not changed with the phase transition.
Figure 6. Appearance of crystals dried at 60 and treated in NaOg On the other hand, the lattice changed into a fibrous structure

at 95°C; an optical micrograph (), SEM images (b and c), and a TEM of HAp with a moderate hydrolysis under low pH conditions.
image (d). The gradual transition promoted the crystal growth with
elongation of thec axis of the hexagonal HAp structure. In
this case, the width of the HAp fibers was influenced by the
size of the rectangular units of the parent DCP crystals.
The HAp crystal has two types of crystal planes with
different charges: positive oa planes and negative an
planes. Thus, novel properties could be produced by control-
ling the orientation of the crystal planes achieved by
modifying the morphology of HAp crystals. For example, it
is expected that HAp fibers elongated alongdlais exhibit
a high specificity of adsorption to a negatively charged acidic
protein due to the wide surface of thelane. Fibrous HAp
has already been prepared using the hydrothermal synthesis
and homogeneous precipitation metéd® However, the
diameter of the fibers was larger than several hundred nano-
meters and the specific surface area was insufficient for the
adsorbents. The nanotextured and nanofibrous HAp crystals
prepared in this study exhibited a hierarchical architecture,
providing a high specific surface area with a controlled crys-
tal face and macroscopic pores. The fibrous structure is also
along thec axis, whereas the direction of the fibers was effective for the interaction with organic compounds. Thus,
random in the aggregate. Gelatin was completely removedthe novel types of nanostructured HAp would be utilized as
with the hydrolysis process in the alkali solutions. The a functional material in a wide variety of applications,
specific surface area was estimated to be ca. 70 anc?®0 m including protein adsorbents, artificial bones, liquid chro-
for nanotextured and nanofibrous HAp, respectively. The matographic packing, and scaffold for tissue engineering.
lower value for the fibrous HAp was consistent with the
further crystal growth under a moderate reaction condition. Conclusions

Since the specific surface area of powdery HAp originating , . .
from natural bone was 86100 n?/g* the granularity of This study provided a new preparation route through the

the nanotextured HAp appears to be similar to that of the topotaptic tra_nsition o_f precursor crystals for the formation

biomineral HAp. The overall process from precursor DCPD of a hlerar_chlcal architecture. Novel types of nanotextured

to nanostructured HAp was summarized in Figure 1. and nanoflbrous HAp were successfully. p.roduced.through
The transition of DCPD and DCP to HAp with hydrolysis the topotactic transition of DCPD containing gelatin mol-

proceeds in an alkali solution as expressed in eqs 1 and 26cules. Nanotextured HAp with an oriented framework of
ca. 20 nm grains and nanofibrous HAp elongated along the

5CaHPQ-2H,0 — Ca(PQ,);OH + 2H,PO, + H,O (1) ¢ axis with a diameter of ca. 50 nm were formed from
nanostructured DCP prepared by dehydration through the

5CaHPQ+ H,0 — Ca(PQ,);:0H + 2H,PO,  (2) specific interaction with gelatin molecules. The hierarchical
architectures of the nanostructured HAp providing a high

Figure 7. Appearance of crystals dried at 8C and treated in NfOHaq
at 95°C; an optical micrograph (a) and SEM images (b, ¢, and d).

Recently, thick plates consisting ofaxis-oriented HAp
nanoneedles were prepared from commercially available (54) Joschek, S.: Nies, B.; Krotz, R.."@erich, A. Biomaterials200Q
platy DCPD crystals under a high pH conditi&nWe 21, 1645.
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