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Morphologies of hydroxyapatite with partial substitution of fluorine (FHAp) have been finely modulated
from prickly spheres, whisk brooms, flowers, dandelions, and nanofibers to ultralong nanoribbons through
altering the reaction conditions and adding glutamic acid. X-ray diffraction, high-resolution transmission
electron microscopy, energy-dispersive X-ray spectroscopy, and so forth were performed for characterizing
the resultant powders and analyzing the growth process. Condition experiments were compared
comprehensively and revealed that FHAp crystals with various morphologies were formed, generally,
through a fractal growth process of double splitting.

Introduction

Systematically manipulating the morphology and archi-

tecture of inorganic crystals in microscale and nanoscale \ 5+
levels is a significant challenge, which attracts increasing

attention because of their strong influence on material
properties: 2 For example, in the biomineralization process

of vertebrate hard tissues, some specific molecules control

the nucleation and growth of inorganic crystals (hydroxy-
apatite, HAp, Ca(PQy)s(OH),), resulting in the formation

However, the mineral phase in vertebrate calcified hard
tissues is not pure stoichiometric hydroxyapatite but is
partially substituted by some foreign ions, such as®0:?",

, and some organic molecules, which endue the mineral
phase with special propertiés.Among them, of great
importance is fluorine substitution, which enhances acid
resistance and stability of hydroxyapatiteRecent studies
showed that the incorporation of fluorine into hydroxyapatite
improved the mechanical properties of apatite cerathirsl
induced better biological responSelherefore, to mimic the

of hierarchical structure of teeth and bones with superior biological apatite with special morphologies and to control

mechanical properties> Thus, controlled syntheses of apa-

titic crystals with various morphologies have been the focus
of intensive research out of the desire to more completely

understand the biomineralization and utility in industrial and
biomedical applicationInspired by the biomineralization,
the molecular manipulation of inorganic crystals with organic
growth modifiers gradually develops into a powerful tool
for the design of novel materialsActually, a variety of

organic molecules, such as hexadecyltrimethylammonium

bromide, sodium dodecyl sulfate, amino acids, protein,

monosaccharide, and so forth, have been used to SyntheSiZBortantly

hydroxyapatite with fibrous and flakelike morphologfes?
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morphological syntheses of fluorine-substituted hydroxya-
patite (FHAp) crystals in microscale and nanoscale levels is
of great value and urgently needed. However, so far there is
no investigation on the controllable synthesis of FHAp with
various morphologies.

Previous studié§ 2° showed that some amino acids could
inhibit the growth of hydroxyapatite as a result of the
adsorption on HAp crystal surfaces through electrostatic
attraction and hydrogen bonds, which possibly influence the
morphological development of apatite crystals. More im-
it has been found that some glutamic acid (Glu)-
rich proteins played a significant role in biomineralization
of hard tissue®*2* because of the interaction between
carboxyl groups and calcium ions on the surfaces of HAp
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Figure 1. FESEM images and XRD patterns of the samples obtained under varied preparation parametersC&OMEZ: =1.21:1.52:0.01; (b) M2Ce
= 0.02; (c) M1,Cy = 3.6, (d) M3,Con = 0.8; (e) M3,Con/T = 0.8:160; and (f) M3Cr/Con/T = 0:1.04:160.

Tpn 2Theta (deg.)

Table 1. Preparation Parameters and Properties of Product® mally treated for 24 h at a given temperature. After cooling to room
model conditions temperature, the white precipitate deposited in the bottom of the
reaction T (°C) Co/CedCHCHCon (Q) morphology autoclavz WZ\S (iollect(;d anld washe(_j saleveral times with deionized
water and absolute ethanol, respectively.
M1 150 v:1.50:1.21:0.04! from aggregated . . P y .
nanospheroids to The size and morphologies of the as-obtained samples were
rayed nanorods characterized by a field emission scanning electron microscope
M2 150 3.6:1.50¢:1.21,0:2:0.06  from prickly spheres (FESEM, JSM-6700F, JEOL, Japan), a transmission electron

and whisk brooms to

microscope (TEM, H-700, Hitachi, Japan), and a high-resolution
bundled FHAp rods S .

M3  150,»  3.6:1.43:1.21:0.03;v  from dandelion-like transmission electron microscope (HRTEM, JSM-2010, JEOL,
aggregates and Japan) operating at 200 kV. Energy-dispersive X-ray spectroscopy
nanofibers to (EDX) was performed by an Oxford INCA energy system (Link-
nanoribbons Inca, model 622, U.K.) with a Gatan 794 charge-coupled device.

2Cg, Cca Cp, Cr, and Con represent the added amounts of glutamic Phases were identified in an X-ray diffractometer (XRDP#t,

acid, calcium nitrate, dipotassium hydrogen phosphate, sodium fluoride, PANalytic, The Netherlands) with Cudkradiation (40 kV, 30 mA).
and potassium hydroxide, respectivély: means that the parameter was

varied in a specified experiment and will be given in the later sections. ) .
Results and Discussion

crystalg® and precursors.Is there a possibility that the _ o

synthesis of FHAp is morphologically controlled by means ~ Structure and Morphologies. As shown in Figure 1,

of the influence of the basic and functional units of proteins, Various morphologies, from fully developed prickly spheres,
amino acid, in an in vitro system? If possible, it will not whisk brooms, nanorods, aggregated flowers, and long fibers
only produce FHAp with various morphologies but also 0 bundled nanoribbons, were synthesized by controlling the
provide an efficient method for mass production. Thus, the preparation parameters. The samples with these morphologies
aim of this work is to investigate the influence of glutamic Were sequentially analyzed by X-ray diffraction. By compar-
acid upon the formation of FHAp crystals and to realize the iNg with the standard cards (JCPDS no. 9-432 for HAp or
controllable syntheses of FHAp crystals with some novel NO. 15-876 for fluorapatite, FAp), it was indicated that all

morphologies in nanoscale and microscale levels. the samples obtained are of apaf[ite structure (hexagonal
phase, space group6s;m). The discrepancies of peak
Experimental Section intensities resulted from the specified morphologies which

_ ) _ affected the orientation of particles during preparation for
All chemicals (analytical grade) were purchased from Beijing xrp experiments.

Chemicals Corp., China, and used as received without further . . . .
purification. The reagents used were weighted according to the Effect of Glutamic Acid. The effects of glutamic acid

model reactions in Table 1 with some modifications which were YPON the formation and growth of apatite crystals were shown

described in the later section. A typical procedure was performed In Figure 2. Without the addition of glutamic acid, the
as follows: resultant products were spheroidal nanocrystals with the

Glutamic acid and calcium nitrate [Ca(N)@4H,0] were first average diameter of about80 nm, which were heavily
dissolved into 150 mL of deionized water which was heated to aggregated as shown in Figure 2a. The addition of glutamic
~60 °C and vigorously stirred. Dipotassium hydrogen phosphate acid led to anisotropic growth of the resultant apatite (Figure
(K2HPQy-3H,0), potassium hydroxide (KOH), and sodium fluoride  2p). With increasing the added amount of glutamic acid,
(NaF) were added into another 150 mL of deionized water. After glander apatite fibers with a less than 80 nm diameter were
quickly mixing these two solutions, the as-obtained suspension or o4y ced. These fibers radiated out from the centers and
solution was sealed into an autoclave immediately and hydrother- formed flowerlike aggregates with the overall size of2L
um. Heavily aggregated nanocrystals with spheroidal mor-

(22) Mann, S.; Archibald, D. D.; Didymus, J. M.; Douglas, T.; Heywood,

B. R.: Meldrum, F. C.. Reeves, N. Sciencel993 261, 1286. phology produced in the absence of glutamate ions and well-
(gi) ;foc;toskA.;L Nancqlll?/ls, G. HMC_cgloid Interfahce 805002 225(1 159. developed morphology of flowerlike apatite in the presence
(24) Flade, K.; Lau, C.; Mertig, M.; Pompe, VZhem. Mater2001, 13 of glutamate ions indicated that the interaction between

(25) Wagner, C. C.; Baran, E. J. Raman Spectros2004 35, 395. glutamate ions and precipitates could affect the transportation
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pH values were adjusted t85.0 by adding HN@ or KOH.

(a) * FAp, JCPDS #15-876 (b)
A OCP, JCPDS #26-1056 P

Intensity (a.u.)
cps

=°

b

1 2 3 4 5 6 7
Engergy (keV)

5 10 15 20 25 30 35 40 45 50 55 60 °
2Theta (deg.)

Figure 3. XRD pattern (a) and EDX spectrum (b) of the initial precipitates separated after 30 min of hydrothermal treatmen€gf#¥3.6. The pH was
raised to~5.0 by adding KOH.

of building units onto the crystal surface and finally shape formation of many OCP carboxylates besides glutamic acid-
the crystal growth along the specific direction. containing OCP and suggested that dicarboxylate ions

To investigate how glutamate ions interacted with apatitic replaced some HPQroups and bridged two calcium ions
crystals and affected their growth, the sample was separatedliagonally throughout the space occupied by water mol-
from the autoclaved suspension before the reaction was€cules. Therefore, during the formation of apatite crystals
completed. The halfway separated sample showed thethrough the precursor OCP, the interaction between calcium
combined XRD patterns of apatite and octacalcium phosphateions and carboxyl groups of glutamate ions would be one of
(OCP) in Figure 3a, and the Ca/P ratio was 1.45, which was the main factors which affected the morphological develop-
less than 1.67 of stoichiometric hydroxyapatite and more than Ment.

1.33 of OCP (Figure 3b). Because the final product was Effect of Fluoride lons. As shown in Figure 4, fluoride
FHAp’ OCP was the intermediate phase and f|na||y trans- ions have a Signiﬁcant effect on the mOI’phO|Ogica| deve|0p-
formed into FHAp. Previous studi¥s226 showed that ment of apatite crystals. Under the experimental conditions
phosphoryn could be preferentially adsorbed on the (100) f Figure 4a, fully developed apatite spheres were produced
face of apatite and that polyglutamate could be absorbed onand these spheres were composed of delicate nanoneedles
the hydrated layer of the OCP (100) face. As a result, theseWhich were neatly arranged and bundled at one end. With
Specific adsorptions greaﬂy affected the morpho'ogy of OCP the increase Of f|u0ride Concentration, the resultant apatite
and the subsequent transformation into apatite. Thus, in oursPheres were open and not fully developed (Figure 4b).
experimentsy the interaction between g|utamic acid and MeanWhiIe, a I|tt|e amount Of WhiSk—broom—”ke CI'ySta| C0u|d
precipitated phases played an important role in the morpho-Pe found as shown in the inset between parts a and b of
|ogica| development of ﬁnal apatite Crystals_ These interac_ Figure 4. To raise the ﬂuoride Concentration further, Wh|Sk
tions had been summarized as hydrogen bonds, electrostati®rooms became the dominant morphology. But the handles
attraction, calcium complex, and so fo#hMonm&’ and of several whisk brooms intersected with each other and
Mathew and Brow?# proposed two structure models for the formed a dendritic morphology (Figure 4c,d). In other words,
incorporation of dicarboxy|ate ions into OCP (the precursor the fil’St fraCtal grOWth, after nucleation, formed the dentritic
of apatite), in which dicarboxy'ates rep'aced the Hemups StemS; for example, the handles of the whisk brooms and

in water layers of OCP. Markoviet al?® investigated the ~ the second splitting growth led to the whiskers of brooms.
More concentrated fluoride solution decreased the number

and length of whiskers in the ends of the brooms, and the

(26) Burke, E. M.; Guo, Y.; Colon, L.; Rahima, M.; Veis, A.; Nancollas,
G. H. Colloids Surf., B200Q 17, 49.

(27) Monma, H.Bull. Chem. Soc. Jpri984 57, 599. (29) Markovig M.; Fowler, B. O.; Brown, W. EChem. Mater1993 5,

(28) Mathew, M.; Brown, W. EBull. Chem. Soc. Jpril987 60, 1141. 1406.
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Figure 4. FESEM images of FHAp crystals obtained under varied fluoride addition on the basis of model reactiolC2/Qa)Cr = 1.22:1.52:0.01; (b)
Ceg = 0.01; (c)Cg = 0.015; (d-f) Ce = 0.02; (g)Cr = 0.025; and (hCe = 0.1.

So&

round handle of the broom gradually evolved into a prismatic promoted the formation of prismatic crystals. However, the
one. The EDX spectrum of the sample in Figure 4e showed occurrence of whisk-broom-like morphology is very interest-
that the sample contained 29.2 atom % Ca, 17.7 atom % P,ing. It could be clearly seen in Figure 4 that this morphology
and 2.8 atom % F, indicative of the formation of FHAp. As is completely symmetric about the long axis, which is
shown in Figure 4f, the HRTEM image of a whisker of the consistent with the hexagonal structure of apatite crystals;
brooms obtained by ultrasonic treatment in a strong cell however, the symmetry of the hexagonal system should not
disruptor was taken along the long edge of a whisker. The inhibit the growth at one end of whisk-broom-like crystals
0.69 nm spacing of the atomic planes was consistent with and allow the splitting in the other end. This phenomenon
that of the FAp (001) plane, suggesting that the whisker may differed from the dumbbell-like growth which was reported
be elongated along the [001] direction of the apatite crystal. in a double-diffusion systed?:3! To interpret the growth
When the concentration of fluoride increased further, as process, a schematic growth process was proposed as shown
shown in Figure 4g, the whiskers of the brooms disappearedin Figure 5.
completely and prismatic rods with sharp tips radiated out When the stock solutions were mixed (stage I), the initial
from the center of the aggregates. In Figure 4h, the magnifiednuclei were formed (stage Il). If the supersaturation was
image clearly showed that those sharp tips of prismatic rodsrelatively high, the newly formed nuclei were usually distinct
grew into a symmetric hexagonal shape with clear edges,both chemically and structurally from the final proddet,
and the radial size of the rods also increased. which has been confirmed in Figure 3a,b. Brown proposed
Analyzing various FESEM images led to the interpretation a mechanism for the crystal growth of biological apatites
that fluoride greatly affected the fractal growth of apatite - _
cry_st_als. The formation of_ prickly spheres_ experienced _the 82; gﬂ'sec‘f;’ Fé'.’; ggﬁ&grﬁgge&'iecp?%; E&hstc.]'Mirt‘gg%%33?3,2%g:
splitting growth twice. The increase of fluoride concentration (32) Boskey, A. L.; Posner, A. Sl. Phys. Chem1976 80, 40.
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Figure 5. Schematic chart of the growth process.

that incorporated OCP as a transitory phase during the growthsubstituted hydroxyapatite. Influence of pH values upon the
of apatite crystalg®® The mechanism suggested that the morphological development of FHAp crystals are illustrated
nucleation of several-unit-cell thickness of OCP always in Figure 6. When the pH value was relatively low, dentritic
preceded the growth of apatite crystals. The relative differ- crystals after two splitting growths could be seen in Figure
ence between the heterogeneous nucleating rate of OCR5a. The stems formed after the first splitting growth radiated
layers and the subsequent rate of hydrolyzing from OCP to out from the center with decreasing radial size and produced
HAp determined whether the crystal grows as OCP or HAp, sharp tips at the ends in the most cases. The tips of some
and the difference would depend on conditions such asstems grew out of delicate needlelike crystals through the
supersaturation, Ca/P ratio, pH, and temperature. The reasosecond splitting growth. When the pH value was raised
that the formation of HAp was preceded by an OCP layer is (Figure 6b), the number of branches owing to the first
that the surface energy of HAp is greater than that of 8CP  splitting growth increased significantly, and their radial size
and the energy barrier for nucleating OCP is lower than that became slender in comparison with that in Figure 6a. The
for HAp. Thus, the initial cores of prickly spheres which selected-area electron diffraction (SAED) pattern in Figure
were formed quickly as a result of the high supersaturation 6¢ confirmed that these flowerlike aggregates were apatite
were distinct from the apatite and would hydrolyze into the polycrystals. Higher pH led to the continued increase of the
stable phase, FHAp, during prolonged hydrothermal treat- number of the first splitting growth. A large number of
ment. needlelike petals rayed out from the center and formed a
During the growing process of nucleated crystals, the dandelion-like morphology as shown in Figure 6d. When
hydrolysis of OCP to apatite led to the release of water along the experiment was performed at 18Q, the resultant
the c axis and splitting on the end3When the new layers  powder showed ultralong FHAp fibers with40 nm in
were split (stage l1), the preferential adsorption of glutamate diameter and several micrometers long. Although these fibers
ions on the{10G planes of a several-unit-cell OCP layer were entangled together, it could be found in Figure 6e that
would retard the growth perpendicular to the planes and they grew out from one center.
finally shaped the growth of newly branched crystals. The
diffusion was blocked, and, thus, the hydrolysis of the initial
cores (stage W Ill) would slow because of the upgrowth
of prickly shell on the core (stage IH> IV) which was
formed at the initial stage. So when the branched whiskers
grew out (the second splitting), the hydrolysis of the internal
cores (the first splitting) were not completed yet. The
formation of whisk-broom-like morphology (stage V) was
the result of the slow hydrolysis of cores after the second
splitting as shown in Figure 5. The increased addition of
fluoride ions relatively inhibited the second splitting growth ) - i )
and led to the morphologies in Figure 4g,h. Because fluoride  Without the addition of fluoride, ultralong HAp nanorib-
was a strong mineralizing agent which accelerated the Pons were produced. Analyses of XRD and HRTEM
formation of FHAp at the stage of the first splitting growth, Cconfirmed that these nanoribbons were HAp instead of OCP
the absence of the second splitting growth led to the because of the presence of characteristic spaci{®b}
disappearance of whiskers in the tips of branched stems ofPlanes of 0.816 nifiand the absence of the strongest XRD
Figure 4g,h as compared to the rayed whiskers in the end offeflection peak of OCP at 427The fast Fourier transforma-
brooms of Figure 4c,d. tion analysis in the inset of Figure 6], which was taken along
Effect of KOH or pH. The pH value is of vital importance the long edge of a ribbon, confirmed that the nanoribbon

in the preparation of calcium phosphates including fluorine- 9rew along the [001] direction. Because varied results of
hydrolyzing of OCP to HAp were reported, including,

(33) Brown, W. E.Clin. Orthop. 1966 44, 205. mostly, needleliké? notched® platelike, and even struc-

(34) Nelson, D. G. A.; Barry, J. CAnat. Rec1989 224, 265.

(35) lijima, M.; Kamemizu, H.; Wakamatsu, N.; Goto, T.; Doi, Y.;
Moriwaki, Y. J. Cryst. Growth1997 181, 70. (36) Suvorova, E. I.; Buffat, P. AEur. Cells Mater.2001, 1, 27.

The analysis of the EDX microprobe showed that the as-
synthesized powder contained 28.3 atom % Ca, 17.1 atom
% P, and 3.5 atom % F. The HRTEM image of a fiber in
Figure 6g was taken along the long edge and showed that
the spacing of atomic planes was 0.344 nm, which cor-
responded to that of the FAp (002) pléhBecause, in the
XRD pattern of Figure 2e, the peak intensity of the (002)
plane was weakened and that of the (300) plane increased,
it indicated in conjunction with HRTEM analysis that the
FHAp fiber was elongated along tlweaxis direction.
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Figure 6. FESEM images, SAED pattern, and TEM image of FHAp crystals with varied KOH addition on the basis of model reactio€&; €a9).2,
pH = ~3.8; (b, ¢)Con = 0.5, pH= ~4.3; (d) Con = 0.8, pH= ~5.2; (e-g) Con/T = 0.8:160, pH= ~5.2; and (h)Ce/Con/T = 0:1.04:160, pH= ~5.8.
HRTEM images of parts g and h were taken along the long edge of a fiber and ribbon, respectively.

tureless HAP’ when directly hydrolyzing, the morphological  splitting along the water layer of OCP, and formed the
development of such a uniform ribbonlike HAp nanocrystals morphology which was consistent with the hexagonal sym-
in Figure 6h,i was related to the mediation of glutamic acid. metry.

The nanocrystals with ribbonlike morphology and apatitic ~ The morphological development through two splitting
structure led to the interpretation of two questions. First, growths was related to the competition of two rates between
nanoribbons were formed by two sequential processes. Thethe formation of the precursor and its transformation into
building units in solutions were stacked onto the surface of the final product. Therefore, the adjustment of preparation
nucleated crystals in the form of OCP structure, and the parameters, such as the addition of fluoride, KOH, and Glu,
preferential adsorption of glutamate ions pr0G planes  may affect the morphological development by means of
of the OCP layer mediated the growth rates alongethad modulating this rate difference. Consequently, the morphol-
b axes and led to the formation of ribbons instead of rods or ogies of FHAp crystals could be controlled in this way.
needles. The precursor layer was very thin, possibly of

several-unit-cell thickness. The hydrolysis process, gradually Conclusions

and closely, subsequently, converted the OCP layer into HAp.

Thus, the morphology was like OCP crystals and the structure  Morphologies of FHAp crystals in microscale and nano-
was of HAp. Second, the presence of fluoride led to the scale levels have been modulated from prickly spheres, whisk
formation of fibrous crystals (Figure 6e) as compared to the brooms, flowers, dandelions, and nanofibers to nanoribbons
ribbonlike crystals in Figure 6h,i. It further confirmed that through adjusting the reaction conditions and adding glutamic
fluoride accelerated the hydrolysis process, promoted theacid. Plenty of experiments showed that FHAp crystals were
formed, generally, through a fractal growth of two splittings.
(37) Graham, S.; Brown, P. W. Cryst. Growth1996 165, 106. These two-splitting processes were related to the formation
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of precursor and its transformation into final products, which inorganic material into well-defined morphologies with
were affected by the interaction with glutamate ions and adding organic modifier.

precipitates surfaces. Thus, through controlling the prepara-

tion parameters and adding glutamic acid, two-splitting ) .
processes were adjusted and then various morphologies were Acknowledgment. This work was supported by National
obtained. Prospectively speaking, this work not only obtained Natural Science Foundation of China (No. 20406023) and
the morphology-controlled FHAp crystals but also funda- Chinese Academy of Sciences.

mentally provided an effective and simple way to modulate CM051357A



