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Inhibitory Effect of Magnesium and Zinc on Crystallization Kinetics of Hydroxyapatite
(0001) Face
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The effect of magnesium and zinc on the growth kinetics of a hydroxyapatite (0001) face in pseudophysiological
solutions was investigated. The growth rates of the (0001) face were measured under various concentrations
of magnesium or zinc using Moire phase shift interferometry coupled with surface observation by atomic
force microscopy. The (0001) face grew not in a spiral growth mode but in a multiple two-dimensional
nucleation growth mode. It was shown that the lateral growth of two-dimensional islands on the (0001) face
was inhibited by the addition of magnesium or zinc, following an inhibition of the normal growth rate of the
face. Although both cations inhibited growth, zinc was found to reduce the growth rate about 1000 times
more effectively than magnesium.

Introduction In the present study, we performed direct growth rate
measurements of theface in the presence of magnesium and
zinc in pseudophysiological solutions. Moire phase shift inter-
ferometry was employed for the precise measurement of growth

It is important to clarify the effect of trace elements on the
growth mechanism of hydroxyapatite (@@ Qy)s(OH),; HAP),

an inorganic component Of. humgn pone and tooth, f_or correct rates coupled with surface observation by atomic force micros-
understanding of the biomineralization process. In vivo, HAP

grows in a solution which contains many essential trace elements.oPY (AFM). The growth rates obtained were analyzed using

. . . heoretical ions of rption isotherms.
besides calcium and phosphorus. Among these essential traCtta eoretical equations of adsorption isotherms

elements., magnesium and zinc have a great influence on theExperimentaI Section

growth kinetics of HAP. For instance, it is well-known that

magnesium inhibits phase transformation from amorphous 1. HAP Seed CrystalsThe seed crystals used in the present
calcium phosphate to HAR2 From the viewpoint of bone-cell ~ study were hydrothermally synthetic HAP single crystals
biology, zinc is known to promote bone formation by stimulating Pounded bya- andc-faces'® The size of the seed crystals was
osteoblasts which are cells that produce bone BARinc- 1-4 mm and 20—50um along thec- and a-directions,
containing calcium phosphate implants have been found to haverespectively. Single crystals were used after maskiffgces

a stimulant effect on bone formatidridowever, an elevated ~ With epoxy resin for all experiments so that only ociéace
amount of zinc might inhibit the growth of bone HAP. grows.

Indeed, inhibitory effects of magnesium and zinc on HAP 2. Pseudophysiological SolutionsThe pseudophysiological
crystal growth have been investigated, for example, such as asolutions contain 140 mM NaCl, 1.0 mM2KPQ,-3H,0, 2.5
dual constant composition (DCC) methtd.It was confirmed =~ MM CaCh, and either 6-1.5 mM MgCh-6H;0 or 0-7.5uM
that magnesium and zinc reduced the growth rate of HAP. ZNCl. The pseudophysiological solutions were prepared using
However, the previous method did not discriminate between €Xtrapure-grade reagents (Nacalai Tesque, Inc., Tokyo, Japan)
the growth rates of (1@, a- and (0001)c-faces despite the a_nd ultrapure C®free water, and were buffered at pH 7.4 by
high precision associated with the method. Moreover, surface tris-(hydroxymethyl)aminomethane and 1 N HCI at 26.
observation of grown crystals was not performed in the previous Supersaturation of the solutions was 22.0 with respect to HAP,
studies although much information can be obtained through as calculated from
surface observation. It is thus necessary to measure the growth 118
rate of each face separately with surface observation, using o=(/Kyp -1 1)
single-crystal HAP as a seed, to obtain more detailed information
about the inhibitory effects. HAP crystal is boundedsbyand ~ Wherel, andKs are the ionic product and solubility product,
c-faces and has |arge anisotropy_ Bi0|ogica||y' the |nh|b|t0ry reSpectiVG'pr was calculated USing the dissociation constants
effects on the-face are more important than that on théace described elsewhef& The activity coefficients were calculated

since biological HAP grows mainly in the-direction? using the DebyeHuckel limiting law!? A Ksp value of 10119
was used in the present study.

*To whom correspondence should be addressed: National Institute for 3. Moire Phase Shift Interferometry. Moire phase shift
Advanced Interdisciplinary Research, Cell Tissue Module Group, 1-1-4 interferometry was used to measure growth rates ottface.

I;igasﬁglszuglgjté?-szr;iégbaéaki, 3;05'8562 J@gpan. T&B1-298-61-2557. Common-path two-beam interferometry with a Nomarsky prism
ax. - -bl- . E-malll onuma@nair.go.jp. . . . .
t School of Science and Engineering, Waseda University. was used to eliminate mechanical disturbance (Figuré-).

* National Institute for Advanced Interdisciplinary Research. The interferometry used has a theoretical accuracy with 0.5 nm
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Figure 1. Schematic drawing of common-path two-beam interferometry and a signal processing route using Moire phase shift technique. A two-
dimensional phase distribution profile is constructed from an interferogracrfate in real time.

in height resolution. The process for reconstructing a three- 300
dimensional height profile of the-face from the interferogram —~ 250
is as follows. Three reference interferograms with phase shifts g T
of 72/2 to each other are digitally composed in a signal processor g 200 ety .
as carrier fringes. Three Moire interferograms of intenkiy % 450 ...--'. s -
=1, 2, or 3) are created between the interferogram ot faee 2 o0 R
and the three reference interferograms. These three Moire 3 ,-"AAA“A o oooomomwwm"”“’
interferograms also have phase shiftsmd? to each other. A T 50 .-'eﬁg:»xjﬁif“mm‘ wwx
two-dimensional phase distribution profilg(x,y), on thec-face 0 e rooantep 0000000000000 040500000
is calculated using 0 20 40 60 80 100
Time (min)
o(X,y)= tan‘l[(|3— |2)/(|1— |2) 1+ 7l 2 Figure 2. Relative height as a function of time on tleface at

concentrations of@) 0.03 mM magnesiumg) 0.3uM zinc, (O) 0.75

and is related to the three-dimensional height prdfiley) as ~ #M ZinC. (a) 0.75 mM magnesium, and () 48 zinc.
h(x,y)= ¢(X,y)A/4an () 2. Growth Rate Measurement.Diminishing growth rates

with time were observed in all growth rate measurements
where andn are the wavelength of the laser and the refractive regardless of the concentration of either magnesium or zinc
index of the solution, respectively. Therefore, the growth rate (Figure 2). The growth rates diminished more quickly with an
at a certain point on theface can be calculated from the change increase of concentrations of magnesium and zinc. This phenom-
in the three-dimensional height profile, with time. All processes enon was also observed in the solution without impurities and
described above are finished in 1/30 s real time. Growth rates never due to decreasing supersaturation of the solutions during
were measured at 25 1 °C. the growth. The reason of diminishing growth rates with time

4. Surface Observation.The seed crystals were immersed may be a strain accumulation caused by a structural mismatch

in the pseudophysiological solutiong #h at 25 T after being between the seed surface and the grown layer, as suggested in
etched in a 1 N HCsolution. After the immersion, the crystals  our previous pap€ef The structural mismatch occurs because
were immediately washed with ultrapure water, and the surfacethe crystallinity of the grown layer is lower than that of seed
morphology of thec-face was observed using a NanoScope lll-a crystal. The strain accumulation proceeds during the growth and
AFM (Digital Instruments, Inc.). A tapping mode was employed increases chemical potential of a bulk crystal following the
for all the observations using silicon cantilevers with a spring decrease of driving force for the growth, although the super-
constant of 26-50 N/m and a J-type (100m scanning range)  saturation of the solution remains constant. It is expected that

piezo scanner. the high concentration of magnesium or zinc introduces defects
in a structure of the grown layer and increases strain accumula-
Results tion. The growth rate approached nearly zerorafte of growth

1. Growing Phase.Growing phase at magnesium concentra- although the supersaturation remained unchanged wit_h respect
tions of 0.045 and 1.5 mM was identified using a micro-Raman {0 HAP. Since the growth rate strongly depended on time, the
spectroscopy, since it has been reported that whitlockite, havinginitial growth rates at = 0 were used to represent the overall
resemblance t@-TCP, Ca(PQy), could grow under a room growth rates in the following analysis. The |n|t_|al growth rate
temperature in magnesium containing solutiéh¥he intense ~ Was calculated from the slope of the tangent liné &t0 of a
peaks for HAP corresponding to the PO tetrahedron (v1 fifth-order polynomial function fitted to the measured data.
symmetric stretching vibration) around 962 cthand the G-H Zinc inhibited the growth of the-face about 1000 times more
stretching vibration around 3576 cthwere reported® The effectively than magnesium (Figure 3). Zinc addition at a
wavenumbers of center positions fot peaks were observed concentration of 1.5M decreased the growth rate by 70%
at 960.8, 961.1, and 961.7 cinfor seed, growing phase at whereas a magnesium concentration of 1.5 mM is required to
magnesium concentration of 0.045 and 1.5 mM, respectively. decrease the growth rate to the same level. Zinc inhibited the
However, peaks for whitlockite which should appear around growth of thec-face more completely than magnesium (Figure
966 and 408 cmt were not detected on arowinag phdsd he 3). Zinc reduced the agrowth rate by 90% at the highest
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Figure 3. Growth rate ofc-face as a function of impurity concentration (a) in the presence of magnesium and (b) in the presence of zinc.
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Figure 4. Total thickness of grown layer as a function of impurity concentration (a) in the presence of magnesium and (b) in the presence of zinc.

Figure 5. AFM images ofc-faces afte4 h of growth at concentrations of (a) 0.03 mM magnesium, (b) 0.3 mM magnesium, (c) 1.5 mM magnesium,
(d) 0.3uM zinc (e) 1.5uM zinc, and (f) 7.5uM zinc.

grown layer ultimately decreased by about 95 and 80% with the nucleation ratd can be assumed to be constant regardless

the presence of zinc and magnesium, respectively (Figure 4).of the magnesium or zinc concentration in the measured range
3. Surface Observation.The growth of thee-face proceeded  at the present supersaturation with respect to HAP.

in a multiple two-dimensional nucleation mode (Figure 5). No 4. Models for Impurity Adsorption. The relationship

spiral growth was observed. Even in the presence of magnesiunbetween the growth rate and the concentration of magnesium

or zinc, this growth feature was unchanged, except for a decreaser zinc was analyzed using Langmuir and Temkin adsorption

in the diameter of two-dimensional islands. It was found that isotherms. When an impurity, either magnesium or zinc, poisons

zinc reduced the diameter more effectively and completely than active growth sites on the-face, the coverage by impurities,

magnesium (Figure 6), as in the result of growth rate measure-6, for each adsorption model is described by

ment (Figure 3). Therefore, zinc more strongly inhibits the lateral

arowth of two-dimensional islands than maanesium. 6 = KC/(1+ KC), Langmuir isotherm (4)
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Figure 6. The diameter of two-dimensional islands nucleated orcifaze as a function of impurity concentration (a) in the presence of magnesium
and (b) in the presence of zinc.
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Figure 7. (a) Langmuir plots and (b) Temkin plots; (®) kink model, (a) terrace model.

whereK and C; are the adsorption constant for the Langmuir the face growth rat® is related to the nucleation raleand the
isotherm and an impurity concentration, respectiv€lyandZ step velocityv as

are the adsorption constant for the Temkin isotherm and a

constant, respectively. Tteaffects the step velocity differently RO JY3,2R (10)
depending on whether the adsorption site is a kink of a step ) ) ]
front or a surface terrace. When the adsorption site is the kink €4S 6—9 may be described, usifg as follows whenJ is
site, the step velocity is related to the impurity concentration constant regardless of the impurity concentration:

agé™19 320 32 5302 . —
Ry (R = R¥) = oy {1+ 1/KC},
vo/(vo— v) = oy {1+ 1/KC}, Langmuirisotherm (6) Langmuir kink model (11)

(vo— )y =Zo{In Co+InC}, Temkinisotherm (7) {Ro" /(Ro"*— R¥)}* =0 {1+ 1/KC},
Langmuir terrace model (12)
where v and v; are the step velocities in the absence and a 3 3
presence of impurities, respectivety;is an effectiveness factor R™—R 2)/ Ro “=Zo{In Cy+ In C},
for impurity adsorption at the kink site as a function of Temkin kink model (13)
supersaturation. When the adsorption site is the surface terrace,
the step velocity is related to the impurity concentratiot¥ a8 {(R¥* - R¥IR¥42=ZaZInCy+InC},
Temkin terrace model (14)
{vy(vy— v)}° = 0o {1+ 1/KC}, Langmuir isotherm _
g where Ry and R are face growth rates in the absence and
presence of impurities, respectively.
{(vo— yi)/yo}2= Z(xsz{ln C,t+InC}, Temkinisotherm The adsorption of magnesium and zinc was well described
9) by the Langmuir kink model. The plots &°%?(Ro*? — R3?)
(ea 11) showed linear dependence o6; i the whole ranae
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TABLE 1: Adsorption Constants of Magnesium and Zinc growth unit, k is the Boltzmann constant, is the absolute
for the HAP c-face at pH 7.4 and at 25°C temperature, andy is the average distance between kinks,
adsorption mechanism impurity concentratio# or Co (L/mol) respectively. The edge free energy for the HARace was found
Langmuir kink model Mg <15 mM 1.97x 10° to bey = 3.3kT in our previous study? xo is estimated ago
kink model Zn <7.5uM 2.13x 10f ~ a for the HAP c-face, which suggests that the edge of two-
Temkin kink model Mg <0.15 mM 1.12x 10 dimensional islands on theface is rough. This indicates that
kink model Mg >0.15 mM 1.10x 10 a relatively high concentration of impurities is required to poison
t!nk modyel Zn =3.0uM 1.67x 107 the kink sites, inducing the reduction of the lateral growth of
ink model Zn >3.0uM 1.82x 108 . : . S N
Temkin terrace model Mg  <0.15mM 4.38x 10¢ two-dimensional islands. Considering that zinc inhibited the
terrace model Mg >0.15 mM 2.26x 108 growth of the c-face more effectively and completely than
terrace model Zn <3.0uM 7.13x 1¢° magnesium (Figure 3), the considerable difference in inhibitory
terrace model Zn >3.0uM 1.95x 1¢° effect between magnesium and zinc may indicate the difference

in the size of chemical species of impurities when they adsorb
on the c-face. It is thus assumed that magnesium and zinc
adsorbed in the form of free magnesium ions and the zinc
(00 ~1 = 1.00). phosphate compound such 353@04)2'.4“"20 (hopgite), re-
On the other hand, in the Temkin isotherm, the plotsRa#/¢ spectively, as presented in the previous repdgince the

— R32)/R 22 and 312 — R32)/R322 against InC: showed mo_IecuI_ar size of_ hopeite is much _Iarger than the size_ of a fre_e
R¥/Rs {(Ro R9/R:* ag ! cation, it can poisoned several kinks at the same time. This

assumption is supported by the calculation of supersaturation
t with respect to magnesium phosphate and zinc phosphate. The
solubility products for Mg(PQy), and Zr(POy)*4H,O are
1072398 and 103529 respectively’?2! The supersaturation of
solutions used were from0.99 to—0.76 with respect to Mg
Discussion (POy)2 and from—0.85 to 0.63 with respect to 2P Oy),-4H,0,
o , i respectively?122 Since magnesium phosphate is more soluble
The Langmuir kink model showed linear correlation for both a1 the zinc phosphate compound, magnesium is more likely

magnesium and zinc (Figures 7c,d), although the Langmuir ¢, take the form of free cations as compared with zinc, in the
terrace model showed nonlinear correlation. The Temkin kink present study.

and terrace models showed linear correlation with flexion points . N
P On the other hand, zinc may show an inhibitory effect

(Figures 7c,d). Therefore, it is concluded that the mechanism . ; . . e
of the inhibitory effect of magnesium and zinc best follows the regardless of the size of chemical species of impurities. In our
recent study, it was revealed by ab initio calculation thag-Zn

Langmuir kink model. However, if the chemical composition X -
. : : . : _(PQy); exists stably with two ZrO bond lengths of 2.04 and
and/or structure of impurity species changes with their concen 1.77 A, whereas each G®Q), or Mgs(PQy), has only one

tration, activation energies for adsorption and physical or
- : - bond length, 2.30 A (Ca—0) or 2.03 A (Mg—®}The Zn—0O
h I h f
chemical bonding between the species anddfiace surface bond length of 1.77 A is obviously shorter than that of-@a

could also change with concentration. In this case, flexion points : .
g P ndeed, it was found experimentally that two Z® bond

may appear in the relationship described by eqs 13 and 14, a# e :
Y app P v ed engths coexist in the hopeite structure. The mean bond lengths

shown in Figures 7c,d. )
g k (Zn—0) are 2.099 and 1.963 A reported in ref 24 and 2.106

The AFM observation was consistent with the Langmuir kin ; .
model. In the Langmuir kink model, the impurities adsorb at and 1.949 A reported in ref 25. Each longer or shorter length is

the kink sites of the step front and inhibit the growth. AFM found in the Zn@ octahedron or ZngXetrahedron, respectively.
images demonstrated a decrease in diameter of the two-On the other hand, calcium in the HAP structure are octahedrally
dimensional islands with an increase in magnesium or zinc coordinated to oxygen iéoms from phosphate with a mean bond
concentration. This decrease indicated a reduction in the velocity'€ngth of 2.36 A (Ca0) * Zinc takes a tetrahedral coordination

of lateral advancement of step fronts of the two-dimensional More easily than calcium, due to the smaller ionic radius of

on 1/G (Figures 7a and 7b). The adsorption constants for the
Langmuir kink model were calculated &gg = 1.97 £ 0.3 x
10* L/mol (oy 71 = 1.14) andK, = 2.134+ 0.3 x 10° L/mol

the presence of flexion points at a magnesium concentration of
0.15 mM and a zinc concentration of 30/ (Figures 7c,d).
Each linear part has a different Temkin adsorption constan
All adsorption constants for Langmuir and Temkin isotherms
are listed in Table 1.

islands due to the adsorption of the impurities. zinc than that of calciurd’ Therefore, the structural mismatch
In the Langmuir kink model, the coveragewas calculated ~ OCCUrs between zinc phosphate and HAP when zinc ion
(q 4) a¥0mg = 0.94 (Gng = 1.5 MM) andb, = 0.90 (Gn = combines with phosphate on the HAP surface. This structural

7.5uM). In the case of zinc, 90% of kinks were poisoned at mismatch causes the large inhibitory effect of zinc and
the zinc concentration of 7 /M, and the growth of the-face ~ completely inhibits the growth of the-face. In contrast,
was almost completely inhibited (Figure 3b). In the case of Magnesium in MgPQy)>8H.0 are octahedrally coordinated to
magnesium, despite 94% of kinks being poisoned at a magne-0xygen atoms from phosphate with mean bond lengths of 2.08
sium concentration of 1.5 mM, growth still proceeded with a A (Mg—0).2% This means that a serious structural mismatch
growth rate of about & 102 nm/s (Figure 3a). This suggests May not occur, even though a magnesium ion combines with
that magnesium was detached from the HAP surface into the Phosphate on the HAP surface. Although whitlockite was not a
solution after adsorption, or that magnesium was partially major growing phase as mentioned in a result section, it may
incorporated into calcium sites in the HAP structure. be possible that whitlockite is formed as an inhibitor in
The roughness of the step front of two-dimensional islands magnesium containing solutions. In this case, however, the
is estimated as follows. The valueg in eq 6 can be calculated situation is the same as explained above. Since calcium in

from the results in Figures 7a and 7b, and is givel§ as whitlockite is octahedrally coordinated to oxygen atoms from
phosphate as well as calcium in HAP, a serious structural
o, = yalin(l+ o)kTy, (15) mismatch between whitlockite and growing HAP should not
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