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Apatite crystals were synthesized under approximately physiological conditions and in the 
presence of magnesium ions. After ageing from 4 to 21 days, the crystals were analyzed and 
their exchange of incorporated magnesium studied with the use of 2SMg. 

Both the kinetics and the extent of the exchange showed that magnesium ions were 
strongly rejected by the apatite lattice. In aged crystals, nearly 90% of the magnesium was 
located in readily exchangeable (surface) positions. These findings support one concept that 
apatitic magnesium is essentially a surface-limited ion and help to explain the ready availabil- 
ity of skeletal magnesium in animals on magnesium deficient diets. 
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Des eristaux d'apatite sont synth6tis6s dans des conditions physiological approximatives et 
en pr6sence d'ions de magn6sium. Apr~s vieillissenlent de 4 s 21 jours, les cristaux sont 
analys6s et l'6change du magn6sium incorpor6 est 6tudi6 s l'aide de 2SMg. 

A la fois, l'6tude cin4tique et l'ampleur des 6changes indiquent que les ions de magn6sium 
sont nettement rejet6s de la maille de l'apatite. Au niveau de vieux eristaux, pr6s de 90% du 
magn6sium est sit@ dans des positions (de surface) @hangeables. Ces r6sultats confirment la 
th6orie qui admet qua le magnSsium de l'apatite est surtout un ion de surface, lls expliquent la 
grande labilit6 du magn6sium squelettique chez des animaux soumis h des r6gimes pauvres 
en magn6sium. 

Apatitkristalle wurden unter ann~hernd physiologischen Bedingungen und in Anwesenheit 
von Magnesiumionen synthetisiert. Nach einer Ausreifungszeit von 4-21 Tagen wurden die 
Kristalle und der Austausch des eingebauten Magnesiums mittels 2SMg untersucht. 

Sowohl die Kinetik als auch das AusmaB des Austausches zeigten, da6 die Magnesium- 
ionen yore Apatitgitter heftig abgestol3en warden. Bei ausgereiften Kristallen waren nahezu 
90% des Magnesiums leicht austauschbar an der Oberfl/s gelagert. Durch diese Befunde 
wird ein Konzept unterst(itzt, wonaeh das im Apatit vorkommende Magnesium hauptsgchlieh 
ein oberfliichengebundenes Ion ist. Ferner li~Bt sich dadureh erkliiren, weshalb bei magnesium- 
arm ern~ihrten Tieren so leieht Magnesium aus dem Skelet verffigbar ist. 

Introduction 

Although magnes ium is an impor t an t  const i tuent  of bone, lack of a convenient  

isotope and problems in methodology have  severely l imited the study,  and conse- 
quent ly  our unders tanding,  of the nature  of bone magnes ium and its possible 

funct ional  significance. 
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S o m e  yea r s  ago,  a s y s t e m  was d e v e l o p e d  in  our  l a b o r a t o r y  for  syn thes i z ing  a p a t i t e  

c rys ta l s  in vitro u n d e r  cond i t i ons  t h a t  a p p r o x i m a t e  t hose  occur r ing  phys io log i -  

ca l ly  [8]. T h e  s y s t e m  was  successfu l ly  app l i ed  to  t h e  s t u d y  of s o d i u m  [8], p o t a s s i u m  

[8], s t r o n t i u m  [5], a n d  c a r b o n a t e  [6] in  r e l a t i on  to  t h e  f o r m a t i o n  of a p a t i t e  
crys ta ls .  I t  s e e m e d  of i n t e r e s t  to  r e i n v e s t i g a t e  t h e  m a g n e s i u m  p r o b l e m  us ing  th i s  

c ry s t a l - syn thes i z ing  sys tem.  

Methods 

The apparatus employed for the synthesis of crystals, and much of the associated methodo- 
logy, have been described previously [5, 6, 8]. Basically, 100 ml each of 0.1 M K2HPO 4 (in 
0.05 M KHC03) and of 0.16 M CaC12 (containing ~TMg, 0.003 M) were simultaneously pumped 
into 500 ml of buffer over a period of 6 h. The buffer consisted of 0.14 M KC1 in 0.025 M KHCO a 
which also contained Mg ~+, 0.001 M. Fifty milligrams of L-apatite [7] were added to " seed"  
the mixture. An automatic titrator maintained the pH at 7.4 by the addition of 2 M KOH 
throughout the precipitation process. During the period of crystal formation, the system was 
flushed with 95 % 02: 5 % CO~. In the long-term experiments, the system was flushed with the 
gas mixture, sealed and flushed and resealed at periodic intervals. The crystals aged from 
4 to 21 days. 

In this system, the temperature and pH remained constant while ionic strength variations 
were less than 10% [8]. In the presence of the seed crystals, less accumulation of calcium, 
magnesium and phosphate occurred in solution. Concentrations were physiological, or less, 
throughout the last two-thirds of the precipitation process. At the end, approximately 98 % 
of the calcium, magnesium, and phosphate pumped into the reaction flask was found in the 
solid phase. 

For exchange studies, about 30 ~C of ~SMg (containing some 24Mg) were added to the aged 
crystal slurry. The solids in aliquots of slurry, taken at various time periods from 3 min to 
48 h after addition of isotope, were analyzed for H20, 2SMg, 24Mg, Ca, P, and CO~ [5, 6, 8]. 
Ten milliliters of slurry were passed through a micro-millipore filtration apparatus and air 
pulled through for 3 min. The solution was saved for analysis. The solid, collected on the filter, 
was processed for analysis. 

2SMg (Brookhaven National Laboratories) is shipped as MgC12. However, it contains 
unknown organic impurities. Accordingly, the solution was evaporated in a platinum crucible 
and ashed at 600 ~ for 30 min. The resulting ash was dissolved, with heat, in a minimum of 
dilute HC1 and diluted to an appropriate volume (usually 5 ml) for aliquots. 24Mg was ana- 
lyzed by atomic absorption spectrophotometry (Perkin Elmer A.A.S. Model 303). 

4aCa (Oak Ridge) was precipitated with ammonium oxalate, isolated and washed by centri- 
fugation. The washed precipitate was converted to ~sCaCOa by placing in a muffle furnace for 
two hours at 600 ~ The 4sCaa was dissolved in a few drops of dilute HC1 for dilution and 
subsequent use. 

A few preliminary precipitations were conducted in the absence of C02:HCOa-. Crystals 
were taken at intervals from 15 min to 3 weeks, lyophilized, and examined by X-ray diffrac- 
tion. The presence of magnesium slowed the precipitation and crystallization processes. 
Against the amorphous pattern of poorly crystallized apatite, several sharp aberrant diffrac- 
tion peaks from an unidentified solid phase were observed. These same peaks were seen in the 
patterns given by solids precipitated in the presence of bicarbonate as well. In the unseeded 
preparations, then, varying and unpredictable mixtures were obtained; apatite, an unidenti- 
fied solid and presumably some amorphous calcium phosphate [1, 4]. However, when the 
system was seeded with small amounts of preformed apatite crystals, the aberrant peaks were 
no longer observed. Moreover, the conversion to apatite seemed to progress promptly, suggest- 
ing an autocatalytic process. All solids reported in this paper exhibited diffraction patterns 
characteristic of hydroxyapatite only. Typical patterns are given in Fig. 1. 

Results 

W i t h i n  th i s  l i m i t e d  series of e x p e r i m e n t s ,  t he re  were  no  t r e n d s  in  compos i t i ona l  
change  w i t h  v a r y i n g  age  of t h e  crys ta ls .  There fore ,  a v e r a g e d  d a t a  f r o m  t h e  
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Fig. IA-C. X-ray diffraction patterns of typical aged precipitates. A 4 days; B 2 weeks; 
C 3 weeks 

Table. Average composition o/crystals and equilibrium/luid a 

Solid Solution 
% dry wt. mM 

Water 79.6 ~ 0.6 b 
Phosphate, P 15.7 :k0.2 0.25• 
Calcium 35.0 =~ 0.8 0.44 ~-: 0.07 
Magnesium 0.66 • 0.04 0.61 ~ 0.10 
CO 2 6.03 ~ 0.55 25 c 

Ratio.~ (Molar) 
Ca/P 1.72 ~ 0.02 1.75 =~ 0.45 
Ca/Mg 32.0 •  0.72 ~ 0.15 

a~Given as mean ~ std. error, n = 8. 
b Per cent of wet hydrated crystals. 
c Set by experiment, not analyzed. 

8 exper iments  are given in the  Table.  As with  previous  experience [6] the  composi-  
t ion of the  crysta ls  closely app rox ima ted  the  composi t ion  of bone minera l :  h ighly  
h y d r a t e d  crysta ls  of small  size, conta ining 6% CO 2 and  a Ca/P rat io ,  1.72, near  
the  theore t ica l  value  for apa t i t e ,  1.66. Like bone, when corrected for CO 2 content ,  
the  molar  ra t io ,  (Ca-~Mg)-CO2/P, was low, 1.50 [7]. The magnes ium content ,  
0.66%, was also s imilar  to t ha t  repor ted  for bone [7]. However ,  i t  should be no ted  
t h a t  the  magnes ium content  of the  crys ta ls  is f ixed p r imar i ly  by  the  design of the  
exper imenta l  condi t ions,  i.e., the  Ca/Mg ra t io  of the  solut ions p u m p e d  into  the  
p rec ip i ta t ing  flask. 
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Fig. 2. A comparison of the kinetics of the exchange of 45Ca and ~SMg. The data from several 
experiments have been normalized to give coincidence at 48 h. Note the virtual cessation of 

further 2SMg exchange beyond 10 h 
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Fig. 3. The effects of crystal aging on the extent of 2SMg exchange (48 h). The dotted line 
indicates the course of exchange if magnesium had been trapped randomly in the initial 

precipitation 

The kinet ic  exchange d a t a  are presented  in Fig.  2, where all  of the  exper iments  
have been normal ized  to  be coincident  a t  48 h. F o r  comparison,  45Ca exchange 
results  are also given.  Two poin ts  are  wor thy  of emphasis .  F i r s t ,  there  is consid- 
erable  Mg exchange occurr ing between 1 and  10 h af ter  add i t i on  of the  isotope.  
Second, between 10 and  48 h l i t t le  fur ther  exchange occurs, in cont ras t  to  the  
case of 4~Ca. 

The per  cent  of magnes ium which exchanged in 48 h was dependent  upon  the 
age of the  crystals .  These d a t a  are  given in Fig.  3, where i t  is seen t ha t  two- th i rds  
of the  magnes ium resides in surface posit ions,  even in crysta ls  4 days  old. As the  
crysta ls  age, more  and  more  magnes ium is ex t ruded  and  becomes exchangeable,  
near ly  90% in 21-day-old  crystals .  
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Discussion 

Previous analyses of the kinetics of the exchange of apatite crystals [7, 9] have 
established that cations, residing in the hydration shell, equilibrate with the solu- 
tion within minutes. Cations which are located in the lattice surfaces require hours 
of exchange, while interior positions take days, weeks, and even months to ex- 
change. These separate phases are seen in the exchange of 45Ca shown in Fig. 2. 
On the other hand, the kinetics of magnesium exchange show the first two phases 
clearly, but the slow, continuing exchange of interior lattice positions (from 
10-50 h) is almost entirely lacking. The kinetic data, then, suggest strongly that  
magnesium, for the most part is, extruded from the lattice and resides in readily 
available positions in the surfaces and the hydration shells of the crystals. 

The extent of the exchange confirms this conclusion. In aged crystals, not 
more than 20% of the calcium (which is distributed evenly through interior and 
surface positions) is readily exchanged (6; also Mulryan, unpublished results). 
Two-thirds of the magnesium was readily available in crystals four days old. By 
three weeks, 87% of the magnesium was found in the surfaces of the crystals. 

The chemical data are also in accord with the concept that apatitic magnesium 
is essentially a surface-limited ion. The Ca/Mg ratio of the solid is 32 while the same 
ratio in the solution with which the crystals are in quasi-equilibrium averages less 
than unity, 0.72. Expressed as a discrimination ratio [3], the preference of the 
lattice for calcium is approximately 45. 

These findings help to explain the ready availability of skeletal magnesium 
in animals on magnesium deficient diets. Blaxter (1956), who summarized a series 
of studies of magnesium deficiency, found that over half the skeletal magnesium 
could be transferred to soft tissue and the excreta of calves fed a deficient diet for 
a month. Although he reported reductions of skeletal magnesium of as much as 
75%, more drastic deficiencies were terminated by tetany [2]. 

The state of magnesium in the skeleton unfortunately is rendered somewhat 
ambiguous by the presence of a non-apatitic, amorphous mineral phase [1, 4]. 
The present studies do not deal with the location or exchange properties of 
magnesium in an amorphous precipitate. Nor is it likely that such information 
will soon be forthcoming, since the amorphous phase is relatively unstable at 37 ~ 
in aqueous suspension in vitro [1, 4]. One might expect that  all ions in an amor- 
phous phase would be relatively reactive and exchangeable. On the other hand, 
since an amorphous phase is by definition structureless, it would not be expected 
to show the discriminatory powers of a structured apatitic lattice. 
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