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Summary 

The effect of the ion activity product, KrAp(a’~,~+a6 ro; - a$- ) of the remine ralizing 
solution on the remineralization behavior of carbonate-apatite pellets, hldroxy- 
apatite pellets and hydroxyapatite powder have been studied. The pellets were 
demineralized in partially saturated 0.1 M acetate buffer, pH = 4.5, then rernineral- 
ized in 0.1 M acetate buffer containing 10 ppm, F and various equimohr 1:vels of 
4’Ca and phosphate. The hydrodynamics was controlled by using the rotating disk 
apparatus. The acid-abrasion and acid-etch methods were used to determine F, 4sCa 
and P levels at different depths. For powder remineralization studies, hydroxyapatite 
seed crystals were added to similar acetate buffer solutions containing Ca, F’ and F. 
The seed crystals were sonicated and maintained in uniform suspension in a 
thermostated beaker using a magnetic stirring bar. 

For carbonate-apatite pellets, there was mainly remineralization when the ion 
activity product of the remineralizing solution wa:i 1 x IO-“‘. When the K,,, = 
1()-1x? and 10-t’“, there was simultanr:ous demincralization/remineralization. The 
F concentration profiles in the lesion were steepest at 1 X lo-“” and broadened 
with decreasing K,,,. The molar F/45Ca ratios obtained with carbonat+apatite 
pellets were essentially in quantitative agreement with those previously asbtained 
with bovine dental enamel but differed somewhat from those obtained with hy- 
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droxyapatite pellets. In the hydroxyapatite powder studies the rates of crystal growth 
were relatively rapid at an ion activity procluct of 10 ‘0n, but decreased significantly 
at K,,, = 1O-“2 and were very slow at K ;:+,,, = 10 _ ‘I”. These powder remineraliza- 
tion results are consistent with remineralization behavior in the surface region of 
hydroxyapatite and the carbonate-apatite pellets. 

Introduction 

The influence of ion activity product. Ii’ . , A,,, of the remineralizing solution on the : 

remineralization of predemineralized bovine dental enamel has been studied previ- 
ously (Fox et al., 1983). The results of these studies led to the hypothesis that KI,,,,, 
value of 1 X 10.-‘12 marks the demarcation between remineralization only and 
simultaneous demineralization/reminerafization. Recently (Bergstrom et al.. 1984) 
the above hypothesis has been confirmed by a study in which a quantitative 
microradiographic method has been used. It was found that when the KICA,, of the 
remineralizing solution was 1 X 10. ““, r~mineralizatioli of the demineralized region 
was essentially complete. However. when the K, ,\,, value of the remineralizing 
solution was 1 X 10 ‘I’ or less. remineralization of the demineralized region was 
incomplete. Besides that, (her*: was significant demineralization in the deeper re- 
cesses of the originally demineralized region. Because bovhe dental ellamel used in 
these experiments contained about 4% carbonate, Ludwig et al. (1982) have con- 
ducted chemical kinetic studies to investigate the influence of the presence of 
carbonate in apatite on the crystal dissolution behavior. Their results have shown 
that dissolution rate of carbonate-apatite in the presence of solution fluoride was 
controlled by an apparent solubility corresponding to an ion activity product (KFC,+,,,) 
of around 1 x lO_“‘; for hydroxyapatite, they found that the corresponding KfA,, 
value was around 1 X 10 “’ ’ ‘. 

The purpose of the present study \vas to investigate the influence of the ion 
activity product of the remineralizing solution, K,,,, on the remineralization 
behavior of predemincrahzcd carbanai~-apatit~ pellets. hydroxyapatite pellets and 
hydroxyapatite powder. 

~~~~~rlw.si~s of c,trrhottNti'-lrptrtiti~. Hydroxyapatite containing 4-S% carbonate was 
prepared according to a procedure described by Legeros et al. (1971). 

S~t~rht~si.s of i?l’~lro.~,)‘cil~(rlilc. Hydroxyapatitc was prepared using the Avnimelech 
et al. (1973) procedure. 

I’l.qmltlwt Ijf pllt~1.K Ahnut 60 111.g of apatite N’as directly compressed in 0.28 
cl11 di;lInctcr die wi1.h a force of IO.000 lb. using a laboratc)ry press ‘. The pellet was 



TABLE 1 

THE C’OMPOSITIONS OF THE REMlNERALlZlNG SOLUTIONS (pH 4.5, p = 0.5.0.1 M ACETATE 
BUFFER) 

_- 
Total catcium 

(mM) 

12.00 
6.87 
3.83 

Total phosphate F 
(mM) !ppm) 

12.00 10 
6.87 10 
3.83 10 

PK,,P 

108 
112 
116 

then ejected from the die and mounted on a p&t-holder witft melted paraffin so 

that only one flat surface of the pellet was expoqed. 
Prepara rion of solutions. A solution 16% saturated (on mohr basis) with respect 

to the thermodynamic solubility of hydroxyapatite was used :‘or deminernlization. 
The solution was 0.1 M acetate buffer containing 3.5 mM each of total calcium and 
phosphate. The pH was adjusted to 4.5 by NaOH and ioni: strength to 0.5 by 
addition of NaCI. 

For remineralization 0.1 M acetate buffer solutions, containing 10 ppm F and 
various equimolar levels of 4sCa and phosphate, were used (Table 1). The pH was 
adjusted to 4.5 by NaOH and ionic strength to 0.5 by tl-,e addition of NaCl. 
Although the remineralizing solutions were supersaturated with respect to CaF?. 
there was no spontaneous CaF, precipitation into the solutions. 

Demineruiizution of the pellet. The pellet was demineralized in 25 ml of the 
deminerali~ng solution at 3O*C, using the rotating disk apparatus ’ (Fig. 1) at 
stirring speed of S rpm. At the end of the demineralization process the pellet ~vas 
washed completely with double-distilled water and dried at i*oom temperature in a 
desiccator containing saturated potassium nitrate solution. 

~ern~~~r~~izat~un of the pellet. The demineralized pellet v+‘as r~mineralized in SO 
ml of the remineralizing solution at 30 o using the rotating disk apparatus (Fig. 1) at 
a stirring speed of 5 t-pm. At the end of the reminaralization process the pellet was 
washed completely with double-distilled water. 

Powder rem~neru~izut~on rn~tho~ The remineralization ex~e~ments involved ad- 
ding seed hydrox. latite preparations to 95 ml of the remineralizing solution 
containing Ca (‘“Ca,, P and F. The hydroxyapatite was sonicated for 60 s in S ml of 
0.5 M NaCl solution before adding to the remineralizatian solution. The seed 
crystals were m~ntained in a uniform suspension in a thernl(~stated beaker (at 30° t 
using a magnetic stirring bar. The depletion of F ion was monitored intermittently 
by withdrawing samples. The withdrawn samples were (1 ml) passed through 
injection syringes fitted with a Swinny filtration assembly containing filter paper ‘. 
The F content of the filtrate was ~~etermined. Most of the remineralization experi- 

’ Cole Parmer Standard Servodynr System. 
3 Millipore filter, 0.22 pm Fore size. 
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Fig. 1. Constant speed rotating device. Kc?: A. wnst;mt speed motor: B. cover; C. paraffin \vilx; il. 

apatite pellet; E, jacketed beaker. 

ments were completed in 24 h. Ca and P ionx, being in large excess, did not deplete 
significantly in most cases; however, when u:S.eful, “Ca and P were also determined 
along with F. 

The precipitate was collected over 0.45 pm Millip;lre filter paper washed thor- 
oughly with double-distilled water and dri:.:d at 60.-7O*C for 24 h. The dried 
remincraiized powders were analyzed for ““CA. P and F. 

AU&ulircrsion method The procedure which has been developed by Iyer et al. 
(1983) for the abrasion of dental enamel bibs been modified so that it would be 
suitabfc for pellets. The remineralized pellet was acid-abraded for successive periods 
of 30, 60, 60, 60, 60, 60 and 60 s, using 5 ~1 04’ 0.1 M HCICIq and an abrasion load of 
100 g and 1200 rpm. The abraded samples were dissolved in I .5 ml of 0.5 M HCIO, 
and assayed to determine F, P and “Ca concentrations. 

A c,iti-eti,h-method. For hydroxyapatite pellet (containing no carbonate). the 
Gd-etch procedure described previously (Ytmese et al., 1981) was employed, The 
pellets were very soft, and therefore a*:id abr;rsion was not a convenient method. 

Anu(~:tic*trl procwiwe for phosphate ,fimricle umi J’cxd~~ir~n~. Phosphate c\mccntra- 
tion WilS determined colorimetric~ily by the method of Gee Ed at. (1954) in which 
phc~sphoatnm~>nium molybdatc complex formed was reduced by stannous chlaride. 
then fhc absorbance was measured at 720 nM ‘, 
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Fig. 2. Influence of the pK,;,, of the remineraliring solution on the 4X h F uptake profilrs ia 
predemincralized carhonatr-apatite pellets as measured hy the acid-nhrasion method. Key: -. 10s: 

-. 112; and -_-.-. 116. 

*‘Calcium was determined by using scintillation counting j and fluoride was 
determined by a fluoride electrode’ using low level total ionic strength adjusting 
buffer. The adjusting buffer was prepared by adding 57 ml of glacial acetic acid and 
5X g of sodium chloride to 800 ml of double-distilled water contained in a l-liter 
beaker. The pH was then adjusted to 5.25 by addition of sodium hycroxide solution 
and the final volume was completed to l-liter with double-distilled water. 

Deprh ~ulculuticr~~ The depths of the abraded or etched layers of the pellets were 
determined from the amounts of phosphate recovered, assuming the density of the 
samples to be that of pure hydroxyapatite (2.95 g. cm “: Rootare. 1973). IBased on 
this information fluoride and “calcium per unit volume of the mineral were 
calculated. This density value and therefore the depth calculations .Ire approxima- 
tions, since the porosity of demineralized pellet layers was not known. This method, 
however, does provide a convenient means of estimating the F levels ils a function of 
depth. 

Results snd Discussion 

T?w fluoride concentrations for remineralized carbonate-apatite p:llets shown in 
Fig. 2 decreased with increasmg depth and ‘the F gradient in the lesion was steepest 

’ I~cchrnon model 9000 Iquid scintill:ltion system. Bec:tmsn Instr.. (‘A. 

” Orion. hl~xicl 94-09, Camhridgc. MA. 
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Fig. 3. Influence of the pK I Af, of the rrmineralizing solution on the 4H h "'Ca uptake profllch m 

prcdemineralized carbonate-apatitc pellets. Key: --. 10X: --. -. . 112: itlId . - . . 116. 
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for pK,,,, 108 and broadened with increasing pKFAP. For pKFPP of 108, values of 
13,000-15,000 ppm F can be seen in the first few pm which then decreased to about 
2500 ppm at a depth of 5-15 pm. For pKFAP values of 112 and 116, the patterns 
were somewhat different from the 108 case in that there was less F in the surface 
region and more F at the intermediate depths (lo-15 pm). The 45Ca uptake as a 
function of depth in the carbonate-ap~ltite pellets are shown in Fig. 3. The 45Ca 
uptake data were qualitatively similar to the F uptake results, viz. at pK,,, = 108, 
the levels were high near surface and declined rapidly with depth while at 112 and 
116 the patterns were broader. Fig. 4 shows the molar F/4sCa ratio as a function of 
depth in the remineralized carbonate-apatite pellet. The ratio was increased from 
about 0.2 to 0.3 as the pKFAP value of the remineralizing sohtion increased from 
108 to 112, and to around 0.5 when the pK FAP was 116. 

The result in Fig. 4 also indicates that remineralizaeion occurred through fluo- 
rapatite deposition in the lesion rather than CaF2, if CaF, was depositing the 
F/4sCa molar ratio would be 2 and higher. 

Experirrlental data obtained with carbonate-apatite pellets may be interpreted on 
t!le basis of remineraliwtion or simu! taneous demineralizatio:~/remineralization. 
and in general the findings are consistr=nt with data obtained with bovine enamel 
slabs. The results shown in Figs. 2, 3 and 4 suggest that when the pK,,, of the 
reminer~lizing solution was 108 remineralization mainly occurred through fluo- 
rapatite deposition in the lesion. When the pKFAP of the remineralizing solution was 
112 and 116, the results are consistent with a mechanism based upon simultaneous 
deminerali~tion/remineralization. This shift in mechanism is consistent with the 
expectation that as the concentration of calcium and phosphate decreases in the 
sofution, the dissolution process increases. The solution with a pKFAP of 108. for 
example. has a pK tl,-\P (K NAP = aFaz + a” po~ a:,,, ) of 120 which marks the effective 
dnving force for dissolution of hydroxyapatite (Fox et al.. 1978). Thus for hydroxy- 
.cp;ttite the situation is P clean one in which a solution with a pKFPIP of 108 is 
c\pccted to have no dissolution component whatsoever: with carbonate-apatite, 
\\ trtch has a pK ,,,&,, of 115. WC should *expect some dissolution In the PK,,~ = 108 
solution. but much less than in the solutions with pK,,, of 112 or 116. Thus the 
shift in m~~hanistn from simultaneous demineralization/rem~neralization to re- 
n~ineral~~~tion only might not be expeetd to be as sharp for carbonate-apatite as for 
hydroxyupatite. The experimental results, however, indicate that ?.he shift does occur. 
The molar FI “Ca ratio increases abate 0.2 as the pK ,-AP value of the remineraliz- 
ing soluGon was increastg lo 112 and to 1 pP6. As was discussed by Fox et al. (1983). 
rhe departure of the ratio from 0.2 could be a measure of decreased microenviron- 
tn~tlld “(‘;t spvific activity arising front dissolution of non-radioactive calcium 
from the deeper regions in the enamel and is therefore an indication of simultaneous 
det~\invraliaationitemincraliraliafl, Thr results obtained in the p-esent work are alSO 

c’cwsistmt wth rhe quantit;rGve n3i~ror~~dio~ri~phi~ data reported by Bergstrom et al. 
(l984) and tho chemical kinetic data obtained by Fox et al. (1983). using bovine 
cn:rmcl xl&o. l’hc carlxm~te Iwcls in bovine dental alamel wed in these experi- 
ments are approximately 4 In this work the carbonate-apatite used contained 
~pp~o~irn~~t~l~ 5% carbonate. The study of Bergstrom et al. .1984) showed that 
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mineral density recovery in the outer 10-20 pm was relatively complete when the 
pKFAP of remineralizing solution was lW3 and was incomplete when the pK,.,,,, was 
112 and 116. Also, at .a pK,,, of 112 and 116, there was a less dense region in the 
bovine enamel at a depth slightly greater than that produced by the deillinenrlizalicln 
treatment alone. This mineral loss from regions deeper than the original lesion 
indicates that simulta.neous dissolution and remineralization was occurring. The 
results of Fox et al. (1983) also showed that the molar F/4”Ca ratio was increased 
from a value of around 0.2 at pK,,,, 01’ 108 to a value of around 0.3 at pK ,.,.,,, 112 
and to a value of around 0.5 at pK,:,,, ‘I 16. This increase in the molar F/4”Ca ratio 
to a value greater than 0.2 at pK[,,,, 112 indicates thnt simultaneous demineraliza- 
tion/remineralization had occurred. Also Fox et al. (1983) found that “W fluoride 
uptake at the enamel surface was relatively higher when the pK ,:Ar, of the remineral- 
izing solution was 108 compared to that at 112 and 116. 

The corresponding experimental results for the hydroxyapatite pellets at pK ,.,,,, = 
108 and ‘112 are shown in Figs. 5, 6 and 7. Fig. 5 shows that both the cumulative F 
uptake and the F profiles shapes are quantitatively similar to those obtained with the 
carbonate-apatite pellets. Fig. 7 shows, however, that in the case of the hydroxy- 
apatite pellets the F/4’Ca ratio does not appear to change significantly in going 
from pK,,, = 108 to pK I-‘A,, = 112, while there was a significant change in the 
experiments with carbonate-apatite petjets. 

Although the results obtained with hydroxyapatite and ci~rbon~rtc‘-apatite pellets 
are consistent, there are also some :;ignificant differences. The pellets of both 
materials behave similarly at PK~:*~, 108 and both materials showed relatively 
complete remineralization at the surface when the pK,.,,,, of lhe remineralizing 
solution was 108 and less than complete remineralization at pK, .,,, = 112 and 116. 
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At 112. however, the increa.se rn the molar F/4sCa ratio which was observed with 
~~rb~nat~-apatit~ pellets (Fig. 4) did not occur or did not occur to the same extent as 
with h~dr~x~apatite pellets. Fox et al (1983) concluded that the onset of simufta- 
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neous demineraIization~reminer~~li~~,ation for hydr~~~~apatite pellets mcurrcd at 
around a pK,,, of 114 rather than 112 and the prcscnt findings suggest this 
interpretation. 

The results in Figs. 8 and 9 show the remineralization behavior of hydroxyapatitc 
crystal at two different slurry densities as a function of the pK, ,,,, of the remineraliz- 
ing solution. At the high slurry density (Fig. 8) the ren~inera~i~ti~n rates for pK t+,r, 
of 108 and 112 were similar but at PK,,~ = 116, the rattz wips much slower. At the 
tow slurry density (Fig. 9) the r~tl~in~rali~ti~~n behavior was diff~r~nt from thnt 
shown in Fig. 8 in that both the rute and nppztr~nt extent of rumin~rrrlirution of 

PK t:AP = 112 was much smaller than those for the ease of pK t~ht. = 108. 
The crystal suspension studies h;tve revealed an interesting slurry density cffcct. 

Although no attempt will be made t,o explain these results, it should be nOtbd that tit 
the high slurry density the average crystal grows up to a fraction of its original 
weight at the point of depiction of the solution F. Both 108 and 112 solutions 
efficiently allowed this fractional growth to occur. At tht: low slurry density thr: point 
of F depletion corresponds to the ;iverage crystal having grown to many times its 
original weight. This difference in the extent of growth may account for the fact that 
at the low slurry density the bchavicrr at 108 and 112 differ signifie:mtly. This can be 
extended to the ren~ineralization hchavior of pre~~clnincralirrsd pellets. The: miner;lt 
density in the surface region of the pellet dciltincri~ti~e~i with 16% partially sitturatrd 
solution is about l/S of the origiml lniner~~l density. Since the rcnlinrr~~li~~~tio~~ of 
this layer is believed to be controki by the ion iht+ty product of the bulk solution. 
remineralizntion using tht: 10X solution would be cspccted to result in almost 

4 



complete recovery, while because the average crystal would be required to grow 
many times its weight complete remineraliwtion in the surface region would not 
occur when the pK FAP = 112 or 116. 

The present work also provides more evidence which enables us to explain the 
dense zone which is usually seen at a region beyund the surface when a solution of 
pKFAP of 1.12 is used for remineralization (Be:gstrom et al., 1984). This region 
originally is less demineralized than the surface and both processes of simultaneous 
deminerali;urtion/remineralization from deeper layers and remineralization from 
bulk solutions could contribute to the mineral ition at this layer. 

The FpS5Ca molar ratios seen in experiments with carbonate-apatite pellets were 
in gaod quantit~tiye ant with those obtained with bovine dental enamel (Fox 
et al.. 1983) but differux4 sornmvhat from those obtained with hydroxyapatite @lets_ 
f%r car~~nat~~~tite pellets there was mainly ~~~ali~t~ at pKfnP ol f 
when pK vbP was 112 and 116 there was simultaneous ~i~~ti~~~in~~li~ 
zatian. For hydr~~ya~tite pellets the process sf simultan~s ~~~~i~ti~~~re- 
mineralization was less pronou FA 112 than wl*:h occurred w-ith 
car~nat~~patite pellets* This in aWior bet hyd~ya~tite and 
carbonate-apatite may be attributed to the pn~nce of carbonate i )at 

tssults show that for both chute-a~atite and hyd~~~~ti~ 
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levels at the surface were high when the pK,,, of the remineralizing solution was 
10131 and decreased with increasiny pKFAp. 

The investigation provided useful insights into relationships between the powder 
and pellet remineralization behavior. The pellet rem~neraliz~tion behavior in the 
surface region was well correlated with the rates of growth of hydroxyapatite crystal 
suspensions. 
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