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Calcium and l-hydroxyethylidene-l,l-bisphosphonic 
acid: ~~lynuc~e~ complex furmatbn in the 

physiological range of pfl 

Summary 

t-)fydruxyethylidene-r,t-bisphusphonic acid (HEDP) is used in a variety of 
diagnustic, research and therapeutic applications at in vivu cuncentrations uf frum 
rzt 1 PM to > 1 mM. Previous studies have shown that cakium and HEDP form 
polynudear aggregate complexes at high pH. Calcium iorl titrations at constant pH 
8.0, and pH titrations at 1 : 1 and 2 : 1 ratios of total calcium tu total diphosphunate, 
provide evidence fur the occurrence of aggregatiun of calcium and HEDP under 
physiu~ugi~a~ conditiuns. A robust feature of severaf pulynuefear models examined is 
a dramatic pH dependence of putynuclear species concentrations between pH 5.5 
and 7.0. 

MEDP has a variety of research, industrial and medical uses (Francis and 
Centner, 1978), Therapeutic use may involve either unlabeled ur radiolabeled 
compounds and alf medicat appticatiuns are refated in one way or another tu the 
physiologic role of calcium. Paget’s disease and other hone disorders have been 
treated with unlabeled HEDP administered orally uver periods on the order of 
months (Fleisch, 1980). while parenteral administration has been used for treating 
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malignant hypercalcemia (Jung et al., 1981). [ J2P]-labeled HEDP has been used in :I 
radiotherapeutic mode in advanced cases of diffuse metastatic disease of bone 
(Potsaid et al., 1976). 

Diagnostic uses of HEDP were a result of experience with its use in treatment of 
metabolic bone disorders. In the early 1970s the primary radiopharmaceurical for 

bone scanning was Sr”‘, a metabolic analog of calcium which has a relatively long 
half-life and delivers undesirably large radiation doses during diagnostic studies 

(Moon, 1969). The advent of q9m technetium-labeled polyphosphates and phos- 
phonates (Castronovo and Callahan, 1972: Yano et al.. 1973) greatly increased 
efficacy of diagnostic bone scanning and the rate of studies done with the Tc-labeled 
phosphorous compounds increased by an order of magnitude over that with ““Sr 
(Lamson, 1982). Technetium-phosphonates are now the agents of choice in bone 
iinaging; they are also useful in l~ali~ation of calcium in soft tissue. as in breast 
carcinoma and myocardial and cerebral infarcts (Berg et al., 1973). and as a measure 
of skeletal metabolism in 24-h whole-body retention studies (Smith et al., 1983). 

Other important areas of medical uses of HEDP are those of dental research (wu 
et al., 1976) and research involving kidney stones (Blomen. 1982). In the cases of 
both hydr~xyapatite and calcium oxalate crystals, surface adsorption of HEDP 
causes an inhibition of dissolution, an effect which may shed further light on 
dissolution kinetics and lead to effective means of preventing dissolution in the case 
of HAP or enhancing dissolution in the case of kidney stones. 

A first step toward understanding the physiologic behavior of HEDP is an 
exatni~ation of gallium-HEDP complex formation under physiolo8i~ conditions. A 
number of studies have appeared in the literature over the past several years 
regarding formation of Ca-HEDP complexes. While some authors have reported the 
presence of only simple calcium diphosphonate spccics in ayucous solution 
(Kabachnik et al.. 1967; Wadn and Fernando, 1972). others who hsve studied 
complex formation at pH 11 have reported the ~~u~ren~e of ~~~r~gi~tio~~ and 
polynuclear complex formation (Crabenstetter and Cilley. 1971: Wiers, 1971: Callis 
et al.. 196s)). The formalion of polynuclear complexes may be due to the presence of 
several coordinaring oxygen iltoms on the HEDP molecule \vhich results in ;1n abilit! 
to form multiple ring structures with calcium and the hydroxyl group: the hvdroxyl 
group may he il~vol~~e~l even if LtI~-i~~tii~e~i (Uchtman, 1972a and h). The purposr‘ of 
this study is to determine whether this ~~~regi~ti~~l~ phcnomcnon m;ty be ctxpccted ttl 
occur in the physiological range of pH (Wiedmrr t‘t ;ll., 19X3). 
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added to the 2nd and 3rd equivalence points indicated the yield from the cation 
exchanger to be 97.0 f 0.8 Solutions were checked for metal complex impurities 
by UV-visible spect aqueous solutions of acid HEDP have no UV-visible 
absorption. 

Base solutions used in all studies were prepared from Ektman reagent grade 10% 
aqueous solutions of TMAOH. and standardized by titrating to a phenolphthakin 
end paint with potassium hydrogen phthaiate. Precautions were t&en to exclude 
dissolved atmospheric carbon dioxide from the solutions. Tetramethylam- 
monium chloride (TMACI) was WXI in ail experiments to maintain ionic strength at 
0.100 M; aqueous stock solutions were prepared by dissolving Baker reagent grade 
TMACI in reagent grade deionized water and all solutions were bubbled for 30 mm 
with CO,-free nitrogen gas. Calcium standard salutions were obtained from Badi- 
ometer as 0.100 M aqueous CaCl,. shipped in plastic containers in evacuated metal 
cans. 

Water u.sed for preparing all solutions and for rinsing glassware was reagent grade 
(18 MS1 resistance, organic impurities = ppb), produced from a 4 cartridge Millipore 
water purification unit. Since significant amounts of sodium and eakium ions will 
leach out of borosilicate glass storage containers over periods of a week or more. 
water was kept no longer than 2-3 days in Ascarite-vented storage containers. 
Precautions were taken throughout reagent preparations and experiments to exclude 
atmospheric CO,. which may precipitate as calcium carbonate, by bubbling with 
nitrogen gas; the effectiveness of removing and excluding CO2 from a closed but 
unsealed reaction vessel by N, bubbling is shown in Fig. 1. The nitrogen used had 
been passed through three gas washing bottles, the first containing concentrated 
NaOH to remove any traces of CO, and the second and third containing deionized 
water. This washing provided nitrogen gas free of any trace of CO2 and saturated 
with water vapor. 
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All experiments were done in a water-jacketed 250 ml beaker closed at the top 
and with inlet ports for electrodes, a mechanical stirrer, the line supplying nitrogen 
gas and buret delivery tips. After solutions were added to the reaction vessel thermal 
equilibrium was achieved at 25 OC in approximately 10 mm and bubbling was 
continued for another 10 mm before starting any titration. Temperature was 
maintained at 25.0 4 O.lOC during the course of the experiments. Radiometer 
equipment was used throughout, including pH meters, autoburets and electrodes; 
the calcium electrode was found to produce stable and rapid potential readings 
down to the micromolar level, where response time became somewhat slower. 
Calcium standard curves were obtained before and after each run by titrating a 
0.100 M solution of TMACl at the desired pH with 0.100 M calcium chloride 
standard. These standard runs were generally within l-2 tenths of a millivolt down 
to the micromolar level and non-linearity in electrode response at the lowest 
concentrations was accommodated by fitting the curves to a least-squares cubic 
spline; the before and after standard splines were averaged by the computer program 
which processed the raw data. It was noted that calcium electrode response was 
somewhat dependent on pH and exhibited a hysteresis effect when titrating a 
solution of constant calcium ion concentration with a base followed by an acid. 
Therefore, all standards and samples were titrated in exactly the same manner. 

Results 

Experimental data are shown in Figs. 2-4. Figs. 2 and 3 are unsmoothed plots of 
pH titrations at 1 : 1 and 2 : 1 ratios of total calcium to total diphosphonate, 

8 L ?o.oo 
- I 

1.00 2.00 3.00 4.00 5.00 
Moles OH added/mole tiEDP 

Fig. 2 1Jnsmoothed pH titration data at 1: 1 ratio of CATOT: DPTOT. Diphosphonate concentratibns. 
top to bottom on left hand side of plot, are 0.100, 0.220. 0.480, 1.100. 2.30 and 5.00 mM. 
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TABLE 1 

HEDP ACID DlSSOCIATlON CONSTANTS 

p/salt/ OC PKI 

O.O/TMAC1/25 - 
O.l/TMACI/25 - 

O.l/KCI/ZS 1.7 

OJ/TMACl/25 - 

0.1 /TMACIO, - 
0.0//20 2.01 

O.l/KCl/25 (2 

PK, PK, PK, PK, 

3.03 7.31 Il.52 - 
2.80 7.00 11.16 - 

2.47 7.28 10.29 11.13 

2.54 6.97 11.41 - 

2.31 6.99 10.93 - 
3.08 7.60 11.96 13.63 

2.5 6.89 10.60 - 

Ref. 

Grabenstetter et al.. 1%7 
Grabenstetter et al., 1%7 

Kabachnik et al., I%7 

Carroll and Irani. 1967 

Wada and Fernando, 1971 
Collins and Perkins. 1977 

Dietsch et al., 1976 

respectively. Titration curves are shifted downward at the higher ratio of total 
calcium to total diphosphonate in the region between the second and fourth 
equivalence points, more so than would be expected on the basis of mononuclear 
complex formation. At the higher concentrations of HEDP on both plots it is noted 
that there are slight kinks in the data just before the plateau region beyond the 
second equivalence point. Further analysis shows that this is consistent with the 
onset of polynuclear complex formation. Previously reported values of HEDP acid 
dissociation constants and mononuclear calcium-HEDP complex formation con- 
stants are shown in Tables 1 and 2. Although not consistently reported !i; the 
literature it has been demonstrated in previous work that the protonated calcium 
diphosphonate complex CaHDP is important in the region of the second equivalence 
point (Lamson et al., 1979). Reported values for formation of the Ca,DP complex 

8 L- io.oo -. 1.00 2.00 3.00 4.00 5.00 
Moles OH added/mole HEDP 

Fig. 3. Unsmoothed pH titration data at 2 : 1 ratio of CATOT : DPTOT. Diphosphonate concentrations, 
top to bottom on left side of plot, are 0.100, 0.220, 0.480, 1.10 and 2.30 mM. 
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TABLE 2 

FORMATION CONSTANTS FOR SIMPLE C&-HEDP COMPLEXES 

p/sair,‘°C log of formation K 

KM.HL KM.,,_ K~.~.~ Ref. 

OS/TMAC1/25 
O.l/KCl/tS 
0.1 /TMABr/ZS 
0.1 /TMABr/25 
0.1 /TMACl/25 

O.l/TMAC1/25 
O.l/TMACI/25 

0.1 /KCl/25 

3.58 5.74 

- 6.04 
- 7.09 
- 5.53 
3.55 6.84 
3.53 6.40 

- 5.52 
3.0 6.0 

- 
15.59 
- 
- 

- 
12.2 

- 

Carroll and Irani. 1968 

Kabachnik et al., 1967 
Callis et al., 1969 
Callis et al.. 1969 

Wada and Fernando, 1972 
Wada and Fernando, 1972 
Grabenstetter and Cilley, 1971 

Dietsch et al., 1976 

probably represent an apparent constant for formation of Ca,DP and other larger 

aggregates (Lamson, 1982). 

Fig. 4 is an unsmoothed plot of formation number, (CATOT-Ca’+)/DPTOT, 
versus calcium ion concentration at pH 8.0. This set of curves is shifted to the right, 

i.e. toward higher levels of log[Ca*+], in relation to calcium ion titrations done at pH 

11 (Grabenstetter and Cilley, 19711, indicating a lower degree of complex formation 

at the lower pH, However, it is also noted that the curves are still well separated at 

pH 8.0, i.e. formation number is a function of both calcium and diphosphonate 

Fig. 4. Calcium ion titrations at constant pH 8.0. Unsmoothed calcium complex formation data at total 
diphosphonate concentrations of 2.29, 1.03, 0.478, 0.219 and 0.100 mM (left to right). 
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concentration. For the general reaction: 

pCa + qDP +-+ Ca,DP, tcaPDPq 1 
BP’ z [ CalP[ DPlq 

the expressions for the analytical concentrations of Ca and DP in solution are: 

PIllAll& C(mur Pmx 9mrs 

CATOT= [Ca] + c c p[CapDPq] = [Ca] + z c pflpq[Ca]PIDP]q 
p=l q=l p=l q=l 

(2) 

Pnl”, qm,. Pmar 4nm 

DIVOT= [DP] + c c q[Ca,DP,] = [DP] + x c q/3,,[Ca]“[DP]’ (3) 
p=l q=l p=l q=l 

Substituting Eqns. 2 and 3 into the expression for formation number: 

Pm.. 

c 

9 mill 

c PPp9 DIPDwq 
q=l 

z= 
p=l 

Pm,r qmr 

WI + c c sPp,CCalPIDPlq 
(4 

p=l q=l 

It is seen in Eqn. 4 that if grnax = 1 then the DP concentration terms cancel and Z is 
a function only of calcium ion concentration; formation curves will coincide 
regardless of the level of total diphosphonate concentr,dtion. If qmaX > 1 then 
formation number is a function of both calcium and dipb>sphonate concentration. 
Separation of the curves at different levels of total diphosphonate concentration in 
Fig. 4 indicates that polynuclear complex formation is ‘purring at pH 8. 

Discussion 

On the basis of a model-independent PQ analysis (Sillen, 1961), i.e. model-inde- 
pendent determination of the numbers of calcium ions and diphosphonate molecules 
in aggregate species, it was shown that the most appropriate model for formation of 
Ca-DP aggregate species is that described by a ‘core-links’ model having a forma- 
tion constant representing addition of links to an aggregate (Lamson et al., 1984). 
This is distinguished from models employing constants which represent overall 
complex formation. Specifically, this link-addition model is represented in the 
following way. 

For the series of core-links complexes A, AB, AB,, AB,, AB, . . . AB,, where 
A = core = CaDP and B = link = Ca,DP, the equilibrium constant for addition of a 
link to the previous aggregate species is represented by k, = k,k”. Constants for 
association of all aggregates in the infinite series are determined by two parameters 
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k, and k, and are k, = k,k, k, = k,k* ,... .k, = kok”. Therefore 

A+B++AB AB=k,k.A-B 

ABi-Bc*AB, AB,=k,k2pAB.B 

= k,k*. k,k. A. B. B = k;k’ . A. B2 

A&t-B-AB, AB,=k,k3*AB,-B 

=k3k6.A.BX 0 

AB,+B++AB, AB, = k4, k”. A - B4 

Then the total amount of core species present in ali aggregates is given by 

ATOT=A+AB+AB,+ . ..-t-AB. 

= A + A E @*In+ ‘)/2k;Jj”) 

n-l 

Similarly the total amount of link species in all aggregates is expressed as: 

BTOT = B f A E (nk”‘“+“‘2k~B”) 
n-l- 

These series are not expressible in closed form but do converge provided the 
absolute value of k is less than 1.0. The computer program used to solve the 
equilibrium system evaluates the expression term by term with an appropriate 
criterion for termination. The total calcium present in aggregate species equals 
ATOT + 2*BTOT; total diphosphonate in aggregates is ATOT + BTOT. The equi- 
librium system can then be represented by 3 mass balance expressions, including all 
mono- and polynuclear species, describing HTOT. CATOT and DPTOT. This 
system of 3 non-linear equations is solved by finding roots of the mass balance 
expressions using a non-linear system solver described by Powell (1970), and the 
system solution is incorporated in a function evaluation routine, which uses parame- 
ters passed to it for equilibrium constants, in order to determine best values of 
constants by minimizing error square sums from experimental data. Best fitting 
constants for the pH 8 formation data, which are also consistent with pH titration 
data, are presented in Table 3; these constants were fitted to approximately the 
lower two-thirds of the formation data, as shown in Fig. 5, in order to be sure that 
concentration regions where precipitation occurs were avoided (Wiers, 1971). 
Curve-fitting was done by providing parameter estimates interactively at a Tektronix 
graphics terminal; visual observation of changes in the computed curves was found 
to be equally as useful as least-squares statistics in evaluating various models and 
goodness of fit (Lamson et al., 1979). 

Based on the best fitting constants presented in Table 3 for the link-addition 
siepwise model, species concentration diagrams as a function of pH were computed 
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PARAMETERS USED 

FORMATION DATA 
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IN OR ESTIMATED FROM LINK-ADDITION MODEL FITTED TO pH 8 

Formation constant 

K, 

K2 

K3 

K* 
KCa.UH 

&a-OH.OH 

KCll.DP 

KC.9.Ce.DP 
KCI,.H.DP 

K, 

K STEP 

* Fitted parameters noted by asterisk. 

fog K (or PK,) 

1.7 

2.59 
7.02 

10.78 
1.4 

3.8 
5.51 * 

7.52 * 
14.49 l 

- 7.02 l 

0.0253 l 

as shown in Figs. 6 and 7. Two important features of these diagrams which may be 
noted are the importance of the protonated species CaHDP in the slightly acid to 
neutral region, and the extreme pH dependence of aggregate species in the p#f range 
6-7. The polynuclear complexes become important at this pH and remain reiatively 
constant throughout the basic range of pH. Furthermore, the pH dependence and 
general characteristics of polynuclear species concentration shown in Figs. 6 and 7 

? 
“-6.00 -5.60 -5.20 -4.60 -4.40 -4.00 -3.60 

LOG CA++) 

Fig. 5. Best fit of link-addition stepwise complex formation model to pH 8.0 formation 

diphosphonate concentrations (left to right) are 2.29, 1.03.0.478, 0.219 and 0.100 mM. 

curve data. Total 
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are not unique to this particular link addition model; similar behavior is noted for 
several of the best fitting polynuclear models (Lamson, 1982). 

Fo~at~on curves for Ca-HEDP complexes are bivariate at pH 8, base titra?ion 
curves exhibit a subtle but noticeable dislocation in the region where species 

6.0 8.0 10.0 12.0 
PH 

Fig. 6. Computed species concentrations as a function of pH for 1: 1 tak of CATDT: DPTOT based on 
best fit model. 

9 
“; 
i CA++ 

4..0 $0 P.H so 
-1 

10.0 12 0 

Fig. 7. Computed species concentrations as a function of pH for 10: I ratio of CATOT: DPTOT based on 
best fit model. 



concentration diagrams indicate rapid growth of polynuclear species, and alI of the 
several models examined exhibit a similar strong pH dependence in the neutral 
region. Although physiological environments are considerably more complicated 
than these experimental conditions, they are similar with regard to ionic suength, 
calcium ion concentration and pH. Therefore it is concluded that in the phydologi- 
cal range of pH, and probably under actual physiological conditions, pdynuckar 
aggregation occurs between calcium ion and HEDP. 
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