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INTRODUCTION

Alendronate (4-amino-1-hydroxybutane-1,1-bisphos-
phonic acid; ABP) is an experimental drug with potential
utility in treatment of diseases characterized by abnormal
bone turnover, such as metastatic bone disease, hypercalce-
mia of malignancy, Paget’s disease, periodontal disease, and
osteoporosis. The lack of a detectable chromophore in alen-
dronate, as well as in many other bisphosphonates, makes
the analytical methods development for this class of com-
pounds challenging. Most of the published analytical meth-
ods for determination of bisphosphonates require specialized
equipment (1-5) or involve a derivatization step in order to
introduce a chromophore into the molecule (6-9). For ABP
alone there are three published reversed-phase HPLC meth-
ods involving precolumn (6,7) or postcolumn (8) derivatiza-
tion. An ion-exchange HPLC method with conductivity de-
tection for determination of ABP has also been developed (1).

Metal chelating properties of bisphosphonates are well
documented (10-12). We discovered that alendronate and
copper(Il) ions form a complex with UV activity suitable for
monitoring by conventional UV/Vis equipment. In this com-
munication we describe a study of chromophoric complex
formation between alendronate and copper(Il) ions in acidic
media and briefly discuss the applicability of our findings to
analytical methods development.

MATERIALS AND METHODS

Materials. 4-Amino-1-hydroxybutane-1,1-bisphospho-
nic acid (alendronate; ABP), 4-amino-1-hydroxybutane-1,1-
bisphosphonic acid sodium salt trihydrate (MK-0217),
3-amino-1-hydroxypropane-1,1-bisphosphonic acid (pami-
dronate; APD), and 1-hydroxyethane-1,1-bisphosphonic
acid (etidronate; EDPH) were prepared by Merck Research
Laboratories Process Research Department and used as re-
ceived. All other materials and standard solutions were pur-
chased from Aldrich Chemical Company or Fisher Scientific
and used as received.

Methods. UV/Vis spectrophotometric measurements
were conducted using a Perkin-Elmer Lambda 6 UV/Vis
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spectrophotometer. pH measurements were performed us-
ing an Orion Research microprocessor ionalyzer/901
equipped with a Fisher Scientific glass/Ag-AgCl combination
electrode calibrated with Fisher Scientific standard buffer
solutions.

All experiments were conducted at 25°C. Initial com-
plexometric titrations were performed in 1.5 X 10~3 M aque-
ous HNO;. The measurements of pH dependence of the
equilibrium binding constants between ABP and Cu?* in
acidic media were performed in 1.5 X 103 M aqueous chlo-
roacetate buffers. An example of a typical complexometric
titration follows: A solution of ABP (3.0 x 10~* M, 100 mL)
in appropriate buffer thermostated at 25°C was titrated with
a 0.5 M solution of CuSO, in the same buffer. UV/Vis spec-
tra of the resulting solution were taken after each addition of
CuSO, and absorbance was recorded as a function of total
concentration of Cu?*. The volume change during titration
was less than 1% and it was neglected in equilibrium con-
stant calculations. Molar absorptivities of Cu®* (eg,) as a
function of pH in chloroacetate buffer solutions were deter-
mined independently. Molar absorptivities of the ABP-Cu
complex (€ ,pp.cu) as a function of pH in chloroacetate buffer
solutions were determined from absorbances of solutions of
ABP and Cu?* in which at least 90% of ABP was present as
an ABP-Cu complex (vide infra).

RESULTS AND DISCUSSION

The initial titration of ABP with Cu?* was performed in
1.5 x 107* M HNO, (pH 2.8). This solvent was chosen
because it is currently used as a mobile phase in an ion-
exchange HPLC method (1).

UV/Vis spectra of solutions of CuSO,in 1.5 X 1073 M
HNO;, with and without the addition of ABP, and the rele-
vant difference spectra are shown in Fig. 1. Also shown in
Fig. 1 is the comparison of spectra of the ABP-Cu complex
in 1.5 x 1073 M HNO, and 1.5 X 10~* M, pH 2.8, chloro-
acetate buffer. The titration curve of ABP with Cu?* in 1.5
X 1072 M HNO, determined spectrophotometrically at 240
nm is shown in Fig. 2. Initially, the concentration of ABP is
higher than the concentration of Cu?>* and most of the ab-
sorbance increase corresponds to the increase in concentra-
tion of the ABP-Cu complex. The numerical value of the
slope at higher Cu®>* concentrations is identical to the molar
absorptivity of CuSQ,, which shows that at higher concen-
trations of Cu®*, ABP is saturated with Cu?* and that the
absorbance increase is due only to the increase in Cu?*
concentration. The line representing the initial slope of the
titration curve intersects the correlation line of the latter
portion of the curve at a Cu?* concentration of 3 X 107* M,
which is the same as the concentration of ABP, showing that
the ABP-Cu complex has a 1:1 stoichiometry [Eq. (1)].

K
ABP + Cu?* 2L ABP-Cu
K.y = [ABP-Cul([ABPlg,c.[Cu?* Jgree)

(1a)
(1b)

Equation (2) describes the total absorbance of a solution
containing ABP and Cu?™*:

A = €cy X [CU?*gee + €app_ca X [ABP-Cu] (2)
[Cl12+]fn,'e = [Cllz+]mt — [ABP-Cu] 3)
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Fig. 1. UV/Vis spectra of (A) CuSO, (1.2 X 1073 M) and (B) ABP
(3x107*M) + CuSO, (1.5 X 107> M) in 1.5 x 103 M HNO,, and
difference spectra (C) = B — A = the spectrum of ABP-Cu com-
plex and (D) = C — A, the difference spectrum between ABP-Cu
complex and Cu?* showing the maximum difference at ~240 nm,
the wavelength used for analytical measurements. Insert: Compar-
ison of the spectrum of ABP-Cu complex obtained in 1.5 X 1073 M
HNO, (C) and in 1.5 X 107 M, pH 2.8, chloroacetate buffer (C’).
Spectral differences at lower wavelengths are due to differences in
background absorbance.

Substitution of Eq. (3) into Eq. (2) gives Eq. (4):

€c.) X [ABP-Cu]
4)

where [ABP-Cu] is derived from Egs. (1b) and (3) and ex-
pressed in terms of equilibrium constant K, and known total
concentrations of ABP and Cu?* [Eq. (5)].

[ABP—Cu] = (K olCu?* ] + K g[ABPlo, + 1
= SArt((Koo[Cu? " + K JABPl,,
+ 1P = 4K Cu |G [ABPLY (2K, (5)

— 2
Atot = €y X [Cll +]tot + (EABP—Cu -
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Fig. 2. Spectrophotometric titration curve of ABP with CuSQ, in
1.5 x 1073 M HNO,. The points are experimental and the line is the
nonlinear least-squares fit of the data to Eq. (4) [ec, = 145.6 = 1.2
M~ lcm™ eqppcy = 1156 £ 12M " Pem ™, K, = (1.67 £ 0.12) X
10* M~1.
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The equilibrium binding constant between ABP and
Cu®* in 1.5 x 1073 M HNO, was obtained by nonlinear
least-squares fitting of the data in Fig. 2 to Eq. 4); K, =
(1.67 = 0.12) x 10* M ~'. This value is similar to the reported
K., = 6.3 x 10* M~ for complex formation between Cu®*
and EDPH determined under similar conditions (12).

The pH dependence of the equilibrium constant for
Cu?* binding by ABP was studied in 1.5 X 103 M chloro-
acetate buffers. Chloroacetate buffer was chosen because its
pK, is close to the pH range of interest for analytical work
and because of its relatively small Cu®>* binding constant
(13). Since chloroacetate can compete to a certain extent
with ABP for Cu** binding, the measured equilibrium con-
stants for Cu”>* binding by ABP in chloroacetate buffers are
in fact the apparent equilibrium constants (K'.,). The titra-
tion curves of ABP with Cu®* are shown in Fig. 3, and the
pH dependence of the log XK', is shown in Fig. 4. As the pH
is raised, the phosphonate groups in ABP are deprotonated
(Scheme 1), and it is expected that the magnitude of K, for
binding between ABP and Cu?* will increase in analogy with
the known pH dependence of calcium binding by ABP.

PO,H ™ POH-
H;N*(CH),C-OH + HO™ = H,N *(CH)),G~OH + H,0
PO,H, PO,H~

Scheme I

However, the apparent equilibrium constant (K’,,) shows a
parabolic dependence on pH, which suggests that, as the pH
is raised, chloroacetate anion effectively competes with ABP
for complexation with Cu®™.

The magnitude of the apparent equilibrium constants in
chloroacetate butfer in the 2.5-3.1 pH range (K',, = ~7000
M™") indicates that ABP is not completely saturated with
Cu?*. For example, at [Cu?*] = 2 X 107> M and [ABP] =
1 x 10~* M, only about 93% of ABP is present as ABP-Cu
complex. Since the units for K, are M~ ", the saturation is

0.8
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Fig. 3. Spectrophotometric titration curves of ABP with CuSO, in
1.5 x 1073 M chloroacetate buffers. The points are experimental

and the lines are the nonlinear least-squares fits of the data to Eq.

.
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Fig. 4. pH dependence of the log of the apparent equilibrium con-
stant (log X',) for Cu®* binding by ABP in 1.5 x 107* M chloro-
acetate buffers.
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also a function of the total concentrations of ABP and Cu?+.
However, at constant Cu®*, the predicted variation in sat-
uration is negligible over the limited range of ABP concen-
trations suitable for analytical work and the absorbance
should be a linear function of ABP concentration. In order to
demonstrate this, a series of solutions was prepared with
constant concentration of Cu?* (2.5 X 10~* M) and varying
concentrations of bisphosphonates APD, EDPH, and ABP.
A plot of absorbance of these solutions at 240 nm vs the
concentration of bisphosphonates is shown in Fig. 5. There
is no observable deviation from linearity, indicating that
chromophoric complex formation between bisphosphonates
and Cu?* can be used as an analytical tool.

Possible limitations for quantitative utilization of com-
plex formation between bisphosphonates and Cu* ions in-
clude (i) the presence of other ions which may compete for
complexation with the bisphosphonate (12); (ii) the presence
of competing ligands for Cu?* ions such as citrate, which is

Absorbance at 240 nm

A0 22

AT A A U A S A AT Ui BT o

0 1104 2.10-4
[Bisphosphonate] M

3.10-4

Fig. 5. Calibration curves for copper complexes of APD, EDPH,
and ABP in 1.5 X 1073 M chloroacetate buffer at pH 2.8 and [Cu?*]
=25x 1073 M.
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present in many pharmaceutical formulations (1); and (iii)
the relatively low solubility of Cu-bisphosphonate salts, es-
pecially at higher pH’s (10).

Our findings suggest that it may be possible to develop
HPLC analytical methods for bisphosphonates, which would
utilize direct UV detection for bisphosphonate—copper com-
plexes. A capillary zone electrophoresis method for deter-
mination of ABP which utilizes the inclusion of Cu®* in the
electrolyte and UV detection of ABP-Cu complex has al-
ready been developed in our laboratories (14).

REFERENCES

1. E. W. Tsai, D. P. Ip, and M. A. Brooks. Determination of al-
endronate in pharmaceutical dosage formulations by ion-
exchange high-performance liquid chromatography with con-
ductivity detection. J. Chromatogr. 596:217-224 (1992).

2. P. T. Daley-Yates, L. A. Gifford, and C. R. Hoggarth. Assay of
1-hydroxy-3-aminopropylidene-1,1-bisphosphonate and related
bisphosphonates in human urine and plasma by high perfor-
mance ion chromatography. J. Chromatogr. 490:329-338 (1989).

3. T. L. Chester, E. C. Lewis, J. J. Benedict, R. J. Sunberg, and
W. C. Tettenhorst. Determination of (dichloromethylene)-
diphosphonate in physiological fluids by ion-exchange chroma-
tography with phosphorous-selective detection. J. Chromatogr.
225:17-25 (1981).

4. D. J. Harvey and M. G. Horning. Derivatives for the charac-
terization of alkyl- and amino-alkyiphosphonates by gas chro-
matography and gas chromatography-mass spectrometry. J.
Chromatogr. 79:65-74 (1973).

5. Z. Ismail, S. Aldous, E. J. Triggs, B. A. Smithurst, and H. D.
Barry. Gas chromatographic analysis of didronel tablets. J.
Chromatogr. 404:372-377 (1987).

6. J. D. DeMarco, S. E. Biffar, D. G. Reed, and M. A. Brooks.
The determination of 4-amino-1-hydroxybutane-1,1-bisphos-
phonic acid monosodium salt trihydrate in pharmaceutical dos-
age forms by high-performance liquid chromatography. J.
Pharm. Biomed. Anal. 7:1719-1727 (1989).

7. W. F. Kline, B. K. Matuszewski, and W. F. Bayne. Determi-
nation of 4-amino-1-hydroxybutane-1,1-bisphosphonic acid in
urine by automated pre-column derivatization with 2,3-
naphthalene dicarboxaldehyde and high-performance liquid
chromatography with fluorescence detection. J. Chromatogr.
534:139-149 (1990).

8. E. Kwong, A. M. Y. Chiu, S. A. McClintock, and M. L. Cot-
ton. HPLC analysis of an amino bisphosphonate in pharmaceu-
tical formulations using post-column derivatization and fluores-
cence detection. J. Chromatogr. Sci. 28:563-566 (1990).

9. G. Flesch and S. A. Hauffe. Determination of the bisphospho-
nate pamidronate disodium in urine by pre-column derivatiza-
tion with fluorescamine, high-performance liquid chromatogra-
phy and fluorescence detection. J. Chromatogr. 489:446—451
(1989).

10. N. Nardelli and G. Pelizzi. A structural study on metal binding
of gem-diphosphonates, bone growth regulators. Inorg. Chim.
Acta 80:259-271 (1983).

11. M. L. Lamson, J. L. Fox, and W. L. Higuchi. Calcium and
1-hydroxyethylidene-1,1-bisphosphonic acid:polynuclear com-
plex formation in the physiological range of pH. Int. J. Pharm.
21:143-154 (1984).

12. H. Wada and Q. Fernando. Determination of formation con-
stants of copper(Il) complexes of ethane-1-hydroxy-1,1-
diphosphonic acid with a solid state cupric ion-selective elec-
trode. Anal. Chem. 43:751-755 (1971).

13. H. Erlenmeyer, R. Griesser, B. Prijs, and H. Sigel. Zur Metal-
lion-Komplexbildung fiinfgliedriger a-Carboxy-Heterocyclen.
Helv. Chim. Acta 51:339-348 (1968).

14. E. W. Tsai, M. M. Singh, H. H. Lu, D. P. Ip, and M. A.
Brooks. Application of capillary electrophoresis to pharmaceu-
tical analysis: Quantitative analysis of alendronate in dosage
forms. J. Chromatogr. 626:245-250 (1992).



