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Abstract 

The trihydrate of alendronate sodium (MK-0217) is an important bisphosphonate drug for the treatment of a 
variety of bone diseases. Determination and characterization of this compound in dosage formulations is 
chalIenging since it has no ~hromophore, and as a highly polar and thermally labile compound, it is not amenable to 
electron impact mass spectrometry. Ion chromatography coupled with an ion spray mass detector (IC-BP-MS) in 
the negative ionization mode was developed and applied to the characterization of this compound. Under these 
conditions alendronate (m/z 248, [M - H] _, M = parent alendronic acid) was readily observed. The anion can form 
cluster anions with acid molecules including that of the alendronic acid in the gas phase, which is a distinguishing 
feature of the IC-ISP-MS spectrum. K-ISP-MS-MS study of the anion shows that cleavage of the C-P bond(s) is 
the dominant fragmentation pathwa~(s~ of the anion, characteristic of its structure. 

1. Introduction 

The m#n~s~d~urn salt trihydrat~ of kmino-l- 

hydroxybutane-l,l-bisphosphonic acid, or trihy- 
drate of alendronate sodium (MK-0217, 1, Fig. 
1) is an important bisphosphonate drug, which 

possesses therapeutic indications in the treat- 
ment of many bone diseases such as hypercal- 

cemia of malignancy. osteoporosis and Paget’s 
disease [2,3]. The compound has been character- 
ized by various techniques such as the infrared 
transmittance spectrum (IR), magnetic reso- 
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nance spectrum (NMR) and X-ray powder dif- 
fraction (XRPD) methods (41. But, as a highly 

polar and thermally labile compound, it is not 
amenable to electron impact (EI) mass spec- 
trometry [4]. In this paper, we report characteri- 

zation of 1 by ion chromatography-ion spray 
(pneumatically assisted electrospray [5]) mass 
spectrometry (I~-ISP-US) in the negative ioni- 

zation mode. 
Determination and characterization of 1 in 

dosage formulations is challenging since it has no 
chromophore for UV or fluorescence detection. 
The determination of 1 and other bisphospho- 
nate drugs has mainly been accomplished by 

reversed-phase HPLC-UV methods by intro- 

reserved 
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Fig. 1. Structures of hK-11217 and aiendronate. 

ducing a chromophore into their molecules using 
either pre- or post-column derivatization. Re- 
cently, analytical methods for determining bis- 
phosphonate drugs without derivatization have 
attracted considerable attention. Examples in- 
clude the development of an ion-exchange meth- 
od with on-line flame photometric detection for 
dichloromethylene diphosphonate [6], an induc- 
tively coupled plasma (ICP) detector for specific 
phosphorus detection for etidronate disodium 
171, an IC method with conductivity detection for 
alendronate [8] and an IC-indirect WV method 
for the direct quantitation of some bisphospho- 
nate drugs in dosage formulations [9,10]. Mass 
detectors can detect compounds without a chro- 
mophore, and have been coupled with gas chro- 
matography (GC) for the analysis of dich- 
loromethylene bisphosphonate in urine [ll], 
which required time-consuming extraction and 
derivatization. IC coupled with an ion spray 
mass detector, reported here, provides a con- 
venient and specific method for the direct detec- 
tion of 1 in the dosage formulations. The lC- 
ISP-MS method may also be useful for the study 
of other bisphosphonate compounds as the IC- 
indirect UV method [9,10]. 

The development of the IC-ISP-MS method 
should be of interest in the field of IC-MS 

interfaces. Especially, the IC-ISP-MS method 
avoided the use of post-micromembrane suppres- 
sors commonly used in the IC-thermal spray 
(TSP) MS [12] and in an IC-ISP-MS study of 
organic ammonium and sulfate compounds [13]. 

2. Ex~rim~nt~l 

2.1. Chemicals 

Trihydrate of alendronate sodium (1, MK- 
0217, C,H,2N0,P,Nae3H,0, M, 325.1) was 
manufactured by Merck Research Labs. (Rah- 
way, NJ, USA). Acetonitriie (Optima grade) 
and nitric acid (Optima grade) were purchased 
from Fisher Scientific (Philadelphia, PA, USA). 
Formic acid (certified ACS grade) was purchased 
from Aldrich (Milwaukee, WI, USA). They were 
used as received, without further purification. 
Deionized water with at least 18 Mfi purified by 
a Mill&Q (Bedford, MA, USA) system was used 
for mobile phase and sample preparations. 

2.2. Sample preparation 

Standard was prepared by dissolving 32.6 mg 
(equivalent to 25 mg free acid) of MIS-0217 
reference standard in 500 ml of water to yield a 
concentration of 0.05 mglml. Samples of both 
initial and stressed tablets [stressed at 40°C and 
75% relative humidity (RH) in an open 
container for 2 months], at a concentration of 
0.05 mglml, were prepared by dissolving one 5 
mg MK-0217 tablet in 100 ml of deionized water. 

2.3. ZC-indirect UV conditions 

IC-indirect UV was performed using a Dionex 
45OOi Bio-LC. The conditions were: a Waters 
IC-Pak HR anion-exchange column (75 X 4.6 
mm, 6 pm particle size), ambient (about 26°C) 
column temperature, 1.6 mM HNQ, aqueous 
mobile phase? flow-rate of 0.5 ml/min, injection 
volume of 25 ~1 and UV detection at 235 nm 
with “inverse polarity” and 0.1 AUFS (0.1 V 
output). 
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2.4. IC-ISP-MS and IC-ISP-MS-MS analysis 

IC-ISP-MS and IC-ISP-MS-MS were per- 
formed on a PE Sciex (Thornhill, Canada) 
Model API III triple-quadruple mass spectrome- 
ter, fitted with an articulated, pneumatically 
assisted nebulization probe and an atmospheric 
pressure ionization source, which was connected 
to an LC system consisting of a Perkin-Elmer 
ISS-100 autoinjector equipped with a 200-~1 
loop. 

The IC conditions used in IC-ZSP-MS were 
modified from the IC-indirect UV method. 
which were: an Applied Biosystems AX-300 
anion-exchange column (30 x 2 mm I.D., 5 pm 
particle size), ambient (about 26’C) column 
temperature, 95% water (containing 0.1% 
HCOOH) and 5% acetonilrile mobiLe phase, 
flow-rate of 200 plimin, and injection volume of 
10 pl. 

The settings of the interface and the MS 
conditions were: the ion spray voltage was oper- 
ated at -3.35 kV with 35-30 p.s.i. (1 p.s.i. = 
6894.76 Pa) “zero” grade compressed air nebuli- 
zation gas flow at 0.8 1 /min. A curtain of 
nitrogen gas (99.999% >, at a flow-rate of 1.2 
limin, was used to keep atmospheric gases out of 
the analyzer. The orifice potential was -60 V. 
Normal mass spectra were acquired by scanning 
Ql after negative (deprotonated) ions (alendro- 
nate, 2) were emitted into the quadrupole mass 
analyzer through a O.~)O4~-in. (1 in. = 2.54 cm> 
pinhole aperture. Product-ion spectra were taken 
by colliding the Ql-selected alendronate at “ml 
z = 248” with collision gas (argon, SO eV, 400 * 
10” atoms/cm) in Q2 and scan Q3 to analyze the 
fragment ions. The dwell time was 1.00 ms. Ql 
was scanned from m/z 200 to 1000 at a step size 
of 0.2 u. Q3 was scanned from m/z 14 to 249. 
The mass spectrometer was tuned and calibrated 
across the m/z range t0 to 2400. 

3. Results and discussion 

3.3. IC-ISP- MS cnnditians 

The IC conditions used in IC-ISP-MS were 
modified from the IC-indirect UV method. 

which was developed in this laboratory for the 
determination of bisphosphonate drugs. The 
indirect UV detection monitors the decrease in 
UV absorbance of the nitric acid eluent (maxi- 
mum absorption near 220 nm) due to the re- 
placement of nitrate by bisphosphonate mole- 
cules. Both initial and stressed MK-0217 tablets 
were studied by the IC-indirect UV method. 
Inset a of Fig. 2 shows an SC chromatogram of a 
5-mg MK-0217 initial tablet, obtained under the 
optimized IC-indirect UV conditions described 
in the Experimenta section. Alendronate was 
eluted at a retention time of ca. 10 min. There 
was an additional peak observed at ca. 6.4 min, 
which is attributed to the solvent, The assign- 
ments were confirmed by studying the MK-0217 
standard. Inset b of Fig. 2 shows an IC chro- 
matogram of a 5-mg MK-0217 stressed tablet. In 
addition to the solvent and the alendronate 
peaks, a small peak was observed, eluting at ca. 
8.8 min. This peak was identified as a degradate 
-an alendronate/ex~ipient adduct from a de- 
tailed study, which will be reported in a separate 
paper. It should be pointed out that the stressed 
tablets were used to demonstrate the method 
specificity. The tablets were made by a non- 
commercialized manufacturing process and the 
alendronatelexcipient adduct was formed under 
the stress conditions only from these tablets. 
Tablets made by the final commercial formula- 
tion and process are very stable and the adduct 
under the stress conditions was not observed. 

Although the IC-indirect UV method could 
separate alendronate and its potential degradate, 
it did not provide structural information. In 
order to characterize their structures, the IC was 
interfaced with ISP-MS. Rapid on-line MS 
characterization of the degradate is preferred to 
isolation because isolation of the very low level 
degradate in dosage formulations was difficult 
and time-consuming. 

Since the ionization efficiency of the ISP 
interface is promoted by weak salvation by a 
volatile solvent, the mobile phase of the IC- 
indirect UV method was modified. First, it was 
found that when a very strong mineral acid, 
nitric acid, was used in the mobile phase, the ion 
spray needle flew toward the sample injector 
under the applied high voltage. To have an ion 
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Fig. 2. Total ion current chromatogram (TIC) of a S-mg MK-0217 stressed tablet; and IC-UV chromatogram of a 5mg MK-0217 

_ initial tablet (inset a) and stressed tablet (inset b). 

current going towards the MS interface, the 1.6 
mA4 nitric acid was replaced by 0.1% formic acid 
that is more volatile. Secondly, the 0.1% formic 
acid aqueous solvent was mixed with 5% ace- 

tonitrile, which is preferred over 100% aqueous 

mobile phase since a finer mist could be formed 
in the interface as the mixture had a lower 
surface tension than pure water. These modi- 
fications did not affect the IC separation of 
alendronate and the alendronate / excipient ad- 

duct. The desired pH of the mobile phase (pH 3) 
was readily achieved by using formic acid. The 
IC was coupled with ISP-MS in the negative 

ionization mode, which was chosen simply 
because alendronate and its excipient adduct 
were negatively charged in the mobile phase. 

Because no non-volatile salts were used in the 
mobile phase, a micromembrane suppressor 

[ 12,131 was deemed unnecessary between the IC 
column outlet and the ISP-MS inlet, and not 
used. 

Fig. 2 shows a total ion current (TIC) chro- 
matogram of a 5-mg MK-0217 stressed tablet, 
obtained under the IC-ISP-MS conditions. The 

first peak (ca. 1 min) is an excipient peak, which 
is not observed as a positive peak in the IC- 
indirect UV chromatogram (inset b). It is prob- 

able that the excipient peak was included in the 
negative peak of the indirect UV chromatogram 
(ca. 1.5 min). The second peak (ca. 6 min) is the 

alendronate / excipient adduct peak, svhich was 
observed at ca. 8.8 min with indirect UV detec- 
tion. The third peak observed at ca. 10 min is 

clearly assigned to the alendronate, which was 
also observed at ca. 10 min with indirect UV 
detection. The peak was broad, but it is typical 
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in IC. In a separate experiment, alendronate was 
isolated and examined by fast atom bombard- 
ment (FAB) MS, which showed that no other 
species co-eluted with alendronate. The IC-ISP- 
MS method is stability-indicating since it well 
separated alendronate from excipients and one 
potential degradate. Only three peaks were 
observed in TIC. The solvent (water) peak 
observed with indirect UV detection was not 
seen in TIC, indicating that water anions were 
successfully declustered by nitrogen curtain gas 
and free jet expansion at the orifice in the ISP 
interface. 

3.2. IC-BP-MS of alendronate 

According to the observed molecular mass by 
IC-ISP-MS and fragmentation pattern by IC- 
ISP-MS-MS, alendronate and the alendronate/ 
excipient adduct shown in TIC were both char- 
acterized. As mentioned above, this paper fo- 
cuses on alendronate. 

D- 

294 

I 

Fig. 3 shows the IC-ISP-MS spectrum of the 
alendronate peak in TIC. Alendronic free acid 
has bifunctional groups, namely, the acidic OH 
and the basic NH, groups. The pK, values for 
the parent bisphosphonic acid, obtained by 
potentiometric titration in water with 0.1 M 
sodium hydroxide, are p&i ~2; pK,, < 2, 
pK,, = 6.2, pi&, = 9.9 and pK,, = 10.2 [4]. The 
basic primary-amine group has a pK, value less 
than 4 (for example, CH3NH, has a pK, value 
of 3.38 at 25°C). Thus, in the mobile phase used 
in IC-ISP-MS, which had a pH about 3, the 
zwitterionic alendronate mono-anion 3 was 
formed. In the ISP interface in the negative 
ionization mode, the mono-anions 3 were trans- 
ported from the IC effluent (liquid phase) into 
the mass analyzer (gas phase). The most intense 
peak in the IC-ISP-MS spectrum shown in Fig. 3 
has m/r 248, which is clearly attributed to the 
alendronate mono-anion. Whether the mono- 
anion in the gas phase is still a zwitterionic anion 
is an interesting question, which cannot be 
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Fig. 3. IC-ISP-MS spectrum of alendronate. 
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answered on the basis of the m/z value since 
both the zwitterionic anion 3 and the non-zwit- 
terionic anion 2 have the same m/z value. In the 
IC-ISP-MS-MS study discussed below, the frag- 
mentation pattern(s) of the anion was interpreted 
in terms of the non-zwitterionic anion 2 although 
this did not prove it since rapid proton transfer 
could occur during the fragmentation process. 

A distinguishing feature of the IC-ISP-MS 
spectrum shown in Fig. 3 is that in addition to 
the strongest peak of the aiendronate mono- 
anion, there are additional weaker peaks, which 
all have m/z values greater than 248 of alendro- 
nate. These peaks except for the peak of the m/z 

ratio of 362 are attributable to the non-covalent 
cluster ions formed by hydrogen bonding of 
alendronate with acid molecules in the gas phase 
[14-161. The peak of m/z 362 is not identified, 
but it is a very weak, insignificant peak. 

The identifications of the cluster ions are 
summarized in Table 1. Ail the cluster ions can 
be accounted for by a series m/z [248 + (4&z) + 
(249m) + (98p)]. The acid molecules having mass 
46 and 249 are attributed to formic acid used in 
the mobile phase, and the parent aiendronic 
acid, respectively. The acid molecule having 
mass 98 is attributed ta sulfuric acid, which was a 
contaminant from the column according to the 
manufacturer’s information. The observation of 
M + 2 isotope ions, as exemplified by the ion of 
m/r 346 (see the inset in Fig. 3), con~rms this 
assignment. Phosphoric acid. which also has the 
mass 98, was excluded. 

It is well documented that there are two 

Table 1 
Cluster ions of alendronate with acid molecules 

pnfz Cluster ions 

294 Alendronate + formic acid 
344 Alendronate + sulfuric acid 
444 Alendronate + two sulfuric acid 
497 Alendronate + alendronic acid 
543 Alendronate + alendronic acid -t formic acid 
595 Alendronate + alendronic acid + sulfuric acid 
693 Alendranate + a~endronjc acid + two sulfuric acid 
746 Akndronate + two aiendronic acid 
844 Alendronate -I- two alendronic acid + sulfuric acid 

competing processes in the negative ionization 
mode: deprotonation to form molecular anion 
and anion attachment to form cluster ions via the 
formation of hydrogen bonding. The latter pro- 
cess can be thermodynamically favorable [17]. 
Nevertheless, under the IC-BP-MS conditions 
aiendronate was the predominant anion, which 
facilitates the characterization and quantitation 
of the anion. The cluster ions formation might 
depend on factors such as the concentration of 
alendronate and injection volume. However, in 
this study, the relatively higher concentration of 
aiendronate and injection volume were necessary 
to the MS and MS-MS detection of the low-level 
aiendronate fexcipient adduct. 

3.3. IC-ISP-MS-MS of alendronate 

The product ion spectrum of the alendronate 
mono-anion of m/z 248, obtained by the use of 
the IC-BP-MS-MS conditions described in the 
Experimental section, is shown in Fig. 4. The 
spectrum shows five main fragment ions with 
m/z 166, 148, 81, 79 and 63, respectively. The 
ion with m/z 166 was the most intense fragment 
ion. As shown in Fig. 5, the C-P bond(s) 
breaking in alendronate (2) initially leads to two 
fragment anions a, (mlz 166) and b (m/z 81), 
depending where the negative charge was con- 
tained during the fragmentation: 

2--, (b + H+) + a, (mlzI66); or 

2--, (a, -t- H’) + b (m/z 81) 

The fragmentation was suggested to occur in a 
concerted process involving either of the five- 
membered ring transition states illustrated in 
Fig. 5. In the process, the pentavalent phosphor- 
us was changed to trivalent phosphors,. 

The anions a, and b underwent further frag- 
mentation as indicated by the more fragment 
ions observed in the product ion spectrum. The 
ion with m/z 148 is suggested to be the six- 
membered ring c, formed by the loss of a water 
from a,. The anion c, possessed a P-N bond. 
P-N bonds are stable and occur widely in phos- 
phorus-containing compounds [18]. The ion with 
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Fig. 4. Product ion spectrum of alendronate. 

m/z 79 is suggested to be d formed by the 

transfer of two H from b to other molecules. It 
could also be formed by the loss of H, from b. 
But, the loss of H, from a secondary fragment 
ion is generally thermodynamically unfavorable. 
It is worth indicating that d, metaphosphate 
anion, is an important intermediate in the phos- 

phate chemistry [ 191. It is highly reactive in 
aqueous solution [20], but relatively stable and 
unreactive in gas phase [21]. The ion with m/z 
63 is suggested to be e formed by the loss of a 

water from b. The characteristic fragmentation 
patterns provide structural identification of alen- 

dronate. 
It should be pointed out that a, could undergo 

cyclization to form a,, which also has m/z 166, 
and then a, could lose a water to form c, which 

has m/z 148. Although these species cannot be 
absolutely excluded, they are considered 
energetically less favorable than a, and c, 
because of the ring strain of their five-membered 
ring structures. 

4. Conclusions 

Alendronate, an important bisphosphonate 

drug (in the form of trihydrate of alendronate 
sodium l), has been successfully detected and 

characterized by IC-ISP-MS in the negative 
ionization mode. To the best of the authors’ 
knowledge, there is no MS report of alendronate 
and other bisphosphonate drugs in the literature. 
The present study has demonstrated the advan- 
tage of the soft ionization of the ISP technique in 

this application to pharmaceutical research and 
development. 
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