Available online at www.sciencedirect.com

JOURNAL OF
sclsucz@olnzcﬂ PHARMACEUTICAL
AND BIOMEDICAL
o TS ANALYSIS
ELSEVIER Journal of Pharmaceutical and Biomedical Analysis

31 (2003) 929-935 www elsevier.com/locate/jpba

Determination of clodronate content in liposomal formulation
by capillary zone electrophoresis

Pal Perjési®, Taewook Kim?®, Alevtina D. Zharikova?®, Xiaoxu Li?,
Tennore Ramesh®, Jeyanthi Ramasubbu®, Laszlo Prokai®*

& Department of Medical Chemistry, College of Pharmacy, and the McKnight Brain Institute, Health Science Center, University of
Florida, P.O. Box 100485, Gainesville, FL 32610-0485, USA
® ALS-Therapy Development Foundation, 44 Glen Avenue, Newton, MA 02459, USA

Received 25 October 2001; received in revised form 19 September 2002; accepted 15 November 2002

Abstract

Liposome-mediated intracellular delivery of clodronate is reported to selectively deplete mononuclear phagocytic
cells such as macrophages that are important effector cells involved in the pathogenesis of neuropathies associated with
demyelination and destruction of neuronal cells. Application of liposome-encapsulated clodronate (dichloromethyle-
nediphosphonic acid disodium salt) is a method of choice to deplete macrophages to prevent such a neurodegeneration.
In the present work, a comparison of an ion-exchange chromatography (IEC) and a capillary zone electrophoresis
(CZE) method with indirect UV detection was performed and, based on the results of this comparison, a CZE assay was
developed for quantitation of clodronate in mannosylated liposomes. This CZE method employed Nitroso-R salt (1-
nitroso-2-naphthol-3,6-disulphonic acid disodium salt) as background electrolyte with UV detection of the analyte at
254 nm. The assay for the determination of clodronate in mannosylated liposomes after their solubilization in 10 mM
Triton X-100 showed acceptable within-day precision (repeatability), day-to-day precision (reproducibility) and
linearity in the target quantitation range of 0.5—10.0 mg ml~'. The method reported here can be used as part of the
quality control during the preparation of liposome-encapsulated clodronate as a drug formulation for macrophage-
mediated diseases.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Clodronate disodium (dichloromethylenedipho-

sphonic acid disodium salt) belongs to the bispho-
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[1,2]. Clodronate encapsulated in liposomes is also
toxic to macrophages in vivo and may therefore be
of use in the treatment of autoimmune/inflamma-
tory diseases [3,4]. Its selective depletion of macro-
phages in the periphery by intravenous (iv) or
subcutaneous (sc) injection of clodronate lipo-
somes has been previously reported [5—7]. Lipo-
somal uptake by macrophages is further enhanced
by mannosylation [8,9]. Mannosylated clodronate
liposomes were reported to act as ‘macrophage
suicide vehicles’ [7] by facilitating intracellular
delivery of clodronate into peripheral macro-
phages by phagocytosis of the liposomes. In
amyotrophic lateral sclerosis (ALS) that is a fatal
neurodegenerative disease, activated macrophages
are believed to play a significant role in altered
immune regulation, leading to loss of motor
neurons in the central nervous system (CNS). In
experimental demyelinating diseases (e.g. experi-
mental allergic encephalomyelitis) serving as mod-
els for human autoimmune/inflammatory diseases
such as multiple sclerosis, inhibition of macro-
phage function with mannosylated liposomes of
clodronate can prevent or ameliorate the develop-
ment of demyelination [10,11]. Macrophage/mi-
croglia activation in the CNS leading to neuronal
loss is also implicated in Alzheimer’s and several
other neurodegenerative diseases (e.g. schrizophre-
nia, HIV-associated dementia) [12—14]. Depletion
of activated macrophages in the CNS by intraven-
tricular injection of liposome-encapsulated clodro-
nate may be a means to arrest neuronal death in
these cases [15]. To further develop clodronate
liposomes as a potential drug for macrophage-
mediated neurodegenerative diseases, it was neces-
sary to have a reliable analytical method to
quantify clodronate content in liposomes for
preclinical (animal) studies. This also ensured
quality control of the liposome-mediated intracel-
lular delivery of clodronate in the experiments
performed. The development of a chromato-
graphic assay appeared to be an appropriate
approach.

Development of a high performance liquid
chromatographic (HPLC) method is challenging
due to the strong metal chelating ability of
clodronate [16], which causes adsorption pro-
blems; i.e. asymmetric peaks and increasing

back-pressure. Moreover, clodronate does not
have strong enough UV chromophore for conven-
tional UV or fluorescent detection. Therefore, the
HPLC methods reported for clodronate are based
upon ion-exchange chromatography (IEC) with
indirect UV detection [17,18], UV or fluorescent
detection  with  post-column  derivatization
[16,17,19-22] or on-line complexation [23], con-
ductivity detection [24] or flame photometric
phosphorous-selective detection [25]. Ion-pair li-
quid chromatographic methods with flame photo-
metric [26] and evaporative light-scattering
detection [27] have also been reported. As an
alternative to HPLC, capillary zone electrophor-
esis (CZE) methods with indirect UV detection
[28], direct UV detection [29] and electrospray
ionization mass spectrometry [30] have been re-
ported.

In order to develop a simple, easy-to-perform
assay to quantitate clodronate in liposome pre-
parations, we only considered methods without
derivatization reactions. Among them, the IEC
[17] and the CZE [28] methods with indirect UV
detection seemed to fulfill these requirements. In
this paper, we present a comparison of the two
methods for measurement of clodronate, and
report the development of the CZE—indirect UV
detection method for the quantitative analysis of
clodronate in mannosylated liposomes. Our pre-
sent study focused on sample preparation, within-
day precision, day-to-day precision and linearity
for formulation stability and preclinical studies.

2. Experimental
2.1. Instrumentation

HPLC was performed with a ThermoSepara-
tions/SpectraPhysics chromatography system (Fre-
mont, CA) consisting of an SP8810 precision
isocratic pump, SP8450 UV/Vis detector and
SP4290 integrator. Samples were injected by
Rheodyne model 7125 injector (Cotati, CA). The
injection volume was 20 pl. Measurements were
performed on a 5 cm x 4.0 mm i.d. S0GLC4-SAX-
8/5 ion exchange column (SGE, Australia) at a
flow rate of 0.9 ml min~! with 10 mM HNO; as
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an eluent. The detection wavelength was 240 nm
and the polarity of the detector output was
reserved for signal processing by the computing
integrator. Analyses were performed at ambient
temperature.

CZE was performed on a Waters Quanta 4000E
capillary electrophoresis system (Waters Chroma-
tography Division, Milford, MA) equipped with a
fixed-wavelength (254 nm) UV detector connected
to the data system with the output polarity
reversed. The dimensions of the non-coated
fused-silica capillaries (Agilent Technologies, Wil-
mington, DE) were 50 pm i.d. x 360 pm o.d. x 73
cm analytical length (Lge = 65.0 cm). The working
electrolyte solution contained 0.5 mM of Nitroso-
R salt (1-nitroso-2-naphtol-3,6-disulfonic acid dis-
odium salt hydrate) and its pH was adjusted to 8.0.
The injection time was 3 s (hydrostatic, at 10 cm
height), and the voltage was 20 kV during the
separations. The temperature during the measure-
ments was maintained at 30 °C. A Millenium
(Waters Chromatography Division, Milford, MA)
chromatographic data system was used to record
and evaluate the electropherograms.

A Corning pH meter and a Corning combined
electrode (Corning, Acton, MA) were used to
adjust the pH of the electrolyte solutions. Cen-
trifugations were performed by Sorvall RC2-B
automatic refrigerated centrifuge (Ivan Sorvall
Inc., Newtown, CT) and a Fisher Compac Micro
7 microcentrifuge (Fisher Scientific, Inc., Pitts-
burgh, PA).

2.2. Chemicals and reagents

Clodronate  (dichloromethylenediphosphonic
acid disodium salt), cholesterol, p-aminophenyl-
a-D-mannopyranoside, Triton X-100 and phos-
phate buffered saline (PBS), pH 7.4, were pur-
chased from Sigma (St. Louis, MO). vr-o-
Phosphatidylcholine was purchased from Avanti
(Alabaster, AL). Nitroso-R salt was purchased
from Aldrich (Milwaukee, WI). Nitric acid (69%,
certified) and sodium hydroxide solution (1 N,
certified) were obtained from Fischer Scientific,
Inc. (Pittsburgh, PA).

All solvents and reagents were used without
further purification. Deionized water, with at least

18 MQ, filtered through a 0.45 pym membrane filter
(Osmonics, Minnetonka, MN) was used for mo-
bile phase, sample and standard preparations.

2.3. Preparation of liposomes

Multilamellar mannosylated liposomes were
produced from phosphatidylcholine, cholesterol
and p-aminophenyl-a-D-mannopyranoside as pre-
viously described [5]. Briefly, 70.9 mg of phospha-
tidylcholine and 10.8 mg of cholesterol were
dissolved in 10 ml of chloroform and added to 2
ml of methanol containing 3.6 mg p-aminophenyl-
o-D-mannopyranoside in a round-bottom flask.
The thin film formed on the interior of the flask
after low-vacuum rotary evaporation was dis-
persed in 10 ml of PBS containing 1.89 g of
clodronate by gentle rotation for 10 min. For
preparation of control (empty) liposomes, the lipid
film was dispersed in 10 ml of PBS. Free clodro-
nate was removed by rinsing the liposomes with 10
ml of PBS and centrifuging (Sorvall RC2-B
centrifuge) the suspension for 30 min at 25,000 x
g three times. Finally, the liposomes were resus-
pended in 4.0 ml of PBS.

2.4. Electrolyte solutions

The 10-mM HNO; solution was prepared by
appropriate dilution of concentrated HNO3 with
filtered deionized water. The 10-mM Triton X-100
(average molecular weight 628 Da) solution was
prepared by dissolving 628 mg of the surfactant in
100.0 ml filtered deionized water. A standard stock
electrolyte solution (20 mM) of Nitroso-R salt was
prepared by dissolving 754.5 mg salt in 100.0 ml
filtered deionized water. Before water was added
to the final volume, the pH was adjusted to 8.0
with 1 N NaOH. The working electrolyte solution
(0.5 mM) for indirect UV detection was made
from the stock solution by dilution it with
deionized water.

2.5. Standard solutions
A 10.0 mg ml ' clodronate stock solutions for

the IEC and the CZE measurements were prepared
by dissolving 100.0 mg clodronate in 10.0 ml 10
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mM aqueous HNO; and in 10 mM aqueous Triton
X-100, respectively. Appropriate volumes of the
stock solutions were diluted to obtain 5.0, 2.0, 1.0
and 0.5 mg ml~' clodronate concentrations. All
the solutions were freshly prepared on the day of
analysis.

2.6. Analysis of liposomes

Samples were prepared by centrifuging (Micro 7
microcentrifuge) of 50 ul PBS suspension of
liposomes diluted with 500 pl of PBS at 10,000
rpm for 5 min. The supernatant was discarded.
Then, 100 pl of 10 mM Triton X-100 was added to
the pelleted liposomes and the mixture was soni-
cated for 10 min. Calibration samples were pre-
pared by solubilization of the pellet obtained from
50 pl of control (empty) liposomes in 100 pl of 0.5,
1.0, 2.0, 5.0 and 10.0 mg ml~! clodronate in 10
mM Triton X-100 solution. All solutions were
freshly prepared on the day of analysis. For day-
to-day measurements, the solutions were stored at
4 °C.

2.7. Assay validation

Injection precision was measured by integrating
peak areas of five replicate injections. For deter-
mination of within-day precision of migration time
and injection precision, one set of calibration
samples with 0.5, 1.0, 2.0, 5.0 and 10.0 mg ml !
clodronate content was analyzed in the morning,
2, 4, 6 and 8 h later, respectively. Day-to-day
precision was evaluated by the analysis of the same
set of calibration samples prepared and measured
on three different working days (on the 3rd and
6th days after starting the study) over a 6-day
period. Critical, detection and determination levels
of the assay were evaluated as described in the
literature [31].

3. Results and discussion
3.1. IEC of clodronate with indirect UV detection

Our IEC study was based on the previous
publication in which clodronate was quantitated

on a Waters IC-Pack HR anion exchange column
using 12 mM HNO; as eluent [17]. In our
experiments, clodronate was eluted from the
column giving a rather broad and asymmetric
peak (Fig. 1A) under the optimized IEC condi-
tions (10 mM HNO;, 240 nm detection wave-
length, 0.9 ml min ~ ' flow rate). An increase of the
eluent’s HNO; concentration resulted in an even
shorter retention time causing interference with the
unretained sample constituents, while decreasing
the acid concentration resulted in an increase of
the retention time accompanied by further broad-
ening of the clodronate peak. We could only use
peak heights to construct a calibration curve using
clodronate solutions in the 0.5-10.0 mg ml~!
concentration range. For the injection precision,
performed by making five replicate (20 pl) injec-
tions of 0.5 and 2.0 mg ml~ ! clodronate standard
solutions, relative standard deviations (RSD) of
2.67 and 1.74%, respectively, were found. Based on
peak heights of the corresponding peaks of 0.5,
1.0, 2.0, 5.0 and 10.0 mg ml ~ ' clodronate standard
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Fig. 1. (a) HPLC chromatogram of 2.0 mg-ml~' clodronate
sodium solution in 10 mM HNOj;. Conditions: column,
S0GLC4-SAX-8/5 1.E. column; eluent, 10 mM HNO;; flow
rate, 0.9 ml-min—'; 4, 240 nm. Instrument: ThermoSepara-
tions/SpectraPhysics system. (b) Electropherogram of 2.0 mg-
ml ! clodronate sodium in 10 mM Triton-X solution. Condi-
tions: buffer, 0.5 mM Nitroso-R salt, pH 8.0; injection, 3 s
(hydrostatic); voltage, 20 kV; T, 30 °C; 4, 254 nm. Instrument:
Waters Quanta 4000E.
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solutions, an acceptable calibration curve (y=
148.96x) could be obtained (R* = 0.9892).

3.2. CZE of clodronate with indirect UV detection

As a second choice of our assay development,
we took the previously reported CZE with indirect
UV detection [28] into consideration. This method
was carried out in 0.5 mM Nitroso-R salt solution
of pH 8.0 with UV detection at 254 nm. Under the
optimized CZE conditions (20 kV current, 7=
30 °C, injection time: 3 s) clodronate dissolved
in 10 mM Triton X-100 solution gave a sharp peak
at about 3.8 min migration time (Fig. 1B) all over
the target 0.5-10.0 mg ml~ ' concentration range.
The migration times were found quite reproducible
(n=15; RSD =1.37%), especially when the daily
column conditioning (see below) were implemen-
ted and the working temperature were kept con-
stant (30 °C). For injection precision measured by
integrated peak areas of five replicate injections,
the RSD values of the 0.5 and 2.0 mg ml~'
clodronate solutions were 1.71 and 1.98%, respec-
tively. The detector response was found to be
linear (y =12,893x47440) and showed R’ of
0.9992 for the investigated 0.5-10.0 mg ml '
concentration range using 0.5, 1.0, 2.0, 5.0 and
10.0 mg ml~ ' clodronate standard solutions.

3.3. Quantitative determination of clodronate
content of mannosylated liposomes by CZE

Since the CZE method provided better chroma-
tographic performance, we chose this latter
method to adapt for the quantitation of the
clodronate content in the mannosylated liposomes.
To construct a calibration curve for determination
of clodronate in mannosylated liposomes, control
liposomes were solubilized in duplicate with ap-
propriate dilutions of clodronate stock solutions.
The amount of drug in the calibration samples was
equivalent to 25 (0.5 mg ml '), 50 (1.0 mg ml 1),
100 (2.0 mg ml~"), 250 (5.0 mg ml~") and 500%
(10.0 mg ml~"), respectively, of the anticipated
clodronate content of our mannosylated liposome
preparations (2.0 mg ml ', after solubilization).
The clodronate content of the standard solutions
with solubilized liposomes gave sharp peaks simi-

lar to those without liposomes. Baseline stability,
reproducibility of migration time and the inte-
grated areas were found to be the highest when the
daily work followed a standard conditioning of the
column starting with consecutive washing with 0.1
M NaOH, distilled water and the Nitroso-R salt
buffer (for 10 min each). During the day, the
column was washed with replenished electrolyte
for 10 min after four to five injections.

The percent RSD values (n =5) for within-day
migration times and injection precisions measured
by integrated peak areas of the above standard
solutions are shown in Table 1. The migration
times were found reproducible and were found to
fall into the region of 1.23-1.40%. Reproducibility
of integrated peak areas was acceptable with RSD
values falling into the range of 1.89-2.99%. In
order to obtain such reproducible results, the
samples were vortexed (for 30 s) before each
chromatographic run. The detector response was
found to be linear and showed R* of 0.9997 for the
investigated 0.5-10.0 mg ml~' concentration
range. For the calibration curve obtained (y =
11,978x+9329), relative standard errors of the
slope and intercept were 3.5 and 6.6%, respec-
tively. The critical level, detection level and
determination limit were 0.1, 0.4 and 0.2 mg
ml !, respectively.

The percentage RSD values for day-to-day
migration time and injection precision (based on
integration areas) obtained from the measure-
ments are summarized in Table 1. The day-to-
day precision of migration times was found
acceptable (RSD =2.97-3.34%); however, it was
higher than the within-day values. Similar obser-
vation could be done on comparison of the within-
day (RSD =1.89-2.99%) and day-to-day preci-
sion (RSD =4.26-5.03%) of the integrated peak
areas (Table 1). This observation might be due to
the different solubilization efficacy of the samples,
which varied on storage (Sonication and vortexing
of the samples on the 2nd and 3rd days of
measurements resulted in slightly opaque solutions
even after longer sonication times.). Consequently,
clodronate content of each batch of liposome
preparation was analyzed by using freshly pre-
pared calibration series.
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Table 1

Within-day and day-to-day precisions of migration times and peak areas of clodronate standard solutions

Concentration of standard

solution (mg ml~") gration times (RSD, %)

Within-day precision of mi- Within-day precison of
peak areas (RSD, %)

Day-to-day precision
of migration times

Day-to-day preci-
sion of peak areas

(n=5" (n=>5)"* (RSD, %)° (RSD, %)®
0.5 1.40 2.99 3.00 4.93
1.0 1.34 2.81 2.97 5.00
2.0 1.23 2.58 3.22 4.26
5.0 1.24 2.87 3.34 5.03
10.0 1.32 1.89 3.25 4.34

% Number of determinations.

® Results are based on means of five measurements over a period of 6 days.

The results obtained for analysis of three
mannosylated clodronate liposome preparations
are summarized in Table 2. Clodronate contents of
the prepared liposomes were in the 3.5-4.2 mg
ml ! range, which was in good agreement with
previously published results [7,32]. It should be
emphasized, however, that measurement of freshly
prepared analytical and standard samples comple-
tely solubilized (upon visual inspection) according
to the procedure described in Section 2 was found
to be an absolute necessity to obtain such repro-
ducible measurements.

4. Conclusions

Based on a CZE method with indirect UV
detection [28], a simple assay was developed to
measure clodronate content in mannosylated lipo-
somes, which showed acceptable results in the
target quantitation range of 0.5-10.0 mg ml~' for
within-day precision (repeatability), day-to-day
precision (reproducibility) and linearity. The
method has proved to be simple and easy-to-

Table 2
Results of clodronate-content of mannosylated liposome pre-
parations

Liposome Mean clodronate content RSD
preparation (mg ml—hH? (%)

No. 1 4.09 3.93
No. 2 3.48 3.44
No. 3 3.85 3.39

@ Results expressed as means of three determinations.

perform for quantitation of clodronate in liposo-
mal formulation. This straightforward and repro-
ducible method may be routinely applied as
quality control during the preparation of liposo-
mal formulation of clodronate, a potential drug
for macrophage-mediated neurodegenerative dis-
eases.
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