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Abstract

NAMI-A is a novel ruthenium complex with selective activity against cancer metastases currently in Phase I clinical
trials in The Netherlands. The chemical stability of this new agent was investigated utilizing a stability-indicating
reversed-phase high performance liquid chromatographic assay with ultraviolet detection and ultraviolet/visible light
spectrophotometry. The degradation kinetics of NAMI-A were studied as a function of pH, buffer composition, and
temperature. Degradation of NAMI-A follows first-order kinetics at pH < 6 and zero-order kinetics at pH > 6. A pH-
rate profile, employing rate constants extrapolated to zero buffer concentration, was constructed, demonstrating that
NAMI-A is most stable in pH region 3—-4. The degradation rate is not significantly affected by specific buffer
components. Storage temperature strongly influences the degradation rate.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ruthenium anticancer agent. Preclinical pharma-
cological studies with NAMI-A showed selective

NAMI-A (imidazolium  trans-tetrachloro(di- activity against lung metastases of murine tumors
methylsulfoxide)imidazoleruthenium(III), (Sava et al., 1998, 1999a,b,c) and a relatively low

Hs,im[¢rans-RuCly(DMSO)Him], Fig. 1) is a novel toxicity in mice and dogs (Bergamo et al., 2000;
Cocchietto and Sava, 2000; Sava and Cocchietto,

2000). Its action seems to be independent of the
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Fig. 1. Chemical structure of NAMI-A, molecular weight =
458.18 g/mol, molecular formula: CgH,sCl;N4ORu(11D)S.

2000; Sava et al., 1999a; Zorzet et al., 2000),
although an interaction with cell cycle regulation
has been observed in a transient accumulation of
cells in the G,/M phase (Bergamo et al., 1999,
2000; Sava et al.,, 2000; Zorzet et al., 2000).
Furthermore, NAMI-A increases the capsule
thickness around the primary tumor and the
extracellular matrix around tumor blood vessels,
thereby preventing tumor cells from invading
surrounding tissue and blood vessels (Sava et al.,
1998; Zorzet et al., 2000). More recently, NAMI-A
was shown to inhibit matrix metalloproteinases
and to induce antiangiogenic effects (Vacca et al.,
2002).

Based on its promising activity and toxicity
profile, NAMI-A is developed as a potential
anticancer agent and has currently entered Phase
I clinical trials. Before a suitable pharmaceutical
formulation can be developed for a new drug
substance, it is important to gain insight into the
stability of the agent in different types of solutions.
This study was initiated with the objective to
obtain detailed knowledge on the degradation
kinetics of NAMI-A in aqueous solution, includ-
ing the effects of several parameters such as pH,
buffer composition, and temperature on the de-
gradation process.

2. Materials and methods
2.1. Chemicals

NAMI-A was supplied by SIGEA Srl (Trieste,
Italy). Methanol (HPLC grade) was obtained from
Biosolve Ltd. (Amsterdam, The Netherlands) and
distilled water from B. Braun Medical (Melsungen,
Germany). Trifluoromethanesulfonic acid, sodium

acetate trihydrate, acetic acid 96% (v/v), sodium
dihydrogen phosphate dihydrate, disodium tetra-
borate decahydrate, sodium carbonate (anhy-
drous), sodium citrate monohydrate,
hydrochloric acid 37%, sodium chloride, perchlo-
ric acid (70-72% (w/v)) and sodium hydroxide
pellets were purchased from Merck (Darmstadt,
Germany). Sodium dodecylsulphate was obtained
from Fluka Chimica GmbH (Buch, Switzerland).
All reagents were of analytical grade and used
without further purification.

2.2. Buffer solutions

For the kinetic studies the following aqueous
buffer solutions were used: pH 1-5, acetate; pH
6—-11, phosphate. Buffers were prepared in con-
centrations of 0.01, 0.10 and 1.0 M. The pH values
were measured using a Model 654 pH meter
(Metrohm AG, Herisau, Switzerland).

2.3. Kinetic experiments

2.3.1. Influence of pH and buffer strength

The degradation reactions were initiated by
adding 240 pl of a freshly prepared 50 mg/ml
stock solution of NAMI-A in distilled water to
11.76 ml buffer solution, resulting in test solutions
with a NAMI-A concentration of 1.0 mg/ml. The
solutions were stored in glass test tubes, protected
from light. All kinetic studies were conducted at
20-23 °C, unless otherwise stated. At appropriate
time intervals, 500 pl samples were withdrawn
from the test solutions, diluted 1:1 with mobile
phase in an autosampler vial, and injected into the
stability-indicating HPLC system for analysis.
Furthermore, at selected time points, samples
were analyzed by UV/VIS spectrophotometry.
For all solutions, the pH in time was measured
and adjusted as necessary to keep it constant. All
kinetic experiments were performed in duplicate.

2.3.2. Influence of temperature

The effect of temperature on the degradation of
NAMI-A was studied at pH 3 (0.1 M acetate
buffer) and pH 7 (0.1 M phosphate buffer) in the
temperature range of 4—37 °C. The test solutions
were prepared as described above, with the use of
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pre-warmed or cooled buffer solutions. The tem-
peratures of the test solutions were kept constant
in a thermostatically controlled water bath or
refrigerator.

2.4. High performance liquid chromatography
(HPLC)

The HPLC system consisted of a model SP8800
ternary pump (Thermo Separation Products
(TSP), Fremont, CA, USA), a model 996 photo
diode array (PDA) detector (Waters, Milford,
MA, USA) and a model SP8880 autosampler
(TSP). Chromatograms were processed using MIL-
LENTUM® software (Waters). Separation was
achieved using a pBondapak CI18 column
(Waters), protected with a C8 guard column
(Security Guard, Phenomenex, Torrance, CA,
USA). The mobile phase consisted of 0.50 mM
sodium dodecylsulphate in 3% methanol, acidified
to pH 2.5 using trifluoromethanesulfonic acid
(triflic acid). The flow rate was 0.5 ml/min and
the system was operated at ambient temperature.
The detection wavelength was 358 nm and on-line
spectral analysis was carried out with the PDA
system. The injection volume was 20 pl. A run time
of 10 min was employed for both the standard
samples (calibration curve and quality control)
and of 30 min for the samples under investigation.
Employing this HPLC system, NAMI-A produces
a peak with a retention time of approximately 4.1
min.

Calibration curves of standard NAMI-A solu-
tions in distilled water were linear (r > 0.98) in the
concentration range of interest (1-600 pg/ml).

2.5. Ultravioletlvisible light (UV/Vis)
spectrophotometry

UV/Vis spectra were recorded with a Model
UV/VIS 918 spectrophotometer (GBC Scientific
Equipment, Victoria, Australia) equipped with a
DELL personal computer and an Epson LX-400
printer. Spectra were recorded from 800 to 225
nm. Samples of the test solutions were diluted with
distilled water to a theoretical concentration of 100
pg/ml before measurement.

2.6. Calculations

2.6.1. Order of reaction

The order of reaction was calculated using the
graphic method as described by A. Martin (Mar-
tin, 1993). Zero, first and second order graphs
were drawn for each pH and each buffer concen-
tration by plotting time versus NAMI-A concen-
tration, In NAMI-A concentration, and 1/(NAMI-
A concentration), respectively. The correlation
coefficient of each graph was calculated, and the
plot with the best linearity described the order of
the reaction in the best manner. The observed rate
constant (kps) was the slope (multiplied by —1) of
the best-fitting graph. Half-times were determined
by entering the appropriate values into the Egs. (1)
and (2) for zero and first order reactions, respec-
tively:

a
I — 1
270w k) (1)
In2
tl/zzr ()

obs

where a is the initial NAMI-A concentration (M).

3. Results and discussion
3.1. Degradation of NAMI-A

3.1.1. Degradation pathway and general
observations

NAMI-A (Fig. 1) consists of a ruthenium atom
with six ligands: four chloride ions, one DMSO
group and one imidazole group. All of these
ligands can be replaced by water molecules,
hydroxide ions, or buffer components, resulting
in a wide range of possible degradation products.
A degradation pathway as depicted in Fig. 2 has
been proposed for NAMI-A (Mestroni et al., 1994;
Sava et al., 1999a). The structural elucidation of
the various degradation products was based on
UV/Vis spectrophotometry and NMR spectro-
scopy. NMR spectroscopy showed that neither
DMSO nor the imidazole ligand are readily
replaced in aqueous solution (Mestroni et al.,
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Fig. 2. Proposed degradation mechanism of NAMI-A (Mestroni et al., 1994; Sava et al., 1999a).

1994; Sava et al., 1999a), except in acidic solutions,
where the DMSO group is hydrolyzed as well as
the chloride ligands (Bouma et al., 2002; Sava et
al., 2002). The degradation of NAMI-A thus
consists of stepwise hydrolysis of the chloride
ligands, in acidic media accompanied by hydro-
lysis of the DMSO group, followed by formation
of poly-oxo species. This last step can be visually
observed by darkening of the solutions.

Upon degradation in aqueous buffer solutions,
when stored protected from light, the UV/Vis
spectrum of NAMI-A changes as depicted in Fig.
3. Initially, two isosbestic points are present, at 274
and 358 nm, suggesting a single transformation in
the chromophore in the early stages of degradation
(substitution of ligands), the duration of which is
dependent on the pH of the buffer solution.
Thereafter, the spectrum began to distort the
isosbestic points, providing evidence of secondary
degradation, which could be caused by further
substitution of ligands, polymerization, or oxida-
tion or reduction of the chromophore Ru(III). The
same changes were observed in all buffered
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Fig. 3. Change in UV/Vis spectrum of a solution of 100 pg/ml
NAMI-A in distilled water in time from ¢ =0 to 96 h (stored at
20-25 °C in the dark). The directions of the small arrows
indicate an increase or decrease of absorption upon degrada-
tion; the large arrows indicate the isosbestic points at 274 and
358 nm.

NAMI-A solutions, although different time spans
were required for these changes in the UV/Vis
spectrum.

If unadjusted in time, the pH of all NAMI-A
solutions changed to approximately 3.5 (as de-
picted in Fig. 4 for a solution of NAMI-A in
water), indicating the formation of products with
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Fig. 4. Decrease in pH of a 1 mg/ml solution of NAMI-A in
distilled water with time.

acidic properties (pK, ~ 3.5) and/or protons. As
depicted in Fig. 2, hydrolysis of NAMI-A and
subsequent establishment of a equilibrium between
the aqua and hydroxy products is accompanied by
formation of protons, and thus lowering of the
pH. The kinetic studies were thus performed in
buffers. However, even the buffer solutions, espe-
cially those of alkaline pH and low molarity,
needed occasional addition of base or acid to
keep the pH constant.

Color changes were observed during the course
of degradation. Whereas the color of all solutions
immediately after preparation was yellow and all
UV/VIS spectra at that time were identical, the
solutions at acidic and neutral pH all darkened
and in time turned brown, although the time it
took for the color change varied (pH 1:96 h, pH
7:4 h). The solutions at pH 8—11 turned a lighter
yellow color, although these solutions were exam-
ined for a maximum of 40 min. Color changes
indicate a change in chromophore. Darkening of
the solution has been ascribed to formation of
poly-oxo or hydroxy species, while loss of color of
NAMI-A solutions has been described for reduc-
tion of the ruthenium atom from Ru(I1I) to Ru(II)
(Mestroni et al., 1994; Sava et al., 1999a, 2002).

3.2. Degradation kinetics

3.2.1. Analytical procedures and influence of pH
Degradation of NAMI-A can be followed using
the presented HPLC method, which was proven to
be stability-indicating, precise and accurate
(Bouma et al., 2002). Fig. 5A and B show typical
HPLC chromatograms of a decomposition mix-
ture of NAMI-A at about one half-life in acidic

and neutral media, respectively. Degradation pro-
ducts appear as separate peaks and no degradation
products co-elute with the NAMI-A peak. In the
neutral and alkaline reaction mixtures tailing of
the NAMI-A peak was observed, as can be
observed in Fig. 5B. UV/Vis analysis of the
complete peak, including the tailing portion,
showed the presence of only NAMI-A. Further-
more, no increase of the tailing areca was observed
in time, as would be expected for overlapping
peaks in which one peak was a degradation
product. It appeared that one or more of the
components present in the neutral and alkaline
buffers caused an interaction between NAMI-A
and the column material, but not between the
degradation products and the column material.
However, upon injection of the solutions to
which sodium chloride had been added, the HPLC
chromatograms showed two non-separated peaks
covering the retention time (zg) range of 3.7-5.3
min. Both peaks contained NAMI-A, as was
determined from their UV/Vis spectra, but quan-
tification became impossible by the formation of
these two peaks. This effect prohibited the inves-
tigation of the influence of the ionic strength (u) on
the degradation of NAMI-A. These investigations
require addition of various amounts of salts such
as sodium chloride to the buffer solutions. Thus,
the separation between NAMI-A and its degrada-
tion products in the HPLC chromatograms justi-
fies use of the HPLC method for this kinetic study,
but not in sodium chloride-containing solutions.
The peak attributed to the mono-hydroxy or
aqua species (compound B in Fig. 2) (Bouma et al.,
2002), with a tg at 6.9 min, relative g 1.7, and
maxima in its UV/Vis spectrum at 360 and 420 nm,
is formed in all solutions. It is the only degradation
product initially formed at pH values > 6 and its
formation is pH-dependent. At higher pH values,
the rate and extent to which it is formed increases.
At pH values < 6, more degradation products are
formed. The degradation product at rg 5.8 min
(relative tg 1.4, maxima in its UV/Vis spectrum at
326 and 374 nm) is only formed in solutions at
pH < 6 and has not yet been positively identified,
but could be any of the DMSO-free products
depicted in Fig. 2 (Bouma et al., 2002). Its
formation is also pH-dependent, with higher



244 M. Bouma et al. | International Journal of Pharmaceutics 248 (2002) 239-246

0,20 ] 1=}
¥
015 | L
= =
< Z
0,10 4
-t
G'.I_
005 A o oo
(== R
L5
0 S X S—; —
20 40 6,0 g0 10,0
Time (min) A

0,30

6,90

0,25

ATT
2

MNAMI-A - 4,10

i b———— it

20 40 6,0 8,0 10,0

Time {min) B

Fig. 5. (A) HPLC chromatogram of partly degraded NAMI-A in 0.1 M acetate solution at pH 4 after 48 h; (B) HPLC chromatogram
of partly degraded NAMI-A in 0.1 M phosphate solution at pH 7 after 1.75 h.

amounts at lower pH values. The degradation
product at tg 6.1 min (relative g 1.5, maxima in its
UV/Vis spectrum at 367 and 430 nm) is only
formed at pH values <4, appears to a larger
extent in more acidic solutions, and has not yet
been identified.

3.2.2. Order of reaction

The degradation of NAMI-A in solutions at pH
1-5 follows (pseudo) first-order kinetics. This is
indicated by the linearity of the plots (+* > 0.99) of
time versus natural logarithm of residual NAMI-A
concentration. At pH > 6, however, degradation
follows zero-order kinetics (+* for the time vs.
concentration plots: 0.91-0.99).

The degradation products with a relative zg of
1.4 and 1.5 were only formed at pH <6 and <4,
respectively, and were not present in solutions of
higher pH. Furthermore, color changes in acidic
solutions differed from those in alkaline condi-
tions. The observed changes indicated a difference
in the main NAMI-A degradation mechanism in
solutions at pH 1-5 and > 6, which is in agree-
ment with the calculated difference in order of
reaction. Table 1 lists observed rate constants and
half-lives of the different buffer solutions.

The order determinations could only be per-
formed for the solutions with a pH <10. The
solution at pH 11 (and higher) showed immediate
and complete degradation upon dissolution of
NAMI-A and could therefore not be included.

3.2.3. Influence of pH

Since the degradation of NAMI-A is strongly
pH-dependent, it is important to keep the pH
constant during the experiments. The Kkinetic
experiments were therefore performed in buffer
solutions. The overall observed rate constant for
the degradation of NAMI-A in buffer solutions of
pH 1-5 (following (pseudo) first-order kinetics) is:

kobs = k() + kH[H+] + kOH[OHi]
+ kbuffer[buffer] (3)

where kg is the (pseudo) first-order rate constant
for degradation in water only, and ky; and koyy are
the second order rate constants for proton and
hydroxyl-catalyzed degradation, respectively. The
term kpupe[buffer] represents the sum of the
second-order rate constants for the degradation
catalyzed by each of the buffer components multi-
plied by its concentration. To obtain the specific
rate constant (k) at each pH, incorporating only
proton (H™), hydroxide (OH ™) and water (H,O)
catalysis, the observed rate constants (k,ps) were
corrected for buffer influence by plotting the ko,
against buffer concentration and extrapolating to
zero buffer concentration. A linear relationship
existed at each pH (for all pH values) between ks
and the buffer concentration. The obtained k” is
defined by Eq. (4):

k' =ky+ ky[H" 1+ kou[OH ] 4)

The calculated values for k&’ were used in the
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Table 1

245

Influence of buffer concentration on ks and 1, of the degradation of NAMI-A

pH  [Buffer] (M) kobs (per s) tiz (h)* pH  [Buffer] (M) kobs (M per s) tip (h)*

1 0.01 541 x107° 35.5 6 0.01 2.77x 1078 11.1
0.1 5.50 x 107° 35.0 0.1 278 x 1078 11.1
1 5.56 x 107° 34.7 1 555%x 108 4.7

2 0.01 5.56 x 107° 34.7 7 0.01 1.39%x 1077 23
0.1 5.08 x 107° 37.9 0.1 1.94 x 1077 1.5
1 5.44 x107° 35.4 1 1.67x 1077 1.5

3 0.01 3.39x 107° 56.8 8 0.01 10.6x 1077 0.3
0.1 3.94x107° 48.8 0.1 8.61 x 1077 0.3
1 6.19x 107° 31.1 1 6.94 %1077 0.3

4 0.01 3.11x107° 61.9 9 0.01 1.64 x 10~ 0.2
0.1 3.88x107° 49.5 0.1 1.69 x 10~ 0.1
1 531 x107° 36.3 1 258 x107° 0.1

5 0.01 2.88x107° 66.6 10 0.01 30.8 x 10~ 0.1
0.1 6.72 x 107° 28.6 0.1 9.44 x 1077 0.3
1 144 x10~¢ 13.3 - - -

construction of the pH-rate profile (Fig. 6). As the
units for k” were different for the first and zero-
order reactions (pH 1-5 and 6-10, respectively),
two separate pH-rate profiles were constructed for
the different types of reaction. Between pH 5 and
6, a combination of first and zero-order kinetics
may prevail. A solution at pH 3.5 provides
maximal stability for NAMI-A. Neither of the
profiles shows a slope of +1, indicating that at
2 <pH <3 a combination of solvent and proton
catalysis takes place and at pH >4, a combination
of solvent and hydroxyl catalysis. It was shown
previously that the rate of the first hydrolytic step
during degradation of NAMI-A, leading to for-
mation of the mono-aqua or hydroxy species
(compound B in Fig. 2), is catalyzed by Ru(Il)
species (Mestroni et al., 1994; Sava et al., 1999a,

-47

4,9
51
5,3
55

Log kobs (sec-1)

-5,7 T T T T T
0 1 2 3 4 5 6

2002). Thus, beside general acid—base and solvent
catalysis, catalysis such as caused by Ru(Il)
species, formed by reduction of NAMI-A, addi-
tionally could take place.

3.2.4. Influence of buffers

Table 1 shows the influence of buffer concentra-
tion on the rate of degradation of NAMI-A. In
general, NAMI-A degradation rates increase with
increasing buffer concentration, which points to
an interaction of NAMI-A with the buffer com-
ponents.

To examine whether the type of buffer influ-
enced the rate of degradation, 0.1 M carbonate
and borate buffers at pH 9, and 0.1M citrate
buffer and hydrochloric acid at pH 3 were
prepared and degradation in these buffers was

-3

-4
-5
-6 -
74

Log kobs(M sec-1)

-8 T T T T T
5 6 7 8 9 10 11

pH B

Fig. 6. (A) pH-Rate profile of NAMI-A at pH 1-5 ((pseudo) first-order kinetics); (B) pH-rate profile of NAMI-A at pH 6-10 (zero-

order kinetics).
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compared with degradation in 0.1 M phosphate
and 0.1 M acetate at pH 9 and 3, respectively. No
significant influence of the type of buffer at either
pH was observed on the degradation rate of
NAMI-A.

3.2.5. Influence of temperature

The influence of temperature on the degradation
of NAMI-A was studied at pH 3 and 7 in the
temperature range 4-37 °C. The Arrhenius rela-
tionship between the natural logarithm of kg, and
the reciprocal of the absolute temperature holds.
The activation energy (E,) at pH 3 was calculated
to be 95.4 kJ/mol and its frequency factor (A4)
3.60 x 10" per s.

4. Conclusion

Degradation of NAMI-A follows (pseudo) first-
order kinetics at pH values <6 and zero-order
kinetics at pH values > 6. No specific proton or
hydroxyl catalysis was shown. The degradation
rate and mechanism of NAMI-A are strongly pH-
dependent. NAMI-A in solution is most stable in
the pH region 3-4. Although an influence of
buffer concentration was observed, no influence
of specific buffer components could be deter-
mined. Temperature strongly influences the degra-
dation rate of NAMI-A. These data, as well as
those reported by Sava et al. (2002), imply that an
acidic solvent should be used for NAMI-A admin-
istration during the clinical trials.
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