International Journal of Pharmaceutics, 100 (1993) 181-188

181

© 1993 Elsevier Science Publishers B.V. All rights reserved 0378-5173 /93 /$06.00

1JP 03292

A systematic study on the chemical stability of the novel
indoloquinone antitumour agent EO9

J.D. de Vries 2, J. Winkelhorst ®, W.J.M. Underberg °, R.E.C. Henrar ¢ and J.H. Beijnen *

@ Department of Pharmacy, Slotervaart Hospital / Netherlands Cancer Institute, Louwesweg 6, 1066 EC Amsterdam (The Netherlands),
® Department of Pharmaceutical Analysis, Faculty of Pharmacy, Utrecht University, Sorbonnelaan 16, 3584 CA Utrecht
(The Netherlands) and ¢ EORTC-NDDOQ, Free University Hospital, De Boelelaan 1117, 1081 HV Amsterdam (The Netherlands)

(Received 23 March 1993)
(Accepted 21 April 1993)

Key words: EO9; Chemical stability; Degradation kinetics

Summary

The chemical stability of the new anticancer drug EQ9 in aqueous solution has been investigated utilizing a stability-indicating
reversed-phase high-performance liquid chromatographic assay with ultraviolet detection and ultraviolet spectrophotometry. The
degradation kinetics of EO9 have been studied as a function of pH, buffer composition, ionic strength and temperature. A pH-rate
profile, using rate constants extrapolated to zero buffer concentration, was constructed demonstrating that EO9 is most stable in
the pH region 8-9. The degradation mechanism of EO9 in aqueous solution is discussed.

Introduction

Hypoxia in solid tumour tissue may represent a
problem by limiting response to radiotherapy and
chemotherapy (Bailey et al., 1992b). It may, how-
ever, enhance the activity of bioreductive anti-
cancer agents. EO9 (3-hydroxymethyl-5-aziridin-
yl-1-methyl-2-(1H-indole-4,7-dione) propenol;
Fig. 1) is the lead compound in a series of novel
and fully synthetic bioreductive alkylating indolo-
quinones. These agents were designed to readily
undergo redox cycling and formation of alkylating
intermediates under bioreductive conditions
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(Oostveen and Speckamp, 1987). They are inac-
tive in their own right, but are able to undergo
metabolism to species which can damage
biomolecules upon metabolic reduction. Al-
though structurally related to the bioreductive
agent mitomycin C (MMC; Fig. 1), EO9 demon-
strates a distinct profile of antitumour activity
(Winograd et al., 1989).

Studies have been conducted dealing with the
bioanalysis (Binger and Workman, 1990), bioacti-
vation (Bailey et al., 1992a,b; Robertson et al.,
1992; Walton et al., 1992) and pharmacokinetics,
distribution and metabolism of EO9 (Workman
et al., 1992). However, no systematic kinetic study
has been reported, so far, on the degradation of
EO9 in aqueous solution.

Knowledge on the acid degradation of EO9 is
of considerable interest, since acid-catalyzed



EQ9 MMC
Fig. 1. Structures of EQ9 and mitomycin C (MMCO),

degradation may be an activation step of EQ9Y, as
for MMC (Beijnen et al., 1986¢), in the process of
binding to deoxyribonucleic acid (DNA), next to
the bioreductive activation. Kennedy et al. (1985)
showed that MMC-induced interstrand cross-lin-
king of DNA is highly dependent upon the intra-
cellular micro-environmental pH: a lower pH en-
hances the alkylation. Moreover, much evidence
has suggested that environmental pH conditions
may vary considerably in experimental tumours
{Guillino et al., 1965; Guillino, 1975; Kennedy et
al., 1981; Vaupel et al., 1981). Studies in experi-
mental tumours have shown that the interstitial
fluid pH varied from 5.8 to 7.2, whereas a more
limited distribution in pH values (7.1-7.4) for
normal tissue was found (Guillino et al., 1965;
Guillino, 1975; Kennedy et al., 1981; Vaupel et
al., 1981).

This study was initiated with the objective to
obtain detailed knowledge on the degradation
kinetics of EQ9 in aqueous solution, including
the effects of several parameters (pH, buffers,
temperature and ionic strength) on the degrada-
tion process.

Materials and Methods

Chemicals

EOY was synthesized by the University of Am-
sterdam and provided by the New Drug Develop-
ment Office (NDDO) of the European Organisa-
tion for Research and Treatment of Cancer
(EORTC; Amsterdam, The Netherlands). All
other chemicals used were of analytical grade and
deionized water was used throughout.

Buffer solutions
For the kinetic studies the following aqueous
buffer solutions were used: pH 3.5-6, acetate; pH

6-9, phosphate; pH 9-11, carbonate; and pH
> 11, sodium hydroxide. The pH values between
3.5 and 12 were measured at 25°C, using an
Ingold Lot-401 combined glass-reference elec-
trode (Ingold Electrodes Inc., Wilmington, MA,
U.S.A.) and a Consort P514 pH meter (Consort,
Turnhout, Belgium). Extension of the acidity
scale, above pH 12, was accomplished with the
Hammett acidity function (Bates, 1973).

A constant ionic strength (¢) of 0.3 was main-
tained for each solution by addition of the appro-
priate amount of sodium chloride, except with
the experiments where the effect of the ionic
strength on the degradation of EO9 was investi-
gated and where the OH™ or H" concentrations
were higher than 0.3 M.

Kinetic measurements

The degradation reactions were initiated by
adding a 25 ul sample of a 2 mg/mi stock solu-
tion of EOY in methanol to 3 ml of the pre-heated
buffered solution to obtain an initial EOQ9 con-
centration of 16.7 ug/ml (5.8 X 10™° M). The
solutions were kept in screw-capped polypropy-
lene test tubes in a thermostatically controlled
water bath at 25 + 0.2°C in the dark.

Ultraviolet (UV) spectrophotometry Degrada-
tion reactions at pH values between 3.5-6 and
> 11 were followed spectrophotometrically by
continuously monitoring the increase in ab-
sorbance at 340 and 290 nm, respectively.

High-performance liquid chromatography
(HPLC} Degradation reactions at pH values be-
tween 6 and 11 were followed by withdrawal of 25
wul samples from the reaction solutions at appro-
priate time intervals, which were analyzed di-
rectly for undegraded EOY by means of a stabil-
ity-indicating HPLC assay.

All kinetic experiments have been performed
in duplicate.

Apparatus and experimental conditions

UV UV /Vis spectra of EO9 were recorded
on a lLambda 5 UV /Vis spectrophotometer
equipped with a Lambda computer and a
printer /plotter (all from Perkin-Elmer, Gouda,
The Netherlands). Kinetic studies were per-
formed with a UV-140 double-beam absorption



spectrophotometer (Shimadzu, ‘s-Hertogenbosch,
The Netherlands) equipped with a Kipp BD40
recorder. The 1 cm quartz cells were kept in a
thermostatically controlled cell compartment at
25°C.

HPLC The liquid chromatographic system
consisted of a Model M6000 solvent delivery sys-
tem, a Model U6K septumless injection device
and a Model 440 dual-wavelength UV detector
(all from Waters Associates Inc., Milford, MA,
U.S.A.) with a fixed wavelength filter for detec-
tion at 254 nm and a sensitivity of 0.05 AUFS.
The pre-column (2 cm X 4 mm i.d.) was packed
with Lichrosorb 10 um RP-8 material and the
stainless-steel analytical column (12.5 cm X 4 mm
i.d.) was packed with Lichrosorb 5 um RP-8
material (both materials were obtained from
Merck, Darmstadt, Germany). The mobile phase
consisted of methanol /water (30:70 w/w} to
which 1% (v/w) 0.5 M sodium phosphate buffer
(pH 7.0) was added. The flow rate was 1.0 ml /min
and the column was at ambient temperature. The
column pressure was approx. 3000 Ib/inch?.
Quantitation of EO9 was based on peak height
measurements using a Model BD40 recorder
(Kipp & Zonen B.V., Delft, The Netherlands).

Calibration curves of standard EO9 solutions
in water were linear (r > 0.999) in the concentra-
tion range of interest.

Results and Discussion

Analytical procedures

Degradation of EQ9 in the pH range 6-11 can
be followed using the presented HPLC method.
At pH values > 10, EO9 degrades principally
into one degradation product, which elutes with
the solvent front. At pH values <7, EO9 de-
grades principally into one degradation product
with a retention time of 4.4 min. For both pH
ranges, EO9 is well separated from the degrada-
tion products. Fig. 2 shows typical HPLC chro-
matograms for partly degraded solutions of EQO9
in acidic and alkaline media. They demonstrate
the stability-indicating capability of the HPLC
assay.
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Fig. 2. HPLC chromatograms of partly degraded EO9 in
acidic (left) and alkaline medium (right). Peak 1, EOQ9; peaks
2 and 3, degradation products.

Degradation of EO9 in strong alkaline solution
{(pH > 11) is accompanied by marked spectral
changes, indicating that the degradation prod-
uct(s) of EOY possess(es) different chromophores
in this medium from those of the parent drug.
The spectral changes are most profound at 290
nm, whereby continuously monitoring the in-
crease in absorbance at this wavelength can be
used for the guantitation of the degradation reac-
tions of EQY. In acidic medium (pH 3.5-6) the
observed spectral changes are also significant.
The absorption maximum of EO9 at 269 nm
decreases and an increase in absorbance is ob-
served at 340 nm, which can be used for the
quantitation of the degradation reactions of EQ9
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in acidic medium. Thus, UV spectrophotometry
seems to be an adequate technique for the quan-
tification of the degradation reactions of EO9 in
both alkaline and acidic media, by continuously
monitoring the increase in absorbance at 290 and
340 nm, respectively.

Degradation kinetics

Order of reactions The disappearance of EQ9
in buffered media follows (pseudo) first-order
kinetics over several half-lives. This is indicated
by the linearity of plots of the natural logarithm
of residual EO9 concentration against fime at
various pH values. The observed (pseudo) first-
order rate constants (k) for the overall degra-
dation have been extracted from the slopes of
these plots.

Standard deviation of k ,, The standard devi-
ation (SD) of the overall rate constant, &, was
determined for the HPLC and the UV spec-
trophotometric assays. These statistical experi-
ments were performed at 25°C. The value of &,
{+SD) for the spectrophotometric assay was de-
termined at pH 4.0 (0.1 M acetate buffer; p =
0.3); the value of k_,_was 7.6 +0.1x 107° s7!
{n = 6) and the relative SD is equal to 1.3%. For
the HPLC assay, the values of &, were deter-
mined at pH 5.0 (0.25 M acetate buffer; u = 0.3);
the value of kg, was 4.9+ 0.1 x 1077 s (n=6)
and the relative SD is equal to 2.9%.

Influence of pH Tt is hypothesized that the
degradation mechanism of EO9 in both alkaline
and acidic media is similar to that of other
aziridinylquinones (Kusai et al., 1981, 1982). Since
the degradation of EQO9 is strongly influenced by
pH, it is important to keep the pH constant
during the experiments. The kinetic experiments
were, therefore, performed in buffer solutions.
The overall observed rate constant for the degra-
dation of EO9 in buffer solutions is:

Kops = kot k}{[H+] + kOH[OH_]

obg

+k buffer[buffer] ( 1 )

where k, is the (pseudo) first-order rate constant
for degradation in water only, and ky and kgy
the second-order rate constants for proton- and

Log k(obs) (s—1)
A
¢ = ¢

|
~3
o

pH
Fig. 3. pH-rate profile of EO9 at 25°C.

hydroxyl-catalyzed degradation, respectively. The
term kg buffer] represents the sum of the
second-order rate constants for the degradation
catalysed by each of the buffer components multi-
plied by its concentration. For each pH the
(pseudo) first-order rate constant for [buffer} = 0,
k'po=ko+ kyH*]+koy [OHT], was calcu-
lated as the intercept from the linear part of the
plot of k., vs [buffer] at a fixed pH.

The calculated values for £/, were used in
the construction of the pH-rate profile (Fig. 3).
The profile shows that no prototropic equilibria
are involved. The V-shaped curve has a slope of
—1.0 in the weakly acidic pH region and a slope
of +1.0 in the alkaline pH region, indicating the
occurrence of specific proton and hydroxyl cataly-
sis, respectively.

With the use of Eqn 2,
kops = ko +ky[H*] + ko, [OH] (2)
the specific rate constants for the degradation of
EO9 were calculated. These values are shown in
Table 1. The contribution of &k to k[, is negligi-
ble. The pH at which the minimum occurs in the
pH-rate profile can be determined graphically or



TABLE 1

Rate constants for catalyzed degradation reactions of EO9 at
25°C

ky 99.6 M Ts!
ky =0 s
kon 3.19x10°2 M-t

can be calculated from the first derivative of Eqn
2, set to zero,

dk(,)bs kOHKw
kT o = (3)
d[H*] [H*]
ar:
k
PH i = 1PK,, + tlog—— (4)
kOH

At 25°C pK,, = 14.00. So pH ;. is calculated to
be 8.75, which is in agreement with the graphi-
cally derived value.

Influence of buffers The degradation of EO9
is strongly affected by phosphate buffer compo-
nents. This appears from experiments where &
was measured at constant pH, ionic strength (u
=0.3) and temperature (25°C), but at different
buffer concentrations. A linear relationship exists
between k,,, and the phosphate buffer concen-
tration. At pH 7.0 (u = 0.3 and T = 25°C), this
relationship between k_, and the phosphate
buffer concentration can be described by the
equation:

ko =6.96 X 107°+ 6.71 X 10> - [phosphate]
(r>0.9999; p <0.001) (5

Acetate and carbonate buffers seem to have
no significant effect on the degradation rate of
EQO9. Table 2 shows the influence of buffer ions
on the degradation of EO9.

Influence of ionic strength The influence of
the ionic strength (u) on the degradation of EQ9
was investigated by adding various amounts of
sodium chloride to buffer solutions of fixed pH.
The influence of the ionic strength on the degra-
dation of EQ9 at pH 11.3 and 13.0 is negligible.
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However, at pH 4.0, a linear relationship exists
between log k. and Vi . This relationship can
be described by the equation:

log Koy, =0.56 + 1.84 - /i
(r > 0.9930; p = 0.0007) (6)

The results from these experiments are listed in
Table 3.

TABLE 2

Influence of acetate, phosphate and carbonate buffer concentra-
tion on k. of the degradation reactions of EO9

pH [Buffer] kg, pH  [Buffer] kg,

3.5 0.05 31x107% 7.0 005 1.0x1073
0.10 3.1x%1072 0.10 1.4x1075
0.25 1.7% 1072 0.25 24x%x107°
0.50 1.3x107? 0.50 40%x107°

0.80 6.1x1077
1.00 74x107°

40 0.05 93x107* 75 005 38x10°°
0.10 8.6x107? 0.10 55%107°
0.25 5.7x1077% 0.25 9.8%x107°
0.50 56x107° 0.50 1.6x107°
0.80 6.1x1077
1.00 75%1073

45 005 201077 80  0.05 21%107°
0.10 17x107? 0.10 1.2%10°°
025 1.7%1073 0.25 57x107¢

0.50 7.4x107%

50 005 85x107% &5 005 1.7x10°°
0.10 8.6x107% 0.10 1.4x107°
0.25 6.6x 107+ 0.25 28x10°°
0.50 8.1x1074 0.50 4.0x107°

55 005 22x107% 95 008 40x10~7
0.10 26x1074 0.10 5.9%10~7
0.25 14x10™¢
0.50 2.1x107*

6.0 005 8Ix107° 100 0.05 28%x107°
0.10 9.3x1073 0.10 6.2x10°°
0.25 95x1073 0.25 63x107°
0.50 1.5%1074

65 005 26%x107° 105 005 64x10-°
0.10 34x107° 0.10 6.2X107°
0.25 7.1x1073 0.25 6.3x10°°

pH 3.5-6.0, acetate; pH 6.5-8.5, phosphate; pH 9.5-10.5,
carbonate; [buffer] in M; &k, ins™ L
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TABLE 3

Influence of the ionic strength on k. of the degradation
reactions of EQ9 at 25°C

TABLE 4

Activation energies (E,) and frequency factors (A) for the
degradation of EO9 in buffer as a function of pH

pH v log k s pH \/;7 log k
4.0 0.32 -2.50 13.0 0.32 -253
0.50 =210 0.40 —2.55
0.56 —2.07 0.50 —257
0.65 -1.83 0.65 —2.64
0.80 ~1.62 0.80 —2.65
113 0.04 ~4.35
0.30 ~438
0.45 -4.27
0.60 ~4.27
0.70 ~4.7
0.80 ~4.92
1.00 ~4.75

pH 4.0, 0.1 M acetate buffer solution; pH 11.3 and 13.0,
NaOH solutions.

Influence of temperature The influence of
temperature on the degradation of EO9 was stud-
ied at pH 4.0 (0.1 M acetate buffer; u = 0.3), pH
7.0 (0.1 M phosphate buffer; p =0.3) and pH
12.1 (sodium hydroxide solution; x = 0.3) in the
temperature range 15-50°C. The Arrhenius rela-

O
by
o

1 2

&
H,0 o
3

—  » H

o)

pH E, (kJ mol™1) AGs™H
4.0 40.6 1.1x10°
12.1 67.0 1.6x10%

tionship between the natural logarithm of &,
and the reciprocal of the absolute temperature
holds.

Activation energies (E,) and frequency factors
(A) are listed in Table 4 and are in accordance
with the formation of different degradation prod-
ucts in acidic and alkaline solutions.

Degradation mechanism As for MMC (Beij-
nen et al., 1986a,b), two pathways have been
proposed for the in vivo activation of aziridinyl-
quinones, such as EQ9 (Driebergen, 1987). The
first pathway involves reduction of the quinone
function of EQ9 to its semiquinone or hydro-
quinone, generating a species with an elec-
trophilic aziridine ring system, which serves as a
target for nucleophilic DNA moieties.

Fig. 4. Proposed overall degradation scheme of EQ9 in acidic medium.
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Fig. 5. Proposed overall degradation scheme of EO9 in alkaline medium.



The second activation pathway involves acid
degradation of EO9. In acidic medium EQY de-
composes principally into one compound with a
retention time of 4.4 min. In analogy with other
aziridinylquinones (Kusai et al., 1981, 1982;
Driebergen, 1987), the following overall degrada-
tion scheme for EO9 in acidic medium is pro-
posed (Fig. 4). The initial step of the reaction in
acidic medium is thought to be protonation of the
trivalent nitrogen in the aziridine ring, yielding an
iminium ion. This electrophilic center is then
attacked by nucleophilic particles, i.e., water
molecules, resulting in a degradation product with
an ethanolamine group at C5.

In analogy with MMC (Beijnen et al., 1985)
and other aziridinylquinones (Kusai et al., 1981,
1982; Driebergen, 1987), the degradation of EQ9
in alkaline medium may proceed through the
substitution of the aziridine ring by an hydroxyl
ion at C5, as outlined in Fig. 5.

Conclusions

Degradation of EO9 follows (pseudo) first-
order kinetics. The pH-rate profile of EO9 shows
the occurrence of specific proton and hydroxyl
catalysis. The degradation rate and mechanism of
EO9 are strongly pH-dependent. EO9 is most
stable in the pH region 8-9.

The degradation rate of EQ9 is strongly af-
fected by phosphate buffer components. Acetate
and carbonate buffer components have no signifi-
cant effect on the degradation rate of EQ9. The
same holds for the ionic strength.
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