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Summary

The degradation kinetics of the antineoplastic drugs, vincristine and vindesine, have been studied in the pH range from —2 up to
11 at 80° C. A stability-indicating HPLC system with UV detection was utilized for the analysis of vincristine and vindesine in the
reaction solutions. The influences of external factors (e.g. pH, buffer concentrations, ionic strength and temperature) on the
degradation rate have been studied systematically. The relationship between pH and log k.,, was modelled by using a non-linear
least-squares curve-fitting computer program. From this plot the pX, values of vindesine have been calculated. This plot also showed

that vincristine was most stable at pH 4.8 and vindesine at pH 1.9.

Introduction

Vincristine (VCR) and vinblastine (VBL) (Fig.
1) are naturally occurring Vinca alkaloids, ex-
tracted from the Catharanthus roseus G. Don.
Vindesine (VDS) is a semisynthetic derivative,
originating from vinblastine. These cytotoxic
agents are in widespread clinical use in cancer
chemotherapy for the treatment of haematological
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as well as solid malignancies (Creasey, 1981). VCR
is marketed under the trade name Oncovin, both
as a freeze-dried formulation and as a sterile solu-
tion for injection. VDS (Eldisine) is commercially
available in the lyophylized state only. Both drugs
are known to be susceptible to degradation in
aqueous and organic solvents (Burns, 1972). Until
now, only a few reports on the chemical stability
of VCR have been published and most of them
were limited (Sethi and Thimmaiah, 1985; De
Smet et al., 1985; Beijnen et al., 1986). The infor-
mation about the stability of VDS is even more
scarce (Yang and Drewinko, 1985). For optimal
pharmaceutical handling it is of major importance
to have a profound insight into the degradation
reactions of these cytostatic agents. Therefore, we
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Fig. 1. Chemical structures of vinblastine, vincristine and vindesine.

initiated this systematic stability study which is a
sequal to an earlier report on the degradation
kinetics of VBL (Vendrig et al., 1988a).

Experimental

Materials

Vincristine sulphate was kindly provided by
Pharmachemie B.V. (Haarlem, The Netherlands).
Vindesine sulphate was a gift from Eli Lilly (Indi-
anapolis, IN, U.S.A.). Desacetylvincristine was a
gift from Gideon Richter (Budapest, Hungary).
All other chemicals were of analytical grade and
were used as received. Deionized water for the
preparation of buffer solutions was filtered using a
Milli-Q Water Purification System (Millipore,
Bedford, MA, U.S.A).

Buffer solutions

The buffer solutions used in this study were
prepared as described previously (Vendrig et al.,
1988a).

Kinetic measurements

The degradation kinetics of VCR and VDS
were investigated at a temperature of 80 + 0.5°C.
The preparation of the reaction solutions and also
the sampling procedures have been described be-
fore (Vendrig et al., 1988a). Samples of solutions

at extremely low pH values (< 0.5) were adjusted
to pH 4-5 with a small amount of a sodium
acetate solution prior to analysis.

Apparatus and analytical procedures

The chromatographic system consisted of a
Spectroflow HPLC pump and a Spectroflow 773
absorbance detector (both from Applied Biosys-
tems, Ramsey, NJ, U.S.A.) operating at 254 nm. A
Model 440 dual wavelength absorbance detector
{Waters Assoc., Milford, MA, U.S.A.) with fixed
wavelength filters of 254 and 280 nm was used to
determine the purity of the VCR and VDS peaks.
Samples of 10 or 20 pl were injected with a
Waters Intelligent Sample Processor (WISP model
710) or by using a U6K valve injector (Waters
Assoc.). The separation of the parent drug and the
degradation products was accomplished on a Hy-
persil ODS column (100 X 3.9 mm i.d., particle
size 5 pm). The mobile phase comprised methanol
and 10 mM sodium phosphate buffer pH 7.0
(60 :40 w/w) (chromatographic system A). Quan-
tification of undegraded VCR and VDS was based
on peak height measurements. Further details can
be found in Vendrig et al. (1988a).

The stability-indicating capability of the re-
versed-phase HPLC method was verified by chro-
matographic analysis of collected eluates of VCR
and VDS peaks using non-modified silica gel as



stationary phase (LiChrosorb SI-60, particle size
10 pm; 300 X 3.9 mm i.d.) (Vendrig et al., 1988b).
The mobile phase used in this system consisted of
acetonitrile and buffer (85:15 w/w). The buffer
contained 50 mM tetrabutylammonium bromide
and 10 mM sodium dihydrogen citrate, adjusted
to pH 3.0 with sodium hydroxide. The flow rate
was 3.0 ml/min (chromatographic system B).

Results and Discussion

Chromatography

The chromatographic system designed for the
degradation study of VBL (Vendrig et al., 1988a)
was also suitable for the separation of VCR or
VDS and their degradation products. Typical
chromatograms are shown in Figs. 2 and 3 for
VCR and VDS, respectively. For the analysis of
VCR at high pH values a slight modification of
the composition of the mobile phase (from 60 : 40
to 57.5:42.5 w/w methanol /buffer) was neces-
sary to obtain sufficient resolution between VCR
and one of the degradation products (peak 3 in
Fig. 2E). The HPLC method used (system A) was
stability-indicating. This was tested by chromato-
graphic analysis of the eluates of the VCR and
VDS peaks in partly degraded samples using chro-
matographic system B. Also the eluate of blank
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Fig. 2. Chromatograms of VCR before and during degradation

at 80°C at different pH values (u=0.3). A: 0.035 M phos-

phate buffer, =0 h. B: 0.060 M perchloric acid, z = 0.5 h. C:

0.035 M phosphate buffer, t=72 h. D: 0.035 M phosphate

buffer, t = 7.2 h. E: 0.035 M carbonate buffer, 1 = 0.5 h. Peak
1: vincristine. Peaks 2-4: degradation products.

191

pH70 pH 12 pH4S pH7.0 pH 107

IDU‘ lans Icaosl Ium Iam

T T 7T IIIII
2 46 0 4 6 2 46 8

\,
LD |
(S R SV W

o441

o246
time (min)
Fig. 3. Chromatograms of VDS before and during degradation
at 80°C at different pH values (p = 0.3). A: 0.035'M phos-
phate buffer, 7 =0 h. B: 0.060 M perchloric acid, t =201.5 h
(no sodium acetate added). C: 0.035 M phosphate buffer,
t=32.1 h. D: 0.035 M phosphate buffer, =11 h. E: 0.035 M
carbonate buffer, 1=3.5 h. Peak 1: vindesine. Peaks 2-4:
degradation products.

buffer was analysed. Compared to a chromato-
gram of the identically treated blank buffer no
peaks beside the VCR and VDS peaks themselves
were seen in the chromatograms of the eluates of
the undegraded VCR and VDS peaks. In addition,
we determined the ratio of heights of undegraded
VCR and VDS peaks at 254 and 280 nm during
the course of several degradation experiments. The
ratio remained constant during the whole process
of degradation, indicating that no degradation
products with a different UV spectrum than VCR
or VDS co-elute with undegraded VCR and VDS.

Degradation products

Vincristine. Fig. 2A shows a chromatogram of
VCR before degradation. Below pH 1.5 mainly
one peak with a greater retention time than VCR
emerges in the HPLC chromatograms (Fig. 2B,
peak 2). Desacetylvincristine (DVCR) is also
formed at pH 1.2 (peak 3), but only in minor
quantities, judged from the peak heights. DVCR
was identified by comparison of the elution volume
of peak 3 with the reference. From pH 2 up to 4
some small peaks eluting with the solvent front
were noticed. HPLC analysis of degraded solu-
tions at pH values above 4 showed various peaks
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Fig. 4. Semilogarithmic pseudo-first-order plots for the degradation of VCR (A) and VDS (B) at 80°C at different pH values
(p=0.3).

with a shorter retention time than VCR (Fig. 2D).
DVCR (Fig. 2, peak 3) was formed to a greater or
lesser extent in the whole pH region investigated.
The shape of peak 3 (Figs. 2C and 2D, peak 3)
indicated the presence of a compound co-eluting
with DVCR when degradation mixtures with pH
3-8 were analysed. In the pH region 6.5-8, peak 4
(Fig. 2D) was formed, apart from peak 3. Only
some very small peaks were seen before this. At
pH values over 9, DVCR was the main detectable
degradation product. The structures of all de-
gradation products have not been elucidated yet.
Vindesine. Fig. 3A shows a chromatogram of
VDS before degradation. HPLC analysis of de-
graded VDS solutions (pH < 1) showed a number
of peaks eluting with the solvent front and a peak
with a retention time of about 3 min (Fig. 3B,
peak 2). At pH values above 1, a complex pattern
of compounds which elute with the solvent front
appeared (Fig. 3C and D). Compound 2 was also
formed at these pH values but at a later stage of
the degradation process. Around pH 4 a few sep-
arated peaks were seen in the front. In the pH
region 5.5-7, only a few products were seen at the
beginning, but peak 2 was formed to the greater

extent. In the range pH 7-9, compound 3 was
formed, which had almost the same retention time,
but not identical, as compound 2. Also a degrada-
tion product with a retention time between that of
compound 3 and VDS was observed (Fig. 3D,
peak 4). At higher pH values only product 3
appeared in the chromatograms beside VDS.

Kinetics

This kinetic study was performed at 80 ° C since
the degradation rates of VCR and VDS at lower
temperatures were too slow to obtain reliable
kinetic data. Furthermore, the kinetics of VBL
had previously been studied at 80°C (Vendrig et
al., 1988a). By using the same reaction conditions
it is possible to compare the degradation kinetics
of the 3 Vinca alkaloids.

Order of reaction

In buffers, the degradation of VCR and VDS
exhibited a linear relationship between the natural
logarithm of the concentration of undecomposed
Vinca alkaloid and time (Fig. 4A and B). This
pseudo-first-order kinetic behaviour was followed
over at least 3 half-lives. The observed pseudo-



first-order rate constants (k.,,) were calculated

from Eqn. 1:

obs

ln[VA]t = h“{[\/»‘A]O = kops 1 (1)

where [VA], and [VA], are the remaining and
initial concentration of Vinca alkaloid at time ¢
and 0, respectively.

Standard deviation in k

For VCR, the mean k_, and the standard
deviation (S.D.) in k,, were determined at pH 1.0
(perchloric acid, g = 0.1) and at pH 6.4 (0.050 M,
#=0.3). The mean k_, + S.D. values were 6.6 +
03x107% 57! (n=6) and 7.6 +0.7x107% s}
(n = 6), respectively. For VDS the mean k&, and
the S.D. in k,, were determined at pH 0.5 (per-
chloric acid, p=0.3) and pH 5.3 (0.050 M, p=
0.3). The mean %+ S.D. values were 2.5 +0.3
X107%s ' (n=5)and 7.8+ 05X 107 s" ! (n=
6), respectively. The values of the standard devia-
tions were normal for this type of experiments. All
other rate constants were determined in duplo.

Influence of buffer concentration

The influence of the concentration of sodium
phosphate was studied in the range 0.005-0.050
M. The ionic strength was adjusted to 0.3 by
addition of calculated amounts of sodium chio-
ride. For VCR the buffer influence was studied at
pH 4.5 and pH 9.2. For VDS pH 4.5, 6.2 and 8.2
were chosen for this purpose. Only for VDS at pH
6.2 a slight influence of the buffer concentration
was found. The relation between the k., and the
buffer concentration was not linear (Fig. 5). At the
other pH values investigated, the degradation rates
of VCR and VDS appeared independent of the
buffer concentration. Table 1 documents repre-
sentative data.

Influence of ionic strength

The influence of the ionic strength was investi-
gated in the range 0.1-0.4 at pH 1.8, 4.5 and 9.2
for VCR and at pH 1.2, 3.5, 4.5, 6.2 and 8.2 for
VDS. The degradation rates proved to be indepen-
dent of the ionic strength at all pH values investi-
gated. Representative data are listed in Table 2.
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Fig. 5. Influence of the phosphate concentration on k. for
the degradation of VDS at pH 6.2.

Influence of temperature

The influence of temperature on the degrada-
tion rates of the Vinca alkaloids was studied in the
range from 60 to 80°C at pH 1.2, 3.5, 5.2, 7.0 and
8.2. The activation energies ( E,) and the frequency

TABLE 1

The influence of the concentration of phosphate buffer on the k
for the degradation of VCR and VDS at different pH values
{1 = 0.3; temperature 80°C)

pH [buffer] &, pH [buffer] kg,
™M 7H ™M TH
Vincristine
44 0005 24x10°° 92 0005 12x107*
44 0015 21x10°° 92 0015 19x107*
44 0025 22x107° 92 0025 15x107*
44 0035 24x107° 92 0035 15x107¢
44 0050 28x107° 9.2 005 16x10™*
Vindesine
44 0005 84x107° 82 0005 36x107°
44 0015 76x10°6 82 0015 41x107°
44 0025 83x107° 82 0025 nd
44 0035 89x10”°¢ 82 0035 36x107°
44 0050 82x107¢ 82 0050 36x107°
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TABLE 2

The influence of the ionic strength on the k ,,,; for the degradation
of VCR and VDS at different pH values (concentration phosphate
buffer 0.035 M, temperature 80°C)

pH § kobs pH B kobs

s ™"
Vincristine
18 01 16x107* 45 01 22x10°°
18 02 19x107* 45 02 25x10°°
18 03 14x107* 45 03 21x10°°
18 04 1le6x107* 45 04 26x10°°
Vindesine
35 01 72x107° 61 01 26x10°°
35 02 73x107° 61 02 26x107°
35 03 60x107° 61 03 23x107°
35 04 61x107° 61 04 24x107°

factors (A) were calculated from the Arrhenius
equation (Eqn. 2):

In kyy,=In 4 — (E,/RT) (2)

in which R represents the molar gas constant and
T the absolute temperature (K). Table 3 docu-
ments the results of these experiments in terms of
activation energies and frequency factors.

Influence of pH

The degradation experiments were carried out
in buffered solutions. Taking the results of the
VBL study into account, we assumed that both the
concentration of the buffer ions and the ionic
strength of the solution had no influence on the
degradation rates of VCR and VDS. This was

TABLE 3

Activation energies (E,} and frequency factors (A) for the de-
gradation of VCR and VDS at various pH values (80°C)

pH  Vincristine Vindesine

E, A E, A

&J-mol™Yy  (s7h J-mol™") (7H
1.2 62 1x10° 124 3Ix10!?
3.5 84 9x10° 114 5x 10"
5.2 73 4x10° 108 1x10"
70 106 9x101° 91 9% 108
82 116 9% 10" 76 6x10°
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Fig. 6. Log k,,—pH profile for the degradation of VCR at
80°C, fitted according to a 4 pK, model.

substantiated by the experiments at selected pH
values (1.2, 3.5, 4.5, 6.2, 8.2 and 9.2) whereby the
buffer concentration and ionic strength were varied
and no influences were noticed. Therefore, the
k.ps values used for the construction of the pH-
profile were the mean of all data determined at a
specific pH (n = 2, 4 or 8). Only the k,, value for
VDS at pH 6.2 was extrapolated at zero buffer
concentration.

Regression analysis of the log k ,,,—pH rate profiles

Vincristine. 'The pH-rate profile of VCR (Fig.
6) did not exhibit pronounced inflection points
from which all 4 pk, values of VCR could be
calculated with sufficient precision. Non-linear re-
gression analysis using the mathematical equation
derived by Van Der Houwen et al. (1988) was
therefore not possible. With the k_,, values de-
termined, an infinite number of combinations of
macro-reaction constants and dissociation con-
stants existed, which all gave an acceptable corre-
lation between the model and the experimental
values. Calculation of the macro-reaction con-
stants would be possible after accurate determina-
tion of the protolytic dissociation constants using
other methods. Since this had to be done at the
temperature of the kinetic study (80°C) and be-
cause of the presence of overlapping ionization
constants, these experiments would be very com-



TABLE 4

Macro-reaction constants for the degradation of VCR and VDS,
ionization constants and pK values at a temperature of 80°C.
The pKa values of VCR are the mean of the pK, values of VBL
(Vendrig et al., 1988a) and VDS

Vincristine Vindesine
M, a a
M, 54x107% 57! 7.6x107°s7!
M, 32x107° M-s™! a
M, 7.8x10710 M2.s7! 1.1x1078 M2.57!
M; 1.8x1071 M3.57! 1.1x107 13 M3.s7!
M 1.6x1072 M*.s~! 22x1072 M5!
M, 1.5x1073% M>.s7! a
K, 6.3 5.6
K, 25%x107% 3.0x107*%
K, 1.0x10°¢ 1.7x107¢
K, 2.0x10°% 34x107°
pk, —08 -08
pkK, 3.6 35
pK; 6.0 5.8
pK, 7.7 8.5

? Contribution not significant.

plicated with presumably poor results and, there-
fore, were omitted. Furthermore, the precision of
the kinetic measurements themselves was limited.
Therefore we concluded it was not possible to
calculate the macro-reaction and dissociation con-
stants for VCR with the k. values measured.
The constants listed in Table 4 are the result of a
fit using the mean of the pK, values calculated
for VBL and VDS as pK, values for VCR. This
reduces the possibilities for the macro-reaction
constants considerably.

In Figs. 6 and 7 the squares represent the
experimental k, values. The dark line is the
result of the fit using the constants listed in Table
4. The light lines represent the contribution of the
separate macro-reaction constants to k... The fit
in Fig. 6 had been made by taking the results of
VBL and VDS into account. As can be seen from
Fig. 6, the model calculated with estimated con-
stants showed moderate correlation with the ex-
perimental values.

Vindesine. For VDS the macro-reaction con-
stants and the pK, values were calculated with
the non-linear least-squares curve-fitting program,
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Fig. 7. Log k,,—pH profile for the degradation of VDS at
80 ° C, fitted according to a 4 pK, model.

using an Olivetti microcomputer. In Table 4 the
results of the optimal fit are presented. For VDS
the calculated model showed a high correlation
with the experimental values (Fig. 7). The slope in
the pH region —0.5 to 1.7 was —1. Between pH
1.7 and pH 1.9 the degradation rate was indepen-
dent from the pH. From pH 1.9 to pH 2.8 the
slope was +1. Above pH 7.0 the degradation rate
was independent of the pH.

2.0
log k
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Fig. 8. Log k,,s—pH profiles for the degradation of VBL (A),
VCR (B) and VDS (C) at 80° C (fitted according to a 4 pK,
model).
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A comparison of the overall stability of vinblastine,
vincristine and vindesine

The log k,,~pH profiles for VBL (data ob-
tained from an earlier study; Vendrig et al., 1988a),
VCR and VDS have been combined in Fig. 8.
These curves reveal that the 3 Vinca alkaloids
possess distinct differences in terms of overall
chemical stability in aqueous solutions while the
drugs have minor structural differences. Substitu-
tion of the N-1 aldehyde function in VCR by a
methyl group in VBL results in a much more
stable compound in solutions at pH < 4 and pH >
7. On the contrary, VBL is less stable than VCR in
the intermediate pH region. To conclude, the N-1
substituent has a great impact on the overall
chemical stability of these compounds. In alkaline
solutions hydroxyi-catalyzed desacetylation con-
stitutes the main degradation pathway for VBL
and VCR. The absence of an acetyl group in VDS
may, therefore, explain the totally different char-
acter of the pH-profile of this compound in al-
kaline solutions compared to the profiles of VBL
and VCR. Full interpretation of the pH-profiles
will only be possible after structure elucidation of
the degradation products. This is under current
investigation.

Conclusions

Vincristine is most stable in aqueous solutions
between pH 3.5 and 5.6. For VDS this pH region
is between pH 1.6 and 2.0. The longest degrada-
tion half-life is 136 h for VCR at pH 4.8 and 690 h
for VDS at pH 1.9. For VBL the longest half-life
is 121 h at pH 3.0. The concentration of phos-
phate buffer has no influence on the degradation
rate in the range from 0.005 to 0.0050 M, except
for VDS at pH 6.2. The ionic strength, adjusted

with sodium chloride, has no effect in the range
0.1-0.4.

When the degradation kinetics of the 3 Vinca
alkaloids are compared, VDS proves to be the
most stable compound at pH 1.9. The stabilities of
VCR and VBL are comparable to each other but
the pH at which the compounds are most stable
differs (pH 4.8 and 3.5, respectively).
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