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Summary 

The chemical stability of N-trifluoroacetyldoxorubicin-14valerate (AD-32) in aqueous media has been studied using a stability- 

indicating high performance liquid chromatographic technique. In this study the influences of pH, ionic strength, the presence of 

cosolvents, i.e. acetonitrile, methanol, temperature and liposome encapsulation on the degradation kinetics of AD-32 were 

investigated. AD-32 can be solubilized using a cosolvent while on increasing cosolvent concentration stabilization occurs. The 

compound shows maximum stability at pH values around 4, whereas after liposome encapsulation during a period of 13 weeks no 

significant degradation of AD-32 was observed. In addition, the identities of the degradation products of AD-32 in acidic as well as 

alkaline media are presented. 

Introduction It is observed that AD-32 is therapeutically 
more active and less toxic than doxorubicin in 

N-trifluoroacetyldoxorubicin-14-valerate (AD- 
32) is a recently developed disubstituted derivative 

experimental tumor systems and in animals (Vec- 

of the anthracycline antibiotic doxorubicin (Fig. 
chi et al., 1978; Henderson et al., 1978; Niell et 

1) (Israel et al., 1975; Crooke, 1981). Chemically, 
al., 1986). The mechanism of antineoplastic action 
of AD-32 is different from the intercalative 

AD-32 differs from doxorubicin in the presence of 
a trifluoroacetylgroup attached to the 3’-amino- 

DNA-binding mechanism of doxorubicin. This is 

group and in the presence of the valerate moiety 
demonstrated by the observation that AD-32 does 

at C14. It will be clear that the physico-chemical 
not bind to double-stranded DNA (Israel et al., 

and biological characteristics of AD-32 are com- 
1980; Arcamone, 1981). Until now only a few in 

pletely different from those of doxorubicin. 
vivo biotransformation studies give some informa- 
tion about the stability of AD-32 (Israel et al., 
1978; Barbieri et al., 1979). 
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This article describes a systematic study con- 
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Fig. 1. Structures of the anthracyclines doxorubicin, AD-32 

and AD-41. 
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detailed insight in the nature of the AD-32 de- 
gradation. The effects of pH, ionic strength, 
cosolvent and temperature on the degradation as 
well as the identitites of the degradation products 
have been studied. Also the chemical stability of 
AD-32 after liposome encapsulation has been in- 
vestigated. 

Materials and Methods 

Chemicals 

AD-32 and N-trifluoroacetyldoxorubicin (AD- 
41) were kindly provided by Dr. S. Pence, Farmi- 
talia (Milan, Italy). Doxorubicinone was synthe- 
sized as described by Beijnen et al. (1985). Phos- 
phatidylcholine and phosphatidylserine were 
purchased from Sigma Chemical Co. (St. Louis, 
MO, U.S.A.). All other chemicals used were of 
analytical grade and deionized water was used 
throughout. 

Degradation solutions 
The kinetic studies were performed in water/ 

acetonitrile mixtures (1 : 1, v/v), except in experi- 
ments where the type and the percentage of 

cosolvent was studied as well as in degradation 
studies with liposome-entrapped AD-32. The 

aqueous components were 0.01 M buffer solu- 
tions. The following buffers were used: pH 0.5-3, 

perchloric acid; pH 3-5, acetate; pH 5-8. phos- 
phate and pH 8-11, borate. pH Values were mea- 
sured using a glass reference electrode and pH- 

meter (Methrom, E516 Triskop, Herisau, Switzer- 
land). To each degradation solution sodium edetate 
was added to a concentration of 5 x lop4 M. A 
constant ionic strength (p = 0.3) in the aqueous 
solutions was maintained by addition of ap- 
propriate amounts of sodium chloride, except for 
the solutions where the hydrogen ion concentra- 
tion exceeded 0.3 M and for the solutions used in 
the experiments where the ionic strength influence 

was investigated. The influences of ionic strength, 
type and percentage of cosolvent and temperature 

on the degradation rate have been studied at pH 
0.9 and at pH 8.5. 

Encapsulation of AD-32 in liposomes 
The AD-32 containing liposomes were pre- 

pared according to the procedure described for 
doxorubicin by Janssen et al. (1985) with a few 
modifications. AD-32 was mixed with phosphati- 
dylcholine/phosphatidylserine (10 : 1 molar) in 
chloroform and evaporated to dryness, for at least 
2 h, on a rotary vaporizer under reduced pressure 

to yield a film. Subsequently the hydration medium 
(0.8% sodium chloride and 10 mM Tris-(hydroxy- 
methyl) aminomethane hydrochloride in water) 

and glass beads were added. 
The film was hydrated under shaking and sub- 

sequently placed in a refrigerator for one night. 
Sizing of the liposomes was done by extruding the 
liposomes through nucleopore membrane filters 
with pore sizes of 0.6 pm and 0.2 pm (Unipore, 
Bio Rad, Richmond, CA) under nitrogen pressure. 
After extruding no AD-32 crystals were present. 
The mean particle diameter was determined by 
dynamic light scattering (Nanosizer, Coulter Elec- 
tronics, Luton, U.K.) and found to be 339 nm. 
The liposome dispersion was stored at 4” C and at 
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certain time intervals samples were analyzed for 

the content of AD-32. 

HPLC .system 
HPLC analysis was carried out using a model 

M-6000 pump, a model U6K injector and a Model 
440 dual wavelength UV-detector (all from Waters 

Assoc., Milford, MA, U.S.A.) operating at 254 nm 
and 436 nm. Peak heights and peak areas of 
undegraded AD-32 were measured with a SP-4270 

integrator (Spectra Physics, San Jose, U.S.A.) and 

used for quantitation. 

The stationary phase was Lichrosorb RP8 (5 

pm), prepacked in a 12.5 cm X 4.0 mm (i.d.) col- 
umn (Merck, Darmstadt, F.R.G.). The eluents 

consisted of water-acetonitrile (50 + 50, v/v). Be- 
fore mixing with the organic modifier the pH of 

the water phase was adjusted to 2.5 with phos- 
phoric acid. 

Chromatography was carried out at room tem- 
perature. The flow rate of the mobile phase was 
1.5 ml/mm. Samples of 20 ~1 were injected onto 
the column. In the con~ntration range of interest 

(2-20 pg/ml) standards of AD-32 were chromato- 

graphed. The calibration curves constructed show 
linear responses (r > 0.999). 

Kinetic studies 
The kinetic studies in aqueous/organic solu- 

tions were carried out over at least three half-lives 
in the dark and the temperature of study was 

50 rf 0.2”C throughout. The reactions were ini- 
tiated by adding 40 ~1 of a solution of AD-32 (1 
mg/ml) in dimethylforma~de to 2 ml preheated 
solvent to give an initial concentration of 20 

pgg/ml. The degradation experiments were carried 
out in silanized glass flasks. Silanization was ex- 
ecuted with dimethylsilane in toluene (3%, v/v) 
with subsequent washing with methanol. At fixed 
time intervals samples were withdrawn and di- 
rectly analyzed with a stability-indicating high 
performance liquid chromatographic (HPLC) 
method. The quantity of AD-32 in liposome sus- 
pensions was measured after shaking 100 ~1 lipo- 
some dispersion with 10 ml acetonitrile 30 ~1 of 
the mixture was injected onto the HPLC-system. 

~de~tif~c~t~on of degradation products 
Ultraviolet-visible (UV-VIS) absorbance spec- 

tra of the degradation products were recorded by 
scanning with a PU 4021 Photo Diode Array 
Detector (Pye Unicam Ltd., Cambridge, U.K.) on 
line with the HPLC-system. Fluorescence spectra 
of some of the components were obtained with a 
Perkin-Elmer Fluorescence Spectrophotometer 204 
(Hitachi Ltd., Tokyo, Japan) after chromato- 

graphic isolation. Thin layer chromatography 
(TLC) of chloroform extracts of degradation mix- 

tures was performed on silica gel plates (DC Fertig 

platten Kieselgel 60, Merck, Darmstadt, F.R.G.). 
The eluent was chloroform-methanol-acetic acid 

(93 + 5 + 2, v/v/v) and the migrating distance 15 
cm. 

Results and Discussion 

Analytical methodology 
Degradation studies had to be performed in 

water/acetonitrile or water/methanol mixtures 
due to the poor water solubi~ty of AD-32 and its 
degradation products and its tendency to adsorb 

to all kinds of materials. This problem could be 
solved by using silanized glassware and water/ 

acetonitrile or water/methanol mixtures. 
Traces of metal impurities may catalyze the 

degradation of AD-32. This effect could be 
eliminated by the addition of sodium edetate as a 

chelating agent. 

HPLC-analysis 
The developed HPLC-assay is stability-indicat- 

ing. This is illustrated in Fig. 2 and Fig. 3. It is 
obvious that the degradation products are well 

resolved from the parent compound. The capacity 
factors of the components are listed in Table 1. 

Degradation products 
An overall degradation scheme for AD-32 is 

given in Fig. 4. The identities of the degradation 
products were confirmed by comparison of the 
elution volumes with those of reference com- 
pounds, using TLC as well as HPLC with on-line 
UV-VIS detection with a photodiode array detec- 
tor or fluorescence detection. In acidic medium 
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Fig. 2. HPLC chromatograms (for conditions see text) during Fig. 3. HPLC chromatograms (for conditions see text) during 

degradation of AD-32 at pH 0.9; (A) t = 0 h; (B) t = 1 h; (C) degradation of AD-32 at pH 8.5; (A) I = 0 h; (Ii) t -1 h; (C) 

I = 24 h; I: doxorubicinone-1Cvalerate; II: doxorubicinone. [ = 24 h; II: doxorubicinone; III: compound III. 

glycosidic anthracyclines, such as doxorubicin, un- 
dergo a proton-catalyzed cleavage of the glyco- 

sidic bond, yielding an aminosugar and a 7-hy- 
droxyaglycone (Beijnen et al., 1985). From this 
study it appears that the initial degradation step 
of AD-32 in acidic media is the formation of the 
corresponding aglycone doxorubicinone-14- 
valerate. However, doxorubicinone-14-valerate is, 

in contrast with aglycones of anthracyclines like 
doxorubicin (Beijnen et al., 1985), not stable in 
acidic media and degrades further into doxoru- 
bicinone (Fig. 4). In alkaline medium the initial 
degradation step of AD-32 involves hydrolysis of 
the C14-valerate ester linkage, yielding N-trifluo- 
roacetyldoxorubicin (AD-41). AD-41 is the major 
metaboIite of AD-32 found in blood, urine and 
bile of animals treated with AD-32 (Israel et al., 
1978). AD-41 subsequently degrades into doxoru- 

AD-32 

AD-32 

Time (minutes) 

bicinone and an aglycone (III, Fig. 4) with a fully 
aromatized A-ring (Beijnen et al., 1987). This con- 
version is in good agreement with the degradation 
of doxorubicin in alkaline medium (Beijnen et al., 
1986). When AD-41 is treated with acid doxoru- 

bicinone is also formed. 

TABLE 1 

Capacity factors (k’) of some anthracycline compounds 

Compound k’ 

Doxorubicinone 

Doxorubicin 

AD-41 

Doxorubicinone-l4-valerate 

Compound III 

AD-32 

For HPLC conditions see text. 

0.73 

1.1 

1.5 

4.6 

4.6 

7.5 
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Fig. 4. Degradation pattern of AD-32 in acidic as well as alkaline solution. 

Degradation kinetics 
The degradation of AD-32 in acidic as well as 

in alkaline media displays pseudo first-order 
kinetics. This has been studied for over at least 3 
half-lives. The presence of acetonitrile or methanol 
has no influence on this kinetic behaviour. The 
observed pseudo-first order rate constant ( kohs) 
for the overall degradation rate was calculated by 
linear regression analysis of a plot of the natural 
logarithm of the residual concentration of AD-32 

versus time: 

ln[AD-321, = ln[AD-321, - kobs. t (1) 

-2 

f 

-6 

where [AD-321, and [AD-321, are the concentra- 
tions AD-32 at time t and the initial concentra- 

tion, respectively. 

-7 j.‘_ ! , / / 
/ / / i 

0 2 4 6 8 
pH ~_..__:2 

Fig. 5. Log k,,-pH profile for the degradation of AD-32. 



‘Fhe standard deviation in kobs was determined 

at pH 0.9 and at pH 8.5. The mean values of kobs 

-t-SD. are 4.10 f 0.10 X 10e4 s--M’ (n = 6) and 
2.17 + 0.13 X lop4 s-’ (n = 8). All other kobs val- 

ues are determined in duplicate. 

The influence of pH of the aqueous component 
of the solvent has been studied in the ratlge 0.5-l 1. 

During these experiments ionic strength, buffer 

con~entratiun of the aqueous component and per- 
centage acetonitrile were maintained constant. It 

is obvious that the degradation rate of AD-32 is 
influenced by the pH of the medium as illustrated 
by the log kobs- pH profile (Fig. 5). In the range 

0.5 -K pH < 8 AD-32 consists almost exclusively in 
the nonprotonated form, in contrast with its parent 
compound doxorubicin in which the C3’ amino 

group has a pK, of 7.5 {Sturgeon and Schulman, 

1977; Beijnen et al., 1386). The presence of the 
trifluoroacetyf group in AD-32 causes the loss of 

the prototropic properties of the amino group. 
Accordingly, in the log k,,,-pN profile no inflex- 
ions due to prototropic equilibria can be observed 
in the pH range 0.5-8. 

In the pH range 8-11 the prototrapic equi- 
librium of the first phenolic hydroxyl group in the 

aglyconc part of the molecule may be involved, 
indicated by a slight inflexion in the log k,,,-pH 

profile at pH around 9.5, the pK, of this hydroxyl 
group in doxorubicin in aqueous solution being 
9.5 {Sturgeon and Schulman, 1977; Beijnen et al., 
1986)+ The pH of maximum stability for AD-32 is 
around 4. 

The influence of the ionic strength was investi- 
gated at pH 0.9 and 8.5 by adding various amounts 
of sodium chloride to the degradation solution, 
while the buffer concentration and the tempera- 
ture are kept constant. Within the range investi- 
gated (,u = 0.1-0.7) at pH 8.5 no influence of the 
ionic strength on the degradation rate of AD-32 
was observed. However, at pH 0.9 the degradation 
rate decreased somewhat on increasing the ionic 
strength of the reaction medium (Table 2). 

0.9 0.12 4.5 x 10-4 8.5 0.13 2.4x 1o-4 
0.9 0.32 4.1 x 1o-4 8.5 0.33 2,2x lo-” 
0.9 0.52 3.4x 1o-4 8.5 0.53 2.4 x w4 
0.9 0.72 3.1 x 1w4 8.5 0.73 2.5 x lo- 4 

Usually the degradation of a neutral molecule 
is independent of the ionic strength (Martin et al., 
1983). A possible explanation for this result can 
be that the higher salt concentration in the vicinity 

of the glycosidic bond in the AD-32 molecule 
stabilizes the drug by protecting it against attack- 
ing protons in acidic solution. 

influence of percentage and type of cosnhent 

The influence of the nature and percentage 

cosolvent on the degradation of AD-32 has been 
studied whereby the aqueous solvent component 

was adjusted to pH 0.9 or pH 8.5. The ionic 
strength of the aqueous solution and the tempera- 
ture were kept constant_ The results of these ex- 

periments are listed in Table 3. From Table 3 it 
can be concluded that cosolvents have a stabiliz- 
ing effect on the AD-32 degradation. This may be 

assigned to the change in dielectrical constant of 
the medium. 

%- iv/v) 
cosolvent 

20 
25 
30 
35 
40 
50 
70 
90 

pH 0.9 pH 8.5 

kds- ‘J &&~l) k”b&-‘) k&*CS- ’ 1 
acetonitrile methanol acetonitrile methanol 

7.2x IO-’ n.d. 4.9x1o-4 n.d. 

8.1 x 10-4 ad. 4.3x1o-4 n.d. 
6.6 x IO-” n.d. 3.8x1o-4 nil. 
6.2 x IQ- 4 5.1 x 1O-4 3.2 x 1O-4 3.1 x 1Q-4 
5.6x10-4 4.4x1O-4 3.1x1o--4 2.$x1o-4 
4.1 x to--@ 3.0x lo+ 2.2 x1o-4 2.7 x 1o-4 
3.6xW 1.4x10p4 I.4X1W4 1.3xxw4 
4.0x10-4 4.4x10-’ 6.9xlO-6 49x 10-5 

n.d.: not determined, due to adsorption of AD-32 to the glass 

walls. 
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TABLE 4 

Infruence of temperature on the degradation of AD-32 in terms of 

activation energies and frequency factors (p = 0.3; 5 X 10 4 M 

EDTA) 

PH 

0.9 

8.5 

E, 
(kJ/mol) 

114 

85 

A (s-l) 

8.3 x lOI 

1.2XlO’O 

Influence of temperature 
The effect of temperature on the degradation 

rate was determined at pH 0.9 and pH 8.5 over 

the range 25-65” C. The Arrhenius relationship 

was obeyed (Eqn. 2). 

1I-l bx =ln A - (E,/RT) 

A represents the frequency factor, E, the activa- 
tion energy, R the molar gas constant and T the 
temperature in K. 

By plotting the reciprocal of T versus In kohs 

the activation energy and the frequency factor can 
be calculated. The results are summarized in Table 

4. 

Injluence of liposome encapsulation 
The AD-32 stability in liposome dispersion was 

monitored over a period of 13 weeks at pH 4 and 

4” C. No significant degradation was observed 
during this period, indicating that AD-32 under 
these circumstances is stable. Data of the stability 
of the free compound in water at pH 4 and 4” C, 
however, are not available, due to the lack in 
solubility of AD-32 in this medium. No conclu- 
sions can therefore be drawn about a possible 
stabilizing effect of liposome encapsulation of 
AD-32. During the period of storage the lipo- 
somes remained physically stable. 
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