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Abstract

We have compared the strikingly different decomposition pathways for camptothe&na@tate -acetate and camptothecin-
20(9-glycinate in phosphate buffered saline, human plasma and blood. The aliphatic ester analog campto®eatet20¢
demonstrated excellent stability in the above fluids for many hours with minimal hydrolysis, while the camptoth&gin-20(
glycinate analog (differing solely by the presence of an amino group) underwent rapid and essentially complete decomposition.
Reversed-phase high performance liquid chromatography (RP-HPLC) with electrospray ionization—mass spectral (ESI-MS)
detection was then used to correlate structural information for camptothe@l@¢inate decomposition products. ESI-MS
detection indicated the ring-opened carboxylate form of camptothecin and the ring-opened degradation product co-elute near the
solvent front, while the latest eluting decomposition product was the closed-ring lactone form of camptothecin. A novel decom-
position product with intermediate retention time displayed an identical mass-to-charge ratio as camptotiSegjly@oéte
ester but a strikingly different fragmentation pattern. The LC—ESI-MS evidence of a novel camptothecin prodrug degradation
pathway is provided in this report.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction alkaloid isolated fromCamptotheca acuminatdas
been well studied for over 30 years. Historically,
The antitumor activity of the topoisomerase | in- clinical development of camptothecin (as well as
hibitor 20()-camptothecin (CPTFig. 1), a plant other potent but water-insoluble analogs such as
10,11-methylenedioxycamptothecifig. 1) has been

Abbreviations: CPT, camptothecin; CPT-28(¢glycinate, h_ampered b_y an mdusmal__blas f_ElVO!’I_ng ana_‘l()gs
camptothecin-2G-glycinate; CPT-208)-acetate, camptothecin-  displaying high water solubility, suitability for in-
20(S)-acetate; PBS, phosphate buffered saline; LC/ESI/MS, liquid travenous administration. Two such water-soluble
chromatography electrospray ionization-mass spectrometry; RP- camptothecin analogs, topotecan and CPTHd. (1),
HPLC, reversed-phase high performance liquid chromatography have gained FDA approval. Prodrug develop-
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Compound R’ R’ R" R" R

Camptothecin H H H H H

Topotecan H CH,NH(CHj;), OH H H

CPT-11 C,H; H CN-CN-Eo— H H

10,11-methylenedioxy- H H 0o— H

camptothecin <07
DB-67 Si( CH3),C(CHs); H OH H H
CPT-20(S)-acetate H H H H COCH;3

CPT-20(S)-glycinate H H H H COCH,NH,

Fig. 1. Chemical structures of CPT and its analogs.

agents containing a hydroxyl group, and the syn-
thesis of more water-soluble 20-glycinate hy-
drochloride ester prodrugs of camptothecin and

10,11-methylenedioxycamptothecin have been de-

scribed [1,2]. Since the $-a-hydroxy-s-lactone
moiety contained in these compounds is a cru-
cial structural feature[3,4] required for biolog-
ical activity, esterification creates a non-toxic
prodrug. The 20#)-glycinate ester prodrugs of
camptothecin (CPT-2§-glycinate, Fig. 1) and
10,11-methylenedioxycamptothecin are known to
chemically react in buffer and plasma to release the

position over a similar time frame. The extent and
rate of decomposition for CPT-28¢glycinate was
found to be highly pH-dependent, with the prodrug
exhibiting excellent stability at low pH but extensive
reactivity at pH 7.4. Reversed-phase high perfor-
mance liquid chromatography (RP-HPLC) with both
UV and fluorescence detection demonstrated that
CPT-208)-glycinate, in solution at pH 7.4, decom-
poses to yield new peaks attributed to decomposition
products displaying different retention times rela-
tive to CPT-209)-glycinate ester prodrug. RP-HPLC
with electrospray ionization-mass spectral (ESI-MS)

respective active agent, and release of active agent indetection was then used to correlate structural in-

vivo is also supported by the finding that the admin-
istration of the glycinate ester forms of both camp-
tothecin and 10,11-methylenedioxycamptothecin in
murine xenograft models are highly effective in treat-
ing human cancens].

The interest of our laboratory in the development
of controlled release systems for camptothecins led
us to study the details of the decomposition path-
way for CPT-209)-glycinate in phosphate buffered
saline (PBS), human plasma and bldé{. Whereas
the aliphatic ester analog camptothecinS&{cetate
(CPT-20§)-acetate,Fig. 1) demonstrated excellent
stability in the above fluids over a time course of sev-
eral hours, the CPT-28)-glycinate analog (differing
solely by the presence of an amino group) was found
to undergo rapid and essentially complete decom-

formation with the new peaks caused by prodrug
decomposition. Here, we report the LC-ESI-MS ev-
idence of a novel camptothecin prodrug degradation
pathway and its implications in the controlled release
of active camptothecin.

2. Materials and methods
2.1. Chemicals

CPT was purchased from Sigma (St. Louis, MO).
CPT-209-glycinate ester (trifluoracetic acid salt)
and CPT-20f)-acetate were synthesized according
to the published procedurR]. Each agent was of
high purity (>98%) as determined by TLC and HPLC



X. Liu et al. / Journal of Pharmaceutical and Biomedical Analysis 35 (2004) 1113-1125 1115

chromatographic assays using fluorescence detec-60, 120 and 180 min with the aid of an autosampler.
tion. Stock solutions of the drugs were prepared in The effect of pH on stability of CPT-28)-glycinate
dimethylsulfoxide (DMSO) (ACS spectrophotometric was evaluated in autosampler vials for over 3h as de-
grade, Aldrich, Milwaukee, WI) at a concentration scribed above. Drug concentrations wergM, and
of 2mM and stored in the dark at20°C. All other buffer (0.1 M) pHs were 3.0 (formate), 5.0 (acetate),
chemicals used in the study were reagent grade and6.0 (citrate) and 7.4 (phosphate) with the same ionic
used without further purification. High-purity wa- strength. Drug stability in biological fluids such as
ter provided by a milli-Q UV PLUS purification  whole human blood and plasma was evaluated by
system (Bedford, MA) was utilized in all experi- using the well documented chilled methanol extrac-
ments. Whole human blood was obtained from a tion and deproteinization method]. Solutions of
healthy male donor by drawing blood into sterile drugs at concentrations ofdM in whole human blood
vacutainers containing either ethylenediaminete- and plasma (aerated with blood gas) were prepared
traacetic acid (EDTA) or heparin to prevent clot for- and incubated in a 37T water bath. Immediately af-
mation. Human plasma was obtained from Red Cross ter the drug stock solution was mixed with samples
of University of Kentucky and used without further and at predetermined time intervals, 340 aliquots
processing. Human plasma samples for drug analysiseach solution were taken and extracted with 400
studies were warmed to body temperature®@yand chilled methanol (approximatelr20°C) with vigor-
constant pH (4 + 0.1) was maintained by continu-  ous vortex mixing for 30 s. Following centrifugation at
ously aerating with “blood gas” (MEDIBLEND, Linde = 8000x g for 1 min, supernatants were directly injected
Medical Gases, CT, major components £&hd Q). HPLC using 1QuL injection volumes. Stability pro-
file graphs were constructed by plotting the fractional
2.2. Liquid chromatography (LC) with fluorescence percent of each species (CPT, CPTS&{cetate and

and UV detection CPT-200)-glycinate) decayed over a time course. The
fractional percentage of each starting material was cal-
For the analysis of CPT-28)(-acetate, CPT-2- culated based on the ratio of the peak area of analyte

glycinate and its degradation products , an Alliance at 1, 10, 20, 30, 60, 120 and 180 min versus the initial
2690 model HPLC system equipped with a Waters peak area. Each stability profile represents the average
510 HPLC pump, Waters 476 fluorescence detector of at least three independent runs with the same sam-
(excitation and emission were set at 370 and 460 nm, pling schedules. The standard deviation of each point
respectively) and Waters 486 UV-vis detector (wave- is typically 5% or less.

length 370 nm) was used. Chromatographic separa-

tions were carried out using a Symmetrys® um 2.4. LC-ESI-MS instrumentation

particle-size reversed-phase 150 mym3.9 mm i.d.

column at 37C. A binary mobile phase consisted The LC-ESI-MS system consisted of an HP
of a mixture of acetonitrile and 2% (v/v) triethy- 1100 HPLC equipped with a 50 mm 1.0mm i.d.
lamine acetate buffer pH 5.5 (v/v 36/65 and 26/74 for (3 wM) Luna C18 microbore column (Phenomex, Tor-
CPT-20Q)-acetate and CPT-28(-glycinate, respec- rence, CA). Isocratic separations were performed at

tively) and delivered at a flow rate of 1 mL/min. 35pL/min using 80% acetonitrile and 20% of 10 mM
ammonium formate, pH 5.5. Salts in the samples were
2.3. Prodrug stability tests diverted from the mass spectrometer during the first

2min of each experiment. Electrospray mass spectra

To evaluate the conversion of prodrugs CPTS9O(  were acquired on a Finnigan LCQ Classic (San Jose,
acetate and CPT-28f-glycinate ester to their parent CA) quadrupole ion trap mass spectrometer in the pos-
CPT compound in aqueous solution, drug stability was itive ion mode. Standard electrospray conditions were
measured by HPLC with fluorescence detection. A used (spray voltage 4.5kV, sheath gas flow rate 60 ar-
1M solution of each analogue was prepared by di- bitrary units, and capillary temperature 225). Full
luting a DMSO stock solution of each into PBS, pH scan mass spectral range wag 100-1000. The rela-
7.4, 37°C. Samples were analyzed at 1, 10, 20, 30, tive collision energies for MS/MS analyses were 35%.
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2.5. LC-ESI-MS sample preparation

Ten microliters of 0.4 mM CPT-2@-glycinate es-
ter DMSO stock solution were added to 790 aque-
ous solution (pH was adjusted to 7.4 with ammonium
hydroxide and formic acid) to achieveu®/ final con-
centration. After hydrolyzing at room temperature for
about 90 min, a 1Q.L aliquot was injected. Similarly,
5uM CPT standards (both lactone and carboxylate
form of CPT) were prepared by spiking fl of
0.4mM CPT DMSO stock solution into 790 aque-
ous solutions (pH 3 and 10, respectively).

3. Results and discussion

3.1. Comparison of the stability of the
CPT-20(S)-acetate and CPT-20(S)-glycinate ester

The intrinsic chemical reactivity of the lactone
moiety is necessary for the biological activity of the
CPT. However, it is well known that the CPT lactone
moiety undergoes a spontaneous reversible hydrolysis
in aqueous solutions (including blood) under neutral
and alkaline pH producing a dynamic equilibrium be-
tween the closed ring of lactone (lactone form of CPT)
and opened-ring carboxylic acid forms (carboxylate
form of CPT). The lactone form of CPT predominates
at acidic pH and carboxylate at neutral and alkaline
pH. Reversible hydrolysis of the lactone ring has ma-
jor implications in therapeutic efficacy because the
carboxylate form of CPT is about 10-times less potent
than the intact lactone. Under physiological condition
the equilibrium favors the essentially less potent car-
boxylate form of CPT which results in a virtual loss
of biological activity of CPT[8—10]. The 20-hydroxyl
functional group appears to be largely responsible
for the lability of the lactone ring. The formation of
a hydrogen bond between the hydroxyl group and
the carbonyl of the lactone facilitates hydrolytic ring
opening[11]. Zhao H. et al[12] have reported that at
physiological pH 7.4, 2@-acyl derivatives of CPT
were substantially more stable in the lactone form
than the 20-OH parent. CPT-ZD-ester derivatives
CPT-209-acetate and CPT-28(glycinate were
synthesized and their stabilities were evaluated in pH
7.4 PBS buffer at 37C in order to determine if those
agents can rapidly convert to the active parent drug.
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Fig. 2. Comparison of the stability of CPT and CPT-304cetate
in PBS (pH 7.4, 37C).

We observed that the CPT-Z){acetate was resis-
tant to chemical degradation in aqueous solutions at
physiological pH (with negligible hydrolysis for days),
and therefore, did not release parent CPT in neutral
media.Fig. 2compares the stability profile of CPT and
CPT-20Q)-acetate in PBS, pH 7.4, 3T for 3 h. This
result indicated that CPT-28(acetate is resistant to
chemical activation, and enzyme-mediated activation
might be required to generate significant levels of ac-
tive CPT in vivo.

In contrast, amine containing CPT-8)glycinate
ester is much more reactive in comparison to its
corresponding aliphatic ester analogs. Dissolution of
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Fig. 3. Stacked plot of chromatograms of CPT-S@flycinate hydrolysate taken in PBS (pH 7.4,°®J), observed by fluorescence detector

at 370nm of excitation and at 440 nm of emission. One micromolar pure CRg-@§¢inate in DMSO solution (2.6 min, peak B) (i)

and 1 min after dissolving CPT-28¢glycinate in PBS buffer (pH 7.4, 3TC), peak C appeared (5.1 min) (ii) 1h LC chromatogram with

two additional peaks were distinguished being lactone form of CPT (6.7 min, peak D) and carboxylate form of CPT (2.1 min, peak A)
and (iii) CPT-20§)-glycinate and lactone and carboxylate form of CPT were identified by comparison of their HPLC retention times with
that of reference standards. The experimental conditions were described in the text.

prodrug CPT-209-glycinate ester in aqueous solu- also observed when using UV detection. ESI-MS
tions at physiological condition results in the rapid for- experiments (discussed later) suggested that the early
mation of several degradants and eventually releaseseluting peak actually comprised two species. These
active CPT. A stacked plot of typical reversed-phase two species were not differentiated by fluorescence or
HPLC chromatograms as a function of time using UV detector since they coeluted on the C18 column.
fluorescence detection is presentedFig. 3 which CPT-208)-glycinate showed similar enhanced reac-
documents the instability of CPT-ZBfglycinate tivity in human plasma and whole human blood (pH
ester in aqueous solution under physiological con- 7.4, 37°C). No dramatic rate difference was observed
ditions of pH and temperature. The aqueous sample between aqueous buffer and biological fluids which
of CPT-200)-glycinate ester (peak B) was pure ini- indicated that CPT-2@-glycinate underwent spon-
tially, as evidenced by the presence of only a single taneously chemical activation (i.e. non-enzymatic
peak in DMSO. It should be mentioned, however, mechanism).

that immediately upon dissolution in PBS (pH 7.4),

CPT-20Q)-glycinate ester generates an unknown 3.2. pH effect of degradation of the

peak (peak C), which was more hydrophobic than the CPT-20(S)-glycinate ester

CPT-208)-glycinate according to the elution order.

Subsequently, the early eluting degradant (peak A) The influence of pH on the hydrolysis rate of the
and late eluting degradant (peak D) appeared and CPT-20§)-glycinate ester was also evaluated and pre-
identified as the carboxylate form of CPT and the sented inFig. 4. As it can be seen, the prodrug was
lactone form of CPT, respectively. These initial iden- stable at low pH and the rate of decomposition was
tifications were made by comparison to the elution of accelerated at higher pH. Apparently, the activate drug
standard material. A similar LC chromatogram was release was controlled by pH. We also noticed that
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3.3. LC-ESI-MS study the degradation of
CPT-20(S)-glycinate

In order to gain a better understanding of this
non-enzymatic, self-activating degradation path-
A S way of the CPT-209)-glycinate hydrolysis reaction,
0.8 1 N LC—ESI-MS was employed to identify and character-
~o ize the structure of unknown species generated from
Y N the CPT-20§)-glycinate ester in aqueous solution.
| \‘\\ In order to be compatible with electrospray inter-
| N face and avoid non-volatile mobile phase components
0611 pH6.0 Y used in the previous HPLC assay, hew LC methods
i were utilized and a microbore C18 column was used
i as described in experimental section to improve the
§7 sensitivity of LC-MS assay.

\g The LC-ESI-MS full-scan chromatogram of the
N\ hydrolyzed products of prodrug CPT-8)glycinate

0.4 1 X ester is shown inFig. 5 According to the re-

\ tention behavior and in comparison to standard

\v CPT-200)-glycinate; lactone and carboxylate form of

N CPT,; peaks 1, 3 and 4 can be tentatively assigned as
carboxylate form of CPT, CPT-28(-glycinate ester
and lacone form of CPT. Interestingly, a detailed in-
T~ vestigation of the MS spectrum of the peak 1 indicated
another degradation product that was hidden under
the large carboxylate form of CPT, this was evidenced
by Fig. 6A and B Fig. 6A shows the mass spectrum

FRACTION OF CPT GLYCINATE

0.2 1 ~.

0.0 :

of the standard carboxylate form of CPT (MW 366)
prepared by diluting CPT stock in pH 10 aqueous

0 30 60 90 120 150 180
TIME (MIN)

solution. The iongn/z 367 and 389 could be assigned
as the protonated and sodiated molecular ions of car-

boxylate form of CPT, respectivelyfiéble 1. By com-

Fig. 4. Stability of CPT-20H-glycinate in different pH condi- parison, panel B shows the mass spectrum of peak 1
tions. Stability profile was determined using HPLC methods. All

experiments were conducted at pH 7.4 and @7 Stability pro- (Sam_e retentlor! time) generated Trom _the, degradation
file graph was constructed by plotting the fractional percent of Feaction. The diagnostic product ions indicate a great
CPT-208)-glycinate decayed over a time course. Fractional per- deal of similarity with the standard carboxylate form
centage of CPT-2@-glycinate was calculated based on the ratio of CPT due to the presence of [CPT carbony,atﬂ+
of tr;E p_egtl_< ?rea Ef analyté aLl,tlg_,l_ZO, 30le 60, 120 antd %:130 min at m/z 367 and [CPT carboxylat& Na]+ at m/z
crage of at leas three Independent rune with the ame samping 369 HOWever, the generation affz 406, 424 and
schedules. The standard deviation of each point is typically 5% 446 which were not observed in the MS spectrum
or less. of standard carboxylate form of CPT indicated the
presence of an unresolved species which coeluted
the intermediate (peak C) could be converted back to with carboxylate form of CPT. The structure of this
starting material when the hydrolysis reaction under previously unresolved species was proposed to be [2-
in physiological conditions was reverted by adjusting hydroxy-2-(8-hydroxymethyl-9-ox0-9,11-dihydro-in-
the pH immediately to 2. This suggested the existence dolinizino[1,2-b]quinolin-7-yl)-butyrylamino]-acetic
of equilibrium between starting material and the inter- acid (TB-3, MW 423) Echeme Ior chemical struc-
mediate. ture). This structure is very similar to the carboxylate
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Fig. 5. Representative LC—ESI-MS total-ion current chromatogrampdfl £PT-208)-glycinate incubated in pH 7.4 aqueous solution for
approximately 1.5h at room temperature. CPTSMflycinate and lactone and carboxylate form of CPT were identified by comparison of
their HPLC retention times and fragment patterns with that of reference standards. Conditions were described in the text.

form of CPT in that all are ring-opened structures and losing a water molecule. In a MS/MS experiment,
easily form zwitterions in water, which explains their the protonated precursor molecular ioviz 424 was
early elution on the C18 reversed-phase column. Key selected and collisionally dissociated with relative
product ions atm/z 424 [M+H]™ and 446 [M+NaJ* collision energy of 35% resulting in the product ion
support the proposed structure. This conclusion was m/z406 from loss of waterRig. 6C). Additionally, we
further supported by the presence of the fingerprint recently showed (unpublished data) that the coeluted
ions of m/z 406, which could be explained as TB-3 species could be resolved by HPLC coupled with

Table 1
Summary of the observed retention times, mass values and fragment ions for the LC-ESI-MS analysis of the hydrolysis products of the
prodrug CPT-20%-glycinate

Peak Retention Protonated Observed fragment ions & attribution Peak assignment &
number time molecular proposed structute
(min) ions
Peak 1 4.03 367 m'z 389 (M + Na)" m/z 367 (M + H)"m/z 349 (M + H-H,0)™ CPT carboxylate
424 m'z 446 (M + Na)t m/z 424 (M + H)* m/z 406 (M + H-H,O)* TB-3*
Peak 2 5.58 406 m/'z 428 (M + Na)" m/z 406 (M + H)* mvz 331 (-glycine) m/z CPT-208)-glycinate
303 (-glycine-COYy
Peak 3 12.39 406 m/z 428 (M + Na)™ m/iz 406 (M + H)™ nvz 388 (M + H-H,0)" TB-2*

m'z 303 (-103a.m.u)
Peak 4 14.49 349 m/'z 371 (M + Na)" m/iz 349 (M + H)* mVz 305 (M + H-CO,)™ CPT lactone
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Fig. 7. The positive electrospray ionization-mass spectra of (A) peak 2 CFY-@9¢inate (B) peak 3 intermediate species generated from
the degradation reaction of CPT-Zp@glycinate in aqueous solution, it has identical molecular mass as CEJ-@@¢inate, but different
fragment ions and (C) MS/MS ofVz 406 of prodrug CPT-2@)-glycinate (peak 2) and MS/MS aiVz 406 of intermediate species (peak 3).
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fluorescence detection and MS detection respectively species (peak 3) generated in the degradation process.

for 7 and 10 positions substituted analog DB-67 Full scan mass spectra of peaks 2 andrig.(7A and

(7 -t- butyldimethylsilyl - 10 - hydroxy - camptothecin, B) indicate that the intermediate has the same molec-

Fig. 1) glycinate ester. This result further confirmed ular mass as the prodrug (CPT-2B¢lycinate), but a

the involvement of coeluted degradation products. In substantially different fragmentation pattefrig. 7A

conclusion, based on molecular mass as well as chro-shows the mass spectrum of CPT-2@glycinate in a

matographic retention information, peak 1 was tenta- pH 7.4 aqueous solution. Exactly the same mass spec-

tively assigned as the coelution of carboxylate form trum was observed for CPT-28)¢glycinate in a pH 3

of CPT and ring opened degradation product TB-3. aqueous solution, where no hydrolysis occurred con-
More importantly, LC-ESI-MS results provide firming that peak 2 was intact CPT-Z){glycinate.

important information on the identity of intermediate lons mVz 406 [M + H]* and m/z 428 [M + NaJ*



1124 X. Liu et al. / Journal of Pharmaceutical and Biomedical Analysis 35 (2004) 1113-1125

349
100

95 [M+H]*
90 /

85
80
75
70
65
60
55
50
45

Relative Abundance

40
35
30
25

20
[M+H-CO,]*
15
305
10
149
5 135 320 an
122 ¥ 166 220 248 282 412
JENE- I 66 193 207 22 218 275 20 322 | ) e 1?43 453 484 a:1
L L A E N ) S S S N S S ) N B E B B N B SR E B B N B B B N B |
100 150 200 250 300 350 400 450 500

Fig. 8. The positive electrospray ionization-mass spectrum of peak 4 lactone form of CPT.

are consistent with the prodrug CPT-3B¢lycinate erence sampleF{g. 8). The product ions present in
(MW = 405). Additionally, diagnostic fragment ions the MS spectrum of CPT lactone includes: fivH] ™
m/z 331 (100% relative abundance) amtz 303 (30% m'z 349, [M + NaJ* m/z 371, and a peak afvz 305
relative abundance) were observed. However, the full generated from the neutral loss of €Qable 1sum-
scan mass spectrum of peakR3g. 7B) indicated the marizes the observed mass values and fragmentation
intermediate had a molecular mass of 405 and was patterns of each species generated from hydrolysis re-
isomeric with CPT-2(§)-glycinate, as evidenced by action of the prodrug CPT-28f-glycinate in aqueous
the appearance of ions/'z 406 [M 4+ H]*t and mvz solution.
428 [M + Na]™. In sharp contrast with the starting
material, the full scan mass spectrum of peak 3 also 3 4. Proposed degradation pathway
included diagnostic fragment ions atz 388 (40%
relative abundance) and 303 (20% relative abun-  On the basis of the obtained experimental evidence,
dance). To further differentiate the structures of pro- the intramolecular cyclization reaction pathway and
drug CPT-209)-glycinate and intermediate species, intermediates structures are proposedScheme 1
tandem mass spectrometry of the respective proto- In view of the well-documented basicity and nucle-
nated molecular ions was employed. Dramatically ophilicity of the amine, we envision the mechanism
different product ion were obtainedi). 70 clearly for the transformation to proceed via a base cat-
delineating the structural differences between the two alyzed nucleophilic attack of the lactone carbonyl
compounds. electrophile by the terminal amine group and for-
The lactone form of CPT peak (peak 4, MW 348) mation of transient species TB-1 (a six-membered
fragmentation pattern is exactly the same as the ref- morpholine-2, 5-dione ring with lactam moiety). This
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