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Camptothecin analogues are anticancer agents that act on topo-
isomerase I.1 Topotecan and CPT-11 have received FDA approval,
and several other derivatives are now in pre-clinical and clinical
development. In patients, camptothecins are known to undergo
widespread biodistribution to both tumor and nontumor sites, with
the latter frequently resulting in notable toxicities to healthy tissues
(e.g. bone marrow, gastrointestinal mucosa).2 Attenuation of such
toxicities and tumor-targeting are proven benefits of liposomal core-
loaded drug formulations.3 To date industrial production of core-
loaded liposomal camptothecin formulations has been limited to
the water-soluble camptothecins topotecan, CPT-11, GG-211 (lur-
totecan), and CDK-602. These agents contain basic amines, and
they are loaded into the core of pre-made small unilamellar vesicles
by well-established chemical gradient methods.4 Although liposomal
core-loaded formulations of water-insoluble camptothecins such as
7-ethyl-10-hydroxy-camptothecin (SN-38) and 7-tert-butyldimeth-
ylsilyl-10-hydroxy-camptothecin (DB-67) are of significant clinical
interest,5 these agents lack amino groups and do not load with use
of gradient driven processes. Ester prodrug development is a well-
established approach to derivatizing such agents containing a hy-
droxyl group,6 and here we describe a prodrug approach that allows
water-insoluble camptothecin prodrugs to load into the liposomal
lumen. Novel mechanistic insight into the pH-mediated prodrug
hydrolysis and the influence of ester functionality is provided.

The procedure involves conversion of an active camptothecin
analogue to a 20-ORω-aminoalkanoanic ester prodrug,7 in which
R ) CO[CH2]nNH2 andn ) 1-3. The basic amino group of the
prodrug serves three roles. First, at pH ranges of 3-5, it enhances
aqueous solubility.8 Second, it enhances responsiveness to a
transmembrane ammonium sulfate gradient across the liposomal
bilayer, thereby facilitating active loading of the agent into the
liposomal aqueous core. Third, at a physiological pH of 7 or above
(the pH to be encountered following drug release at the tumor site),
the nucleophilicity of the amine manifests itself and cyclization to
the C-21 carbonyl carbon occurs. This cyclization triggers a rapid
and convenient nonenzymatic9 decomposition process that releases
active camptothecin. Accordingly, this novel liposomal approach
may allow for the tumor-targeting of water-insoluble camptothecins.

In contrast to 10-OR-CPT-20-OH compounds such as CPT-11,
which are known to exhibit hydrolysis-resistant carbamate bonds
that require enzymatic cleavage,10 reversed-phase high-performance
liquid chromatographic (RP-HPLC) studies of the stabilities of
several 10-OH-CPT-20-OR and CPT-20-OR glycinate ester pro-
drugs (where R) COCH2NH2) revealed extensive chemical (i.e.
nonenzymatic) decomposition in every case.11 Prodrug decomposi-

tion was observed in phosphate buffered saline (PBS) at pH 7.4,
as well as in human plasma and blood.

The presence of the amine functionality was found to be essential
for the prodrug decomposition. Whereas camptothecin-20(S)-glycin-
ate1 [1 µM, PBS (pH 7.4), 37°C] underwent extensive decom-
position (∼90%) within 3 h, its corresponding aliphatic ester ana-
logue camptothecin-20(S)-acetate (differing solely by the replace-
ment of the amino group with a proton) demonstrated excellent
stability in the above fluids for days with negligible evidence of
hydrolysis. Amine-containing esters of camptothecin with longer
alkyl functionalities (R) COCH2CH2NH2, R ) COCH2CH2CH2-
NH2) also reacted under similar conditions, albeit at a slower rate
(half-lives of 26.4 and 36.7 h, respectively) than their glycinate
counterparts.

To better understand the mechanism of prodrug decomposition,
RP-HPLC coupled with electrospray ionization-tandem mass spec-
trometry (ESI-MS/MS) and13C, 15N, and 2D NMR experiments
were used to study the decomposition reaction of camptothecin-
20(S)-glycinate. Camptothecin-20(S)-glycinate 1 decomposed to
produce several products12 (see proposed Scheme 1): the closed-
ring lactone form of camptothecin5, the ring-opened carboxylate
form of camptothecin6, and two novel decomposition products3
and4 generated following the formation of an unusual six-mem-
bered morpholine 2,5-dione ring2 (or lactam intermediate). The
lactam intermediate arose by intramolecular nucleophilic attack of
the amino group on the lactone E-ring carbonyl carbon of camp-
tothecin and is in fast equilibrium with structures3 (which we refer
to as the ortho lactone) and4. Ortho lactone3 arose by a second
intramolecular reaction within the lactam intermediate and3 ex-
hibited the same mass as camptothecin-20(S)-glycinate ester but
with a strikingly different fragmentation pattern.4 arose by a com-
petitive intermolecular reaction to the lactam intermediate and
reacted to release both5 and6.13

Likewise, glycinate ester prodrug analogues of other camptoth-
ecins (1 µM, in PBS, pH 7.4), including DB-67 and SN-38,
underwent extensive decomposition (∼90%) within 3 h. HPLC data
for each analogue studied was consistent with the generation of
the novel decomposition products, along with the lactone and
carboxylate forms of the parent drug.12 ESI-MS/MS analysis
indicated that the proposed ortho lactone3 generated for DB-67-
(20)S-glycinate displayed the same mass as the glycinate ester
prodrug but with a different fragmentation pattern.12 As in the case
for the camptothecin prodrug, the novel degradation products were
generated from the proposed lactam intermediate.

We suggest that the generation of these lactam intermediates is
central to the rapid decomposition of this class of prodrugs. Initiation
of drug release by prodrug hydrolysis at physiological pH is a pre-
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dictable chemical process with less likelihood of interpatient
variability compared to enzyme-mediated drug release. For this
reason we prioritized our subsequent efforts on the liposomal core-
loading of 20-OR prodrugs over the 10-OR prodrug counterparts.
At low pH values in the 3-5 range we found that 20-OR prodrugs
(where R) CO[CH2]nNH2 and n ) 1-3) displayed markedly
improved stability, thereby facilitating liposomal loading method-
ologies conducted at low pH values. For example, the amounts of
intact camptothecin-20(S)-glycinate (1µM in PBS, 37°C) remain-
ing after 2 h at pHvalues of 7.4, 6.0, 5.0, and 3.0 were 18%, 68%,
95%, and 99%, respectively.

Remote “active” loading of prodrug into premade small unila-
mellar vesicles, with diameters of 100 nm, was carried out by using
transmembrane ammonium sulfate gradients. Prodrug was added
to a liposomal suspension where initially [(NH4)2SO4]CORE .
[(NH4)2SO4]EXTERNAL; loading of the prodrug occurred as a result
of base exchange (initiated by NH3 gas molecules departing the
liposome).14 Whereas underivatized camptothecin and DB-67
localize predominantly in the bilayer compartment of the liposome,3b

their 20-OR prodrugs, where R) CO[CH2]nNH2 and n ) 1-3,
loaded with high efficiency (≈60 to 90%) into the core of liposomes
at clinically relevant drug-to-lipid ratios (between 1:4 to 1:20). More
importantly, these core-loaded liposomal formulations of camp-
tothecin 4-aminobutanoate ester and DB-67 4-aminobutanoate ester
exhibited markedly improved stabilities in whole blood relative to
their free forms (Figure 1). Whereas the decomposition of free
prodrug in both cases was extensive, liposomal entrapment
prevented the degradation process from occurring, providing indirect
evidence that the prodrug was effectively retained within the
liposome for periods up to 40 h. These time periods are known to
be sufficient for successful tumor-targeting to be achieved.3

In conclusion, we have demonstrated the utility of a convenient
ester prodrug strategy for the liposomal core-loading of water-in-
soluble camptothecins. Our prodrug approach opens the door for
liposomal loading and tumor-targeting of a much expanded selection
of camptothecins. If premature drug leakage from the particle can
be reduced and tumor-targeting optimized by using agents such as
SN-38 and DB-67 and related 7-silyl-containing camptothecins
(silatecans), their high intrinsic potencies and persistent lactone ring
stabilities suggest they may be of significant value for targeted
delivery.
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Scheme 1 a

a Glycinate ester of CPT (R1 ) H, R2 ) H), of SN-38 (R1 ) CH2CH3,
R2 ) OH), and of DB-67 (R1 ) Si(CH3)2C(CH3)3, R2 ) OH)

Figure 1. (Left panel) Free vs core-loaded CPT-4-aminobutanoate in whole
blood. (Right panel) Free vs core-loaded DB-67-4-aminobutanoate in whole
blood (pH 7.4, 37°C).
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