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Abstract
Camptothecin (CPT), a plant alkaloid isolated from Camptotheca acuminata, has an extremely low solubility in aqueous medium, which
presents a major challenge during drug formulation in clinical trails. In the present study we investigated the potential of poly(amidoamine)
(PAMAM) dendrimers as drug carriers of CPT through aqueous solubility studies. Results showed that the aqueous solubility of CPT was sig-
nificantly increased by PAMAM dendrimers. The effect of PAMAM generation on CPT solubility was also evaluated. These studies indicated
that PAMAM dendrimers might be considered as biocompatible carriers of CPT.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Camptothecin (CPT), a plant alkaloid isolated from Camp-
totheca acuminata, is a potent, anti-cancer agent against
a wide spectrum of human cancers, including lung, prostate,
breast, colon, stomach, bladder, ovarian and melanoma can-
cers [1]. Unlike many other anti-cancer drugs, which inhibit
cancer cell proliferation by binding the DNA, CPT acts by
binding to the DNA replicating enzyme topoisomerase I and
destroying DNA strands during DNA replication in the cell
cycle, finally causing cell death if the broken DNA is not
repaired [2].

Since CPT was first isolated in 1966, it has already gained
a great deal of interest because of its excellent in vitro and in
vivo anti-tumor activities. But in spite of promising results
obtained during cell and animal studies, clinical trials of
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CPT were abandoned due to (1) the extremely low solubility
in water and (2) unexpected toxicity [2]. Poor solubility re-
stricts its use in topical and parenteral trials and is generally
related to a low bioavailability, presenting a major challenge
during drug formulation.

To overcome the solubility problem of CPT, it is usually
suggested that water-soluble CPT analogs be synthesized or
novel delivery systems be developed for effective administra-
tion of CPT [3]. Water-soluble CPT analogs have increased
solubility but decreased potency in anti-tumor activity com-
pared with CPT. Therefore, the development of novel delivery
systems is attracting more and more attention. Liposomes, cy-
clodextrins, microspheres, microemulsions and other polymers
have already been used to prepare new CPT formations/com-
plexes [4,5,25,32e37]. However, these CPT formations have
been limited in clinical trails, as they don’t exhibit effective
anti-cancer activities when they were orally or intravenously
administrated [5]. Development of new drug delivery system
(DDS) for CPT is still one of the most important goals in can-
cer chemotherapy today.

Dendrimers are new-artificial macromolecules topologi-
cally based on the structure of a tree. They are hyperbranched,
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monodisperse, three-dimensional molecules, having defined
theoretical molecular weight and hosteguest entrapment prop-
erties. Due to their special synthesis in a step-wise manner
from branched monomer units, they allow the precise control
of size, shape, dimensions, density, polarity, flexibility, solubil-
ity and placement of functional groups by choosing these
building units and functional group chemistry. As a result,
they combine typical characteristics of small organic mole-
cules and polymers that result in special physical and chemical
properties [6e9]. Up to now, dendrimers have already attracted
increasing attention for their applications in many fields in-
cluding hosteguest chemistry or combination chemistry,
electrochemistry and photochemistry, nanoparticle synthesis
template, water purification, dye decolorization, monomolecu-
lar membranes, curing agents in epoxy resin systems, catalyzer
in extensive areas, drug delivery systems and gene transfection
in biomedical fields. Among them the use of dendrimers as
drug carriers in delivery systems has been of great interest.

Poly(amidoamine) (PAMAM) dendrimers with ellipsoidal
or spheroidal shapes are the most-studied starburst macromol-
ecules. Due to specific synthesis, PAMAM dendrimers have
some interesting properties, which distinguish them from clas-
sical linear polymers, e.g. PAMAM has a much higher amino
group density compared with conventional macromolecules,
a third generation PAMAM prepared from ammonia core
has 1.24� 10�4 amine moieties per unit volume (cubic ang-
strom units) in contrast to the 1.58� 10�6 amine moieties
per unit volume of a conventional star polymer [6,7]. The
high density of functional groups (eNH2, eCOOH, eOH)
in PAMAM dendrimers may be expected to have potential ap-
plications in enhancing the solubility of low aqueous solubility
drugs and delivery systems for bioactive materials. Also, these
functional groups on the outer shell are responsible for high
reactivity which means dendrimers can be modified or conju-
gated with a list of interesting guest molecules. Furthermore,
PAMAM dendrimers possess empty internal cavities, which
are able to encapsulate hydrophobic guest molecules in the
macromolecule interior. Drugs or other molecules can either
be attached to dendrimers’ end groups or encapsulated in the
macromolecule interior [10]. These specific properties make
dendrimers suitable for drug delivery systems [11e14]. Drugs
bound to dendrimers are at early stages of development and
data on them are limited. Several authors reported on the sol-
ubilization of non-steroidal anti-inflammatory drugs (NSAIDs)
[15e19], anti-bacterial agents (sulfonamides and quinolones)
[20,21] and anti-cancer drugs by dendrimers [22,23]. Here,
we focus on using PAMAM dendrimers with an ethylenedi-
amine (EDA) core as potential drug carriers of CPT.

2. Experiments
2.1. Materials
G4, G5, G6 PAMAM dendrimers used in this present study
were purchased from SigmaeAldrich Co. (U.S.A.). CPT was
received as a gift from Prof. You Tianpa from the Department
of Chemistry, University of Science and Technology of China;
methanol, dimethylsulfoxide (DMSO) and acetonitrile (HPLC
grade) were purchased from Tedia Company (U.S.A.). For
both solubility studies and HPLC assay, deionized water was
used.
2.2. Solubility test
The solubility of CPT was determined using the equilib-
rium solubility method [24] as follows. Excess drugs were
added to 500 ml of each test solution (G4, G5 and G6) to en-
sure the drug solution reaching saturation. The solution was
mechanically shaken for 24 h at 37 �C and then the solutions
were centrifuged at 10,000 rpm for 10 min. Three repeats
were conducted for each sample. The saturated solutions
obtained from the solubility studies were diluted to a proper
concentration with deionized water (400� for CPT solubility
in dendrimer solutions and 5� for CPT solubility in deionized
water). The diluted samples were then analyzed by high per-
formance liquid chromatography (HPLC).
2.3. HPLC analysis
The amount of CPT in the samples obtained in aqueous
solubility studies was estimated by reversed phase high perfor-
mance liquid chromatography (RT-HPLC) (Agilent, Germany)
with a reversed phase C18 column (5 mm, 250 mm� 5 mm)
maintained at room temperature. Briefly, the detector was
set at an excitation wavelength of 370 nm and an emission
wavelength of 435 nm using a mobile phase of acetonitrile:
aqueous triethylamineeacetate buffer (prepared using 0.1%
v/v triethylamine, adjusted with glacial acetic acid to pH
5.5)¼ 27:73 delivered at a flow rate of 1.0 ml/min. The injec-
tion volume used was 20 ml. As CPT usually exists in two
forms, a lactone form (CPT-lactone) and a carboxylate form
(CPT-carboxylate). The standard solutions of CPT-lactone
and CPT-carboxylate were made by dilution of CPT stock
solution in DMSO with 0.02 M HCl and 0.02 M NaOH solu-
tions, respectively. The analysis of CPT-carboxylate was car-
ried out 2 h after preparing the standard solution to ensure
the complete conversion of CPT-lactone to CPT-carboxylate
[25]. The calibration curves of CPT-carboxylate and CPT-lac-
tone were y¼ 1.50� 106x� 21 (r2¼ 0.9989) and y¼ 1.80�
106xþ 139 (r2¼ 0.9977), respectively. The retention time of
CPT-carboxylate and CPT-lactone was 2.1� 0.1 min and
7.3� 0.1 min.

3. Results and discussion
3.1. Effect of PAMAM concentration on solubility of CPT
The effect of PAMAM dendrimer on solubility of CPT was
carried out using G4 PAMAM dendrimer of theoretical
molecular weight 14,215 Da and 64 amine groups in the outer
shell (Table 1), and the results are shown in Fig. 1. The
solubility of CPT (both CPT-carboxylate and CPT-lactone)
increased significantly in the presence of G4 PAMAM den-
drimer (The solubility of CPT in the absence of dendrimers



Table 1

The characteristic data of G4, G5 and G6 PAMAM dendrimers in the present study

Generation Molecular formula Molecular weight Number of terminal

amino/ester groups

Number of total

amino groups

Radius (Å)

G4 C622H1248O124N250 14,215 64 124 22.5

G5 C1262H2528O252N506 28,826 128 252 27

G6 C2542H5088O508N1018 58,048 256 508 33.5
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was 2.94� 0.18 mg/ml for CPT-lactone and 6.39� 2.11 mg/
ml for CPT-carboxylate in this study, these data are not
shown in Figs. 1e3.). It was reported that the carboxylate-
terminated G4 polyester dendrimer could enhance the solubil-
ity of CPT by 10-fold at a concentration of 1.4� 10�3 M
[41]. However, G4 PAMAM dendrimer increased the solubil-
ity of CPT by over 20-fold even at a low concentration of
7� 10�5 M in this study. This result was presumably due
to the existence of several interaction mechanisms between
PAMAM dendrimers and CPT molecules. First, PAMAM
dendrimers have large numbers of primary amines on their
surface, which could interact electrostatically with the car-
boxyl group in the CPT-carboxylate molecules [15,26]; Sec-
ond, PAMAM dendrimers possess empty internal cavities
and an open structure [27], due to these specific and interest-
ing properties of PAMAM dendrimers, the hydrophobic cav-
ities in PAMAM dendrimers can keep small guest molecules
such as CPT-lactone inside and make dendrimers suitable for
enhancing the solubility of hydrophobic drug molecules in
aqueous medium [28,29]; Third, there are tertiary amines in
these internal cavities, which could interact with the atoms
of the CPT-lactone molecules by hydrogen bond formation
[28]. Therefore, PAMAM dendrimers possess open and inter-
nal cavities and many functional terminal groups, which are
responsible for high solubility and reactivity. These specific
properties make the PAMAM series interesting candidates
as solubility enhancers of CPT.
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Fig. 1. Solubility of CPT (CPT-lactone and CPT-carboxylate) in the presence

of G4 PAMAM dendrimers.
3.2. Effect of PAMAM generation on solubility of CPT
The effect of various generations of PAMAM dendrimers
(G4eG6) on the process was investigated. The results are
shown in Figs. 1e3, from which it is clear that the solubility
of CPT was affected by the generation of PAMAM dendrimer.
The solubility of CPT in higher generation PAMAM solution
was in fact higher that those in lower ones. The solubility of
hydrophobic compounds in dendrimer solutions has previously
been shown to depend on the dendrimer generation (size)
[23,28]. Since the number of primary and tertiary amines in
the dendrimer increases with generation size (Table 1), at
a given pH condition, higher generation dendrimer has a ten-
dency to entrap more hydrophobic compound inside than
lower generations. Also, the solubility of CPT in PAMAM so-
lutions depends on the surface area and primary amino groups
of PAMAM particles, which cause the higher generation PA-
MAM particles to have a higher ability to absorb and interact
with the CPT molecule. In this way, we could explain why
higher generation dendrimers could enhance the solubility of
CPT more efficiently than lower generations.
4. Conclusion

Although dendrimer drug delivery is in its infancy, it offers
several attractive features [30,31]. It provides a uniform
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Fig. 2. Solubility of CPT (CPT-lactone and CPT-carboxylate) in the presence

of G5 PAMAM dendrimers.
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Fig. 3. Solubility of CPT (CPT-lactone and CPT-carboxylate) in the presence

of G6 PAMAM dendrimers.
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platform for drug attachment that has the ability to bind and
release drugs through several mechanisms. Our work demon-
strated that encapsulation/complexation of CPT molecules
into/with dendrimers led to excellent solubility of these drugs.
We are in the process of conducting in vitro cell studies and
pre-clinical testing to evaluate the potential of dendrimers as
carriers for CPT. Although toxicity problems may exist, mod-
ification of the structure of dendrimers should resolve this
issue [38e40].
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