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a b s t r a c t

Camptothecin (CPT) is a potent anticancer agent. The clinical application of CPT is restricted by poor
water solubility and instability under physiological conditions. Solubilization and stabilization of CPT
were realized through nanoparticulate systems of amphiphilic cyclodextrins, poly(lactide-co-glycolide)
(PLGA) or poly-e-caprolactone (PCL). Nanoparticles were prepared with nanoprecipitation technique,
whereas cyclodextrin nanoparticles were prepared from preformed inclusion complexes of CPT with
amphiphilic cyclodextrins. Polymeric nanoparticles, on the other hand, were loaded with CPT:HP-b-CD
inclusion complex to solubilize and stabilize the drug. Mean particle sizes were under 275 nm, and poly-
dispersity indices were lower than 0.2 for all formulations. Drug-loading values were significantly higher
for amphiphilic cyclodextrin nanoparticles when compared with those for PLGA and PCL nanoparticles.
Nanoparticle formulations showed a significant controlled release profile extended up to 12 days for
amphiphilic cyclodextrin nanoparticles and 48 h for polymeric nanoparticles. Anticancer efficacy of the
nanoparticles was evaluated in comparison with CPT solution in dimethyl sulfoxide (DMSO) on MCF-7
breast adenocarcinoma cells. Amphiphilic cyclodextrin nanoparticles showed higher anticancer efficacy
than PLGA or PCL nanoparticles loaded with CPT and the CPT solution in DMSO. These results indicated
that CPT-loaded amphiphilic cyclodextrin nanoparticles might provide a promising carrier system for the
effective delivery of this anticancer drug having bioavailability problems.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Camptothecin (CPT), a plant alkaloid isolated from an oriental
tree, Camptotheca acuminata, was first identified in the 1950s [1].
CPT has shown significant antitumor activity against various can-
cers, including lung, ovarian, breast, pancreas and stomach, by
inhibiting the activity of DNA topoisomerase I, which is required
for replication and transcription of the cell cycle [2–4]. DNA topo-
isomerase I is believed to stabilize the DNA-topoisomerase com-
plex, and this complex causes the apoptosis of cancer cells [5–7].

However, clinical efficacy of CPT is significantly restricted by its
insolubility and instability. The drug exists in two forms depending
on the pH value, an active lactone form at pH below 5 and an inac-
tive carboxylate form at basic pH, as schematized in Fig. 1. At phys-
iological pH, most CPT molecules exist in the inactive carboxylate
form. Development of a formulation capable of maintaining the
stable lactone form of CPT is crucial for the achievement of clinical
efficacy [8–10]. Another serious drawback of CPT is its water insol-
ll rights reserved.
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ubility. CPT is soluble only in dimethylsulfoxide (DMSO), dichloro-
methane:methanol (1:1) (v:v) and chloroform:methanol (4:1)
(v:v). Thus, CPT, like a number of other potent anticancer agents
of plant origin such as paclitaxel, is extremely water insoluble
[6], and this leads to the usage of co-solvents that exert serious side
effects upon injection and causes bioavailability problems for CPT
when administered in vivo.

Numerous studies have focused on designing novel drug deliv-
ery systems for CPT to stabilize and deliver the drug effectively for
clinical use [11,12]. In this respect, liposomes, microspheres, solid
lipid nanoparticles, polymeric nanoparticles (PLGA, PLA/(PEG–
PPG–PEG), chitosan), microemulsions, micellar solutions, and poly-
mer-conjugated CPT were proposed [13–18].

Cyclodextrins have lipophilic inner cavities and hydrophilic
outer surfaces. They are capable of interacting with a large variety
of guest molecules to form noncovalent inclusion complexes.
Cyclodextrins are cyclic oligosaccharides and contain at least six
D-(+) glucopyranose units which are attached by a-(1, 4) glucosidic
bonds. They have been widely used for the formulation of drugs
having bioavailability problems resulting from poor aqueous solu-
bility, poor stability (hydrolytic or photodegradation, etc.) and se-
vere side effects [19–21]. Amphiphilic cyclodextrins are synthetic
derivatives of natural cyclodextrins, obtained by modification of
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Fig. 1. Camptothecin structure and equilibrium between active lactone form and
inactive carboxylate form.
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the primary or secondary phase with linear or branched aliphatic
chains of varying lengths (C2–C18) linked with different chemical
bonds (ester, ether or amide) [22]. These derivatives are of interest
for pharmaceutical applications in view of their ability to self-orga-
nize in water to form micelles and nano-aggregates, which is a
result of their altered surface properties and their general amphi-
philic characteristics. Amphiphilic cyclodextrins have recently
been used to prepare nanoparticles and nanocapsules without sur-
factants and have shown high drug-loading capacity with favorable
release properties. Among the amphiphilic cyclodextrin derivatives
used in this study, 6-O-Capro-b-CD is a novel amphiphilic b-CD
derivative modified on the primary phase with substitution of C6
linear alkyl chains and hydrophobic ester bond [23].
b-CDC6, on the other hand, is an amphiphilic b-cyclodextrin mod-
ified on the secondary phase with 6C aliphatic esters [24]. Different
modes of substitution are believed to alter inclusion-forming prop-
erties and nanoparticle-forming capability and inclusion complex
formation of amphiphilic cyclodextrin derivatives [25]. Therefore,
amphiphilic b-CD derivatives with different substitutions on pri-
mary or secondary faces were evaluated for a comparative assess-
ment within amphiphilic cyclodextrin nanoparticles.

Poly(lactide-co-glycolide) (PLGA) is the most widely used and
studied class of biodegradable polymers for pharmaceutical use
due to biocompatibility and biodegradability [16]. The degradation
of PLGA proceeds with the formation of low-molecular-weight car-
boxylic acid oligomers and monomers and it causes a decrease in
microclimate pH. The pH is reported to strongly affect CPT stabil-
ity. The acidic microclimate of PLGA nanospheres has been identi-
fied to be the important source of stabilization of CPT [10]. PLGA
microspheres have been studied as delivery vehicles for CPT and
its analogues because PLGA microspheres have been considered
stable delivery vehicles for CPT [9]. Poly-e-caprolactone (PCL) is a
biodegradable, biocompatible and semicrystalline polymer. The
slow degradation of PCL has led to its application in the prepara-
tion of different delivery systems in the form of microspheres, nan-
ospheres and implants [26].

The objective of this study was to develop, characterize, and
compare in vitro nanoparticulate drug delivery systems for CPT
using amphiphilic b-cyclodextrins, PLGA or PCL. CPT was encapsu-
lated directly into two different types of amphiphilic b-cyclodex-
trins, namely 6-O-Capro-b-CD and b-CDC6. CPT was incorporated
into PLGA or PCL nanoparticles in complex with hydroxypropyl-
b-cyclodextrin in order to improve drug solubility and stability.
All nanoparticle formulations were comparatively evaluated in
terms of particle size, entrapment efficiency, drug release profiles,
cytotoxicity of blank vehicles and anticancer efficacy of CPT-loaded
nanoparticulate vehicles with cell culture studies.
Table 1
Physicochemical properties of amphiphilic cyclodextrins and polymers used for preparing

6-O-Capro-b-CD b-CDC6 PL

Molecular weight 1820 g/mol 2506 g/mol 40
Solubility Alcohol, acetone Alcohol, acetone Ch
Spontaneous formation of nanoparticles Non-surfactant Non-surfactant Su
2. Materials and methods

2.1. Materials

20S-Camptothecin (CPT, MW: 348.36 g/mol, soluble in dimethyl-
sulfoxide, dichloromethane:methanol (1:1) and chloroform:metha-
nol (4:1)) was purchased from Sigma Aldrich (St. Louis, USA).
Amphiphilic b-cyclodextrin derivative b-CDC6 (MW: 2506 g/mol,
calculated HLB value: 8.9), modified on the secondary phase, and
6-O-Capro-b-CD (MW: 1820 g/mol, calculated HLB value: 11.1),
modified on the primary phase with 6C aliphatic chains, were syn-
thesized, purified and characterized as reported previously [27]
(Table 1). (2-Hydroxypropyl)-b-cyclodextrin (HP-b-CD) (MW:
1396 g/mol), poly-e-caprolactone (PCL) (MW: 14,000 Da) and
Poly(lactide-co-glycolide) (PLGA 50:50) (MW: 40,000–75,000 Da)
were purchased from Sigma Aldrich (St. Louis, USA). Pluronic F68
was obtained from ICI Surfactants (Clamart, France). Acetone was
purchased from Riedel-de Haen (Seelze, Germany). Absolute alcohol
was purchased from Grup Deltalar (Ankara, Turkey). Tween 80 was
obtained from Merck-Schuchardt (Hohenbrunn, Germany). Ultra
pure water (Milipore Simplicity 185, France) was used to prepare
nanoparticles. All organic solvents were of high-performance liquid
chromatography (HPLC) grade and were used without further
purification.

2.2. Methods

2.2.1. Preparation of inclusion complexes
2.2.1.1. CPT:b-CDC6 and CPT:6-O-Capro-b-CD complexes. CPT:b-
CDC6 and CPT:6-O-Capro-b-CD inclusion complexes of 1:1 molar
ratio were prepared in a water/ethanol system by co-lyophilization
technique [28]. CPT and the amphiphilic cyclodextrin (b-CDC6 or
6-O-Capro-b-CD) were dissolved in an appropriate molar ratio in
ethanol and added to a 2-fold volume of water. The system was left
to equilibrate under constant stirring for 7 days at room tempera-
ture. The organic solvent was completely evaporated under vac-
uum (Buchi R-3000, Switzerland), and the aqueous suspension
was lyophilized (Heto Power Dry PL 3000, Denmark) and stored
as powder.

2.2.1.2. CPT:HP-b-CD complex. The inclusion complex of CPT with
HP-b-CD in a 1:1 molar ratio was prepared according to the co-
lyophilization technique [28]. CPT and cyclodextrin were dissolved
in an appropriate molar ratio in water. The system was left to
equilibrate under constant stirring for 7 days at room temperature.
At the end of equilibrium time, the dispersion was filtered, and the
filtrate containing soluble CPT:dHP-b-CD complex (1:1) was lyoph-
ilized using a Heto-Holten A/S Lyolab Freeze Dryer (Allerod,
Denmark) to obtain the complex in dry powder form.

2.2.2. Characterization of inclusion complexes
2.2.2.1. Thermal analysis. Differential scanning calorimetry (DSC)
was used to evaluate physicochemical state of CPT within 1:1 mo-
lar ratio (drug:CD) complexes. DSC thermograms were taken with
a DuPont DSC 910 Instrument (DuPont, USA) in a temperature
range of 25–350 �C under nitrogen atmosphere. Samples were
heated in hermetically sealed aluminium pans at a rate of 10 �C/
min.
nanoparticle formulations.

GA PCL

,000–75,000 Da 14,000 Da
lorinated solvents, tetrahydrofuran, acetone, ethyl acetate. Acetone
rfactant required Surfactant required
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2.2.2.2. 1H NMR spectroscopy. Proton nuclear magnetic resonance
(1H NMR) spectra of CPT, 6-O-Capro-b-CD, b-CDC6 and CPT:cyclo-
dextrin complexes were taken by a Bruker DPX 400 digital FT-NMR
spectrophotometer (Rheinstetten, Germany) at 400 MHz. Chemical
shifts were given to external tetramethylsilane at 0 ppm with
calibration using solvent signals (dimethylsulfoxide at 2.5 ppm,
deuterated water at 4.75 ppm, and chloroform CHCL3 at 7.25 ppm).

2.2.3. Preparation of CPT-loaded amphiphilic b-cyclodextrin
nanoparticles

Nanoparticles were prepared according to the nanoprecipita-
tion method introduced by Fessi et al. [29] and further modified
[25] to prepare the nanoparticles directly from preformed
inclusion complexes of CPT and cyclodextrins. The organic phase
(0.8 mL) consisting of 1 mg of CPT:amphiphilic b-CD inclusion
complex dissolved in absolute alcohol was prepared, and 0.2 mL
of CPT solution in absolute alcohol was added to this organic phase.
This solution was added at room temperature under constant stir-
ring to 2 mL of the aqueous phase consisting only of ultrapure
water. After stirring for 30 min at room temperature, the organic
solvent was evaporated under vacuum, and the nanoparticle
dispersion was concentrated to the desired volume (2 mL). This
technique was called high-loading method. Highly loaded nanospheres
were prepared directly from preformed drug:cyclodextrin inclusion
complexes and by further dissolving an additional amount of drug
(200 lg) in the organic phase during preparation [24].

2.2.4. Preparation of CPT-loaded polymeric nanoparticles
The nanoparticles were prepared by nanoprecipitation method

[30,31]. Briefly, 75 mg of polymer (PLGA or PCL) was dissolved in
5 mL of acetone. This organic phase was poured into deionized
water (15 mL for PLGA, 10 mL for PCL nanoparticles) containing
75 mg of Pluronic F-68 and 2,5 mg CPT:HP-b-CD inclusion complex
with moderate stirring at room temperature. Nanoparticles were
immediately formed, and acetone was then removed from the col-
loidal suspension by rotoevaporation under reduced pressure, and
nanosphere dispersion was obtained.

2.2.5. Characterization of nanoparticles
2.2.5.1. Particle size analysis. Mean particle size (diameter,
nm ± S.D.) and polydispersity index of the nanoparticles were
determined by Photon Correlation Spectroscopy (PCS) with a
Malvern Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK).
Measurements were realized in triplicate at a 90� angle at 25 �C
under suitable dilution conditions.

2.2.5.2. Zeta potential measurement. Zeta potential of nanoparticle
dispersions was measured in mV by Malvern Zetasizer Nano-ZS
(Malvern Instruments, Malvern, UK) in triplicate to determine
the surface charge and the potential physical stability of the nano-
system. Zeta potential of nanoparticles was measured in aqueous
dispersion. Measurements were realized in triplicate at a 120� an-
gle at 25 �C.

2.2.5.3. Scanning electron microscope analysis. A scanning electron
microscope (SEM) (Jeol-SEM ASID-10. Device in 80 KV, Japan)
was used to evaluate surface characteristics of the nanoparticles.
Nanoparticles were mounted on the metal stubs with conductive
silver paint and then coated with a 150 Å thick layer of gold in a
Bio-Rad sputter apparatus. SEM images of the samples were
obtained at different magnifications.

2.2.5.4. Entrapment efficiency. Loaded drug quantity was deter-
mined according to the following procedure: unbound drug was
separated by centrifugation (Hermle Z-323 K, Germany) at
5000 rpm for 15 min. Supernatant was then collected and lyophi-
lized, and the resulting powder containing the loaded nanoparti-
cles was dissolved in dimethylsulfoxide to obtain a clear solution
and analyzed by HPLC (Agilent 1100, Germany).

Drug-loading values were expressed in terms of entrapped drug
quantity, entrapment efficiency and associated drug percentage.
Entrapped drug quantity is the exact drug concentration (lg)
found per nanoparticle batch. The following formulas were used
to calculate entrapment efficiency and associated drug percentage,
respectively [32]:

Associated drug % ¼ Determined CPT quantityðlgÞ
Initial CPT quantityðlgÞ � 100
2.2.5.5. HPLC assay for camptothecin. The analyses of lactone and
carboxylate forms of CPT were performed using HP Agilent 1100,
USA. The system was equipped with a C18 column (5 mm,
250 � 4.6 mm, Hichrom, UK). The HPLC conditions used were sim-
ilar to those reported by Warner and Burke [33], except for a minor
change in the mobile phase. The mobile phase consisted of a 73:27
mixture of aqueous triethylamine-acetate buffer (prepared using
0.1% v/v triethylamine, adjusted with glacial acetic acid to pH
5.5) and acetonitrile. The fluorescence detector was set at an exci-
tation wavelength (kex) of 370 nm and an emission wavelength
(kem) of 435 nm. Validation of the method used was realized by
the determination of linearity, accuracy, precision, sensitivity and
specificity (r2 = 0.9999; Rtlactone = 13 min, Rtcarboxylate = 4 min).

2.2.5.6. Determination of hydrolysis kinetics for CPT. Hydrolysis
kinetics of the free drug in phosphate-buffered saline, (PBS) pH
7.4 was also evaluated over time at 37 �C to determine the rate
of degradation of CPT under physiological pH [16]. For this pur-
pose, 5 lL of CPT stock solution (2 mM CPT in DMSO) was added
to 500 lL PBS, pH 7.4. At different time intervals, aliquots of the
reaction solutions were withdrawn, injected directly into the HPLC
column, and analyzed for the amount of lactone and carboxylate
forms. The stability of the lactone form of CPT was represented
by the percentage of the lactone form compared with that of the
initial time (t = 0). All experiments were performed in triplicate.

2.2.5.7. In vitro drug release. Release profiles of CPT from nanopar-
ticle formulations were determined in 100 mL of isotonic PBS (pH
7.4) containing 0.1% Tween 80 providing sink conditions in a
thermostated shaker bath system (Memmert, Schwabach,
Germany) at 37 �C with the dialysis technique (Spectra/Por Cellu-
lose Ester Membrane MWCO:100,000 Da, Spectrum Labs, Rancho
Dominguez, CA). At predetermined time intervals, 1 mL samples
were withdrawn from the system and replaced with equal volume
of fresh release medium maintained at the same temperature. The
released amount of CPT was assayed for lactone and carboxylate
forms by HPLC as described above.

2.2.6. Cell culture
L-929, mouse fibroblast and MCF-7 human breast adenocarci-

noma cell lines were obtained from the American Type Culture
Collection (ATCC, LGC Promochem, Rockville, MD, USA). L-929
and MCF-7 cell lines were cultured in RPMI 1640 medium and
Dulbecco’s Modified Eagle Medium (DMEM), respectively, supple-
mented with 10% fetal bovine serum (FBS), penicillin (100 units/
mL) and streptomycin (100 lg/mL). The cultures were maintained
at 37 �C in a humidified 5% CO2 incubator. Confluent cell monolay-
ers were trypsinized, and cells in the exponentially growing phase
were used in the cytotoxicity experiments. Unless otherwise spec-
ified, all reagents were obtained from Biochrom (Berlin, Germany).

2.2.6.1. The effect of unloaded nanoparticles on L929 Cells. The meth-
ylthiazolyltetrazolium (MTT) assay was used to evaluate cell
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viability [34]. The MTT assay measures the ability of viable cells to
reduce a water-soluble, yellow tetrazolium salt (MTT) into a pur-
ple, insoluble formazan product. The color reaction is used as a
measure of cell viability. L929 cells were resuspended in complete
medium and seeded in 96-well tissue culture plates at a concentra-
tion of 2 � 103/50 ll per well and then exposed to 50 ll of diluted
formulations ranging from 1:8 to 1:128. After 72 h of incubation,
25 ll of MTT solution (5 mg/mL; Sigma, USA) was added. The for-
mazan crystals produced were solubilized by adding 80 ll of lysing
buffer (pH 4.7) composed of 23% sodium dodecyl sulfate (SDS) dis-
solved in a solution containing 45% dimethylformamide. Optical
densities (ODs) were read at 570 nm using a microplate reader
(Molecular Devices, USA). The cells incubated in culture medium
alone served as a control for cell viability (untreated cells). All as-
says were performed in triplicate, and mean OD values were used
to estimate the cell viability. Cell viability (%) was calculated as (OD
of treated wells/OD of untreated cells) � 100.

2.2.6.2. Anticancer efficacy of CPT-loaded nanoparticles on MCF-7
cells. The cytotoxicity of CPT-loaded nanoparticles, unloaded nano-
particles and CPT solution in DMSO was assessed on MCF-7 cells
with MTT assay. MCF-7 cells were seeded in 96-well tissue culture
plates at a concentration of 1 � 104/50 ll per well. The cells were
allowed to attach to the surface for 24 h, and were then exposed
to 50 ll of diluted formulations ranging from 1:8 to 1:128. After
72 h of incubation, MTT assay was performed just as described
above.

3. Results and discussion

In this study, delivery systems of different nanosizes for the
anticancer drug CPT were designed and developed. In this context,
two approaches for the stabilization of CPT have been combined.
Inclusion complex formation with cyclodextrin derivatives and
nanoparticle encapsulation have been used to deliver CPT in its
stable form.

In particular, the use of cyclodextrin inclusion complex has
been shown to resolve solubility and stability problems to improve
pharmacokinetic profiles of CPT. In literature to increase the solu-
Fig. 2. DSC thermograms of camptothecin, cyclode
bility of drug, CPT was solubilized in an organic solvent and then
incorporated into the sucrose aspartate surfactant micelle. The
micelles were then incorporated into the layers of cationic Mg–Al
layered double hydroxides. Finally, the CPT is twice protected from
the physiological environment, first by the organic environment of
the micelle and second by the durability of the LDH [17].

Inclusion complexes of CPT with HP-b-CD, b-CDC6 and 6-O-
Capro-b-CD were characterized by DSC, 1H NMR and SEM. DSC
analyses indicate that free crystalline drug did not exist in any
complexes. DSC thermograms of CPT, cyclodextrins and CPT:cyclo-
dextrin complexes are seen in Fig. 2. Melting endotherms of CPT
that appear around 264–267 �C disappear totally in the CPT:b-
CDC6 complex. This may be the result of inclusion of CPT within
the CD cavity, as well as entanglement within the ‘‘skirt” region
comprised of long acyl chains.

In order to rule out the fact that the lyophilization process may
alter the crystalline properties of CPT and consequently hide the
melting endotherm, CPT was subjected to the co-lyophilization
procedure by dissolving in ethanol and mixing with 2-fold volume
of distilled water, stirring and vacuum evaporation of the solvent
followed by lyophilization to obtain CPT in dry powder form itself
during preparation of inclusion complex prior to DSC analysis. DSC
thermograms in Fig. 2 also show that the melting and decomposi-
tion endotherm of CPT has completely disappeared in the physical
mixture as well as in the co-lyophilizate. This may suggest that CPT
does not exist in free crystalline form within the complex. The
same results were obtained for CPT:b-CDC6 and CPT:HP-b-CD
complexes.

1H NMR is one of the most selective tools for the characteriza-
tion of inclusion complexes and for the demonstration of total or
partial inclusion in the cyclodextrin cavity that occurs in a liquid
medium. In the case of cyclodextrins, it is important to demon-
strate whether the drug is included in the cavity or entrapped
within the chains of the molecule. During complexation, the chem-
ical environment of some protons changes, and these results in
changes in chemical shifts of 1H NMR lines of the protons that
are due to shielding or deshielding effects. For the complexes,
internal protons of the cavity, which were H-3 and H-5, were eval-
uated for changes in 1H NMR spectra. H-5 shifted from 3.86 to
xtrin, inclusion complex and physical mixture.



Table 2
Chemical shift values (ppm) of 6-O-Capro-b-CD and b-CDC6 protons before (dCD) and
after (d1:1) complexation to CPT.

Protons dCD d1:1

6-O-Capro-b-CD H-3 3.66 3.63
H-5 3.86 3.88

b-CDC6 H-3 5.30 5.30
H-5 4.10 4.60

Fig. 3. SEM of nanoparticles (a: 6-O-Capro-b-CD, b: b-CDC6, c: PLGA, d: PCL
nanoparticles).
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3.88 ppm and H-3 shifted from 3.66 to 3.63 ppm for CPT:6-O-Cap-
ro-b-CD; for CPT:b-CDC6, H-5 shifted from 4.10 to 4.6 ppm but H-3
did not display any shifts. These results suggest that the drug has
entered the cyclodextrin cavity to form an inclusion complex
[23]. For CPT:HP-b-CD complex, internal protons H-3 and H-5 did
not show any changes in the NMR spectra (Table 2).

SEM photomicrographs of CPT, cyclodextrins and co-lyophiliz-
ates confirmed the existence of structural changes in CPT attrib-
uted to complex formation.

Nanoparticles prepared from inclusion complexes were charac-
terized in vitro by particle size measurements. As seen in Table 3,
blank nanoparticles were smaller than drug-loaded nanoparticles,
which can be attributed to the encapsulation of the drug to the
nanoparticle. This may be a result of the inclusion of encapsulated
drug in cyclodextrin cavity and moreover between the alkyl chains
of each cyclodextrin, which is a zone of attraction for the hydro-
phobic guest molecule. Once a drug molecule is included inside
an amphiphilic cyclodextrin, the orientation and flexibility of long
alkyl chains are altered [35]. In the presence of a guest molecule,
surface area of the amphiphilic cyclodextrin increases, and this
affects the self-aligning property of the amphiphilic cyclodextrin
in interfaces. Thus, when nanoparticles are drug loaded, the state
and location of the encapsulated drug may cause significant
changes in nanoparticle size [23].

In terms of mean diameter, b-CDC6 nanoparticles yielded the
smallest particles with approximately 140 nm in size; however,
all nanoparticles were smaller than 300 nm, which may suggest
that these particles may largely benefit from the so-called EPR ef-
fect when administered intravenously. Standard deviations of all
formulations were very low, indicating unimodal monodisperse
particle size distributions for both types of amphiphilic b-CD nano-
particles. However, b-CDC6 and PLGA nanoparticles appear to be
more advantageous regarding their potential of sterilization by
membrane filtration due to their small size and favorable polydis-
persity index value.

Zeta potential values are also of interest for the characterization
of these nanoparticles since CPT-loaded nanoparticles display zeta
potential values varying between 0 and �20 mV as seen in Table 3.
Zeta potential is a function of the surface charge of colloidal disper-
sions. It is commonly used to predict and control dispersion stabil-
ity. Zeta potential data suggest the potential physical stability of
cyclodextrin nanoparticles in aqueous dispersion state and confirm
the presence of CPT on particle surface. Imaging of nanoparticles by
Table 3
Mean diameter (nm), polydispersity index (PI) and zeta potential (mV) values of the cyclo

Formulations Mean diameter (nm) ± S.D

Blank b-CDC6 nanoparticles 130 ± 0.5
CPT:b-CDC6 nanoparticles 142 ± 3
Blank 6-O-Capro-b-CD nanoparticles 194 ± 4
CPT:6-O-Capro-b-CD nanoparticles 271 ± 15
Blank PLGA nanoparticles 178 ± 1
CPT-loaded PLGA nanoparticles 187 ± 9
Blank PCL nanoparticles 189 ± 4
CPT-loaded PCL nanoparticles 274 ± 0.8
SEM is expected to provide information on nanoparticle morphol-
ogy and size. Examination of SEM photographs of the nanoparticles
revealed that the surfaces were smooth and spherical, as seen in
Fig. 3.

Nanoparticles were prepared according to the nanoprecipita-
tion method by high-loading technique based on preparing nano-
particles directly from preformed inclusion complexes [24].
Preparation of nanoparticles from preformed inclusion complexes
of CPT and amphiphilic b-CD proved to be an effective method to
enhance drug loading to nanoparticles. Data are expressed in terms
of entrapped drug quantity, entrapment efficiency and associated
drug percentage to clarify the amount of drug associated in the
nanoparticles and the amount of drug entrapped per unit CD. Data
suggest that 6-O-Capro-b-CD has a higher loading capacity than
b-CDC6. Entrapment efficiency and associated drug percentage
were significantly higher (p < 0.05) for 6-O-Capro-b-CD modified
on the primary face. These results in Table 4 confirm that drug
inclusion may be facilitated by leaving the secondary phase
unmodified and thus reducing the steric hindrance and leaving
the wider side of the cavity open for the entrance of CPT totally
or partially, as suggested previously by Memisoglu et al. [24]. On
the other hand, preparation of polymeric nanoparticles from pre-
formed inclusion complexes of CPT and HP-b-CD resulted in lower
drug-loading values as a result of the highly hydrophilic character
of drug:cyclodextrin complex. Data suggest that PLGA nanoparti-
cles have a higher loading capacity than PCL nanoparticles. This
dextrin nanoparticles.

. PI Zeta potential (mV) ± S.D.

0.07 �16 ± 0.9
0.28 �22 ± 0.7
0.2 �25 ± 1.3
0.41 �13 ± 0.9
0.05 4,61 ± 2.76
0.08 �0.06 ± 1
0.2 �12 ± 0.6
0.07 �19 ± 0.2



Table 4
Drug-loading values of the amphiphilic b-cyclodextrin nanoparticles loaded with CPT.

Formulations Entrapped quantity
(lg) ± S.D.

Associated drug%
( ± S.D.)

CPT:b-CDC6 nanoparticles 28 ± 2 9 ± 1
CPT:6-O-Capro-b-CD

nanoparticles
48 ± 4 13 ± 3

PLGA nanoparticles 13 ± 0.1 2.6 ± 0.03
PCL nanoparticles 7.2 ± 0.5 1.4 ± 0.2

Table 5
In vitro drug release time of nanoparticles.

b-CDC6 6-O-Capro-b-CD PLGA PCL

30% release (burst effect) 2 h 5 h 0.5 h 1 h
50% release 5 h 24 h 1 h 2 h
Complete release 144 h 288 h 48 h 48 h
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may be a result of the relatively more hydrophilic nature of PLGA
when compared with that of PCL. It was found that CPT loading
was 2.6% and 1.44% for PLGA and PCL nanoparticles, respectively.
In general, it is seen that drug-loading values are significantly high-
er for amphiphilic cyclodextrin nanoparticles when compared with
those of PLGA and PCL nanoparticles. Various nanoparticular drug
delivery systems with CPT have been tried, and the resemble drug-
loading properties were found. The entrapment efficiency of the
nanoparticles reported were about 10–40% for CPT-loaded nano-
particles [14,36]. Kunii et al. reported that CPT-loaded nanoparti-
cles were prepared using poly(DL-lactic acid) (PLA) and
poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) copolymers (PEG–PPG–PEG), and the mean
drug content was 1.6% (w/w) [36].

In vitro release profiles of CPT from different nanoparticles were
assessed using the dialysis technique. It was demonstrated that the
encapsulated drug was released from the nanoparticles in the lac-
tone form and that the CPT was maintained in its stable lactone
form for more than 12 days with cyclodextrin nanoparticles as
seen in Fig. 4. Complete release of CPT was realized within a period
of up to more than 144 h. On the other hand, 6-O-Capro-b-CD
nanoparticles exhibited an initial release of approximately 30%,
and the remaining CPT was liberated with a controlled release pro-
file over 288 h, as seen in Fig. 4. The b-CDC6 nanoparticles released
CPT faster and at a rate 2-fold higher than the 6-O-Capro-b-CD
nanoparticles (Table 5). The more vigorous burst effect in the case
of b-CDC6 nanoparticles resulted in 50% cumulative release of CPT
after 5 h in contrast to 24 h in the case of 6-O-Capro-b-CD nanopar-
ticles. The major significance of the CPT release profiles from both
b-CDC6 and 6-O-Capro-b-CD nanoparticles is the fact that CPT was
maintained in its active lactone form and released to the physio-
logical medium for more than 12 days for 6-O-Capro-b-CD nano-
particles and 6 days for b-CDC6 nanoparticles. Nanoparticles
consisting of preformed inclusion complexes are believed to
release the drug entrapped in the CD cavity by time-dependent
mechanisms such as dissociation upon dilution and competitive
displacement of the drug from the cavity by release medium con-
stituents, as well as by adsorption of the free drug from the nano-
particle surface and diffusion of the free drug from the
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Fig. 4. In vitro release profile of CPT from nanoparticles into isotonic phosphate
buffer, pH 7.4 (n = 3 ± S.D.).
nanoparticles matrix structure [24]. It can be observed that the
amphiphilic b-CD modification site has a significant effect on drug
release. Amphiphilic b-CD modified on the primary phase, 6-O-
Capro-b-CD, displayed slower release profiles than b-CDC6, modi-
fied on the secondary face. This difference is observed only for
preloaded and highly loaded nanospheres. Both these techniques
included preformed inclusion complexes; however, the slower
release profile of 6-O-Capro-b-CD suggests that this molecule holds
the drug in its cavity longer. In vitro CPT release profiles from poly-
meric nanoparticles are also shown in Fig. 4. It can be seen that
PLGA nanoparticles liberate the drug in a considerably slower re-
lease profile than PCL nanoparticles. For PLGA nanoparticles, 50%
of the drug was released within 1 h. Complete release of CPT
lactone form was realized within a period of more than 48 h. For
PCL nanoparticles, 70% of the drug was released within 3 h. CPT
lactone form release was completed in 24 h. CPT–polymer interac-
tion and hydrophilicity of the polymers are believed to play an
important role in the release rate of CPT from PLGA and PCL nano-
particles. Cyclodextrin nanoparticles are believed to both entrap
the drug in the cyclodextrin cavity and also as adsorbed on the par-
ticle surface. The release patterns were biphasic, comprising an ini-
tial first burst effect followed by a sustained, continuous phase. The
first burst effect was attributed to the immediate dissolution and
release of the portion of the drug located at or near the surface
of the nanoparticles. In vitro release of CPT were delayed from
cyclodextrin nanoparticles when compared with a previous study
performed with chitosan and PLA/(PEG–PPG–PEG) nanoparticles
in which release profiles were completed in 80 and 24 h, respec-
tively [14,36,37]. CPT has a very low aqueous solubility (2 lg/
mL); therefore, it is possible that the dissolution of CPT is the rate
limiting step, resulting in the slow release rate observed. The drug
was released up to 60 days with CPT-loaded nanohybrids [17]. A
similar delayed-release profile was obtained when CPT was incor-
porated into our PEG-based hydrogel [15]. In vitro drug release
from PLA/(PEG–PPG–PEG) nanoparticles was examined for 96 h
using PBS. An initial rapid release of 19.6% followed by very slow
release was observed [36].

The unpublished data of the hydrolysis kinetics studies showed
that in PBS (pH 7.4, 37 �C), almost all of the parent drug (80%) was
converted to the inactive carboxylate form after only 4 h. In con-
trast, after encapsulation of the drug to the nanoparticles, the
entire drug fraction remained in its active lactone form in the
nanoparticles during the in vitro release. The proportions of CPT
in the lactone ring and carboxylate forms are critical in predicting
tumor response to CPT because the lactone form has much higher
antitumor efficacy compared with the carboxylate form. We there-
fore achieved the protection effect of CPT cyclodextrin nanoparti-
cles on the CPT lactone ring form against hydrolysis under
physiological condition (PBS, pH 7.4, 37 �C).

Anticancer efficacy of the nanoparticles on MCF-7 breast cancer
cells is shown in Fig. 5. The cell viability at 1:128 dilution was 65%
after treatment with CPT solution in DMSO, while it was found as
56% for CPT-loaded 6-O-Capro-b-CD, 61% for CPT-loaded b-CDC6,
81% for CPT-loaded PLGA, and 68% for CPT-loaded PCL nanoparticles.
These results suggest that CPT is more effective when encapsulated
into amphiphilic cyclodextrin nanoparticles, 6-O-Capro-b-CD in
particular. Incubation time for the samples with MCF-7 cells was
sufficient for drug release into the medium, and it was observed that



Fig. 5. Anticancer efficacy of cyclodextrin nanoparticles on MCF-7 cells (1/128 dilution). All assays were performed in triplicate, and mean OD values were used to estimate
the cell viability. Cell viability (%) was calculated as (OD of treated wells/OD of untreated cells) � 100 (n = 3 ± S.D.) (CPT:Camptothecin, DMSO:Dimethyl sulfoxide,
PLGA:Poly(lactide-co-glycolide), PCL:Poly-e-caprolactone, NP:Nanoparticle).
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cyclodextrin nanoparticles resulted in higher anticancer efficacy
than PLGA and PCL nanoparticles. The cytotoxicity of blank nanopar-
ticle formulations was evaluated in order to confirm that this differ-
ence did not arise from the cytotoxicity of the vehicle rather than the
drug. The effects of unloaded b-CDC6, 6-O-Capro-b-CD, PLGA, and
PCL nanoparticles on cell viability are seen in Fig. 6. The unloaded
nanoparticles were found to be nontoxic on L929 cells at 1:128
dilution.

It is believed that formulating CPT with cyclodextrins could be
advantageous to other polymeric material in the sense that formu-
lation with cyclodextrins does not require the use of surfactants,
which may add to the overall toxicity and complement the activa-
tion of nanoparticulate systems. Amphiphilic cyclodextrin nano-
particles resulted in more favorable in vitro characteristics
including size, polydispersity, drug-loading, controlled release,
stabilization of CPT and anticancer efficacy especially in the case
of 6-O-Capro-b-CD modified on the primary phase. The degrada-
tion of PLGA causes a decrease in microclimate pH. The acidic
microclimate of PLGA nanospheres has been identified to be the
important source of stabilization of CPT. The pH is reported to
strongly affect CPT stability [10].

4. Conclusion

In this study, a new nanoparticulate delivery system for CPT has
been designed and compared with its polymeric analogues in
terms of in vitro properties. CPT is among the most promising anti-
cancer drugs developed in recent years. It has great potential as an
anticancer agent provided the problems related to its physiological
stability and insolubility can be solved. The results showed that
cyclodextrin nanoparticles greatly increased the stability of CPT
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against hydrolysis and toward retention of the active lactone.
Cyclodextrin nanoparticles were demonstrated to be a safe, effec-
tive, syringeable and membrane filterable due to their small size
and stable formulation for delivery of CPT, and this approach rep-
resents a new platform for the delivery of other clinically impor-
tant hydrophobic drugs. Thus, CPT-loaded cyclodextrin
nanoparticles emerge as promising delivery systems for cancer
therapy, and in vivo behavior of these nanoparticulate carriers
for CPT should be further evaluated in animal models.

Acknowledgements

The authors wish to thank Dr. Amir Sepherianazar from Hacet-
tepe University Faculty of Chemistry, for his assistance with NMR
spectroscopy imaging. The authors also wish to acknowledge the
financial support from TÜB_ITAK-BDP, TÜB_ITAK research project
SBAG-HD-66, and Hacettepe University Research Fund Project
0202301005.

References

[1] M.E. Wall, Camptothecin and taxol: discovery to clinic, Med. Res. Rev. 18
(1998) 299–314.

[2] M. Potmesil, Camptothecins: from bench research to hospital wards, Cancer
Res. 54 (1994) 1431–1439.

[3] C.H. Takimoto, J. Wright, S.G. Arbuck, Clinical applications of the
camptothecins, Biochem. Biophys. Acta 1400 (1998) 107–119.

[4] Z. Topcu, DNA topoisomerases as targets for anticancer drugs, J. Clin. Pharm.
Therap. 26 (2001) 405–416.

[5] R. Garcia-Carbonero, J.G. Supko, Current perspectives on the clinical
experience, pharmacology, and continued development of the
camptothecins, Clin. Cancer Res. 8 (2002) 641–661.

[6] A. Hatefi, B. Amsden, Camptothecin delivery methods, Pharm. Res. 19 (2002)
1389–1399.

[7] D.F.S. Kehrer, O. Soepenberg, W.J. Loos, J. Verweij, A. Sparreboom, Modulation
of camptothecin analogs in the treatment of cancer: a review, Anti-Cancer
Drug. 12 (2001) 89–105.

[8] C.D. Conover, R.B. Greenwald, A. Pendri, C.W. Gilbert, K.L. Shum, Camptothecin
delivery systems: enhanced efficacy and tumor accumulation of camptothecin
following its conjugation to polyethylene glycol via a glycine linker, Cancer
Chem. Pharmacol. 42 (1998) 407–414.

[9] B. Ertl, P. Platzer, M. Wirth, F. Gabor, Poly(D,L-lactic-co-glycolic acid)
microspheres for sustained delivery and stabilization of camptothecin, J.
Control. Rel. 61 (1999) 305–317.

[10] A. Shenderova, T.G. Burke, S.P. Schwendeman, The acidic microclimate in
poly(lactide-co-glycolide) microspheres stabilizes camptothecins, Pharm. Res.
16 (1999) 241–248.

[11] M. Berrada, A. Serreqi, F. Dabbarh, A. Owusu, A. Gupta, S. Lehnert, A novel non-
toxic camptothecin formulation for cancer chemotherapy, Biomaterials 26
(2005) 2115–2120.

[12] J. Williams, R. Lansdown, R. Sweitzer, M. Romanowski, R. LaBell, R.
Ramaswami, E. Unger, Nanoparticle drug delivery system for intravenous
delivery of topoisomerase inhibitors, J. Controlled Rel. 91 (2003) 167–172.



Y. Çirpanli et al. / European Journal of Pharmaceutics and Biopharmaceutics 73 (2009) 82–89 89
[13] R. Cortesi, E. Esposito, A. Maietti, E. Menegatti, C. Nastruzzi, Formulation study
for the antitumor drug camptothecin: liposomes, miceller solutions and
microemulsions, Int. J. Pharm. 159 (1997) 95–103.

[14] R. Kunii, H. Onishi, Y. Machida, Preparation and antitumor characteristics of
PLA/(PEG–PPG–PEG) nanoparticles loaded with camptothecin, Eur. J. Pharm.
Sci. 67 (2007) 9–17.

[15] A. Lalloo, P. Chao, P. Hu, S. Stein, P.J. Sinko, Pharmacokinetic and
pharmacodynamic evaluation of a novel in situ forming poly(ethylene
glycol)-based hydrogel for the controlled delivery of the camptothecins, J.
Controlled Rel. 112 (2006) 333–342.

[16] W. Tong, L. Wang, M.J. D’Souza, Evaluation of PLGA microspheres as delivery
system for antitumor agent-camptothecin, Drug Dev. Ind. Pharm. 29 (2003)
745–756.

[17] K.M. Tyner, S.R. Schiffman, E.P. Giannelis, Nanobiohybrids as delivery vehicles
for camptothecin, J. Controlled Rel. 95 (2004) 501–514.

[18] S.C. Yang, J.B. Zhu, Preparation and characterization of camptothecin solid lipid
nanoparticles, Drug Dev. Ind. Pharm. 28 (2002) 265–274.

[19] D.O. Thompson, Cyclodextrins—enabling excipients: their present and future
use in pharmaceuticals, Crit Rev Ther. Drug Carrier Syst. 14 (1997) 1–104.

[20] T. Loftsson, M.E. Brewster, Pharmaceutical applications of cyclodextrins, I:
drug solubilization and stabilization, J. Pharm. Sci. 85 (1996) 1017–1025.

[21] R. Challa, A. Alka, A. Javed, R.K. Khar, Cyclodextrins in drug delivery: an
updated review, AAPS Pharm. Sci. Tech. 6 (2005) E329–E357.

[22] D. Wouessidjewe, M. Skiba, F. Leroy-Lechat, E. Lemos-Senna, F. Puisieux, D.
Duchene, A new concept in drug delivery based on skirt-shaped cyclodextrin
aggregates: present state and future prospects, S.T.P. Pharm. Sci. 6 (1996) 21–
28.

[23] E. Bilensoy, O. Gürkaynak, M. Ertan, M. S�en, A.A. Hincal, Development of
nonsurfactant cyclodextrin nanoparticles loaded with anticancer drug
paclitaxel, J. Pharm. Sci. 97 (2008) 1519–1529.

[24] E. Memisoglu, A. Bochot, M. Ozalp, M. Sen, D. Duchene, A.A. Hincal, Direct
formation of nanospheres from amphiphilic b-cyclodextrin inclusion
complexes, Pharm. Res. 20 (2003) 117–125.

[25] M. Skiba, D. Wouessidjewei, F. Puisieux, D. Duchêne, A. Gulik, Characterization
of amphiphilic b-cyclodextrin nanospheres, Int. J. Pharm. 142 (1996) 121–124.

[26] V.R. Sinha, K. Bansal, R. Kaushik, R. Kumria, A. Trehan, Poly-e-caprolactone
microspheres and nanospheres: an overview, Int. J. Pharm. 278 (2004) 1–23.
[27] E. Memisoglu, A. Bochot, M. Sen, D. Charon, D. Duchene, A.A. Hincal,
Amphiphilic b-cyclodextrins modified on the primary face: synthesis,
characterization and evaluation of their potential as novel excipients
in the preparation of nanocapsules, J. Pharm. Sci. 91 (2002) 1214–
1224.

[28] A.R. Hedges, Industrial applications of cyclodextrins, Chem. Rev. 98 (1998)
2035–2044.

[29] H. Fessi, J.P. Devissaguet, C. Thies, Process for the preparation of dispersible
colloidal systems of a substance in the form of nanospheres, US Patent,
5,118,528, 1998.

[30] T. Govender, S. Stolnik, M.C. Garnett, L. Illum, S.S. Davis, PLGA nanoparticles
prepared by nanoprecipitation: drug loading and release studies of a water
soluble drug, J. Controlled Rel. 57 (1999) 171–185.

[31] M.L.L. Verger, L. Fluckiger, Y.I. Kim, M. Hoffman, P. Maincent, Preparation and
characterization of nanoparticles containing an antihypertensive agent, Eur. J.
Pharm. Biopharm. 46 (1998) 137–143.

[32] L. Zhang, M. Yang, Q. Wang, Y. Li, R. Guo, X. Jiang, C. Yang, B. Liu, 10-
Hydroxycamptothecin loaded nanoparticles: preparation and antitumor
activity in mice, J. Controlled Rel. 119 (2007) 153–162.

[33] D.L. Warner, T.G. Burke, Simple and versatile high-performance liquid
chromatographic method for the simultaneous quantitation of the lactone
and carboxylate forms of camptothecin anticancer drugs, J. Chromatogr. B. 691
(1997) 161–171.

[34] M.B. Hansen, S.E. Nielsen, K. Berg, Re-examination and further development of
a precise and rapid dye method for measuring cell growth/cell kill, J. Immunol.
Meth. 119 (1989) 203–210.

[35] C. Ringard-Lefebvre, A. Bochot, E. Memisoglu, D. Charon, D. Duchene, A.
Baszkin, Effect of spread amphiphilic b-cyclodextrins on interfacial properties
of the oil/water system, Coll. Surf. B Biointerfaces 25 (2002) 109–117.

[36] R. Kunii, H. Onishi, K. Ueki, K. Koyama, Y. Machida, Drug delivery particle
characteristics and biodistribution of camptothecin-loaded PLA/(PEG–PPG–
PEG) nanoparticles, Drug Deliv. 15 (2008) 3–10.

[37] K.H. Min, K. Park, Y.S. Kim, S.M. Bae, S. Mun, S. Lee, H.G. Jo, R.W. Park,
I.S. Kim, S.Y. Jeong, K. Kim, I.C. Kwon, Hydrophobically modified glycol
chitosan nanoparticles-encapsulated camptothecin enhance the drug
stability and tumor targeting in cancer therapy, J. Controlled Rel. 127
(2008) 208–218.


	Comparative evaluation of polymeric and amphiphilic cyclodextrin nanoparticles  for effective camptothecin delivery
	Introduction
	Materials and methods
	Materials
	Methods
	Preparation of inclusion complexes
	CPT:β-CDC6 and CPT:6-O-Capro-β-CD complexes
	CPT:HP-β-CD complex

	Characterization of inclusion complexes
	Thermal analysis
	1H NMR spectroscopy

	Preparation of CPT-loaded amphiphilic β-cyclodex
	Preparation of CPT-loaded polymeric nanoparticles
	Characterization of nanoparticles
	Particle size analysis
	Zeta potential measurement
	Scanning electron microscope analysis
	Entrapment efficiency
	HPLC assay for camptothecin
	Determination of hydrolysis kinetics for CPT
	In vitro drug release

	Cell culture
	The effect of unloaded nanoparticles on L929 Cells
	Anticancer efficacy of CPT-loaded nanoparticles on MCF-7 cells



	Results and discussion
	Conclusion
	Acknowledgements
	References


