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Abstract Treatment of cancer is one of the most chal-
lenging problems and conventional therapies are inade-
quate for targeted, effective and safe therapy. Development
of nanoparticle-based drug delivery systems emerge as
promising carriers in this field to ensure delivery of anti-
cancer drug to tumor site. The aim of this study was to
design hydroxypropyl-B-cyclodextrin (CD) coated nano-
particles using poly(e-caprolactone) (PCL) and its deriva-
tive  poly(ethylene  glycol)-block-poly(e-caprolactone)
(mePEG-PCL) to be applied as implants to tumor site
following surgical operation in cancer patients. CD coated
PCL and mePEG-PCL nanospheres were developed to
encapsulate poorly soluble chemotherapeutic agent doce-
taxel (DOC) to improve solubility of drug and to enhance
cellular penetration with longer residence time and higher
local drug concentration. Nanospheres were prepared
according to the nanoprecipitation method and coated with
hydroxypropyl-B-cyclodextrin (Cavasol® W7HP). Cyclo-
dextrin coating was performed for higher drug encapsula-
tion and controlled but complete drug release from
nanoparticles. Nanoparticle diameters varied between 60
and 136 nm depending on polymer used for preparation
and coating. All nanoparticles have negative surface
charge and zeta potential values varied between —22 and
—37 mV. Encapsulation efficiency of formulations were
found to be between 46 and 73 % and CD coated
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nanoparticles have significantly higher entrapment effi-
ciency. Drug release profiles of nanoparticles were similar
to each other and all formulations released encapsulated
drug in approximately 12 h. Especially, CD-PCL nano-
particles were found to have highest entrapment efficiency
and anticancer efficacy against MCF-7 human breast ade-
nocarcinoma cell lines. Our study proved that polycapro-
lactone and its PEGylated derivatives can be suitable for
development of implantable nanoparticles as a potential
drug delivery system of DOC for cancer treatment and a
good candidate for further in vivo studies.
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Introduction

Cancer is a major fatal disease globally with gradually
increasing rate of incidence and it consists the cause of
25 % of all deaths [1]. Treatment of cancer is a challenging
problem and conventional therapies are inadequate for
effective and safe therapy. The most common problems for
treatment of solid tumors is the insufficiency of chemo-
therapy following surgical operation and recurrence of
cancer after therapy. The need for selective cytotoxicity
against tumor cells left after removal of the solid tumor can
be established by drug delivery to the tumor site with a
lower therapeutic dose and by controlled release of the
active ingredient at tumor tissues achieved by nanotech-
nology and nanoparticulate drug delivery systems. In fact,
nanomedicines for cancer therapy have been approved by
FDA and other health authorities in the last decade with
new generations and follow-on products that are being
developed [1-4].
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Docetaxel is a potent anticancer drug and inhibits
microtubule polymerization in the cell. It is derived from
the needles of the European Yew (Taxus baccata) and is
accepted as a semi synthetic analogue of paclitaxel which
is well-known anticancer drug. Both taxane drugs are used
for treatment of cancer types such as breast, lung, ovarian,
pancreatic, gastric, melanoma, soft tissue sarcoma, head
and neck. In spite of their advantages, docetaxel and other
taxane derivatives are very poorly soluble drugs in water so
they are required to be formulated with solubilizers such as
polysorbate 80 and cremophor EL for parenteral adminis-
tration [5-8]. They have been reported to cause some side
effects such as hypersensitivity reactions, neutropenia,
nausea, vomiting, diarrhea, mucositis, erythema, desqua-
mation, neuropathy, nail toxicity and fluid retention mostly
due to the side effects caused by the solubilizers. To
overcome these side effects and to improve water solubil-
ity, colloidal drug delivery systems such as polymeric
nanoparticles, cyclodextrin complexes, liposomes, micelles
and dendrimers are developed and these drugs are encap-
sulated in nanocarriers for safe and effective delivery [6, 9,
10].

Nanoparticle-based drug delivery systems are colloidal
drug carrier systems with submicron particle size prepared
mainly with synthetic or natural polymers. Most important
advantage of nanoparticulate drug delivery systems over
conventional drug delivery in cancer is that nanoparticles
tend to accumulate in tumor tissue owing to their size via
the Enhanced Permeation and Retention effect and release
their load at the target site with therapeutic efficacy in a
much lower dose. This also results in the reduction of dose-
dependent side effects and leads to concentration depen-
dent enhanced efficacy. Tumor targeting properties of
nanoparticles can be enhanced by surface modification
with antibodies, ligands or molecules that facilitate cellular
uptake. Cationic polymers are used for this purpose
increasing interaction with biological membranes and
facilitating intracellular drug delivery surface modification
can also alter drug encapsulation efficiency and drug
release profile depending on the physicochemical proper-
ties of the active ingredient and its affinity to the core or
shell polymer [11-16].

Poly(e-caprolactone) (PCL) is hydrophobic, semi-crys-
talline polymer which is non-toxic, biodegradable and
biocompatible. It is approved by FDA for therapeutic use
and known to have a low degradation rate. Besides this,
PCL-based systems have been used as suture material,
wound dressing, contraceptive device, fixation device,
scaffold material at tissue engineering and filling material
at dentistry for several years [17-20]. PCL can be easily
modified with other polymers and PCL derivatives can be
obtained for varied purposes. It can copolymerize with
hydrophilic polymers to form amphiphilic copolymers to
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enhance its water solubility and prolong circulation time by
repelling serum proteins. Poly(ethylene glycol)-block-
poly(e-caprolactone) (mePEG-PCL) copolymers, are
obtained by copolymerization of PCL and PEG. This
copolymer is more hydrophilic when compared with PCL.
Besides, it is possible to prepare nanoparticles which can
avoid the mononuclear phagocyte system (MPS) which is
responsible for opsonization and clearance of foreign
materials in the blood [21-26].

Cyclodextrins that are enzymatic degradation products
of starch are also utilized to prepare or modify nanoparti-
cles in the last decade. Cyclodextrins, cyclic oligosaccha-
rides are known for modifying, the physicopharmaceutical
properties of various drugs through formation of inclusion
complexes. These non-covalent complexes offer a variety
of physicochemical advantages such as increased water
solubility and stability. Derivatives are reported to have
mucosal penetration enhancer properties and improve sol-
ubility of drugs like docetaxel while reducing side effects.
Hydroxypropyl-B-cyclodextrin  (HP-B-CD) have been
widely investigated for parenteral formulations because of
its high solubility and non-toxicity. Cyclodextrin deriva-
tives were in fact reported to improve stability of taxanes-
based chemotherapy drugs against hydrolysis and increase
cellular uptake [27]. Thus cyclodextrin coated nanoparti-
cles is a good candidate for docetaxel loaded delivery
system for high drug loading and good release properties.

In this study, PCL and its amphiphilic copolymer me-
PEG-PCL were used as core polymers to form nanoparti-
cles able to encapsulate high amounts of hydrophobic drug
docetaxel. These core nanoparticles were coated with a
water soluble cyclodextrin HP-B-CD for surface modifi-
cation intended to allow controlled but complete release of
the therapeutic load as well as to increase drug loading.
The purpose of this study was to design docetaxel loaded
and cyclodextrin coated nanoparticles using PCL and its
derivative mePEG-PCL to be applied as implants to solid
tumor site following surgical operation or injected at the
tumor site in cancer patients. For this purpose, four dif-
ferent nanoparticle formulations were prepared and char-
acteristic parameters such as particle size, polydispersity
index (PDI), surface charge, drug loading capacity and
drug release profiles were comparatively evaluated as well
as anticancer efficacy in cell culture studies.

Materials and methods
Materials
Docetaxel (DOC) (MW: 807.88 g/mol, purity 97 %) was

purchased from Fluka (Buchs, Switzerland). Poly-g-cap-
rolactone (PCL) (Mn: 80,000 Da) and Poly(ethylene
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glycol)-block-poly(e-caprolactone) methyl ether (mePEG-
PCL) (PEG Mn:5,000 Da; PCL Mn: 5,000 Da) were pur-
chased from Aldrich (St. Louis, MO, USA). Hydroxypro-
pyl-B-cyclodextrin (CAVASOL® W7 HP) (Mw: 1,400 Da)
(CD) was supplied by Wacker Chemie AG (Miinchen,
Germany). All organic solvent such as dichloromethane
(DCM) (CHROMASOLV® Plus, for HPLC, >99.9 %),
acetone (CHROMASOLV®, for HPLC, >99.9 %), aceto-
nitrile (CHROMASOLV® Plus, for HPLC, >99.9 %) and
surfactant Polysorbate 80 (TWEEN® 80) (MW: 1,310 Da)
were supplied by Sigma Chemicals Co. (St. Louis, MO,
USA). Ultrapure water was obtained from Millipore Sim-
plicity 185 Ultrapure Water System (Millipore, France).

Methods
Preparation of nanospheres

Nanospheres were prepared according to the nanoprecipi-
tation method introduced by Fessi et al. (1998) [28] mod-
ified for this study to give HP-B-CD coated nanoparticles.

Preparation of PCL and mePEG-PCL nanoparti-
cles Polymer (PCL or mePEG-PCL) was dissolved in
acetone (% 0.1 w/v) under magnetic stirring and moderate
heating. This organic solution consisting of polymers was
added to ultrapure water (1:2 v/v). In this way, nanoparti-
cles were spontaneously obtained. Organic solvent was
evaporated under vacuum (IKA-Werke-RV06 ML, Ger-
many) and removed to organic solvent waste. Nanoparticle
aqueous dispersion was obtained in the desired final
volume.

Preparation of HP-B-CD coated nanoparticles Polymer
(PCL or mePEG-PCL) was dissolved in acetone (% 0.1
w/v) under magnetic stirring and moderate heating. This
organic solution consisting of polymers was added to water
(1:2 v/v) which contains cyclodextrin (Cavasol® W7 HP)
(% 0.01 w/v). In this way, nanoparticles were spontane-
ously obtained. Organic solvent was evaporated under
vacuum (IKA-Werke-RV0O6 ML, Germany) and removed
to organic solvent waste. Nanoparticle aqueous dispersion
was obtained in the desired final volume.

Docetaxel was used as a model drug to prepare drug
loaded nanoparticles. For preparation of drug loaded nan-
ospheres, docetaxel (% 0.01 w/v) was dissolved in acetone
with polymer before addition of organic solvent to ultra-
pure water.

All formulations were centrifuged at 3,500 rpm for
15 min (Hermle Z-323 K, Germany) and supernatant were
separated to eliminate the polymer aggregates and free
drug.

In vitro characterization of nanospheres

Particle size distribution Mean particle size (nm) and
polydispersity index (PDI) values of all formulations were
determined by Malvern NanoZS (Malvern Instruments,
UK) which use quasi-elastic light scattering tech-
nique (QELS). All formulations were measured in dispos-
able capillary cell and determined at an angle of 173° and
room temperature (n = 3).

Surface charge Surface charge (mV) of all formulations
were determined by Malvern NanoZS (Malvern Instru-
ments, UK) and calculated as zeta potential. All formula-
tions were determined at room temperature (n = 3).

Encapsulation efficiency Encapsulated drug quantity of
drug loaded formulations were determined directly using
an analytically validated HPLC method (HP Agilent 1100
HPLC system, Germany). Drug loaded nanoparticles have
been lyophilized for 24 h and obtained in powder form.
This powder was dissolved in DCM to expose encapsulated
drug and added to acetonitrile (1:10 v/v). DCM were
evaporated under nitrogen and suspension were analyzed
by analytically validated HPLC technique (* = 0.9999).
Chromatographic separation was achieved using an ODS
column at 25° C (Develosil ODS-UG-5 4.6 mm/150 mm
5.6 um). Mixture of ultrawater/acetonitrile (50:50) was
used as mobile phase. The flow rate was set to 1.0 mL/min,
UV detection wavelength was 229.6 nm and the retention
time of DOC was about 8.4 min. Associated Drug (%) (see
Eq. 1), Entrapment Efficiency (see Eq. 2), Entrapped Drug
Quantity (see Eq. 3) were calculated as follows;

determined DOC quantity (ug)

initial DOC quantity (ug)
x 100

Associated drug (%) =

(1)

DOC tit
Entrapment Efficiency (%) = Polymerqlcllizgti};y(lzig)

x 100

(2)
DOC quantity (ug)
Formulation volume (mL)

(3)

Drug release Release profile of drug loaded formulations
were determined using dialysis technique in PBS buffer
(pH 7.4) containing 0.1 % Tween 80 providing sink con-
ditions. Nanoparticle suspensions were put in dialysis
membrane bag (Cellulose Membrane MWCO: 100,000 Da,
Sigma Chemicals Co., USA) placed release medium in
PBS buffer and held in a thermostated shaker bath system

Entrapped Drug Quantity =
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(Memmert, Schwabach, Germany) at 37 °C. At predeter-
mined time intervals (1, 2, 4, 6, 12 h), 0,5 mL samples
were withdrawn from the system replaced with same vol-
ume of fresh medium and DOC content was determined
with HPLC technique to obtain cumulative drug release
profile.

Anticancer efficacy

Anticancer efficacy of docetaxel encapsulated into CD-
coated nanoparticles were evaluated in terms of cell via-
bility based upon MTT assay. In this context, docetaxel
solution was compared to equivalent concentration of
docetaxel loaded into PCL, mePEG-PCL, CD-PCL and
CD-mePEG-PCL nanoparticles.

MCF-7 human breast adenocarcinoma cell line were
obtained from the American Type Culture Collection
(ATCC, LGC Promochem, Rockville, MD, USA) and all
reagents were obtained from Biochrom (Berlin, Germany).
Cell line was cultured in Dulbecco’s MEM, supplemented
with 10 % fetal bovine serum (FBS), penicillin (100 units/
mL) and streptomycin (100 pg/mL). The cultures were
maintained at 37 °C in a humidified 5 % CO, incubator.

The anticancer efficacy of DOC-loaded nanospheres
formulations PCL, CD-PCL, mePEG-PCL and CD-me-
PEG-PCL were determined against MCF-7 cell line with
MTT assay. DOC solution used in the cytotoxicity assays
was prepared in dimethyl sulfoxide. DOC concentrations in
the formulations and solution were maintained in the same
range throughout the cytotoxicity studies. MCF-7 cells
were resuspended in complete medium and seeded in
96-well tissue culture plates at a concentration of
10 x 10%100 pL per well. The cells were allowed to
attach to the surface for 24 h and then exposed to 100 pL
of diluted formulations which contain 1 puM DOC in
DMEM. After 72 h of incubation, 25 pL. of MTT solution
(5 mg/mL) were added. The formazan crystals produced
were solubilized by adding 200 pL. DMSO. Optical den-
sities (OD) were read at 450 nm using a microplate reader
(Molecular Devices, USA). The cells incubated in culture
medium alone served as a control for cell viability. All
assays were performed in quadruplicate and mean OD
values were used to estimate the cell viability.

Results

Particle size, polydispersity index and zeta potential values
of nanoparticles are presented in Table 1. Particle size of
nanoparticle formulations were found to be optimum
between the range of 60 and 136 nm suitable for longer
circulation and facilitates cellular uptake. Polydispersity
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Table 1 Mean diameter, zeta potential and polydispersity index of
nanoparticle formulations

Mean diameter Polydispersity ~ Zeta potential
(nm) index (mV)
PCL 126.8  £0.1528 0.078 =+0.007 —-37.2 +£0.551
CD-PCL 136.0 £1.473 0.090 =+0.021 —34.8 =£0.529
mePEG- 60.85 =£0.9804 0.160 =+£0.010 —22.1 =£4.55
PCL
CD- 74.44 £0.7753 0.328 +£0.010 -25.6 =£1.50
mePEG-
PCL
100
~ 90
T80
e 70
£ 60
9 50
3 40
g8 30
% 20
< 0
0
PCL CD-PCL mePEG-PCL  CD-mePEG-PCL

Fig. 1 Effect of CD coating on docetaxel loading efficiency

Table 2 Associated drug (%), entrapment efficiency (%) and
entrapped drug quantity of formulations

Associated  Entrapment Entrapped drug
drug (%) efficiency (%)  quantity
PCL 46.48 9.39 51.64
CD-PCL 73.26 15.11 81.4
mePEG-PCL 60.97 12.19 67.74
CD-mePEG-PCL  65.06 13.01 72.28

index of all formulations were found to be below 0.33 and
indicate unidisperse homogeneous nanoparticles. Zeta
potential values are between —22 to —37 mV. Coating
with cyclodextrin caused to increase of particle size about
9-13 nm.

Associated drug (%) of formulations were found to be
between 46 and 73 % and effects of CD coating on drug
loading can easily be observed in Fig. 1. Associated drug
(%), Entrapment Efficiency (%) and Entrapped Drug
Quantity of formulations are presented in Table 2. mePEG-
PCL nanoparticles have higher entrapment efficiency when
compared to PCL nanoparticles. The highest entrapment
efficiency was found with CD-PCL (15 %).

As a result of in vitro release studies, it was observed
that all formulations release encapsulated drug in about
12 h as seen in Fig. 2.
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Fig. 2 In vitro docetaxel release profile from nanoparticles

Anticancer efficacy of DOC-loaded nanospheres were
evaluated on MCF-7 cells and all formulations have sig-
nificant cytotoxic effect on MCF-7 cells as shown in Fig. 3.
Especially, DOC-loaded CD-PCL nanospheres have higher
cytotoxicity when compared to other formulations and
DOC solution.

CD coating was found to exert its effect on mean
diameter as an increase of approximately 10 nm followed
by a significant increase in drug loading. CD coating also
accelerated the release of docetaxel from the nanoparticles.

Discussion

Particle size of drug carrier systems which are above
400 nm are important for cellular uptake. Studies showed
that nanoparticles which have smaller particle size can
enter the cancer cell more easily and quickly [29, 30].

100
~ 80
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o
2
>
£ 60
=
©
>
o 4
3 0
x
20
0
PCL CD-PCL
W Cell Viability (%) 56,5 47,8 53,9

mePEG-PCL

Polydispersity index of all formulations were found to be
below 0.33 and acceptable indicating homogeneous size
distribution. Zeta potential values are between —22 to
—37 mV. It was reported that nanoparticles which have
between —30 mV and 430 mV zeta potential value are
more stable and increase of these values at negative or
positive direction causes aggregation risk [31, 32]. Even
though, zeta potential values of PCL (—37.2 mV) and CD-
PCL (—34.8 mV) were slightly higher than —30 mV, no
aggregation have been observed during experimental study.

Coating with cyclodextrin caused increase of particle
size, indicating presence of cyclodextrin coating layer on
surface of nanoparticles. Zeta potential values also con-
firmed these results. CD has neutral zeta potential and it
was supposed that coating with CD reduce surface charge
[33]. In fact, cyclodextrins were reported to have very low
effect on zeta potential of nanoparticles of iron [34]. Our
results showed that surface charge of PCL nanoparticles
were reduced about 3 mV after coating with CD. Nano-
particles which prepared from mePEG-PCL have smaller
particle size than PCL nanoparticles. mePEG-PCL
copolymers are more soluble in water compared to PCL
because of amphiphilic properties of mePEG-PCL. This
properties can be effective on smaller particle size and
mePEG-PCL nanoparticles were reported to have smaller
particle size compared to PCL nanoparticles [35].

When Table 2 is examined for the loading properties of
docetaxel to PCL and mePEG-PCL nanoparticles and effect
of CD coating on encapsulation efficiency, it is clearly seen
that CD coating results in a twofold increase in drug loading
for PCL nanoparticles. This can be attributed to the fact that
hydrophobic docetaxel will have a high affinity to the apolar

CD-mePEG-PCL DOC Sol. Control
51,8 51,2 100,0

Fig. 3 Cell viability (%) of MCF-7 human breast adenocarcinoma cells treated with docetaxel solution and docetaxel in nanoparticles (£SD,

n=3)

@ Springer



14

J Incl Phenom Macrocycl Chem (2014) 80:9-15

cavity of HP-B-CD in the coating layer of the nanoparticles.
This affinity was demonstrated previously in several studies
[36-39]. It is also noteworthy that this effect is much less
pronounced for mePEG-PCL nanoparticles. mePEG-PCL
nanoparticles already have amphiphilic properties due to
hydrophilic PEG chains and hydrophobic PCL in the same
structure. Although resulting nanoparticles are smaller in
size thanks to this amphiphilicity. PEG chains may cause
steric hindrance and prevent the hydrophobic drug to be
encapsulated with in the nanoparticle matrix.

Figure 2 representing the release behaviour of DOC
from different nanoparticles suggest a controlled release
profile for all nanoparticles. mePEG-PCL and CD-mePEG-
PCL released the drug somewhat smaller. Nevertheless all
formulations released about 50 % of drug load in the first
1 h followed by a controlled liberation of complete load in
12 h. Fastest release profile was obtained with CD-PCL
nanoparticles with complete release within 4 h. It can be
suggested that solubilization properties of HP-B-CD helped
facilitate and accelerate drug release from PCL nanopar-
ticles. The fact that a burst effect is observed within the
first hour may indicate that a significant percentage of the
drug is adsorbed or included in the nanoparticle surface.

Figure 3 represent the anticancer efficacy of docetaxel
in DMSO in comparison to docetaxel incorporated in
nanoparticles. It is clearly seen that all nanoparticle for-
mulations were proved to exert equivalent anticancer effect
as drug solution in DMSO. Docetaxel in CD-PCL nano-
particles were demonstrated to be slightly more effective
than other formulations probably due to the high drug
loading and fast release behavior.

Conclusion

In the light of the data obtained in this study, it can be
concluded that formulations which were prepared with
mePEG-PCL as polymer have significantly smaller particle
size and longer drug release profile compared to other PCL
formulations. Even though coating with cyclodextrin sig-
nificantly increased encapsulation efficiency and anticancer
activity, particle size and polydispersity index remained
unchanged. HP-B-CD coated PCL nanoparticles can be
considered as promising systems for docetaxel delivery for
injectable or implantable nanoparticles with favorable size
and loading for eventual intracellular drug delivery.
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