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Abstract

Despite recent advances in cancer therapy, many malignant tumors still lack effective treatment and the prognosis is very poor.
Paclitaxel is a potential anticancer drug, but its use is limited by the facts that paclitaxel is a P-gp substrate and its aqueous solubility
is poor. In this study, three-step tumor targeting of paclitaxel using biotinylated PLA-PEG nanoparticles and avidin–biotin technology
was evaluated in vitro as a way of enhancing delivery of paclitaxel. Paclitaxel was incorporated both in biotinylated (BP) and non-bio-
tinylated (LP) PEG-PLA nanoparticles by the interfacial deposition method. Small (mean size � 110 nm), spherical and slightly nega-
tively charged (�10 mV) BP and LP nanoparticles achieving over 90% paclitaxel incorporation were obtained. The successful
biotinylation of nanoparticles was confirmed in a novel streptavidin assay. BP nanoparticles were targeted in vitro to brain tumor
(glioma) cells (BT4C) by three-step avidin–biotin technology using transferrin as the targeting ligand. The three-step targeting procedure
increased the anti-tumoral activity of paclitaxel when compared to the commercial paclitaxel formulation Taxol� and non-targeted BP
and LP nanoparticles. These results indicate that the efficacy of paclitaxel against tumor cells can be increased by this three-step targeting
method.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

There are many cases where the administration of anti-
cancer drugs is limited by their unsatisfactory properties
such as poor solubility, narrow therapeutic window and
P-glycoprotein (P-gp) substrate specificity. For example,
paclitaxel is a very promising chemotherapy agent but
unfortunately it shows poor aqueous solubility. The cur-
rently available commercial formulation Taxol� contains
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Cremophor EL (polyethoxylated castor oil) and ethanol
as excipients to promote solubilization. Cremophor EL
can induce severe side-effects including hypersensitivity
reactions, nephrotoxicity and neurotoxicity [1]. In addition
to the formulation problems, paclitaxel is a substrate for
the P-gp transporter which impedes the permeability of
the drug through physiological barriers and prevents it
from gaining access to tumor tissue [2–5].

Paclitaxel targeting utilizing stealth nanoparticles made
of hydrophobic polymers could solve some of the problems
associated with paclitaxel delivery. No harmful excipients
are needed to formulate paclitaxel preparations if nanopar-
ticles prepared from hydrophobic polymers are used for the
drug delivery. When compared to non-stealth nanoparti-
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cles, stealth nanoparticles show extended blood circulation
times, resulting in a better tissue distribution [6]. Tumor
targeting of drug may be achieved either by a direct target-
ing method or by resorting to the pretargeting multistep
method. In the case of direct targeting, the targeting ligand
is attached onto the nanoparticles. Whereas in the case of
the pretargeting method, the ligand, intended to be concen-
trated and localized in the tumor, is administered before
the administration of drug-loaded carrier. Typically the
pretargeting method results in a longer circulation time
of the nanoparticles after repeated dosing when compared
to directly targeted nanoparticles [7]. This can be explained
by the fact that the pretargeting method does not unfavor-
ably change the physicochemical properties of the nano-
particles since it is not necessary to attach a targeting
ligand, such as a large antibody, onto the surface of the
nanoparticles.

The use of avidin–biotin technology may represent a
versatile approach to target nanoparticles into the tumor
tissue. The avidin–biotin bond is the strongest protein–
ligand interaction known in nature [8]. The avidin–biotin
technology has long been utilized in immunohistochemistry
and molecular biology [9]. Recently, this technology has
been applied for drug targeting [10–14]. The three-step
method using avidin–biotin technology that is used in
human imaging and therapy of cancer tissue [15–18]
includes the following steps: (i) i.v. administration of bio-
tinylated targeting ligands, (ii) i.v. administration of avidin
and (iii) i.v. administration of biotinylated drug or drug-
loaded carrier.

The aim of this study was to develop paclitaxel-loaded
stealth nanoparticles which could be targeted into the can-
cer cells via three-step avidin–biotin technology. To achieve
this goal, PLA-PEG-biotin polymer was synthesized and
characterized. Biotinylated paclitaxel-loaded nanoparticles
were prepared by the interfacial deposition method. The
resulting formulations were characterized in terms of size,
charge, morphology, drug encapsulation and drug release.
Furthermore, the functionality of biotinylated nanoparti-
cles was assessed by a newly developed biotin–avidin affin-
ity assay. The in vitro cytotoxicity of the nanoparticles was
evaluated against glioma cells (BT4C) using biotinylated
transferrin as a targeting ligand.

2. Materials and methods

2.1. Materials

Paclitaxel (from Taxus yannanensis) (T-1912) was
obtained from Sigma–Aldrich Co. Ltd. (St. Louis, USA).
Taxol� was supplied by Bristol-Myers Squibb (New York,
USA). D,L-Lactide was purchased from Purac (Gorinchem,
Netherlands). Me-PEG-OH (�2000 g/mol) was obtained
from Fluka (Seelze, Germany). HO-PEG-NH2 was pur-
chased from Nektar Therapeutics (Mw = 3400 g/mol,
Huntsville, AL, USA). NHS-biotin, triethylamine, stan-
nous octoate, Dulbecco’s modified Eagle’s medium and
Eagle’s minimum essential medium were products of
Sigma–Aldrich Co. Ltd. (St. Louis, USA). L-Glutamine,
non-essential amino acids and sodium pyruvate were pro-
vided by Gibco (Grand Island, NY, USA). Biotinylated
transferrin (A-2666), neutravidin and 1% glutamax were
products of Molecular Probes (Leiden, Netherlands) while
fetal bovine serum was from HyClone (Logan, Utah,
USA). CellTiter-BlueTM reagent was obtained from Pro-
mega (Southampton, UK). Sterile water and NaCl 0.9%
were obtained from Baxter (Vantaa, Finland) and deion-
ized water was processed by a Milli-Q system (Millipore).
Other reagents were of reagent grade.

2.2. Polymer synthesis and characterization

2.2.1. PLA-PEG-biotin synthesis by solution polymerization

Polymer synthesis was performed using the method of
Salem et al. with slight modifications [19]. Briefly, biotin-
PEG-OH was prepared as follows. 1 g of HO-PEG-NH2

(Mw: 3400 g/mol) was dissolved in 2 ml of acetonitrile at
room temperature. Triethylamine (80 ll) and dichloro-
methane (1 ml) were added and mixture was stirred for
1 min. Next, NHS-biotin (0.25 g) was added and stirring
was continued overnight under argon. The mixture was fil-
tered and the biotin-PEG-OH polymer was precipitated
with an excess of diethyl ether. The precipitated polymer
was filtered and purified by dissolving it into hot 2-propa-
nol (70 �C) and then allowed to cool down. The reprecipi-
tated polymer was then filtered again. Water residues were
removed by dissolving the polymer in toluene and refluxing
for 4 h with a Dean-Stark trap. The toluene was evapo-
rated and the polymer was dried in a vacuum.

Purified biotin-PEG-OH (0.3 g) and D,L-lactide (1.8 g)
were dissolved in 10 ml of toluene and the mixture heated
to 70 �C. Stannous octoate solution in toluene
(0.03 mol% in relation to D,L-lactide) was added and the
reaction was carried out by refluxing at 111 �C for 4.5 h
under argon. After reaction, toluene was removed with
vacuum distillation and the reaction was completed under
argon flow for 1 h at 140 �C. The product was purified
by precipitating the polymer from dichloromethane solu-
tion (10 ml) by adding it to an excess of cool diethyl ether.
The PLA-PEG-biotin polymer was dried and stored in a
vacuum. The reaction steps were followed by 1H NMR
analysis which confirmed that the products contained the
desired structures.

2.2.2. PLA-PEG synthesis by melt polymerization

PLA-PEG was prepared by melt polymerization using
stannous octoate (0.03 mol%) as an initiator and Me-
PEG-OH as a co-initiator. A round-bottomed flask was
charged with D,L-lactide (25.9 g) and Me-PEG-OH
(2.5 g). Polymerization was carried out at 140 �C with mag-
netic stirring under argon for 16 h. After polymerization,
the product was purified by precipitating the polymer/
dichloromethane solution with an excess of hexane, and
dried in a vacuum.
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2.3. Polymer characterization

Molecular weights (Mw, Mn) were determined by size
exclusion chromatography (SEC) (Waters System Interface
module, Waters 510 HPLC Pump, Waters 410 Differential
Refractometer, Waters 717plus autosampler, and four linear
PL gel columns: 104, 105, 103 and 100 Å connected in series)
The flow rate of the chloroform was 1 ml/min and the injec-
tion volume was 200 ll. Before analysis, the samples were fil-
tered through a 0.5-lm Millex SR filter. Monodisperse
polystyrene standards were used for the calibration.

More accurate structures of the prepared polymers were
provided by 1H NMR. For 1H NMR measurements, the
samples were dissolved in DMSO-d6 in 5-mm NMR tubes
at room temperature. The sample concentration was about
1.0% by weight. NMR spectra were recorded on a Varian
Gemini 2000 spectrometer working at 300 MHz for protons.

Melting temperatures (Tm) and glass transition tem-
peratures (Tg) were measured by differential scanning
calorimetry (DSC) (Mettler Toledo Star) in a nitrogen
environment. Samples (5–10 mg) were heated twice, at a rate
of 10 �C/min, to ensure that their thermal histories were sim-
ilar. The temperature range was between �100 and 250 �C.
The melting temperature and glass transition temperature
were determined from the second heating scan.

2.4. Preparation of nanoparticles

Nanoparticles were prepared by the interfacial deposi-
tion solvent displacement method [20]. Briefly, 1 mg of
PLA-PEG-biotin and 99 mg of PLA-PEG (BP) or 100 mg
of PLA-PEG (LP) were dissolved in 1 ml of acetone con-
taining 1 mg of paclitaxel. The mixture was vortexed until
solids dissolved and then 9 ml of acetone was added into
the solution just before adding the organic phase drop-wise
into 10 ml of water phase (4 ml NaCl 0.9% and 6 ml H2O)
with magnetic stirring. The suspension was allowed to sta-
bilize with stirring for 5 min. Acetone and the surplus of
water were removed by rotavapor (BÜCHI, Flawil, Swit-
zerland) at 25 �C under nitrogen flow. The suspension
was kept at 200 mbar for 2 h to remove all of the acetone
from the solution. The suspension was made up to a vol-
ume of 4 ml with water and sonicated for 2 min (Finnsonic
m03, Lahti, Finland) to brake cluster of particles. Finally,
suspension was filtered through 1.2 lm membrane filter to
remove aggregates and non-incorporated drug. Unloaded
nanoparticles were prepared using the same procedure
without the drug. For cell studies, all steps were completed
aseptically with sterilized equipment.

2.5. Physicochemical characterization of nanoparticles

2.5.1. Determination of drug amount

The amount of paclitaxel in nanoparticles was determined
using the previously described extraction method with slight
modifications [21]. The paclitaxel content was determined
both from the nanoparticle suspension and from washed
lyophilized nanoparticles. In the case of the suspension
method, 100 ll of aqueous nanoparticle suspension was
dried under a nitrogen stream and the drug content in the
dried nanoparticles was determined as described below.
The washed lyophilized nanoparticles were prepared as fol-
lows: 0.5 ml of nanoparticle aqueous suspension was centri-
fuged (Heraeus Biofuge 17 RS, Heraeus Sepatech, Hanau,
Germany) at 17,000 rpm for 30 min (+20 �C). Then the sam-
ple was washed with 1 ml of Mq-water and centrifuged
again. The resulting pellet was frozen (�86 �C) and dried
with freeze dryer for 24 h (FST Systems Inc., New York,
USA). Either the exactly weighed nitrogen stream-dried
nanoparticles (�2.5 mg) or the lyophilized nanoparticles
(�2.5 mg) were dissolved in 1 ml of DCM and then 5 ml of
acetonitrile–water (50:50) solution was added and the mix-
ture was vortexed vigorously for 2 min. A nitrogen stream
was introduced until the polymer precipitated and a clear
solution was obtained. The solutions with precipitated poly-
mer were centrifuged for 10 min at 5000 rpm (Megafuge
1.0R, Heraeus instruments, Hanau, Germany) and the
supernatant was collected. This was followed by wash with
5 ml of acetonitrile–water (50:50) and centrifugation at
5000 rpm for 10 min. The supernatant was collected and
the samples were made up to volume with acetonitrile–water
(50:50), and the paclitaxel concentration was analyzed by
HPLC as described below. The extraction efficiency of paclit-
axel was determined as follows: equal concentrations of pac-
litaxel and polymer when compared to their concentration in
the nanoparticles were dissolved in 1 ml of DCM and extrac-
tion was performed as described above. The extraction effi-
ciency of paclitaxel was 95.6% (n = 5, SD = 2.6) and this
value was used to calculate the amount of drug in the
particles.

The Gilson HPLC system consisted of a detector (UV/
VIS-151), pump (321), autoinjector (234), interface (Hercule
Lite for Borwin 1.5) and integrator (Borwin 1.5). The mobile
phase consisted of a mixture of acetonitrile and water
(50:50 v/v). A reverse-phase Supelcosil� C-18 column
(150 � 4.6 mm id, pore size 5 lm, Supelco, Bellefonte,
USA) was used for the chromatographic separation with
an injection volume of 20 ll. Paclitaxel was detected at
227 nm and the area under the curve was used for quantifica-
tion. The calibration curve of the paclitaxel was linear over
the range 0.05–50 lg/ml with a correlation coefficient of
R2 P 0.999).

The encapsulation efficiencies of the drug loading were
calculated using Eqs. (1) and (2), respectively.

Encapsulation efficiency ð%Þ
¼ ðpaclitaxel amount in nanoparticlesðmgÞ=

initial drug amountðmgÞÞ � 100% ð1Þ

Drug loading ð%Þ
¼ ðpaclitaxel amount in nanoparticlesðmgÞ=

dry weight of nanoparticlesðmgÞÞ � 100% ð2Þ
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2.5.2. In vitro drug release
The in vitro release of paclitaxel from nanoparticles was
determined by the ultracentrifugation method. A total of
40 ll of nanoparticle aqueous suspension was added into
5 ml of pH 7.4 phosphate-buffered saline solution contain-
ing 0.2% of sodiumlaurylsulfate (SLS). SLS was added into
the release medium to enhance the solubility of paclitaxel.
The nanoparticle sample contained about 10 lg of paclit-
axel in the release studies. The solubility of paclitaxel in
the release medium was analyzed to be 38 lg/ml, and thus
the release studies were conducted under sink conditions
(maximum paclitaxel concentration in release medium
was 2 lg/ml). Nanoparticles were incubated in 10 ml tubes
at a frequency of 120 strokes/min at 37 �C (Grant OLS200,
Cambridge, UK). Samples were withdrawn at predeter-
mined time points and nanoparticles were separated by
high-speed centrifugation at 25,000 rpm for 30 min at
4 �C in a Beckman Avanti J-30I centrifuge (rotor JA-
25.15, 74200 G). The concentration of paclitaxel in the
supernatant was determined by the HPLC as described in
Section 2.5.1.

2.5.3. Particle size distribution, morphology and zeta-

potential of nanoparticles

Particle mean size and size distribution were measured
by the light scattering method using Nicomp Zeta Poten-
tial/Particle Sizer (model 380 XLS, NicompTM, Santa Bar-
bara, CA). The nanoparticle suspension was diluted in
purified water before the measurement. The zeta-potential
of the nanoparticles was measured by the Malvern Zetasiz-
er 3000HS (Malvern Instruments, UK), and the suspension
samples were diluted in 20 mM Hepes (pH 7.4). For each
sample, the mean value of at least 10 measurements was
calculated.

The morphology of the nanoparticles was studied by
transmission electron microscopy (TEM) (JEM-1200EX,
JEOL Ltd., Tokyo, Japan). A drop of nanoparticle suspen-
sion diluted in water was placed on a carbon-coated copper
grid. After 1 min, the sample was washed with ultra-puri-
fied water and the excess of fluid was removed by a piece
of filter paper. Finally, the sample was negative stained
with 2% phosphotungstic acid solution for 30 s. and the
excess of the fluid removed and the dry sample analyzed.

2.5.4. Biotin-affinity assay

The accessibility and functionality of biotin on the sur-
face of nanoparticles were evaluated by the biotin–strepta-
vidin binding method. Nanoparticles with (BP) and
without (LP) biotin were diluted in filtered (0.45 lm) bind-
ing buffer (20 mM sodium phosphate, 0.15 M NaCl, pH
7.5). A HiTrapTM streptavidin HP column (Amersham
Biosciences, Uppsala, Sweden) was equilibrated with the
binding buffer according to product instructions. The sam-
ples were pumped into the column by peristaltic pump at a
flow rate of 0.1 ml/min. The fraction of outcoming (i.e. not
bound) nanoparticles was measured by two techniques: an
HPLC-GPC method and a light scattering method
(NICOMP). The light scattering method was based on the
intensity value which is proportional to the amount of
particles. HPLC system, described in Section 2.5.1, was used
with a size exclusion column (PL aquagel-OH Mixed 8 lm,
300 � 7.5 mm, Polymer Labs, UK) and 100 ll injection
volume. The HPLC measurement was performed at
225 nm with a flow rate of 0.4 ml/min using binding buffer
as a mobile phase. Standard curves were made by diluting
the nanoparticle suspension in binding buffer.

2.6. In vitro anti-tumoral activity

BT4C cells, rat glioma cell line, were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and 1% glutamax. HepG2 cells, Human
hepatocellular liver carcinoma cell line, were grown in
Eagle’s minimum essential medium adjusted to contain
1.5 g/L sodium bicarbonate and supplemented with
2 mM L-glutamine, 0.1 mM non-essential amino acids,
1.0 mM sodium pyruvate, 10% FBS, penicillin (100 IU/
ml) and streptomycin (100 lg/ml). Cells were grown in an
atmosphere of 95% humidified air and 5% CO2 at 37 �C.
Exponential growth was maintained using appropriate
splitting and renewal of medium. For the experiments, cells
were seeded onto 96-well plates (Cellstar) at a density of
10,000 cells/well and incubated overnight.

The effects of studied formulations at paclitaxel concen-
trations from 0.1 to 50 lg/ml on cell viability were studied
in the presence and absence of targeting. The three-step
method was used for the targeting of paclitaxel-loaded bio-
tinylated nanoparticles (BP), i.e. (1) cells were incubated
with biotinylated transferrin (50 lg/ml) for 15 min, (2) cells
were incubated with neutravidin (50 lg/ml) for 5 min and
(3) cells were incubated with BP nanoparticles for 15 min.
The one-step method was used for the non-targeted paclit-
axel-loaded biotinylated (BP) and non-biotinylated (LP)
nanoparticles and for Taxol�, i.e. cells were incubated with
BP or LP nanoparticles or Taxol for 15 min. After every
step, the wells were washed with 200 ll of PBS (pH 7.4).
Then, cells were incubated with culture medium (200 ll/
well) for 3 days. In every case, the BP, LP and Taxol� sam-
ples were diluted in culture medium and administered to
the cells in a volume of 100 ll/well.

After 3 days’ growth, 100 ll of fresh culture medium
was changed to the cells and cell viability was assessed by
adding 20 ll of CellTiter-blue reagent. The assay is based
on the reductive ability of living cells to metabolize resazu-
rin into a fluorescent end-product resorufin. After 2 h of
incubation, the measurements were conducted fluorometri-
cally by a Victor multiplate system (excitation 544 nm and
emission 590 nm, Perkin–Elmer, HTS 7000 Plus, Bio Assay
Reader/Victor2 1420 multilabel counter, Perkin Elmer,
Turku, Finland). Cell viability was calculated by Eq. (3):

Cell viability ð%Þ
¼ ðFluorescencetest cells=Fluorescencecontrol cellsÞ � 100

ð3Þ
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where Fluorescencecontrol cells is the fluorescence of control
cells incubated with cell culture media only.
2.7. Statistical analysis

A non-parametric Kruskal–Wallis test was used to test
the statistical significance of differences between groups.
Significance in the differences of the means was tested using
the Mann–Whitney test. The level of significance was taken
as P < 0.05.
3. Results

3.1. Polymerization

The biotinylated and pegylated polylactides were suc-
cessfully polymerized using solution polymerization and
melt polymerization, respectively. More specific details of
the polymers are given in Table 1. The attachment of biotin
was confirmed by 1H NMR (Fig. 1) and DSC measure-
ments. Two urea protons from the cyclic biotin can be seen
in the biotin-NHS (data not shown), biotin-PEG-OH and
PLA-PEG-biotin spectra at 6.33 and 6.40 ppm. Due to
the low concentration of biotin, the signal is very low in
PLA-PEG-biotin spectrum. The covalent bond between
biotin-NHS and HO-PEG-NH2 was confirmed from the
free amido proton signal at 7.81 ppm (NHCO). Melting
temperatures for biotin-NHS and HO-PEG-NH2 were
216 and 61 �C, respectively. Furthermore, DSC revealed
only one peak for biotin-PEG-OH at 54 �C also confirming
that no free biotin was present.
3.2. Characterization of nanoparticles

Nanoparticles were successfully prepared by the interfa-
cial deposition solvent displacement method using as the
polymer either PLA-PEG (LP) or mixtures of PLA-PEG
and PLA-PEG-biotin (BP). Paclitaxel was encapsulated
effectively both within the LP and BP nanoparticles as
>90% incorporation was obtained in both cases (Table
2). The encapsulation efficiency of washed lyophilized
nanoparticles was close to that achieved with direct mea-
surement from the nanoparticle suspension. This confirmed
that the drug had been effectively incorporated into the
nanoparticles. The size of both LP and BP nanoparticles
was close to 100 nm with a fairly narrow-size distribution
(Table 2). As an example, the TEM picture reveals the
spherical shape and homogeneous size distribution of the
BP nanoparticles (Fig. 2). Both LP and BP nanoparticles
Table 1
Molecular weights (Mw, Mn), glass transition temperatures (Tg), melting temp

Polymer PEG-chain (g/mol) Mw (g/mol)

PLA-PEG 2000 40,500
PLA-PEG-biotin 3400 22,600
exhibited negative surface charge with zeta-potential values
close to �10 mV. It can be concluded that biotinylation
of nanoparticles did not substantially change the character-
istics of the nanoparticles when compared to LP nano-
particles.
3.3. Biotin-affinity assay

The presence of functional biotin on the surface of the
nanoparticles was confirmed by the developed biotin-affin-
ity assay, i.e. nanoparticles were pumped through the strep-
tavidin column and the fraction of unbound nanoparticles
was determined. Biotin molecules bind to avidin and there-
fore biotinylated nanoparticles (BP) are retained inside the
column whereas nanoparticles without functional biotin
(LP) are not retained. Both HPLC-GPC and light scatter-
ing (NICOMP) methods confirmed that the biotinylated
nanoparticles had been effectively bound into the streptavi-
din column whereas non-biotinylated nanoparticles were
not bound (Fig. 3).
3.4. In vitro release study

The in vitro release of paclitaxel from biotinylated nano-
particles is shown in Fig. 4. The release profile shows a high
burst release during the first hour followed by a slower
drug release. Virtually all of the paclitaxel was released
within 24 h. The biotinylation of nanoparticles did not
change the release profile of paclitaxel since the profiles
were identical for BP (Fig. 4) and LP nanoparticles (data
not shown in Fig. 4 for the sake of clarity).
3.5. In vitro anti-tumoral activity

The effects of Taxol�, paclitaxel-loaded LP nanoparticles
and paclitaxel-loaded non-targeted and targeted BP nano-
particles were studied on glioma (BT4C) and hepatic
(HepG2) cell viability. Paclitaxel was evaluated in the con-
centration range of 0.1–50 lg/ml (equivalent to BP and LP
nanoparticle concentrations up to 5 mg/ml). In the case of
each formulation, cell viability decreased with an increase
in the paclitaxel concentration (Fig. 5). Incubation of cells
with unloaded LP or BP nanoparticles or neutravidin or bio-
tinylated transferrin did not evoke any cytotoxicity since the
cell viability value remained >90% (data not shown).

When compared to Taxol�, paclitaxel-loaded non-tar-
geted LP or BP nanoparticles were not more effective
against brain tumor cells at the tested concentrations
(Fig. 5). When the effects of the formulations on control
eratures (Tm) and polydispersities (Mw/Mn) of studied polymers

Mn (g/mol) Mw/Mn Tg (�C) Tm (�C)

20,000 2.0 35 –
19,900 1.1 15 –
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Table 2
Size, encapsulation efficiency and zeta-potential of paclitaxel-loaded (1% w/w) non-biotinylated (LP) and biotinylated (BP) nanoparticles

Nanoparticles Size (nm) Encapsulation efficiency (%) (washed) Encapsulation efficiency (%) (suspension) Zeta-potential (mV)

LP 104.9 ± 38.6* 92.9 ± 3.1 93.5 ± 5.2 �10.4 ± 0.5
BP 106.8 ± 38.5 93.7 ± 5.0 92.4 ± 3.9 �10.2 ± 0.5

Encapsulation efficiency was determined by two methods as described in Section 2.5.1. Data are presented as means ± SD (n = 3–4, except: *n = 5, SD of
the nanoparticles is shown as the mean of SD value of the Nicomp apparatus).
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cell viability (HepG2) were studied, the three-step targeting
procedure did not increase the anti-tumoral activity of pac-
litaxel when compared to non-targeted BP nanoparticles
(data not shown). Instead, the three-step targeting proce-
dure using BP nanoparticles increased significantly the
cytotoxicity of paclitaxel at concentrations of 10 and
50 lg/ml when compared to Taxol� and non-targeted BP
and LP nanoparticles. However, the potency of this tar-
geted formulation decreased when more diluted samples
were used.
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200 nm (magnification 50,000�).
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Fig. 4. In vitro release rate of paclitaxel from biotinylated nanoparticles
(BP) in PBS (pH 7.4) with 0.2% SLS at 37 �C (mean ± SD, n = 4).
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4. Discussion

Paclitaxel is a potent anticancer drug and its use is
restricted by its poor aqueous solubility and by the fact that
paclitaxel is a P-gp substrate. The poor aqueous solubility
requires the inclusion of a harmful excipient, Cremophor
EL, in Taxol�. The commercial non-targeted paclitaxel
nanoparticulate formulation Abraxane�, based on albumin,
does not contain Cremophor EL. It can be postulated that
targeted nanoparticles made of hydrophobic materials could
further enhance the potency of paclitaxel therapy.
In the present study, a rapid and reproducible prepara-
tion method was developed which resulted in the
production of spherical paclitaxel-loaded biotinylated and
non-biotinylated nanoparticles with a narrow particle size
distribution (size about 100 nm) and a slightly negative sur-
face charge. The negative surface charge of the particles
may be attributable to the carboxylic groups of polylactic
acid. The present zeta-potential value of LP nanoparticles
(�10 mV) is in agreement with earlier studies where zeta-
potential values for pegylated or polyvinyl alcohol-covered
PLA-based nanoparticles have been reported [22–24].
Interestingly, biotinylation did not markedly change the
surface charge of nanoparticles, though biotin is known
to possess a positive charge. The paclitaxel release from
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the nanoparticles was rapid and virtually all of drug was
released within 24 h (Fig. 4). The fast release of the drug
is probably caused by the large surface area of the nano-
particles and the short diffusional distance. It has also been
reported earlier that paclitaxel release from PLA-based
nanoparticles is rapid in vitro [25]. It can be concluded that
the present nanoparticles should be well suited for i.v. dos-
ing in terms of physicochemical properties since it is known
that long-lasting circulating injected nanoparticles should
be small, slightly negatively charged and covered with a
protective PEG layer [6].

Avidin has four binding sites for biotin molecules, and
the binding sites are close to each other which leads to ste-
ric hindrance [9]. In the case of biotinylated stealth nano-
particles, also the dense PEG layer on nanoparticle
surface can cause steric hindrance, resulting in a decrease
in the activity of biotin. Therefore, the biotinylated conju-
gates should be separated by spacers in order to achieve
optimal biotin–avidin binding. In the present study, the
biotin-PEG-PLA possessed a longer PEG chain (3400 g/
mol) than PEG-PLA (2000 g/mol). It was confirmed that
BP nanoparticles resulted in binding of biotin to avidin
(Fig. 3).

A glioma cell line (BT4C) was used to evaluate the anti-
tumoral activity of paclitaxel-loaded nanoparticles and
Taxol�. Brain tumors are a serious form of cancer as the
prognosis of patients with primary tumors or brain metas-
tases is very poor since there are few effective treatments
against this aggressive disease [26–28]. For example, the
prognosis of the fairly common malignant primary brain
tumors such as glioma, is very unsatisfactory with less than
one-year medium survival [29]. Usually, brain tumors are
treated by brain irradiation or surgery [30,31]. The use of
chemotherapy is less common because of the poor abilities
of most chemotherapy agents to cross the blood brain bar-
rier (BBB) due to tight endothelium and P-gp activity. Tar-
geted nanoparticles may enhance paclitaxel delivery to the
brain tumor after i.v. administration because nanoparticles
are known to be able to penetrate through the BBB [32–35].
The BBB is probably more leaky in the region of the tumor
than in normal brain due to enhanced vasculature which
will increase the permeation of nanoparticles to these sites
[31,36]. Furthermore, paclitaxel has a radiosensitizing abil-
ity against glioma which makes it an interesting candidate
for treatment of brain tumors since these malignancies are
usually treated by radiotherapy [37].

In the present study, transferrin was selected as a target-
ing ligand because transferrin receptors are highly
expressed on tumor cells and the brain capillary endothe-
lium [38,39]. Transferrin is an iron-transporting serum gly-
coprotein which is efficiently taken up into cells by
receptor-mediated endocytosis. Previously, transferrin has
been successfully used to target various molecules and lip-
osomes into tumor and brain tissue [39–43]. The present
result indicates that the three-step targeting procedure
increases markedly anti-tumoral activity of paclitaxel when
compared to the commercial paclitaxel formulation Taxol�
and non-targeted biotinylated (BP) and non-biotinylated
nanoparticles (LP) (at paclitaxel concentrations of 10 and
50 lg/ml). Moreover, without the targeting steps, drug-
loaded LP and BP nanoparticles did not show substantially
different cytotoxicities against BT4C cells. An earlier study
also indicated that biotinylation of nanoparticles did not
enhance the cellular uptake of the non-targeted nanoparti-
cles [44].

5. Conclusions

Paclitaxel-loaded biotinylated PLA-PEG nanoparticles
were successfully prepared. The produced nanoparticles
displayed a high drug-encapsulation efficiency and active
functional biotin on their surface. The three-step targeting
procedure using biotinylated nanoparticles increased mark-
edly anti-tumoral activity of paclitaxel at concentrations of
10 and 50 lg/ml when compared to Taxol� or the non-tar-
geted nanoparticles. These results suggest that the efficacy
of paclitaxel against tumor cells may be increased by the
three-step targeting method.
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