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ABSTRACT
Purpose The purpose of this work was the development
of a multicompartimental nanocarrier for the simultaneous
encapsulation of paclitaxel (PTX) and genistein (GEN), associating
antiangiogenic and cytotoxic properties in order to potentiate
antitumoral activity.
Method Polymeric nanocapsules containing PTX were obtained
by interfacial deposition of preformed polymer and coated with a
phospholipid bilayer entrapping GEN. Physical-chemical and
morphological characteristics were characterized, including size
and size distribution, drug entrapment efficiency and drug release
profile. In vivo studies were performed in EAT bearing Swiss mice.
Results Entrapment efficiency for both drugs in the nanoparticles
was approximately 98%. Average particle diameter was 150 nm
with a monomodal distribution. In vitro assays showed distinct
temporal drug release profiles for each drug. The dose of
0.2 mg/kg/day of PTX resulted in 11% tumor inhibition, however
the association of 12 mg/kg/day of GEN promoted 44% tumor
inhibition and a 58% decrease in VEGF levels.
Conclusions Nanoparticles containing GEN and PTX with a
temporal pattern of drug release indicated that the combined
effect of cytotoxic and antiangiogenic drugs present in the
formulation contributed to the overall enhanced antitumor activity
of the nanomedicine.
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ABBREVIATIONS
BS Backscattering
CCT Capric/caprylic triglyceride
EAT Ehrlich ascites tumor
EE Encapsulation efficiency
FDA Food and drug administration
GEN Genistein
HPLC High performance liquid chromatography
i.p. Intra peritoneal
NC Uncoated nanoparticles
NC-PC Coated nanoparticles
NP Nanoparticles
NTA Nanoparticle tracking analysis
PBS Phosphate buffered saline
PdI Polydispersity index
PLGA Poly(lactic-co-glycolic acid)
PTX Paclitaxel
PVDF Polyvinylidene difluoride
SLS Sodium lauryl sulfate
T Transmission
TEM Transmission electron microscopy
VEGF Vascular endothelial growth factor

INTRODUCTION

Cancer treatment usually associates antitumor agents with
different mechanisms in order to improve chemotherapy
efficacy and minimize adverse effects (1,2). Among
chemotherapeutic agents, paclitaxel (PTX) is currently widely
used due to its cytotoxic properties against solid tumors (3,4).
However, the toxicity of the current vehicle used to administer
this drug (Cremophor EL) associated with the need of
administration of high doses of PTX might jeopardize a
successful clinical outcome of the treatment (5).
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To circumvent these disadvantages, Cremophor-free
formulations are being developed and the FDA has already
approved a nanoparticle formulation of albumin-bound
paclitaxel for the treatment of breast cancer after failure of
combination chemotherapy for the metastatic form of the
disease. Several studies have investigated the role of these
nanoparticles as a single agent and in combination with other
drugs for the treatment of different types of solid tumors
(6–8). The combination of PTX with angiogenic inhibition
factors such as bevacizumab has proven an increase in the
antineoplastic effect due to the association of these drugs
without an increase in side effects (9,10). The co-
encapsulation of PTX combined with other drugs in
nanocarriers may also be a promising strategy to increase
therapeutic effects, also reducing side effects (11,12).

Nanostructured polymeric and lipid-based systems may
improve the biological response to many molecules, especially
by modulating their pharmacokinetics and thus resulting in
numerous advantages such as reduced toxicity and controlled
release of the drugs. For a sustained release, different kinds of
polymers or lipids, such as polydiacetylene, phospholipids and
poly(ε-caprolactone) derivatives, may be used to modulate the
release of the drug, maintaining its plasmatic concentration in
therapeutic levels, during a prolonged period of time (13,14).

Recent approaches focusing on the development of a
nanocarrier system co-encapsulating two antineoplastic drugs
include the use of liposomes and polymer nanoparticles whose
antitumor activity result from the association of different drugs
in a lower dose than the ones used in conventional therapy,
overcoming undesirable toxicity and avoiding multidrug
resistance (MDR) (15–17). The association of a cytotoxic drug
with drugs that act on tumor angiogenesis is a distinct strategy,
since antiangiogenic drugs do not act directly in the
elimination of the tumor, but inhibit the growth of a vascular
system surrounding the tumor, thereby preventing the influx
of oxygen and nutrients (18–20). Therapeutic potential of this
approach has been shown for the combination of a
vasculature disrupting agent, combrestatin A4, and the
cytotoxic drug paclitaxel in nanoparticles, which resulted in
inhibition of tumor cell proliferation and neovasculature
growth (21).

Genistein (GEN), one of the major isoflavones found in soy
extracts, is among new molecules used for the inhibition of
tumor angiogenesis. It has shown potential antitumoral
activities by its antiangiogenic effect in preventing cell
proliferation and avoiding the occurrence of metastasis
(22,23). GEN antiangiogenic and antitumor effects have been
recently elucidated and involves, among other mechanisms,
the inhibition of the vascular endothelial growth factor
(VEGF), a molecule widely found in animal and human
tumors (22,24). However, a known paradox of the
antiangiogenic therapy is that the reduced blood supply
induces tumor hypoxia, leading to the activation of factor

which can significantly reduce the pro-apoptotic effect of
chemotherapy, leading to tumor resistance (25). As a result,
the association of GEN with other cytotoxic drugs already
used in antineoplastic therapy is required, in order to increase
the antitumor activity, avoiding the occurrence of MDR
cancer cells (26–28).

Given this scenario, the association of PTX and GEN in a
nanostructured drug delivery system may lead to a synergic
effect. The immediate release of the antiangiogenic drug
combined with the sustained release of the cytotoxic
agent might potentiate the antitumor activity. Thus,
the aim of this work was to develop, characterize and evaluate
tumor inhibition in vivo of a nanomedicine comprising
multicompartimental nanoparticles co-encapsulating GEN
and PTX with a temporal pattern of drug release.

MATERIALS AND METHODS

Material

Paclitaxel (PTX) and genistein (GEN) were acquired from LC
Laboratories (Woburn, MA, USA). Poly(lactic-co-glycolic acid)
(PLGA) 75:25 was purchased from BoehringerIngelheim
(Ingelheim, Germany). Capric/caprylic triglyceride (CCT)
was a gift from ABITEC (Columbus, OH, USA) and soy
phosphatidylcholine (PC) was obtained from LIPOID
(Ludwigshafen, Germany). Pluronic® F68 and F127
(poloxamer) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Acetonitrile HPLC grade and trifluoroacetic acid
were acquired from JT Baker (Phillipsburg, NJ, USA). Ultra-
purified water was used and all other chemicals were of
analytical reagent quality.

HPLC Analysis

Reversed-phase HPLC was used for the quantitative
determination of GEN and PTX in all samples. The system
used was a Varian Pro Star Chromatographer (USA)
equipped with an autosampler model PS410, UV-Visible
detector model PS325 and a quaternary pump model
PS240. Chromatographic separation was achieved in a C18
column packed with OmniSpher 3 ODS silica, with 50 mm
length by 3.0 mm internal diameter (Varian, USA) at room
temperature. Solvent A wasMilli-Q purified water containing
0.1% (v/v) trifluoroacetic acid, and solvent B was acetonitrile
HPLC grade. The solvents were pumped through the system
at a flow rate of 0.5 mL/min. A mobile phase gradient was
used, starting at 65% solvent A for 0.5 min, decreasing to 20%
at 1 min and returning to the initial condition until the end of
analysis (5 min). In order to increase the detection sensitivity of
each drug, wavelength was set at 260 nm for GEN and
227 nm for PTX. Elution time for GEN was 2.10 min while
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PTX eluted at 3.70 min. PTX and GEN quantifications were
carried out using external standard calibration curve in the
linear concentration range between 1 and 100 μg/mL. The
limit of detection (LD), defined as the lowest concentration of
the analyte which can be detected but not necessarily
quantitated, was 0.04 μg/mL for GEN and 0.06 μg/mL for
PTX. While the limit of quantification (LQ) was 0.13 μg/mL
for GEN and 0.2 μg/mL for PTX.

Preparation of Nanoparticles

PTX-loaded PLGA nanocapsules coated with a lipid bilayer
containing GEN were denoted in this work by NC-PC and
were prepared as follows. Nanocapsules of PLGA 75:25
containing PTX were prepared by interfacial deposition of
preformed polymer. Briefly, PLGA and CCT were dissolved
in acetone. PC and PTX (2.5 mg) were dissolved in methanol
and mixed with the acetone solution. The aqueous solution
was prepared using Pluronic® F68 and F127 (1:1) at 0.37%
(w/v). The organic solution was dripped into the aqueous
solution under magnetic stirring, which was maintained for
30 min. After that period, the solvents were evaporated under
reduced pressure at 40°C and 45 rpm in a rotary evaporator
(Ika, Germany) during which the nanocapsules were formed.
Non-encapsulated drug was removed by filtration using a
0.45 μm PVDF membrane.

PC and GEN (2.5 mg) were dissolved in a mixture of
chloroform and methanol. A thin lipid film was prepared by
the evaporation of the organic solvents in a nitrogen
atmosphere. The flask was kept under vacuum (440/2D,
Nova Ética, Brazil) for 1 h to ensure complete removal of
residual solvent. The thin-film was hydrated for 1 h using the
dispersion of polymeric nanocapsules prepared as previously
described. At the end of the procedure, samples were filtered
through 0.45 μm membrane, which also removed the non-
encapsulated genistein. Blank nanoparticles (without drugs)
were also obtained for control purposes.

Nanoparticles Characterization

Nanoparticles were characterized after both steps described
above. The size distribution profiles were determined by
dynamic light scattering (DLS) in a Zetasizer Nano S
(Malvern Instruments, UK), with the sample previously
diluted in ultrapure water. Analysis of pH was done directly
in the pH meter PG 1800 (Gehaka, Brazil).

Morphological examination of nanoparticles was
performed by transmission electron microscopy (TEM) by
negative staining with 2% (w/v) uranyl acetate solution and
examined in a Jeol JEM-2100 Electron Microscope (Jeol,
Tokyo, Japan) operating at 100 kV. One droplet of the
nanoparticles dispersion was placed on a formvar coated
copper grid (400 mesh). After 1 min at room temperature,

the excess liquid was removed using filter paper. For negative
staining, the sample on the grid was covered with one drop of
uranyl acetate (2% w/v) for 2 min. Excess of uranyl acetate
was removed and grids were allowed to dry at room
temperature for at least 30 min.

Quantitative determination of encapsulated drugs was
performed by HPLC as previously described. For the HPLC
analysis, 100 μL aliquots of the sample before and
after filtration were diluted with 900 μL of methanol to
disrupt the nanoparticles. These aliquots were centrifuged at
14,500 rpm (MiniSpin plus, Eppendorf, Germany) for 10 min
and the supernatant was injected into the chromatographer.
Encapsulation efficiency (EE) for both drugs was calculated
from the following equation:

%EE ¼ amount of drug encapsulated mgð Þ
amount of drug added to formulation mgð Þ � 100

All samples were prepared in triplicates and analysis were
performed in three different batches (n=3).

Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) is a method of
visualizing and analyzing particles in liquids that relates the
rate of Brownian motion to particle size. Particles are
visualized by the light scattered when illuminated by a laser
light. The technique calculates particle size on a particle-by
particle basis. Videos of the light scattered by the particles are
captured using a digital camera and the motion of each
particle is tracked from frame to frame. The rate of particle
movement is related to a sphere equivalent hydrodynamic
radius as calculated through the Stokes-Einstein equation
(29). NTA measurements were performed with a NanoSight
NS500 (Amesbury, United Kingdom), equipped with a
sample chamber and a 532-nm laser. Samples of uncoated
and coated nanocapsules were diluted before analysis with
ultrapure water and automatically loaded into the sample
chamber. The software used for capturing and analyzing the
data was the NTA 2.3. Video clips of the samples were
captured by an EMCCD camera for 215 s with manual
shutter and gain adjustments. The mean size and SD values
obtained by the NTA software correspond to the arithmetic
values calculated with the sizes of all the particles analyzed by
the software. All measurements were performed at room
temperature.

A blank liposomal dispersion prepared with 25 mM
phosphatidylcholine was prepared by the hydration of a thin-
lipid film method followed by vigorous agitation and extrusion
(LIPEX Extruder, Northern Lipids, Canada) through a
polycarbonate membrane of 600 nm. These liposomes were
analyzed by NTA and DLS. An aliquot of this sample was
mixed with an aliquot of uncoated nanocapsules and also

1108 Mendes et al.



analyzed by NTA and DLS in order to compare the size and
size distribution of the lipid vesicles formed in the absence of
the nanocapsules and the NC-PC nanoparticles.

Multiple Light Scattering Analyses

Nanoparticles were analyzed by multiple light scattering
(MLS) using Turbiscan Lab Expert (Formulaction, France)
before and after coating with lipid bilayer. The sample was
placed in a cylindrical glass cell and analyzed for 24 h at 25°C.
The equipment consisted of a detection head with a pulsed
near infra-red light source (λ=880 nm) whichmoves along the
glass cell. This detection head is also equipped with a
synchronous transmission (T) and back scattering (BS)
detectors. The T detector receives the light which goes across
the sample (at 180°) and the BS detector receives the light
scattered backward by the sample (at 45°) (30). The detection
head scans the entire height of the sample acquiring T and BS
data simultaneously every 40 μmand each 20min during 24 h
of analysis.

In Vitro Drug Release

500 μl of drug loaded nanoparticles dispersion were added to
a dialysis tube (MW cut off 3500 D) and sealed. The tube was
immersed in 10 mL of acceptor medium prepared with
sodium lauryl sulfate (SLS) 2.0% (w/v). The flasks were
maintained in an orbital shaker (Marconi, Brazil) at 37°C at
125 rpm for 60 days. Samples were withdrawn from the
acceptor medium and replaced by fresh medium at
predetermined time points. Samples were injected directly in
the HPLC system to determine the amount of drugs released
from the nanoparticles. The procedure was performed in
triplicate and sink conditions were maintained during the
experiment. To ensure sink conditions, solubility of both drugs
was assessed in several SLS concentrations during 24 h at
37°C in the orbital shaker. Samples were then filtered in a
0.45 μm membrane, diluted in methanol and analyzed by
HPLC.

In Vivo Assay

Animals

Groups of 6–8 week-old Swiss male mice from the Institute of
Biological Sciences of University Federal of Goias were used.
The animals weighing 30–35 g at the beginning of the
experiment were housed under the conditions of controlled
temperature (26°C±2°C) and light (12 h light/12 h dark) and
received food and water ad libitum . The experiment was
conducted according to the protocol number 37/2009
approved by the UFG Ethics Committee for Animal Studies.

Tumor Model

Ehrlich Ascites Tumor (EAT) was maintained in the ascitic
form by sequential passages in Swiss mice, by means of intra
peritoneal (i.p.) transplantations of 2×106 tumor cells. The
ascitic fluid was collected using a syringe and tumor cell count
was performed in a Neubauer hemocitometer, using the
trypan blue dye exclusion method.

Tumor Inhibition

Animals were separated into 8 groups of 5 animals each. Each
animal used in the assay was inoculated i.p. with 2×106 tumor
cells suspended in 0.2 mL of phosphate buffered saline
(PBS) solution (pH 7.4). The date of tumor inoculation was
consider day 0 and the administration of nanoparticles started
at day 1. To evaluate tumor inhibition, NC-PC formulations
containing PTX+GEN or PTX or GEN, at different
concentrations of each drug were prepared. EAT-bearing
mice were treated i.p. during 7 consecutive days with
different doses of the drugs following the protocol for
each group: GEN+PTX 12+10 mg/kg/day (G12P10);
PTX 10 mg/kg/day (G0P10); GEN+PTX 12+2mg/kg/day
(G12P2); PTX 2 mg/kg/day (G0P2); GEN+PTX
12+0.2 mg/kg/day (G12P0.2); PTX 0.2 mg/kg/day
(G0P0.2); GEN 12 mg/kg/day (G12P0); Blank nanoparticles
(control group, C).

Animals were submitted to euthanasia on the eighth day of
the experiment and the ascitic fluidwas collected and centrifuged
for 5 min at 1,500 rpm (3–18K, Sigma, Germany). The
supernatant was reserved for the quantitation of VEGF and
the pellet was ressuspended in PBS solution for the counting of
tumor cells using the trypan blue dye exclusionmethod. C group
(treated with blank nanoparticles) was the control group and its
cell viability was considered 100%.

Determination of VEGF in Ascitic Fluid

Levels of VEGF from the peritoneal washing supernatant of
EAT-bearing mice from groups G12P2, G0P2, G12P0.2,
G0P0.2, G12P0 and C were determined by an ELISA Kit
(Mouse VEGF Quantikine ELISA Kit) using a quantitative
sandwich enzyme immunoassay technique. The ascitic fluid
was subjected to the test in duplicate following manufacturer
instructions (R&D systems). In brief, 50 μL of assay diluent
and 50 μL of samples previously diluted were added to a
96-well microplate pre-coated with polyclonal antibody
specific for mouse VEGF. Recombinant mouse VEGF was
used to set up the standard curve. After incubation for 2 h at
room temperature, the wells were washed and polyclonal
antibody against mouse VEGF conjugated to horseradish
peroxidase was added. Incubation was continued for 2 h
and plates were washed again. Substrate solution was added
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to each well and incubated for 30 min. The enzyme reaction
yielded a blue product that turns yellow when the stop solution
is added. The optical density (O.D.) was measured at 450 nm
and 540 nm using a microplate reader MultiskanSpctrum
(Thermo Scientific, EUA). Readings at 540 nm were
subtracted from the readings at 450 nm to correct for optical
interferences from the plate.

Macroscopic Evaluation of Antiangiogenic Effect

At the end of the treatment, the peritoneal wall from the
abdominal region of mice were carefully collected to verify
angiogenesis. For this assay, photographs of a defined area were
taken by a digital camera (Sony, Japan) and a macroscopic
morphologic analysis was accomplished (31). Image J was used
to convert grey scale images into 8-bit binary images. The area
of blood vessels from the peritoneum was selected and the
number of positive pixels/mm2 was determined.

Statistical Analysis

In vivo experiments were performed in quintuplicate and
results were expressed as mean ± SD. For comparison of
mean values between groups, Analysis of Variance test
(ANOVA) and Tukey’s Multiple Comparison test were used.
In all cases, statistical difference was accepted when p<0.05.
Statistical analyzes were performed using GraphPad Prism
software (version 5.0).

RESULTS

Preparation and Characterization of Nanoparticles

PLGA nanocapsules encapsulating PTX were prepared by the
interfacial deposition of preformed polymer method. The
formation of the PC envelope was accomplished in a second
stage, by hydrating the phospholipid film containing genistein
with the nanocapsules dispersion. The phospholipid bilayer
coating was designed in order to encapsulateGEN and promote
a faster release of this drug in contrast with the polymeric core of
these nanoparticles. Schematic representation of the particle is
presented in Fig. 1. Final formulation had an opalescent and
whitish aspect.

Physical-chemical characteristics of the nanoparticles are
presented in Table I. Both nanoparticle dispersions (NC and
NC-PC) exhibited a monomodal size distribution and
polidispersity around 0.1, indicating narrow size distributions.
Following the hydration of the phospholipid film with the
dispersion of nanocapsules, the visual aspect of the formulation
remained unaltered. The mean diameter of the phospholipid
coated nanoparticles increased approximately 21% (about 25–
30 nm). The multicompartimental nanoparticles also exhibited

a monomodal size distribution with a similar size distribution
profile in comparison to the uncoated nanocapsules.

Dynamic light scattering measurements of the formulations
were plotted as intensity, volume and number for all samples
(Fig. 2). Results show that the formulations were monodisperse,
with a high homogeneity and narrow size distribution, as
demonstrated by almost superposed size distribution profiles
in different plots of singular batches. Nanoparticles were
visualized by transmission electron microscopy after negative
staining with uranyl acetate and the spherical shape and
uniformity of drug loaded NP was confirmed after both stages
of preparation (Fig. 3). It was also possible to observe the
surrounding bilayer around the polymeric nanocapsules,
confirming the enclosure of NC by the PC envelope.

HPLC chromatograms in Fig. 4 demonstrate that NC-PCs
had the characteristic peaks of the free drugs, confirming
that both drugs were encapsulated in the nanoparticles.
Encapsulation efficiencies for GEN and PTX were 98% and
97.8%, respectively, resulting inNC-PC formulations containing
0.51±0.10 mg/mL of PTX and 0.61±0.18 mg/mL of GEN.

Nanoparticle Tracking Analysis

With the purpose of confirming the results obtained by DLS
that suggested the obtention of PC-coated nanocapsules,
samples were analyzed by NTA technique (Fig. 5). Both
uncoated (NC) (Fig. 5a) and coated (NC-PC) (Fig. 5b)
nanoparticles exhibited only one population of particles, and
no other particles in a different size range were observed.
Additionally, the column charts on the left side in Fig. 5
demonstrate a good agreement between NTA and DLS
results, with relatively narrow size distributions for all
formulations. To ensure that NC-PC formulations were not
a mixture of nanocapsules and phospholipid vesicles,
liposomes were obtained as described above and mixed with
an aliquot of uncoated nanocapsules. DLS analyses of these
liposomes before the mixture presented a mean size diameter
of 517 nm and PdI of 0.04, in agreement with NTA, which
showed only one population of vesicles with a mean diameter
of 587 nm and a SD of 87 nm (Fig. 5c). When liposomes were
mixed with nanocapsules, DLS still showed only one
population of nanoparticles with an average diameter of
185 nm with a PdI of 0.26, while NTA clearly showed two
populations of particles, noticeably in a different size
distribution range (Fig. 5d).

Multiple Light Scattering

The backscattering profile of the nanocapsules dispersion
before and after the lipid coating is presented in reference
mode (Fig. 6), in which the first profile is subtracted from the
other profiles. A discrete increase (about 2%) in the
backscattering, both in the top and in the bottom of the
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sample, after coating were observed, indicating that the
concentration of the particles is increasing in these areas of
the sample cell. This observation is an estimative of
sedimentation and creaming behaviors. Before coating, a
more discrete variation can be observed only in the top region
of the sample. Nevertheless, no variation can be seen in the
middle of both samples, indicating that there is no change in
particle size. This indicates that particles are not coalescing or
flocculating while they migrate to the top or the bottom of the
sample.

In Vitro Drug Release

The in vitro drug release profiles of PTX and GEN during
60 days are shown in Fig. 7. It can be observed that GEN is
completely released during the initial 48 h of the test, while
PTX shows only a 10% release in the same time. The
difference between the total amount of GEN and the amount
quantified in the receptor medium (about 85%) results from
the equilibrium reached between donor and receptor
compartments after the complete release of the drug.
After 60 days of analysis, almost 70% of PTX was
released from nanoparticles. Solubility of PTX and GEN in
the receptor medium (SLS 2.0%) was 672.65±7.76 and
217.78±8.82 μg/mL, respectively, ensuring sink conditions
for the drug release assay. A noticeable temporal drug release
pattern was observed. GEN entrapped in the surrounding

lipid envelope of the nanoparticles was promptly released
when compared to the sustained release of PTX encapsulated
in the internal compartment of the polymeric core of these
multicompartimental nanostructured systems.

In Vivo Assay

Each group of mice were treated with different nanoparticles
formulations for up to 7 days. At the dose of 10mg/Kg/day of
PTX, there was 95% and 96% tumor growth inhibition for
groups G12P10 and G0P10, respectively, as shown in Fig. 8.
However, animals presented diarrhea and about 20% of
weight loss at the end of the test, compared to their weight
at the beginning of the test. With a 5-fold decrease in the dose
of PTX in groups G12P2 and G0P2, tumor growth inhibition
was 89%, similar to results found in groups G12P10 and
G0P10 (p>0.05). In addition, animals from these groups did
not show toxicity signals.

Group G0P0.2 receiving a dose of 0.2 mg/Kg/day
(50 times lower than the established dose) of PTX showed only
11% tumor growth inhibition. However, group G12P0.2, in
which 12 mg of GEN were added, presented 44% of tumor
growth inhibition. This data implicate that the association of a
low dose of PTX and GEN can significantly impact tumor
growth inhibition.

Comparing ascitic fluid levels of VEGF, it was possible to
see in Fig. 9 a significantly reduction on tumor levels of VEGF

Fig. 1 Schematic illustration of the
formulation of nanocapsules coated
with a phosphatidylcholine bilayer
(NC-PC) containing both paclitaxel
and genistein–NCs comprise a
capric/caprylic triglyceride core, a
poly(lactic-co-glycolic acid) shell and
a phospholipid bilayer coating.

Table I Physical-Chemical Characteristics of the Paclitaxel-Loaded PLGA Nanocapsules (NC) Uncoated and Coated with a Phospholipid Bilayer Containing
Genistein (NC-PC)

Nanoparticle Diameter (nm) PdI pH E.E. %a

Uncoated PLGA nanocapsules (NC) 125.07±7.09 0.10±0.02 6.15±0.49 97.80±1.65 (PTX)

PLGA nanocapsules coated with PC bilayer (NC-PC) 151.53±5.64 0.17±0.03 6.45±0.35 97.80±2.21 (PTX)
97.99±2.90 (GEN)

Results express the mean ± SD (n=3)

PC phosphatidylcholine; PdI polydispersity index; E.E. entrapment efficiency; PTX paclitaxel; GEN genistein
a EE% represents the amount (%) of encapsulated drug in relation to the total amount of drug added to the formulation (EE% = (mg encapsulated drug)/
(mg drug added to formulation) × 100)
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(P <0.05) between the control group and G12P0.2. The
presence of GEN reduced the amount of this cytokine by
58%. As there was a high tumor inhibition in groups G12P2
and G0P2, less than 2 ng of VEGF were quantified in the
tumor.

Macroscopic analysis of the peritoneal wall of EAT-
bearing mice (Fig. 10) allows the observation of visible changes

in peritoneal vessels among different treatment protocols. The
vessels were increased in number with a tortuous aspect,
congested with erythrocytes and were highly dilated in EAT-
bearing mice treated only with blank nanoparticles (Fig. 10b).
The group where GEN was added to the treatment (Fig. 10d)
presented lower density of vessels, which were not as
congested or tortuous as PTX-only (Fig. 10c) and control
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Fig. 2 Size distribution profiles by Dynamic Light Scattering considering light intensity, number, volume and particle size for the uncoated NCs (a ) and after (b )
coating the nanocapsules with the lipid bilayer. Each graph shows the measurement of three separate batches.

Fig. 3 Transmission electron
micrograph of nanoparticles after
negative staining with uranyl acetate.
(a , b ) Polymeric nanocapsules
(NC) and (c , d ) Polymeric
nanocapsules coated with a
phospholipid bilayer (NC-PC),
confirming the presence of a
surrounding lipid envelope around
NC (white arrows ) after the
hydration of the phospholipid film
with the NC dispersion.
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groups, indicating its antiangiogenic effect, already shown by
the evaluation of the presence of VEGF. Also, Image J analysis
confirms a higher intensity of red from blood vessels in the
control and G0P0.2 groups compared to G12P0.2.

DISCUSSION

In this work, a nanostructured drug delivery system for the co-
encapsulation of PTX and GEN was developed and
characterized, and a different time release pattern for each
drug was accomplished. Advantages and synergic effects of the
combination of antiangiogenic and cytotoxic drugs have been
demonstrated by several studies (32–34), however there are no
reports in the literature of the association of PTX and GEN
in nanostructured drug delivery systems. The encapsulation of
PTX, a classical cytotoxic agent, in nanocarriers has beenwidely
studied and presents many advantages over conventional
formulations (13,35,36). Conversely, very few reports are
available applying nanotechnology to formulations with
GEN, which also exhibits cytotoxic effects and a marked
antiangiogenic activity (37–39).

Multicompartimental nanoparticles encapsulating both
PTX and GEN were obtained with high encapsulation
efficiency for both drugs, average diameter of approximately
150 nm and narrow size distribution. The inner core of the
nanoparticles, represented by polymeric nanocapsules
containing PTX presented a mean diameter of near
125 nm. Following their coating by lipid bilayers entrapping
GEN, DLS measurements indicated an increase of
approximately 25 nm, which is consistent with the thickness
of lipid bilayers (40–42). Phospholipid bilayers assembled on
the surface of the nanocapsules probably via hydrophilic
interactions between the hydrophilic fraction of the surfactants

in the water/polymer interface on the surface of the
nanocapsules and the polar head group of the phospholipids.
This process could be assumed since the DLS analysis showed a
slight increase in diameter, maintaining a monomodal
distribution, proved by the NTA analysis, which did not show
any other population in different size distribution ranges after
the lipid film envelope was formed. Also, TEM imaging was
performed to ensure the presence of the envelope surrounding
the nanocapsules, which presented an average thickness of
8 nm (determined using the scale bar provided by the TEM
instrument). The imaging results shown in Fig. 3 reveal a
spherical morphology and overall agreement in size compared
to the size information obtained from light scattering analyses.

When liposomes of about 600 nm were prepared and
mixed with uncoated nanocapsules, the presence of two
nanoparticle populations, with distinct size distribution
profiles, was observed. The NTA data clearly demonstrated
the existence of two different populations of particles in the
sample, with different light scattering intensities, showing that
the previously formed liposomes did not interact with the
polymeric nanoparticles. These data support the hypotheses
that PTX-loaded nanocapsules acted as a template for the
assembling and deposition of the phospholipid bilayer
containing GEN.

Variations of the backscattered (ΔBS) light obtained in this
work remained within ±2% of the ΔBS scale, indicating the
stability of the nanomedicine formulation, since no variation
in particle diameter was observed. Multiple light scattering
analysis is a valuable tool in estimating the stability of disperse
systems. Data indicated very mild sedimentation and
creaming phenomena and in a very slow rate, both easily
reversible. Variations greater than 10% of the BS are
indicative of formulation instability, typical from formulations
with marked differences between disperse and continuous
phases, which could compromise formulation homogeneity
(43,44).

A temporal drug release profile for each drug was
observed. As GEN is entrapped in the outer lipid bilayer, it
was completely released in the first 48 h of the assay. Partition
of drugs into phospholipid membranes depends on their
solubility and is driven by hydrogen bonds or van der Waals
interactions between the hydrophobic drug and the
phospholipids hydrophobic chains in the bilayer (45,46). The
reversibility of the phospholipid-drug interaction, leading to
the release of the entrapped drug, plays an important role in
the drug elution process, which may vary from a few minutes
to a few days. Lipid membrane composition and drug
lipophilicity strongly influence drug release (47). The fast
release of genistein from the phospholipid envelope of the
NC-PCs might result from the lipid dynamics in the
membrane, changing its binding sites very rapidly, despite its
lipophilicity. Additionally, no electrostatic interactions were
present, since both membrane phospholipids and genistein
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Fig. 4 HPLC chromatograms of (a ) genistein (GEN), (b ) paclitaxel (PTX)
and (c ) phospholipid coated nanocapsules (NC-PCs)containing both drugs.
Samples were diluted (100 μg/mL) in methanol. Chromatographic conditions
included a C18 column (50×3.0 mm; 3 μm); mobile phase was 0.1%
trifluoroacetic acid solution in water/acetonitrile in gradient elution. Detection
was UV at 260 nm for GEN and 227 nm for PTX.
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are neutral, contributing to the prompt drug release as
observed.

After disruption of the bilayer, the polymer becomes
available to undergo degradation and slowly release PTX, as
the direct contact between water and the PLGA core
increases. A sustained release of PTX is then observed. Drug
release from PLGA particles depend on several factors such as
the ratio between poly(lactic- acid) and poly(glycolic acid) and
physical-chemical characteristics of the drug. Release
mechanisms may involve transport through water-filled pores
in the polymer, transport through the polymer, and
dissolution of the encapsulating polymer (48). Conversely to
the dynamic and faster process observed with the external

envelope, drug release from polymeric nanocarriers might be
explained by slowly occurring events, such as diffusion,
polymer hydration, swelling and degradation, hence the
prolonged release pattern for PTX from the core of NC-PCs.

This multimodal release profile represents an interesting
approach for cancer treatment. Tumor growth can be
effectively arrested by antiangiogenic therapy, as originally
suggested by Judah Folkman (49). However, following an
initial halt on vascular progression, tumors develop an
adaptive response and begin re-growing, with increased
invasiveness (50). Even though evasive resistance might occur,
angiogenesis inhibitors are important and beneficial
therapeutic options, particularly due to their reduced toxicity
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when compared to conventional cytotoxic agents (25).
The multicompartimental nanoparticles developed in this
study were designed according to the current approach of
combinational chemotherapy. The prompt release of the
antiangiogenic drug initiates the mechanism of inhibiting
neoangiogenesis while the cytotoxic drug, sustainably released
from the nanoparticles in the tumoral tissue would promote its
shrinkage.

Sequential antiangiogenesis and anticancer functions were
also investigated by Wang and Ho (21), co-encapsulating

PTX and combretastatin A4 (CA4), with promising results
(11,21,51). In this work, the concept of co-encapsulation with
temporal drug release was expanded to an in vivo experiment,
with intratumoral administration of the nanomedicine,

-20

-15

-10

-5

0

5

10

15

20

0 10 20 30 40

B
ac

ks
ca

tt
er

in
g

 (
%

)

Height (mm)

a

-20

-15

-10

-5

0

5

10

15

20

0 5 10 15 20 25 30 35

B
ac

ks
ca

tt
er

in
g

 (
%

)

Height (mm)

b
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demonstrating additional advantages of this nanostructured
drug delivery formulation.

Ehr l ich Asci tes Tumor (EAT) i s a mammary
adenocarcinomawhich following intraperitoneal transplantation

readly grows in ascitic form. EAT cells are undifferentiated and
exhibit a rapid growth pattern, with a very aggressive behavior
(52). EAT is one of the main tumor models used to assess the
activity of chemotherapeutics. One particular advantage is that
tumor progression is related to the number of tumor cells
transplanted. Additionally, tumor growth can be quantitatively
determined by accurate cell counting systems.

When higher doses of PTXwere used (10 and 2mg/kg/day),
tumor growth inhibition was 95% and 89%, respectively. At
cytotoxic concentrations, PTX is able to suppress microtubule
dynamics in endothelial cells, leading to cell death by apoptosis
(53). As consequence of tumor shrinkage, the production of pro-
angiogenic factors, such as the cytokine VEGF is markedly
diminished (54). However, evident toxicity signals such as weight
loss and diarrhea occurred in animals receiving 10 mg/Kg/day
of PTX. Since tumor growth was strongly inhibited, the synergic
effect of GEN could not be observed for groups G12P10
and G12P2. In order to verify the potential effect of this
drug combination, PTX dose was reduced 10 fold, to
0.2 mg/Kg/day, allowing a certain extent of tumor progression.
Since tumor growth requires angiogenesis, VEGF becomes
over-expressed in a variety of neoplastic and endothelial
cells (55). GEN exerts antiangiogenic activity by inhibiting
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Fig. 9 Effect of treatment with nanoparticle formulations of NC-PC with
0.2 mg/Kg/day of paclitaxel (G0P0.2), or 12 mg/Kg/day genistein (G12P0), or
with both drugs at the same dose (G12P0.2) on tumor levels of VEGF on day
8 post inoculation in EAT-bearing Swiss male mice. Tumor levels of VEGF
were significantly (p<0.05) lower than control when genistein was
encapsulated in the nanoparticles. VEGF levels were measured using ELISA.
Results are the mean ± SD for 5 mice. Statistical analysis were performed
using one-way ANOVA with Tukey’s multiple comparison (*p<0.05).

Fig. 10 Photographs of the peritoneal region of healthy (a ) and EAT-bearing mice treated with (b ) blank nanoparticles, (c ) 0.2 mg/Kg/day of paclitaxel or (d)
0.2 mg/Kg/day of paclitaxel in association with genistein (12 mg/Kg/day) in nanoparticles. Intensity of blood vessels was obtained using Image J analysis and data are
presented in each respective binary converted image. Arrows indicate areas of intense neovasculature.
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endothelial cell activation mediated by VEGF (24). The
administration of 0.2 mg/Kg/day of PTX associated with
12 mg/Kg/day of GEN inhibited tumor growth by 44%,
along with a 58% decrease in VEGF levels. In contrast,
nanoparticles containing only PTX, in the same dose, were
able to inhibit only 11% of tumor growth. A 4-fold increase in
the antitumoral activity was observed when both drugs were
co-encapsulated into the multicompartimental nanoparticles,
along with no evidence of toxicity.

GEN also proved its antiangiogenic effect reducing the
levels of VEGF and preventing the formation of new blood
vessels. GEN is a drug widely known to decrease the
expression of VEGF, preventing the neoangiogenesis,
which could support tumor growth (22,26,56). Although
VEGF is essential for tumor growth, other angiogenic factors
are produced and may compensate for the decreased levels of
this cytokine (19,57), hence the need of associating GEN with
cytotoxic drugs. Administration of the multicompartimental
nanoparticles co-encapsulating PTX and GEN into
EAT bearing mice clearly indicated an increased
performance of the antitumoral activity of the nanomedicine
formulation.

CONCLUSION

The development of a multicompartimental nanostructured
drug delivery system consisting of a PLGA nanocapsule core
and a phospholipid bilayer envelope co-encapsulating both
paclitaxel and genistein was successfully achieved. Physical-
chemical characteristics of these nanoparticles resulted in very
high entrapment efficiency for both drugs with a sustained
drug release profile in different stages. Genistein showed a
potential role in tumor inhibition, preventing the formation of
new blood vessels and markedly reducing VEGF levels. The
antiangiogenic activity of genistein and its additional effect
when associated with a low dose of paclitaxel highlight the
potential of multicompartimental nanostructured drug
delivery systems for the combination therapy in cancer
treatment, simultaneously targeting multiple pathways
towards more effective antitumoral strategies.
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