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a  b  s  t  r  a  c  t

The  aim  of  this  work  was  to develop  a systematic  analysis  of  the  cellular  internalisation  mechanism  and
pathway  of  solid  lipid  nanoparticles  (SLN)  internalisation.  To  evaluate  if  SLN  show  cell  uptake  and  to
understand  the  mechanism  of  internalisation,  four  human  glioma  cell  lines  (A172,  U251,  U373  and  U87)
and a  human  macrophage  cell line  (THP1)  were  used.  For  this  purpose  rhodamine  123  (R123)  was  loaded
into SLN  coated  with  polysorbate  60 and  80.  Fluorescence  microscopy  and  flow  cell  cytometry  techniques
were assessed  to  study  internalisation  of  these  systems  within  the  cells.  MTT  studies  were  performed
to  evaluate  the  cytotoxicity  of  the  R123-loaded  SLN.  To  assess  the  SLN  internalisation  mechanism  and
olysorbates
low cell cytometry
luorescence microscopy
ndocytosis
uman glioma cell lines

intracellular  pathway,  excluding  endocytosis  mechanisms  were  applied.  Our  results  revealed  that  R123-
loaded  SLN  with  mean  size  below  200  nm  and  slight  negative  surface  charge  (around  −20  mV)  have
the  ability  to  be  internalised  by  gliomas  in a higher  amount  than  by macrophages.  The mechanism  of
internalisation  was  found  to  be mainly  through  a  clathrin-dependent  endocytic  pathway.  In  addition,  the
cytotoxicity  of  SLN  was  higher  for  gliomas  than  for  macrophages.  These  results  suggest  that  SLN can  be
a promising  alternative  in  brain  tumours  treatment.
. Introduction

Malignant gliomas have a very poor prognosis despite the
ggressiveness of the current treatment that combines surgery,
adiotherapy and chemotherapy (Westphal et al., 2003; Stupp et al.,
006). Knowing that the main obstacle to develop an effective ther-
py against gliomas is the difficulty of delivering anticancer drugs
o the tumour site and cancer cells, several promising drug delivery
ystems involving nanoparticles were developed (Gelperina et al.,
010; Ying et al., 2010; Cirpanli et al., 2011; Kuo and Liang, 2011).

Solid lipid nanoparticles (SLN) (Joshi and Müller, 2009; Souto
nd Muller, 2010) have been reported as a promising anticancer

rug delivery system to the brain after i.v. injection, due to their
bility to cross the blood-brain barrier and deliver drugs to the
rain, when coated with proper surfactants, such as polysorbates

Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole, dihydrochloride; PMA,
ropidium iodide, phorbol 12-myristate 13-acetate; R123, rhodamine 123; SLN,
olid lipid nanoparticles.
∗ Corresponding author. Tel.: +351 222 078 900; fax: +351 222 003 977.

E-mail address: susana.martins@ff.up.pt (S. Martins).

378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2012.03.032
© 2012 Elsevier B.V. All rights reserved.

(Blasi et al., 2007; Brioschi et al., 2007; Kaur et al., 2008; Brioschi
et al., 2009). Thus, SLN have high potential in brain tumour treat-
ment.

SLN are colloidal particles, consisting of a matrix composed of
lipids being solid at both room and body temperatures, dispersed
in an aqueous surfactant solution (Joshi and Müller, 2009). SLN
combine advantages of other colloidal drug delivery systems such
as emulsions, liposomes and polymeric nanoparticles, and at the
same time avoid or minimise some of their drawbacks. Some of
the advantages of SLN are the ability to immobilise hydrophilic
or hydrophobic drugs in the solid matrix and sustain the drug
release, and the ability to prevent the premature degradation of
the incorporated drug. Another advantage of the use of lipid parti-
cles as drug carrier systems is the fact that the matrix is composed
of physiological components and/or excipients of accepted sta-
tus (FDA-approved constituents), decreasing the risk of acute and
chronic toxicity (Joshi and Müller, 2009; Souto and Muller, 2010).

After crossing the blood-brain barrier the next important ques-

tion is whether the SLN can be internalised by the tumour cell
and release anticancer drugs inside them. Nanoparticles located
in the external environment of a cell can interact with the plasma
membrane, which can lead to the uptake of these nanoparticles

dx.doi.org/10.1016/j.ijpharm.2012.03.032
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:susana.martins@ff.up.pt
dx.doi.org/10.1016/j.ijpharm.2012.03.032
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y the cells through a process named “endocytosis” (Sahay et al.,
010). If the nanoparticles cannot be internalised, the drug can still
nter cells after being released from the nanoparticles but the drug
an also disperse to the surrounding normal tissues rather than be
elivered mainly to the cancer cells. In fact, in vitro and in vivo stud-

es reveal that the intracellular concentration of the drug is much
igher when it is released from nanoparticles into the cytoplasm
fter internalisation (Sugano et al., 2000; Chen, 2010; Jain et al.,
010).

The form of endocytosis involved in nanoparticles uptake can be
xpected to affect the nanoparticle’s intracellular localisation and
rafficking. Understanding endocytic mechanisms is then crucial
or the development of nanoparticles for clinical therapies.

Furthermore, most nanoparticles have been shown to exploit
ore than one pathway to gain cellular entry (Sahay et al., 2010).

he endocytosis of nanoparticles also depends on the cell type
reated (Lai et al., 2007; Thurn et al., 2007).

Bearing in mind that cell type could be critical in defining the
anoparticle entry and final destination in the cells, we selected

our human glioma cell lines (A172, U251, U373 and U87) and one
uman monocytic cell line (THP1) to study the uptake mechanism
f SLN by human glioma cells and macrophages.

Endocytosis is known as a general entry mechanism for var-
ous extracellular materials and can be divided into two  main
ategories: phagocytosis (uptake of large particles) and pinocyto-
is (uptake of fluids and solutes) (Doherty and McMahon, 2009;
ahay et al., 2010). Phagocytosis is followed by specialised profes-
ional phagocytes, such as macrophages, monocytes, or dendritic
ells. The phagocytic pathway of cellular entry consists of recog-
ising the particles followed by the adhesion of the opsonised
articles onto the cell membrane and ingestion of the particle by
he cells.

Pinocytosis, in contrast, is present in all types of cells
nd has multiple forms depending on the cell origin and
unction. Pinocytosis can be classified as clathrin-mediated endo-
ytosis, caveolae-mediated endocytosis, clathrin- and caveolae-
ndependent endocytosys, and macropinocytosis (Conner and
chmid, 2003).

Internalisation through clathrin-dependent endocytosis hap-
ens when the clathrin coat on the plasma membrane develops

nvaginations in the membrane leading to the budding of clathrin-
oated vesicles (Sahay et al., 2010). Nanoparticles localised on
he cell membrane could be trapped within the vesicles and
rought within the cells. Receptor-mediated endocytosis through
lathrin-coated pits is the most common pathway of endocyto-
is. Alternatively, clathrin-independent endocytosis can happen
hrough the caveolae or lipid-raft pathway. Caveolae are flask-
haped membrane invaginations on cell surfaces that have high
mounts of cholesterol and sphingomyelin. Caveolae are abundant
n muscle, endothelial cells, fibroblasts and adipocytes and absent
n neurons and leukocytes (Conner and Schmid, 2003; Sahay et al.,
010). In the macropinocytosis, the macropinosomes are larger
0.5–10 �m)  and distinct from other vesicles formed during pinocy-
osis. This pathway is possible for virtually any cell with only a few
xceptions, such as macrophages and brain microvessel endothelial
ells. At first glance, it can internalise large particles with submi-
ron and greater sizes in cells, which lack phagocytosis (Sahay et al.,
010).

To clarify the endocytosis mechanism of nanoparticles internal-
sation, specific endocytosis mechanisms can be excluded by using
harmacologic inhibitors (Kam et al., 2006; Thurn et al., 2011).
ndocytosis is known as a general entry mechanism for various

xtracellular materials and it is an energy dependent uptake. Con-
equentially it is inhibited when incubations are carried out at low
emperature (e.g. 4 ◦C instead of 37 ◦C) (Kam et al., 2006; Thurn
t al., 2011). Furthermore, to assess the role of clathrin in the
harmaceutics 430 (2012) 216– 227 217

internalisation of SLN, incubations under hypertonic environments
(e.g. sucrose 0.45 M)  that are recognised to disrupt the formation
of clathrin-coated vesicles on the cell membrane could be car-
ried out (Kam et al., 2006; Sahay et al., 2010). To evaluate SLN
cellular uptake through the caveolae or lipid-rafts pathway, cells
could be pretreated with the drug filipin, which is known to dis-
rupt the cholesterol distribution within the cell membrane (Kam
et al., 2006; Sahay et al., 2010). To assess if the cellular entry occurs
by macropinocytosis (gliomas) or phagocytosis (macrophages) the
cells could be pretreated with cytochalasin B, a potent inhibitor of
macropinocytosis/phagocytosis, which depolymerises the actin fil-
aments avoiding the formation of the structures essential to enclose
particulates (Serda et al., 2009).

The cells with excluded endocytosis mechanisms were studied
along with the 5 cell lines by flow cell cytometry allowing determi-
nation of the uptake pathway of the SLN. Furthermore, fluorescence
microscopy was  performed to visualise SLN uptake and distribution
within the cells.

The aim of this work was  to develop a systematic analysis of the
cellular internalisation mechanism and pathway for SLN to under-
stand the mechanisms behind this internalisation.

2. Materials and methods

2.1. Materials

The wax  cetyl palmitate was  a gift from Gattefossé SA
(France). The surfactants polysorbate 60 and 80 were provided
by Merck (KgaA, Germany). Rhodamine 123 (R123), thiazolyl blue
tetrazolium bromide (MTT assay), propidium iodide, phorbol 12-
myristate 13-acetate (PMA), collagen from rat tail, filipin III from
Streptomyces filipinensis (Filipin) and cytochalasin B were obtained
from Sigma–Aldrich (Portugal). 4’,6-diamidino-2-phenylindole,
dihydrochloride (DAPI) and Alexa Fluor® 594 conjugated of wheat
germ agglutinin (Alexa) were obtained from Molecular probes
(USA). D(+)-Sucrose was  purchased from Romil Pure Chemistry
(UK). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine
serum (FBS), glutamine, penicillin-streptomycin, Fungizone, RPMI
Medium 1640 and Hanks’ balanced salt solution (HBSS) were pro-
vided by Gibco (Invitrogen Corporation, Spain). Dimethyl sulfoxide
(DMSO) was obtained from Merck (KgaA, Germany). Purified water
was  of MilliQ®-quality.

2.2. Annotation for formulation

Unique codes were selected for identifying the produced for-
mulations; it consists of abbreviations for the fluorescent probe
R123; the lipid cetyl palmitate (CP) and the surfactants polysor-
bate 60 (P60) and polysorbate 80 (P80). CP60 and CP80 stand
for unloaded cetyl palmitate-based SLN stabilised with polysor-
bate 60 or polysorbate 80; respectively. R123-CP60 and R123-CP80
stand for rhodamine 123 incorporated into cetyl palmitate-
based SLN stabilised with polysorbate 60 or polysorbate 80;
respectively.

2.3. Methods

2.3.1. Production of solid lipid nanoparticles
Formulations containing the lipid cetyl palmitate and the sur-

factants polysorbate 60 or 80, were prepared at concentrations of
5% (w/w)  of lipid and 2% (w/w) of surfactant. One  lipid and one sur-
factant were combined at a time. SLN were prepared by the high

shear homogenisation and ultrasonication techniques. Briefly, the
lipid and surfactant mixture was melted at approximately 5–10 ◦C
above the melting point of the lipid. Water was heated at approx-
imately the same temperature and transferred to the surfactant
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ipid mixture. A pre-emulsion consisting of lipid and of surfactant in
ater were prepared with an ultra-turrax T25 (IKA-Labortechnik,
ermany) at 8000 rpm for 30 s, and an ultrasonication probe at 70%
mplitude for 2.5 min  (VibraCell model VCX 130 equipped with a

 mm probe, Sonics & Materials, Inc., Newtown, CT, USA). R123-
oaded SLN were prepared by adding the fluorescent dye (0.04%

/w) to the molten lipid prior to particle preparation. SLN were
ashed with water (∼1:2 v/v) using centrifugal filter units (Amicon
ltra, Ultra cell-50K), (Milipore, Carrigtwohill, Co. Cork, Ireland)
ntil no R123 was detected in the supernatant. R123 detection
as performed using the UV spectrophotometer (Jasko V-650 Spec-

rophotometer, Japan). Generally, after washing the SLN 3–4 times
o R123 was detected in the supernatant.

.3.2. Assessment of particle size and size distribution
Particle size and distribution (polydispersity index) was  deter-

ined by dynamic light scattering (DLS), using a Zetasizer Nano
S laser scattering device (Malvern Instruments Ltd., Malvern, UK).
he samples were diluted with water with a conductivity adjusted
o 50 �S/cm and analysed; the available software (Zetasizer Nano
eries V6.20) was used to correlate the intensity of scattered light
at a backscattering angle of 173◦) with the hydrodynamic radius of
he spherical particle. Several dilutions of the sample were tested at
5 ◦C to obtain dispersed and isolated nanoparticles in the solvent.
he particle size determination allows monitoring the nanoparti-
les preparation method and verifying its time dependent stability
egarding the tendency for aggregation and sedimentation. For
ach sample, the mean diameter ± standard deviation of at least
hree determinations was calculated applying multimodal analysis.
LN stability was assessed by measuring the mean particle diame-
er and polydispersity index of SLN immediately after production
nd after storage at 4 ◦C, room temperature and 40 ◦C during two
onths. SLN stability in culture medium was also assessed by mea-

uring the mean particle diameter and polydispersity index of SLN
iluted in complete culture medium during 3 and 15 days.

.3.3. Zeta potential
The electrophoretic mobility (zeta potential) of the nanopar-

icles and ultimately their surface charge was measured by
ombining laser Doppler velocimetry and phase analysis light scat-
ering (PALS) using a Zetasizer Nano ZS (Malvern, Worcestershire,
K). The samples, diluted with water with a conductivity adjusted

o 50 �S/cm by dropwise addition of 0.9% (m/v) NaCl solution,
ere placed in polystyrene cuvettes with platinum electrodes and

hen applied an electric field across the dispersion of the nanopar-
icles. Surface charged particles within the dispersion migrated
oward the electrode of opposite charge and the velocity of par-
icles migration was converted in zeta potential values by using
he Smoluchowski’s equation. The zeta potential results reported
re the mean ± standard deviation of at least three determinations.

.3.4. Differential scanning calorimetry analysis
The study of the physical state and polymorphism of the SLN was

erformed by differential scanning calorimetry (DSC) using a DSC
00 F3 Maia (Netzsh–Gerätebau GmbH) and Proteus Analysis soft-
are. The samples were weighed (5–10 mg)  directly in aluminium
ans and scanned between 25 ◦C and 85 ◦C at a heating and cooling
ate of 5 ◦C/min under nitrogen gas. DSC analyses were performed
n bulk lipids and SLN on the day of production. The degree of
rystallinity or recrystallisation index (RI) was determined by the
ollowing equation:
I[%] = Enthalpy SLN[J/g]
Enthalpy bulk material [J/g] × Concentration lipid phase[%]

× 100
harmaceutics 430 (2012) 216– 227

2.3.5. Cell culture
The human glioma A172, U251, U373 and U87 cell lines (ATCC)

were maintained in complete Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, Invitrogen Corporation) supplemented with 10%
FBS, 1% glutamine (2 mM)  and 1% antibiotic-antimycotic (Gibco,
Invitrogen Corporation: 10,000 units/mL penicillin G sodium,
10,000 mg/mL  streptomycin sulphate and 25 mg/mL  amphotericin
B as Fungizone) in a humidified incubator (Heraeus Hera Cell incu-
bator) at 37 ◦C under 5% CO2 atmosphere. Cells were subcultured
every 3–5 days using trypsin.

The human monocytic THP1 cell line (Health Protection Agency,
UK) was  cultured in suspension in RPMI-1640 complete growth
medium supplemented with 10% FBS, 1% glutamine (2 mM)  and
1% antibiotic-antimycotic (Gibco, Invitrogen Corporation): 10,000
units/mL penicillin G sodium and 10,000 mg/mL  streptomycin sul-
phate, in a humidified incubator (Heraeus Hera Cell incubator) at
37 ◦C under 5% CO2 atmosphere. These cells were differentiated
into macrophage phenotype by resuspension in THP1 medium,
supplemented with 100 ng/mL PMA  seeded at a density of 1 × 106

cells per well or cover-slip, previously treated during at least 4 h
with an aqueous solution of collagen I (24 �g/mL), for 18 h. After
that period, cells were washed with HBSS and let 24 h at 37 ◦C
in RPMI 1640 medium before experiments. THP1 differentiated
macrophages adhered to the surface of the cover-slips and wells.

2.3.6. Fluorescence microscopy
Uptake studies of fluorescent SLN by cells were carried out

by fluorescence microscopy. R123 was  used as a fluorescence
probe to investigate the cellular uptake of R123-loaded SLN. Un-
encapsulated R123 was removed by filtration using centrifugal
filter devices (Amicon® Ultra, Ultra cell-50k, Millipore, USA). The
experiment was  conducted in a six-well culture plate. Cell numbers
were adjusted in order to get 1 × 105 cells in each well on sterile
glass coverslips (22 mm × 22 mm)  previously treated with colla-
gen I. Cells were incubated at 37 ◦C, 5% CO2 until their adherence
on glass cover-slips (overnight) in supplemented DMEM medium.
Then, adherent cells were treated with 1 mL  of 500 �g/mL of R123-
loaded SLN (1.4 �g/mL R123) diluted in DMEM medium, during
an incubation period of 2 h. The cells were washed three times
with HBSS, and then stained with 1 mL  of Alexa Fluor®594 (cel-
lular membrane stain; excitation/emission maxima ∼590/617 nm)
solution 1 �g/mL diluted in HBSS for 10 min  at 37 ◦C, and with 1 mL
of DAPI (nuclear stain; excitation/emission maxima ∼358/461 nm)
solution 300 nM during the same time. After each staining pro-
cedure, cells were washed three times with HBSS. Finally, cells
were fixed in cold methanol (−20 ◦C) and after that imaged with
a fluorescence microscope. Cellular imaging was captured under
a Nikon Eclipse E400 fluorescence microscope (400× magnifica-
tion) equipped with digital camera and processed using Nikon
ACT-2U® software. Selected wavelengths were 365–375 nm (DAPI,
blue), 450–490 nm (R123, green) and 510–560 nm (Alexa Fluor®

594, red).
All the experimental steps were performed considering light

protection with aluminium sheet to avoid fluorescent dequenching.

2.3.7. MTT assay
Cell viability following exposure to an uptake of SLN was

measured by using the MTT  assay (Mosmann, 1983) with some
adjustments. 200 �L of cell suspension with 1 × 105 cells per mL
were seeded into wells of 96-well tissue culture test plates (Orange
Scientific products, Belgium). The samples of SLN (concentrations
from 50 �g/mL to 5000 �g/mL of solid amount) were added and

incubated for 24 h at 37 ◦C in 5% CO2. The medium with the SLN
was  removed and MTT  solution (5 mg/mL  MTT  in supplemented
DMEM medium) was  added to the cultures (final concentration
of 0.5 mg/mL) and incubated for 4 h at 37 ◦C. The medium with
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Table 1
Uptake pathways and inhibition conditions.

Pathway Inhibitor Mechanism References

Endocytosis 4 ◦C Blocks energy dependent process Kam et al. (2006),  Thurn et al. (2011)
Clathrin-mediated endocytosis Sucrose (0.45 M) Inhibits clathrin-mediated endocytosis Sahay et al. (2010),  Kam et al. (2006)
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Caveolae-mediated endocytosis Filipin (5 �g/mL) Inhibits caveolae
Phagocytosis CytB (5 �g/mL) Depolymerises th

of the structures 

Macropinocytosis CytB (5 �g/mL) 

TT  solution was discarded and formazan crystals were solu-
ilised using 150 �L DMSO. Subsequently, an incubation of 15 min
nder light protection and at room temperature was performed.
bsorbance which is directly proportional to cellular metabolism
as measured at 550 nm and 690 nm (background subtraction) in a

ower Wavex microplate spectrophotometer (BioTek Instruments
nc., USA). Cell viability was expressed in percentage compared to
ntreated cells.

.3.8. Flow cell cytometry
SLN uptake by the cell lines were further investigated using flow

ell cytometry (Becton Dickinson FACSCalibur, USA). For that 1 mL
f cell suspension with 1 × 106 cells per mL  being seeded 24 h before
he experiments into wells of 24-well tissue culture test plates
Orange Scientific products, Belgium). For A172, U87 and THP1 cell
ines the wells were previously treated with collagen I (rat tail) to
ncrease the adhesion of these cells to the wells. The samples of
123-loaded SLN at 50 �g/mL of solid content (0.14 �g/mL R123)
ere added and incubated for 2 h at 37 ◦C in 5% CO2. After incu-

ation, the cells were washed three times with HBSS. Adherent
ells were detached from the surface by treatment with trypsin
nd resuspended in ice-cold HBSS. Propidium iodide was added to
he cells at a final concentration of 0.2% and immediately analysed
ith a FACS Calibur using a 488 nm laser for excitation of R123

nd a band centred at 530 nm for detection of fluorescence. Flow
ytometry data were processed to remove the events associated
o free nanoparticles according to their light scattering properties.
rom the filtered data, the arithmetic mean of the fluorescence
ntensity of cells exposed to the various formulations was  deter-

ined, and the data was analysed using FlowJo software. Cells that
ere stained with propidium iodide (corresponding to naturally

ccurring dead cells) were excluded from the data analysis.
Table 1 depicts endocytosis inhibitors selected for this work,

heir pathway and mechanism of endocytosis inhibition.
Analysis of endocytosis mechanism was similar to that pre-

iously described, however, for this case the cells were exposed
o several endocytosis inhibitors (4 ◦C, sucrose 0.45 M,  filipin and
ytochalasin B) 30 min  before the exposition of the cells to the
123-loaded SLN and during all the exposition. For assessing if the
ndocytosis is the main entry of the SLN into the cell, endocytosis
as inhibited by incubating the cells at 4 ◦C instead the regular 37 ◦C

ondition. Clathrin dependent endocytosis was inhibited exposing
he cells to 0.45 M sucrose 30 min  before and during exposure to
he R123-loaded SLN at 37 ◦C. For caveolae-mediated endocytosis
nhibition cells were pretreated in medium supplemented with fil-
pin (5 �g/mL) for 30 min  followed by exposure to the R123-loaded
LN at 37 ◦C.

For macropinocytosis/phagocytosis inhibition cells were pre-
reated in the medium supplemented with cytochalasin B
5 �g/mL) for 30 min  followed by exposure to the R123-loaded SLN
t 37 ◦C.
.3.9. Statistical analysis
For the SLN physicochemical characterisation results are shown

s the mean ± standard deviation (SD) of at least 3 different batches
f the same formulation. The t-test and the one-way analysis of
ated endocytosis Sahay et al. (2010),  Kam et al. (2006)
n filaments avoiding the formation
ial to enclose particulates

Serda et al. (2009)
Serda et al. (2009)

variance (ANOVA) were performed to compare two or multiple
groups, respectively. If the group in each time interaction was
significantly different (P < 0.05), differences between groups were
compared within a post hoc test (Tukey HSD). To describe statis-
tical differences with controls, the Dunnett test was used. Results
are reported as a mean ± SD from a minimum of three independent
experiments performed in cells pertaining to different passages.
Differences were considered significant at P < 0.05. All statistical
analyses were performed with the software PASW Statistic 18 (SPSS
Inc., Chicago, USA).

3. Results

3.1. Physicochemical characterisation of solid lipid nanoparticles

Unloaded SLN were produced and characterised in terms of
mean diameter, polydispersity index and zeta potential for two
months to assess the stability of these systems during storage. SLN
with a mean diameter between ∼130 and 165 nm, low polydisper-
sity index <0.3 and with slight zeta potential values between −18
and −23 mV have been produced and were stable in terms of mean
diameter for at least two months at the three temperatures tested
(4 ◦C, 22 ◦C and 40 ◦C). SLN stabilised with polysorbate 60 showed
a slightly smaller mean diameter and a higher stability than SLN
stabilised with polysorbate 80 (Fig. 1).

R123 was then incorporated into SLN stabilised by polysorbate
60 (R123-CP60) or 80 (R123-CP80) as a model drug and a fluores-
cent dye. Analysis of the R123-loaded SLN revealed just a slight
increase in the mean diameter of the SLN indicating no influence
of the R123 incorporation in the physicochemical characteristics of
these systems (Table 2). For analysing the stability of the SLN dur-
ing the in vitro experiments in cells, the four formulations (CP60,
R123-CP60, CP80 and R123-CP80) were incubated in the culture
medium for two  weeks. The obtained results revealed only a small
increase in the mean diameter of the SLN in the culture medium
indicating no formation of agglomerates or aggregates that could
interfere with the in vitro experiments.

Thermal behaviour of cetyl palmitate bulk and cetyl palmitate-
based SLN was assessed by DSC. The DSC results obtained are
depicted in Fig. 2 and Table 3. When the bulk was heated from
25 ◦C to 85 ◦C, a number of thermal transitions were observed
(Fig. 2A). Two endothermic peaks were observed at around 47 ◦C
(small shoulder) and 57 ◦C corresponding to the melting of ˛
and ˇ polymorphic forms of crystal lipids, respectively. The same
number of thermal transitions was  detected with the samples of
formulations stored at 4 ◦C, 22 ◦C and 40 ◦C. However, the onset
temperature and the melting peak of the SLN were approximately
4–7 ◦C lower than those obtained for the bulk materials (Fig. 2 and
Table 3).

The DSC scans of all the cetyl palmitate-based SLN shows that
independently of the surfactant used as stabiliser (polysorbate 60
or 80) the  ̨ and  ̌ modifications are observed at the same temper-
ature, however the evidence and area of the peaks are different.
DSC is also useful to evaluate the degree of crystallinity of
lipid materials. The degree of crystallinity of pure lipids and SLN
was  estimated by comparison of the melting enthalpy of the bulk
material with the melting enthalpy of the dispersion. The
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Fig. 1. Physicochemical characteristics of cetyl palmitate-based solid lipid nanoparticles (SLN) stabilised with polysorbate 60 (CP60) and 80 (CP80). Mean diameter, poly-
dispersity index (PI)(up) and zeta potential (down) (mean ± SD) of the SLN CP60 (left) and CP80 (right) stored at 4 ◦C (�), 22 ◦C(�)  and 40 ◦C(�), determined on the day of
production and after 8, 30 and 60 days of storage.

Table 2
Physicochemical characteristics of solid lipid nanoparticles (SLN). Mean size, polydispersity index (PI) and zeta potential (ZP) of SLN on day production and dispersed in
culture  medium.

Sample Mean size ± SD (nm) PI ± SD ZP ± SD (mV)

CP60 134.70 ± 7.55 0.195 ± 0.02 −17.96 ± 1.3
CP60  in DMEM 3 days 147.92 ± 6.77 0.193 ± 0.01
CP60 in DMEM 15 days 158.25 ± 7.71 0.250 ± 0.02

R123-CP60 157.20 ± 7.56 0.212 ± 0.01 −22.75 ± 1.5
R123-CP60 in DMEM 3 days 162.67 ± 6.72 0.250 ± 0.02

CP80 148.70 ± 7.92 0.208 ± 0.04 −18.77 ± 2.4
CP80  in DMEM 3 days 165.09 ± 6.83 0.205 ± 0.02
CP80 in DMEM 15 days 174.01 ± 8.54 0.201 ± 0.01

v
s
d
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w

R123-CP80 165.32 ± 8.26 

R123-CP80 in DMEM 3 days 174.15 ± 6.99 

alues were extracted by DSC scans using appropriate

oftware. DSC analysis revealed that the SLN are in the
esired solid state and that the degree of crystallinity of
he investigated SLN was found to be between 53 and 73%
Table 3).

able 3
SC parameters of solid lipid nanoparticles (SLN). Onset and melting temperatures, meltin
ith  polysorbate 60 (CP60) and 80 (CP80) stored at 4 ◦C, 22 ◦C and 40 ◦C.

Sample Storage temp (◦C) Onset (◦C) 

CP80 4 48.9 

22  49.2 

40 48.9  

CP60  4 46.4 

22 48.3  

40  48.9 

CP  bulk 22 53.2 
0.265 ± 0.01 −20.55 ± 1.5
0.284 ± 0.01

3.2. In vitro studies in cells
R123-loaded SLN emit detectable fluorescence that can be ana-
lysed by both fluorescence microscopy and flow cytometry. SLN
were stable in terms of mean diameter in culture medium for at

g enthalpies and recrystallisation index (RI) of cetyl palmitate-based SLN stabilised

Enthalpy �H (J/g) Melting point (◦C) RI (%)

7.97 50.5 60
9.23 51.0 69
7.05 50.6 53

9.66 49.8 73
9.22 50.2 69
7.97 50.5 60

266.5 57.0 100
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Fig. 2. DSC thermograms of the bulk cetyl palmitate (CP), solid lipid nanoparticles
(SLN) stabilised with polysorbate 60 (CP60) and 80 (CP80). (A) DSC thermograms of
the  bulk CP (-. -) and the SLN CP80 (black) and CP60 (grey) stored at 4 ◦C (..), 22 ◦C
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-  -), and 40 ◦C ( ). (B) DSC thermograms of CP80 (black) and CP60 (grey) stored at
◦C (..), 22 ◦C (- -) and 40 ◦C ( ).

east two weeks. The experiments described herein characterise
he uptake of R123-loaded SLN by A172, U251, U373, U87 and THP1
uman cells.

.2.1. Relative uptake of solid lipid nanoparticles in human cell
ines

In order to confirm the uptake of SLN by the cells in study,
ells were incubated during 2 h with R123-loaded SLN (R123-CP60
nd R123-CP80) and were analysed by fluorescence microscopy
Fig. 3).

Since R123 was not covalently bound to the SLN, we  can-
ot exclude the possibility that R123 might be released from
he SLN during cell uptake. To eliminate any interference, cells
ere incubated with free R123, unloaded SLN and R123-loaded

LN, separately under same experimental conditions. After 2 h of
ncubation, cells were processed and viewed under fluorescence

icroscope. Cells cultured with only free R123 and unloaded SLN
howed negligible fluorescence outside and inside the cells, while
n intense green fluorescence was seen inside the cells cultured
ith R123-loaded SLN. The unloaded SLN and the free R123 were
sed as a negative control to confirm that the lipid matrix does not
how native fluorescence that potentially could interfere with R123
nd that if the free R123 is released from the nanoparticles during
he experiment it will not interfere with it.

R123-loaded SLN have green fluorescence, while the cell mem-
®
ranes appear in red, since it was stained with Alexa Fluor 594 and

he nucleus appear in blue, since it was stained with DAPI. After 2 h
f incubation a strong green fluorescence was observed inside all
he cells (Fig. 3), corresponding to a large number of R123-loaded
LN that were internalised.
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3.2.2. Effect of solid lipid nanoparticles on cell viability and
cytotoxicity

To address cell viability and cytotoxicity the MTT  assay
was  performed, the cells being incubated with freshly prepared
nanoparticles for 24 h.

The viability of the cells after 2 h of exposition to R123-SLN and
to the excluded endocytosis conditions (4 ◦C, sucrose 0.45 M,  fil-
ipin and cytochalasin B) were verified by a parallel study using
propidium iodide incorporation evaluated by flow-cytometry and
revealed no toxicity (viability higher than 90%) for all cell lines (data
not shown). Subsequently, at the experimental internalisation con-
ditions, the formulations revealed no significant toxicity for all cell
lines.

Uptake of nanoparticles (24 h incubation) did not disturb A172
and THP1 normal cell propagation and showed more than 90% cell
viability, when cells were incubated with 50 �g/mL of solid amount
of R123-loaded SLN, relative to control cells (medium) (Fig. 4). For
U251, U373 and U87 viability was  significantly reduced when cells
were incubated with 50 �g/mL and at 500 �g/mL of solid amount
of R123-loaded SLN, viability was  reduced to 45–66% (Fig. 4). These
results suggest that SLN was internalised more by glioma cell lines
and show more cytotoxicity against these cells (except A172) than
to macrophages

Analysing Fig. 5, it is evident that SLN at higher concentrations
are more cytotoxic against glioma cells than to macrophages.

3.2.3. Uptake mechanism of solid lipid nanoparticles
A systematic analysis of the cellular internalisation mechanism

and pathway was  followed of R123-loaded SLN. Since cells do not
exhibit significant fluorescence on their own as confirmed by flow
cytometry (Figs. 6 and 7), it is assumed that the fluorescence levels
measured in cells are due to R123-SLN uptake.

Fig. 6 presents histograms of flow cytometry assays in cells after
2 h incubation with, SLN stabilised with polysorbate 60 (R123-
CP60, —), or stabilised with polysorbate 80 (R123-CP80, ). No
significant differences could be detected between the two for-
mulations in terms of FL1 values, indicating similar amount of
fluorescent cells counted and therefore similar internalisations.

Fig. 7 shows the mean fluorescence of the cells after 2 h of incu-
bation with R123-loaded SLN and reveals that for all the cells there
is always significant internalisation of the R123-loaded SLN. Fur-
thermore, the internalisation is significantly higher in the gliomas
A172 and U87 than in the macrophages (THP1), being the mean
fluorescence higher more than twice. These results indicate that
SLN are more easily and rapidly internalised in glioma than in
macrophages cell lines.

Again, no significant differences could be observed between the
two  SLN formulations in terms of mean fluorescence values indi-
cating similar internalisations of both formulations.

Generally, there are two  modes of entry, either R123-loaded
SLN transverse the cell membrane via endocytosis or energy inde-
pendent non-endocytotic mechanism. However, the endocytosis
could be sub-categorised in phagocytosis and pinocytosis (clathrin-
mediated endocytosis, caveolae-mediated endocytosis, clathrin-
and caveolae-independent endocytosis, and macropinocytosis)
pathways (Fig. 8).

To clarify the mechanism of internalisation behind the R123-
loaded SLN internalisation a series of investigations on uptake
mechanism and cellular internalisation were carried out for R123-
loaded SLN with the cells exposed to specific endocytic inhibitors
(Table 1). To better compare the obtained data, the SLN uptake
values were expressed as relative fluorescence, which is the total

fluorescence in the cells after incubation in presence of inhibitors
with the R123-loaded SLN samples calculated as relative percent-
age of the positive control (fluorescence of the cells incubated under
normal conditions (2 h at 37 ◦C) assumed 100%.
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Fig. 3. Rhodamine 123 (R123)-loaded solid lipid nanoparticles (SLN) cell uptake. Fluorescence microscope images of R123-loaded SLN uptake (2 h) by THP1, A172, U251,
U ith A
s figure

c
3
r

373  and U87 cell lines. Nucleus are stained with DAPI (blue) and cell membrane w
hown. (Magnification 400×).(For interpretation of the references to colour in this 
Endocytosis is an energy dependent mechanism. The pro-
ess is hindered at a low temperature (at 4 ◦C instead of
7 ◦C). Cellular incubations with R123-loaded SLN were car-
ied out at 4 ◦C in parallel with the regular (37 ◦C) incubation
lexa (red). R123-loaded SLN shown green fluorescence. Representative images are
 legend, the reader is referred to the web version of the article).
conditions, thereby hampering the endocytosis process. In
fact, the level of fluorescent intensity inside each cultured
cell was  reduced drastically (statistically significant) rela-
tive to cells cultured in regular standard conditions (Fig. 9).
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Fig. 4. Cell viability (mean ± SD) of the cells exposed at rhodamine 123 (R123)-
loaded solid lipid nanoparticles (SLN) stabilised with polysorbate 60 (R123-CP60)
a
e
5

T
n
3

e

F
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nd  80 (R123-CP80). Viability of different cells (THP1, A127, U251, U373 and U87)
xposed for 24 h at R123-CP60 and R123-CP80 at the concentrations of 50 and
00  �g/mL of solid content.

his reduction therefore indicates endocytosis as the inter-

alisation mechanism for the uptake of R123-loaded SLN at
7 ◦C.

To evaluate the contribution of each of the three main
nergy-dependent pathways of non-phagocytic endocytosis on the

ig. 5. Cell viability (mean ± SD) of different cells after incubation with cetyl palmitate-
CP80).  Cell viability of THP1, A172, U251, U373 and U87 incubated for 24 h with CP60 (�
harmaceutics 430 (2012) 216– 227 223

internalisation of R123-loaded SLN, each mechanism was inhibited
in turn.

To assess the role of clathrin in the internalisation of R123-
loaded SLN, we carried out incubations under conditions that are
known to disrupt the formation of clathrin-coated vesicles on the
cell membrane. This treatment consisted of pretreating the cells
with 0.45 M of sucrose (hypertonic treatment) medium prior to
exposure to the R123-loaded SLN. These pretreatments drastically
reduced the level of cellular uptake of R123-loaded SLN as deduced
from the cell cytometry data (Fig. 10A), therefore suggesting the
clathrin pathway for endocytotic cellular uptake of R123-loaded
SLN.

To further elucidate R123-loaded SLN cellular uptake, we inves-
tigated the possibility of cellular entry by R123-loaded SLN via
caveolae or lipid raft pathway. As caveolae dependent cell entry
relies on the presence of cholesterol domains, we  pretreated cells
with the drug filipin which disrupts the cholesterol distribution
within the cell membrane. Fig. 10B  shows the flow cytometry data
obtained after incubations in R123-loaded SLN for cells with and
without filipin pretreatment, respectively. In stark contrast to the
clathrin-blocking experiments, we observed that pretreatment of
cells with filipin had no blocking effect on the cellular uptake of
R123-loaded SLN, which suggests little or no involvement of the
caveolae-dependent cell-entry pathway for R123-loaded SLN. In

addition, for the THP1 and A172 cell lines the uptake of R123-loaded
SLN was  increased when exposed to filipin. Similar results were
obtained by Tahara et al. (Tahara et al., 2010) when in A549 cells
were pretreated with filipin.

based solid lipid nanoparticles (SLN) stabilised with polysorbate 60 (CP60) and 80
), CP80 (�) and water (�).
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ig. 6. Uptake of rhodamine 123 (R123)-loaded solid lipid nanoparticles (SLN) stab
ata  for THP1 (A), A172 (B), U251 (C), U373 (D) and U87 (E) in medium (control (bla

Taken together, our experimental data suggest that cellular

nternalisation of R123-loaded SLN is through the clathrin-
ependent endocytosis pathway.

To assess the involvement of macropinocytosis/phagocytosis in
123-loaded SLN uptake, cells were preincubated with cytocha-

ig. 7. Uptake mean (fluorescence mean ± SD) of rhodamine 123 (R123)-loaded
olid lipid nanoparticles (SLN) stabilised with polysorbate 60 (R123-CP60) and 80
R123-CP80). Flow cytometry data for THP1, A172, U251, U373 and U87 in medium
control (�)) and that were incubated with R123-CP60 (�) or R123-CP80 (�). Control
cells) was always significant different than cells incubated with R123-loaded SLN.
with polysorbate 60 (R123-CP60) and 80 (R123-CP80). Flow cytometry histograms
nd that were incubated with R123-CP60 (—) or R123-CP80 ( ).

lasin B, which is known to depolymerise the actin filaments which
are necessary to the formation of the structures essential to enclose
particulates. Fig. 11 reveals that a significant reduction of the

internalisation of the R123-CP80 occurred in the A172 and U87
cell lines. However, this inhibition was  much smaller than that
resulting from the exposition to the hypertonic environment. These
results indicate that for some cells more than one mechanism could

Fig. 8. Cellular internalisation of nanoparticles and associated intracellular traffick-
ing. (A) Phagocytosis, leading to phagosomes (A1) and phago-lysosomes (L). (B)
Macropinocytosis, engulfing nanoparticles, forming macropinosomes (B1) which
can  be exocytosed or fused with lysosomes (L). (C) Clathrin-mediated endocytosis,
leading to primary endosomes (C1) and late endosomes (C2) with multivesicu-
lar bodies (C3). (D) Clathrin- and caveolae-independent endocytotic pathways. (E)
Caveolae-mediated endocytosis, leading to caveosomes (E1) which fuse with the
endoplasmic reticulum (E2) or translocate through the cell (E3). (F) Particle diffu-
sion or transport through the apical plasma membrane, leading to particles situated
in  the cytosol. Figure and descriptions are adapted from Brandenberger et al. (2010),
Hillaireau and Couvreur (2009).



S. Martins et al. / International Journal of Pharmaceutics 430 (2012) 216– 227 225

Fig. 9. Effect of temperature on rhodamine 123 (R123)-loaded solid lipid nanopar-
ticles (SLN) internalisation (fluorescence mean ± SD). Cells were treated with
50  �g/mL of R123-loaded SLN stabilised with polysorbate 60 (R123-CP60, �)  and
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Fig. 11. Effect of macropinocytosis/phagocytosis inhibition on rhodamine 123
(R123)-loaded solid lipid nanoparticles (SLN) internalisation (fluorescence mean
±  SD). Cells were pretreated with cytochalasin B (5 �g/mL) during 30 min  and then
treated with 50 �g/mL of R123-loaded SLN stabilised with polysorbate 60 (R123-
CP60, �)  and 80 (R123-CP80, �). Subsequent analysis by flow cytometry showed a

F
(
w
i

0  (R123-CP80, �)  at 4 ◦C. Subsequent analysis by flow cytometry showed a signifi-
ant decrease in fluorescence for all cells treated at 4 ◦C compared with 37 ◦C (100%
ptake).

e involved in the SLN internalisation. The main uptake pathway
eems to be the clathrin mediated endocytosis, but for some cells
A172 and U87) macropinocytosis seems also to be involved in this
rocess, but to a smaller extent.

. Discussion

The key physicochemical parameters of nanoparticles that
etermine cellular entry of nanomedicines through endocytic
outes are charge, shape, size, flexibility, material composition,
oating and surface chemistry (Sahay et al., 2010). It has long been
elieved that the size of nanoparticles may  play a paramount role in
heir inclusion within different endocytic vesicles that greatly vary
n size. Furthermore, particles sizing in the range below 200 nm
as been reported as potentially longer circulating whereas par-
icles smaller than 30 nm are eliminated by renal excretion, and

arger can be rapidly taken up by the MPS  cells (Moghimi et al.,
001; Gaumet et al., 2008).

The mean diameter of the SLN produced (∼135–165 nm)  seems
o be suitable for reaching cancer cells and to be taken up by these

ig. 10. Endocytosis mechanism on rhodamine 123 (R123)-loaded solid lipid nanoparticle
B)  mediated endocytosis inhibition on Rh123-loaded SLN internalisation. Cells were pretr
ith  50 �g/mL of R123-loaded SLN stabilised with polysorbate 60 (R123-CP60, �)  and 80 (R

n  fluorescence for all cells treated with sucrose 0.45 M (A) but not for cells treated with fi
significant decrease in fluorescence only for A172 and U87 incubated with R123-
CP80 (�) treated with cytochalasin B compared with 37 ◦C without inhibition (100%
uptake).

cells. Despite that a small size (<200 nm)  may be beneficial for a
rapid entry into cells, there is no size cut off limit up to at least
5 �m to gain cellular entry of some materials through pinocyto-
sis. The largest particles may  be more likely to enter cells through
macropinocytosis. The size of the particles may play a minor role in
defining the entry pathway, than the chemical composition of the
nanoparticles (Huang et al., 2002; Sahay et al., 2010).

Furthermore, tumour vasculature is immature, allowing
nanoparticles to leak from the blood to accumulate in the intersti-
tial space in tumour tissues, a phenomenon known as “enhanced
permeability and retention (EPR) effect” (Torchilin, 2010). Exper-
iments with animal models suggest that small (<200 nm), neutral
or slightly negatively charged particles can move through tumour
tissue (Nomura et al., 1998).

With respect to the surface charge, unloaded and R123-loaded
SLN had slightly negative charge. The incorporation of the posi-

tively charged R123 did not increase but slightly decreased the
zeta potential of the SLN, which is an indication that R123 is not
on the surface of the SLN but mainly incorporated in the SLN lipid
matrix. These negative zeta potential values are good indications

s (SLN) internalisation (fluorescence mean ± SD). Effect of clathrin-(A) and caveolae-
eated with sucrose 0.45 M (A) or filipin (5 �g/mL) (B) during 30 min and then treated
123-CP80, �).  Subsequent analysis by flow cytometry showed a significant decrease
lipin (5 �g/mL) (B) compared with 37 ◦C (100% uptake).
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lso for brain tumour targeting (Lockman et al., 2004). Another
dvantage of using slightly negatively charged SLN is that parti-
les are expected to be less toxic and more stable than positively
harged nanoparticles (Kedmi et al., 2010). Furthermore, Lockman
t al. (Lockman et al., 2004) revealed that neutral nanopar-
icles (−14.1 mV)  and low concentrated anionic nanoparticles
−59.5 mV)  did not affect the blood-brain barrier integrity, while
ationic nanoparticles disrupted the blood-brain barrier. Addition-
lly, brain uptake rates of anionic nanoparticles were found to be
igher than neutral or cationic formulations when used at the same
oncentrations. The authors postulated that neutral and low con-
entrated anionic nanoparticles can be safely used as colloidal drug
elivery systems for brain targeting. In the present paper, we report
he production of unloaded and R123-loaded SLN stabilised with
olysorbate 60 or 80 with only slight negative charges, between
13 and −23 mV.  Based on these facts, we suggest that the devel-
ped formulations with a slightly negative charge may  not exert
urface associated cytotoxicity and may  increase the drug delivery
f loaded drugs to the brain.

There are several studies in which nanoparticles have been used
o deliver drugs to the brain (Gelperina et al., 2010; Ying et al.,
010; Cirpanli et al., 2011), but most of them have problems asso-
iated with toxicity, an invasive administration route or low ability
o reach the target drugs. SLN could be a safe and easy drug deliv-
ry system to overtake common problems of brain delivery, due to
he low acute and chronic toxicity associated to the lipid matrix, in
ddition to their ability to target drugs to the brain.

DSC studies were performed to investigate the physical state,
he presence of polymorphic forms and the degree of crystallinity
f the SLN.

The thermograms of both formulations were quite alike due to
he fact that both the melting and crystallisation properties of the
LN were mainly governed by the hard fat component than by
he surfactant (Schubert and Muller-Goymann, 2005; Bunjes and
nruh, 2007).

According to the literature, the bulk cetyl palmitate exists in two
ifferent polymorphic or crystalline forms:  ̨ form (meta-stable)
nd  ̌ form (stable form) (Saupe et al., 2005). The decrease of the
nset temperature and the melting peak of the SLN comparing to
he bulk materials (4–7 ◦C) can be explained by the presence of

 surfactant, the small diameters of the colloidal dispersion and
heir high surface area (Bunjes et al., 2000, 2003). The reduction
n crystallinity is due to the partial formation of lower energy lipid
orms (lower ordered lattice arrangement). In addition, surfactants
istributed in the melted lipid phase can distort crystallisation,
esulting in a lower melting enthalpy.

Although crystalline lipids are used for the production of
LN dispersions, the lipid particles are not necessarily present
n the solid state after processing (Kuntsche and Bunjes, 2007).
onsequently, reassuring the physical state of the matrix lipid is
f utmost relevance for the development of nanoparticles based
n solid lipids. Thermograms revealed that cetyl palmitate-based
LN have melting temperatures much higher than 40 ◦C which is
ufficient to consider that the lipids are in the solid state at both
oom and body temperature.

In vitro cytotoxicity studies (MTT) revealed that the cells
xposed to the high SLN concentrations tested (50 �g/mL to
.5 mg/mL) for the 24 h were not affected in the same way. In fact,
LN were more toxic to the glioma cells than to macrophages.
hese results revealed a higher biocompatibility of the SLN with the
ormal human macrophages cells than with human cancer cells
gliomas). This selective toxicity for cancer cells could be used com-

ined with other anticancer drugs in the treatment of neoplastic
iseases, such as brain tumours. Literature indicates however that
t lower concentration, SLN are generally well tolerated for several
ell lines (Schöler et al., 2000; Nassimi et al., 2010; Silva et al., 2011).
harmaceutics 430 (2012) 216– 227

Complementary to the MTT  cytotoxicity studies, the in vitro
studies of flow cytometry revealed that the SLN and the excluded
endocytosis conditions used were not toxic (viability higher than
90%) for all the cells during the time (2 h) of the internalisation
in vitro experiments, which are required for a better analysis of the
endocytosis pathway (data not shown).

In this work we  studied the amount of internalisation of SLN
stabilised with two different surfactants (polysorbate 60 and 80)
and the different pathways that may  be responsible for SLN uptake.

Fluorescence microscopy and flow cytometry analysis showed a
remarkable intracellular localisation of both formulations in all the
four glioma cell lines and slightly less in the macrophages after 2 h
of exposition to both R123-loaded SLN formulations (Figs. 3 and 6).

Internalisation of SLN stabilised with polysorbate 60 or 80
were similar suggesting similar uptake of the SLN by all the cells.
Furthermore, the internalisation of both formulations was  higher
(at least two  times higher) for all the glioma cell lines than for
macrophages. However, these differences were significant only
for A172 and U87 cell lines. For the U251 and U373 there are no
significant differences possibly due to the fact that these experi-
ments are associated intrinsically with high SD which decreases
the significant differences between groups.

For any drug delivery system, understanding the initial mode of
internalisation is the first step in achieving optimised drug deliv-
ery. For the 5 cell lines R123-CP60 and R123-CP80 endocytosis
was  strongly inhibited in all cells by lowered temperatures. This
is consistent with previous studies from the literature (Kam et al.,
2006; Thurn et al., 2011) indicating that cargo uptake is usually
energy-dependent. Subcellular internalisation of R123-loaded SLN
predominantly takes place by energy dependent endocytosis.

Internalisation of nanoparticles can occur by macropinocytosis,
phagocytosis, clathrin-mediated endocytosis, caveolae-mediated
endocytosis, or clathrin- and caveolae-independent pathways
(Conner and Schmid, 2003; Doherty and McMahon, 2009; Sahay
et al., 2010).

Sucrose, a specific inhibitor of clathrin-dependent endocyto-
sis, significantly affect SLN uptake. In contrast, filipin, a specific
inhibitor of caveolae-dependent endocytosis, did not significantly
reduce SLN uptake. Actually, for THP1 and A172 the internalisation
was  significantly increased. This fact could be explained due to an
interference of filipin with the cholesterol present in the mem-
branes and the presence of the polysorbates in the SLN surface
that may  in addition increase cell membrane fluidity, leading to
endocytosis activation (Kam et al., 2006; Sahay et al., 2010; Tahara
et al., 2010).

Clathrin-mediated endocytosis was significantly inhibited in
all cell lines. These data suggest that for all cell lines the main
mechanism of SLN internalisation is the endocytosis, and more
specifically, endocytosis mediated by clathrin.

Macropinocytosis pathway involves internalisation of rela-
tively large particles (1–5 �m diameter), much larger than the SLN
produced, with sizes lower than 200 nm.  Phagocytosis is usually
associated with specialised cells (Khalil et al., 2006), however some
epithelial cells are also capable of it (Mayerson and Hall, 1986).
Nevertheless, we  found that the phagocytosis/macropinocytosis of
the four human glioma cell lines in vitro was negligible or reduced
(A172 and U87). For the A172 and U87 cells appears that the endo-
cytosis could occur by more than one pathway (clathrin-mediated
endocytosis and macropinocytosis).

These findings suggest that SLN are mainly internalised by the
clathrin-mediated endocytosis pathway.
5. Conclusion

In conclusion, we  have shown that SLN stabilised with two  dif-
ferent surfactants (polysorbate 60 and 80) were capable of the
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tine (BCNU) wafers (Gliadel wafers) in patients with primary malignant glioma.
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ransportation of the model drug (R123) into living cells and that
he cellular-uptake mechanism is energy-dependent endocytosis.
he internalisation was higher in glioma than in the macrophage
ell lines which could be favourable in case of brain tumours.

The detailed endocytosis pathway for the developed SLN was
ostly through clathrin-coated pits rather than caveolae or lipid

afts or phagocytosis. Knowledge of the mechanism of entry is
ssential and will assist future developments of lipid nanoparticles
or drug delivery applications.

We  first showed that intracellular transportation of R123 by
LN is indeed general, thus further confirming the transporter abil-
ty of these materials. We  then evidenced that clathrin-dependent
ndocytosis is the pathway for the uptake of various SLN with R123.

To conclude, we propose that SLN stabilised with polysorbate 60
nd 80 are internalised by glioma cell lines by an energy dependent
echanism mediated mainly through a clathrin-dependent endo-

ytic pathway. These findings further support the potential use of
LN to deliver drugs to the brain to treat brain tumours.
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