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Bovine  serum  albumin  (BSA)  nanoemulsions  were  produced  by high  pressure  homogenization  with  a
tri-block  copolymer  (Poloxamer  407),  which  presents  a central  hydrophobic  chain  of  polyoxypropylene
(PPO)  and  two  identical  lateral  hydrophilic  chains  of  polyethylene  glycol  (PEG).  We  observed  a linear
correlation  between  tri-block  copolymer  concentration  and  size  –  the  use  of  5 mg/mL  of  Poloxamer  407
yields  nanoemulsions  smaller  than  100  nm.  Molecular  dynamics  and fluorescent  tagging  of  the  tri-block
copolymer  highlight  their  mechanistic  role  on  the  size  of emulsions.  This  novel  method  enables  the
rotein-based nanoemulsions
igh pressure homogenization
EGylated surfactant
olic acid
ctive targeting

fabrication  of  highly  stable  albumin  emulsions  in the nano-size  range,  highly  desirable  for controlled  drug
delivery.  Folic  Acid  (FA)-tagged  protein  nanoemulsions  were  shown  to  promote  specific  folate  receptor
(FR)-mediated  targeting  in  FR  positive  cells.  The  novel  strategy  presented  here  enables  the  construction
of  size  controlled,  functionalized  protein-based  nanoemulsions  with  excellent  characteristics  for  active
targeting  in  cancer  therapy.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Particle size is a feature of particular importance for intravenous
herapeutic applications. Nanoparticles intended for systemic cir-
ulation should be large enough to prevent their rapid leakage
nto blood capillaries but small enough to escape capture by

acrophages in the reticuloendothelial system, such as in the

iver and spleen [1,2]. Nanoparticles for drug delivery smaller than
00 nm can be intravenously administered and are taken up more
fficiently by cells [3].

∗ Corresponding author.
E-mail address: artur@deb.uminho.pt (A. Cavaco-Paulo).

1 Present address: Institute of Polymers and Composites (IPC) and Institute of
anostructures, Nanomodelling and Nanofabrication (I3N), University of Minho,
ampus de Azurém, 4800-058 Guimarães, Portugal.

ttp://dx.doi.org/10.1016/j.colsurfb.2015.06.073
927-7765/© 2015 Elsevier B.V. All rights reserved.
Albumin is widely used to prepare protein nanoparticles,
which can be easily functionalized chemically [4]. Functionalized
nanoparticles can be utilized for targeted drug delivery, improv-
ing cellular uptake and ameliorating undesired toxic side effects
associated with conventional chemotherapeutic regimens [3,5].

The state of the art on the production and mechanism of for-
mation of protein-based capsules was  recently reviewed by our
group [6]. The production of albumin-based nanoparticles can be
achieved using specialized nanotechnology techniques like desol-
vation, emulsification, thermal gelation, and more recently through
nano-spray drying, nab-technology and self-assembly [4,6–8]. Sus-
lick and Grinstaff, were pioneers in developing a methodology using
high-intensity ultrasound, which is a high-energy emulsification

method, to produce aqueous suspensions of proteinaceous micro-
capsules [9]. It was  demonstrated that high shear forces applied to
biphasic water/hydrophobic solvent systems can induce conforma-
tion changes in proteins which tend to migrate to the water/solvent

dx.doi.org/10.1016/j.colsurfb.2015.06.073
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2015.06.073&domain=pdf
mailto:artur@deb.uminho.pt
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nterface, stabilizing the microcapsules [6,10]. In a previous study,
ur group demonstrated that the use of a large globular protein,
SA, with clear distinct hydrophilic and hydrophobic areas, n-
odecane (as an organic solvent) and a ratio of 95% of aqueous
hase/5% of n-dodecane subjected to high-intensity ultrasound,
esulted in small and stable microspheres. However, the parti-
les produced using this method never presented size smaller than
50 nm [10].

Here, we describe a novel method based on high pressure
omogenization (also a high-energy emulsification method) rather
han using high-intensity ultrasound, of a biphasic system (aqueous
hase and vegetable oil) to produce stable protein nanoparticles of
mall, defined and controllable size. Taking into account the pro-
uction method, where an aqueous solution and oil are emulsified
y high pressure homogenization, we denominated these nanopar-
icles as nanoemulsions. The addition of a PEGylated surfactant
Poloxamer 407) regulates the particle size while the chemical
unctionalization of albumin with FA confers specificity toward FR
ositive cells, thus achieving active targeting.

. Material and methods

.1. Nanoemulsion preparation

The preparation of nanoemulsions was achieved using a high
ressure homogenizer (APV-2000, Denmark). BSA (Sigma–Aldrich,
SA) previously dissolved in phosphate buffered saline (PBS, salt
oncentration 150 mM)  was emulsified with an organic solvent
vegetable oil) by subjecting the mixture to varying number of
omogenization cycles at high pressure. Different concentrations
f BSA (1; 5; 10 and 50 mg/mL), of Poloxamer 407 (Sigma–Aldrich,
SA) and different ratios of protein solution/vegetable oil (95/5;
9.5/0.5) were tested in order to determine how these factors influ-
nce the properties of the resulting particles. PBS concentration was
aintained constant throughout the study to avoid the influence

f salt concentration in the production optimization.
A fluorescent agent was introduced in the aqueous phase

y using Fluorescein isothiocyanate (FITC) labelled-BSA
Sigma–Aldrich, USA) at an initial formulation of a 1:20 ratio
m/m). Previously prepared BSA-FA conjugate solution was  added
t 1:100 ratio (m/m) to the aqueous phase to obtain nanoemulsions
ith FA (the targeting agent) on their surface.

.2. Conjugation of FA with BSA

In brief, FA (Sigma–Aldrich, USA) was dissolved in PBS, pH 7.4,
nd ‘activated’ with 5-fold excess of N-(3-dimethylaminopropyl)-
′-ethylcarbodiimide hydrochloride (Sigma–Aldrich, USA) and a
-fold excess of N-hydroxysulfosuccinimide (Sigma–Aldrich, USA)
or 2 h at room temperature. To this activated FA was  then added
0 mg/mL  of BSA and left to react for 8–10 h, using a 75:1 FA to BSA
oles ratio. The excess FA and other reactants were removed from

he conjugated protein by dialyzing against PBS for 8 days. After
ialysis, quantification of FA linked to BSA was determined by spec-
roscopic measurements at the maximum wavelength of 350 nm.
sing a calibration curve of different concentrations of FA, the con-
entration of FA linked to BSA was determined. The quantitation of
SA was performed with Bio-Rad protein assay (Bio-Rad laborato-
ies, GmbH) based on the shift of absorbance maximum for an acidic

olution of Coomassie Brilliant Blue G-2SO at 595 nm when binding
o protein occurred. Therefore, it was found that 1.625 mg/mL  of FA
as linked to 7 mg/mL  of BSA, which corresponds to 35 moles of

A per 1 mole of BSA.
: Biointerfaces 135 (2015) 90–98 91

2.3. Determination of size, zeta-potential and long-time stability

The nanoemulsions were analyzed for their size distribution
and their zeta-potential (�-potential), at pH 7.4 (PBS buffer) and at
25 ◦C, using dynamic light scattering in a Malvern zetasizer NS, by
photon correlation spectroscopy (PCS) and by electrophoretic laser
Doppler anemometry, respectively. The protein concentration was
kept constant at 10 mg/mL. The values for viscosity and refractive
index were taken as 0.890 cP and 1.330, respectively. Each sam-
ple was  measured in triplicate and results are presented as mean
value ± standard deviation.

Nanoemulsions, in suspension, were stored at 4 ◦C for a period
of 20 weeks. After predetermined storage times, the stability
parameters, particles size, polydispersity and zeta-potential, were
determined as described above.

The nanoemulsion’s stability was also evaluated in biological
medium through the incubation in PBS buffer containing 10% of
fetal bovine serum (FBS) at 37 ◦C for 24 h.

2.4. Determination of nanoemulsion formation efficiency

The amount of BSA used in nanoemulsion production was quan-
tified by measuring the amount of free protein with the Bradford
protein assay (Bio-Rad Laboratories, USA), using BSA solutions as
standards. After synthesis, the nanoparticles-containing phase was
collected by centrifugation (1000 × g for 45 min) using centricon
tubes (Amicon Ultra-15, Millipore), a centrifugal filter unit con-
taining a cellulose membrane with a molecular weight cut-off of
100 KDa. The free protein in the aqueous phase after separation
was quantified and the efficiency of nanoemulsion formation was
determined using the formula:

Nanoemulsion formation (%) = [C]i − [C]f

[C]i
× 100

where [C]i and [C]f is the initial and final concentration of the pro-
tein in the aqueous solution, respectively. Each sample was assayed
in triplicate.

2.5. Determination of entrapment efficiency of different
pharmacological drugs

The hydrophilic drugs were dissolved in aqueous phase
and the hydrophobic in oil phase of the initial formu-
lation, which was posteriorly subjected to high pressure
homogenization. The initial concentration of each drug was:
5-Fluorouracil = 788 �g/mL; doxorubicin = 50 �g/mL; methotrex-
ate = 688.5 �g/mL; taxol = 2.5 �g/mL; carbon monoxide releasing
molecule-2 (CORM-2) = 100 �g/mL. Calibration curves with dif-
ferent concentrations of each hydrophilic drug were performed
by spectroscopic measurements at the maximum wavelengths
(5-Fluorouracil: 265.5 nm;  doxorrubicin: 481 nm;  methotrex-
ate: 302 nm)  and the respective LOD were calculated to
be: 5-Fluorouracil = 0.0446 �g/mL; doxorubicin = 0.0362 �g/mL;
methotrexate = 0.0443 �g/mL according to [11]. After nanoemul-
sion production, a separation of phases were performed by
centrifugation (1000 × g for 45 min) using centricon tubes (Ami-
con Ultra-15, Millipore). The free drug in the aqueous phase was
quantified and the entrapment efficiency was determined using
the formula:

Entrapment efficiency (%) = [drug]Total − [drug]Free

[drug]
× 100
Total

where [drug]Total and [drug]Free is the total concentration of drug
added in formulation and the free concentration of drug in aqueous
phase solution, respectively.
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.6. Morphology of nanoemulsions

The morphology of the BSA nanoemulsions was examined by
uorescence microscopy and transmissions electron microscopy
TEM) imaging systems. The nanoemulsion solution was  analyzed
n a Leica DM5000B fluorescence microscope in order to determine
f fluorescently labeled protein was present at the nanoparticle’s
urface. For TEM analyses, nanoemulsion samples were applied
o glow discharged carbon-coated copper grids followed by neg-
tive staining with a solution of 1% (w/v) Uranyl acetate and then
nalyzed in a JEOL JEM2100F transmission electron microscope.

.7. Molecular dynamics simulation

The simulations were performed with the software package
ROMACS [12], using Martini force-field [13–15]. The system size
as chosen according to the minimum image convention taking

nto account a cut-off of 1.2 nm.  The bonds lengths were con-
trained with LINCS [16]. Non-bonded interactions were calculated
sing a twin-range method, with short and long range cut-offs of
.9–1.2 nm,  respectively. Neighbor searching was carried out up to
.2 nm and updated every ten steps. A time step of integration of 5 fs
as used. A reaction field correction for the electrostatic interac-

ions was applied using a dielectric constant of 15. Pressure control
as implemented using the Berendsen barostat [17], with a ref-

rence pressure of 1 bar, 3.0 ps of relaxation time and isothermal
ompressibility of 3.0 × 10−5 bar−1. Temperature control was set
sing the Berendsen thermostat [17] at 300 K. Each component of
he system was included in separated heat bath, with temperatures
oupling constants of 0.30 ps. Two replica simulations of 250 ns
n length were carried out using different initial velocities taken
rom a Maxwell–Boltzman distribution at 300 K. Initially the com-
onents were distributed uniformly through the simulation box
nd allowed to interact freely during the simulation. The simula-
ions were extended to 250 ns and not more because the system
ad reached an equilibrium. No significant changes were observed,

n both the energy and position and distribution of the particles in
he system, in the last nanoseconds of the simulations.

.8. Particle preparation, using ultrasound methodology, for
onfocal observations

In order to produce larger sized particles to facilitate confo-
al analysis, the bottom of a high-intensity ultrasonic horn was
ositioned at the interface of the protein aqueous solution and veg-
table oil and activated at an amplitude of 40% at 10 ◦C (±1) for

 min. The ratio of aqueous/organic phase (%) used were 90/10, and
 mg/mL  of BSA and 5 mg/mL  of Poloxamer 407 were introduced

n the aqueous phase. BSA-FITC and Poloxamer 407-rhodamine B
olution, previously prepared, were used for particle preparation.

.9. Conjugation of rhodamine B with poloxamer 407

Poloxamer 407 coupled with rhodamine B (Sigma–Aldrich,
SA) was synthesized using the Steglich esterification method

18]. Briefly, rhodamine B (0.2 mM)  preactivated with N,N′-
icyclohexylcarbodiimide (DCC) (Sigma–Aldrich, USA) (0.2 mM)
as conjugated to the hydroxyl (OH) groups of Poloxamer (0.1 mM)

n dichloromethane (DCM) (20 mL)  including 4-(dimethylamino)
yridine (DMAP) (0.2 mM),  triethylamine (0.1 mL), and pyridine
0.1 mL)  (Sigma–Aldrich, USA). The solution was stirred at room
emperature for 1 day. After the reaction, the solution was filtered

nd the solvent evaporated under reduced pressure. The resulting
ight pink solid was then dissolved in PBS and the excess rhodamine

 and other reactants were removed from conjugated poloxamer
sing benzoylated dialysis tubing (Sigma–Aldrich, MWCO  2 KDa).
: Biointerfaces 135 (2015) 90–98

Dialysis was  performed against PBS, pH 7.4, for 3 days. The dialy-
sis was  stopped when no rhodamine B was  detected in the dialysis
buffer.

2.10. Cells and culture conditions

Human skin fibroblasts (BJ5ta cell line) (ATCC, CRL-4001) and
a subclone of HeLa cells [19] (KB cell line) (ATCC, CCL-17) were
obtained from American Type Culture Collection (LGC Standards,
UK).

Exponentially growing cultures were maintained in a humid-
ified atmosphere of 5% CO2 in air at 37 ◦C. All culture media
and supplements were purchased from Sigma–Aldrich. Adherent
cell lines (BJ5ta and KB cells) were grown in T75 flasks (TPP,
Switzerland).

Cell
line

Media Supplements

BJ5ta 4 Parts of Dulbeccoı́s modified
eagle’s medium (DMEM)
1 Part of M199 Medium

2 mM l-glutamine; 4.5 mg/mL glucose;
1.5 mg/mL sodium bicarbonate; 10%
(v/v) of FBS; 1% (v/v) of
penicillin/streptomycin solution;
10 �g/mL of hygromycin B

KB RPMI-1640 Medium 10% (v/v) FBS; 1% (v/v)
penicillin/streptomycin solution; 2 mM
of  l-glutamine; 2 mg/mL sodium
bicarbonate

2.11. Cell viability assay

Cell viability was studied using the Promega CellTiter 96® AQue-
ous non-radioactive cell proliferation (MTS) assay (Promega, USA).
BJ5ta cells were seeded in 96-well tissue culture polystyrene plates
(TPP, Switzerland) at a density of 1.1 × 104 cells/well and incu-
bated overnight to promote cell adhesion. The cells were incubated
with different concentrations of nanoemulsions (from 75 up to
900 �g/mL) and following incubation for 24, 48 and 72 h, a MTS
mixture was then added and the cells were further incubated for
4 h at 37 ◦C. After this period, the plates were placed on Spectra
MAX 340PC microwell plate reader and the absorbance of the for-
mazan product was read at 490 nm.  Cell viability was  expressed
as a percentage relative to the negative control (untreated control
cells).

2.12. Quantification of oxidative stress -2′-7′-dichlorofluorescein
assay

BJ5ta cells were seeded in 12-well plates (TPP, Switzerland) at a
density of 1 × 105 cells/well and, after overnight cellular adhesion,
incubated with different concentrations of nanoemulsions (from 75
up to 900 �g/mL) for 12, 24 and 48 h. After each period of incuba-
tion, cells were washed twice with PBS buffer and incubated with
200 �L of a 100 �M DCFH2-DA (Molecular Probes by Life Technolo-
gies, USA) solution for 30 min  in the dark at 37 ◦C. Extracellular
DCFH2-DA was removed by washing the cells twice with PBS buffer.
Hydrogen peroxide (H2O2) was  then added to the positive control
in this phase (1:5 (v/v)). Lysis solution (90% DMSO solution/ 10% PBS
buffer (v/v)) was added and cells incubated on a shaker for 10 min
in a dark at room temperature. The lysates were transferred in to
black opaque 96-well plates and fluorescence intensity was  then
read using wavelengths of 485 nm excitation and 525 nm emission,
at 25 ◦C, using a Fluoroskan Ascent FL plate reader.
2.13. Confocal microscopy

BSA nanoemulsions containing FITC labeled-BSA and FA–BSA
conjugate at their particle’s surface were prepared and their inter-
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Fig. 1. Novel nanoemulsions produced using a high pressure homogenizer and an aqueous PEGylated surfactant (Poloxamer 407). (A) Overview of different conditions tested
in  nanoemulsion formation using a high pressure homogenizer. For 95/5 and 99.5/0.5 ratios of BSA aqueous solution/organic solvent and BSA concentrations of 1; 5; 10 and
50  mg/mL  is indicated the size (Z-average), and stability through time. Values are the mean ± SEM of 3 independent experiments. (B) Chemical structure of Poloxamer 407,
in  which a and b are equal to 95–105 and 54–60, respectively. (C) Linear dependence between size of nanoemulsion particles (Z-average, nm) and concentration (mg/mL) of
PEGylated surfactant, Poloxamer 407; nanoemulsions were prepared using 99.5% BSA solution at 10 mg/mL/0.5% vegetable oil. Values are the mean ± SEM of 2 independent
experiments. (D) TEM images of nanoemulsions without Poloxamer 407 (i) and nanoemulsions containing 5 mg/mL  of surfactant (ii); nanoemulsions were prepared using
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9.5%  BSA solution at 10 mg/mL/0.5% vegetable oil.

alization by cells was analyzed after separation of unbound
ITC–BSA and FA–BSA using centricon tubes. The FR positive cancer
ell line KB cell line was  used in this study. KB cells were seeded
t a density of 5 × 104 cells/well and incubated overnight to pro-
ote cell adhesion. Solutions of nanoemulsions with and without

A fusions were prepared in FA-free Hanks’ Balanced Salt solution
HBSS medium) (Lonza, Belgium). Cells were washed twice with
BS buffer and then 300 �g/mL nanoemulsion suspensions were
dded to the monolayer, which was then incubated at 37 ◦C for

 h. After three further washing steps with cold PBS buffer, cells
ere fixed with 500 �L of paraformaldehyde 4% (v/v) for 30 min

nd permeabilized with Triton 0.1% (v/v) solution. After two wash-
ng steps with PBS, the fixed cells were incubated with 5 units/mL of
lexa Fluor 568 Phalloidin (Molecular Probes by Life Technologies,
SA). The coverslips were placed on slides coated with 2 �L of Per-
afluor (Thermo Scientific, United Kingdom) containing 5 �g/mL

f Hoechst (Molecular Probes by Life Technologies, USA).
Microscopic observations were performed using an inverted

eiss confocal laser scanning microscope (CLSM; Olympus Flu-
view FV1000).

BSA emulsions containing FITC labeled-BSA and rhodamine B
abeled-Poloxamer 407 and prepared using the ultrasound method

ere also observed by confocal laser scanning microscopy.
Three dimensional models were produced with the software

maris image analysis program.

.14. Cell uptake quantification

KB cells were seeded in 6-well plates (TPP, Switzerland) at a

ensity of 2 × 105 cells/well and incubated overnight to promote
ell adhesion. Solutions of nanoemulsions with and without FA
usions were prepared in HBSS medium. Cells were washed twice

ith PBS pH 7.4 and nanoemulsion suspensions at a concentration
of 300 �g/ml were added to the monolayer of cells and incubated
at 37 ◦C for 2 h. After three further washing steps with cold PBS,
cells were lysed with one solution of Tris–HCl buffer at 10 mM
and the fluorescence of these solutions was then analyzed with an
Horiba Jobin Yvon Spex Fluorolog-3 spectrofluorimeter using the
�exc = 480 nm,  scanning within a wavelength range of 490–650 nm.
Calibration curves of each solution of tested nanoemulsions were
also measured.

3. Results and discussion

3.1. High pressure homogenization methodology for producing
stable and size controlled nanoemulsions

For the production of functionalized nanoemulsions of a defined
size, we used a high pressure homogenizer. High pressure sys-
tems are continuously operated and droplet disruption is achieved
through a combination of turbulent flow and laminar flow pro-
ducing shear stresses and cavitation [20]. Different emulsification
steps are usually involved in preparing nanoparticles by high pres-
sure homogenizer and, in some cases, the addition of cross-linking
agents is necessary [21–25]. The strategy described here involves
a single step of emulsification which allows high batch-to-batch
reproducibility, ease of scale-up, simplicity, resulting in homoge-
nously small, highly stable protein nanoemulsions. In a previous
study, we demonstrated that the hydrodynamic cavitation phe-
nomenon involved in high pressure homogenizer creates negligible
amounts of radicals, when compared with ultrasound [26]. The
applied pressures and the number of homogenization cycles can

affect particle size and stability in the final emulsion. Stable emul-
sions were obtained when using a pressure of 600 bar, in the first
stage of pressure, and 250 bar, in the second stage of pressure
and, when applying 26 homogenization cycles. The ratio between
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Table 1
Cell viability after 72 h of contact using BJ5ta cells and oxidative stress induction
after 48 h of contact with nanoemulsions. (n.d. = not determined).

Concentration range
with viability higher
than 90% (�g/mL)

Oxidative stress levels
in exposed cells (DCF
assay)

aNanoemulsions (ratio 95/5) <75 n.d.
aNanoemulsions (ratio

99.5/0.5)
<900 Similar to control cells

aNanoemulsions (ratio
99.5/0.5) + Poloxamer 407

<900 Similar to control cells

a Nanoemulsions were prepared using BSA solution at 10 mg/mL and oil with
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Fig. 2. Time-course of the particle diameter (nm) and polydispersity index values
of  BSA nanoemulsions containing Poloxamer 407; nanoemulsions were prepared
pecified ratios and with 5 mg/mL  of Poloxamer 407 in aqueous solution when
ndicated.

SA solution and organic solvent may  also influence the size of
he resulting nanoemulsion particles, as observed when using
ltrasonic procedures [10]. Two different BSA/vegetable oil ratios,
5%/5% and 99.5%/0.5%, were tested using different BSA concen-
rations (1; 5; 10 and 50 mg/mL). The size and stability of these
amples over time were analyzed (Fig. 1A). Nanoemulsions pre-
ared using high concentrations of protein (10 and 50 mg/mL) were

ormed with high efficiency (above 90%) and displayed smaller sizes
nd higher stability over time (Fig. 1A). Nanoemulsions prepared
ith lower vegetable oil content exhibited constant size (Fig. 1A),

olydispersity and zeta-potential values (data not shown) for 20
eeks.

Cytotoxicity evaluation using immortalized human normal
kin fibroblasts further supported that 99.5% BSA solution at
0 mg/mL/0.5% vegetable oil was ideal for nanoemulsion prepara-
ion. While some cytotoxicity was induced in fibroblasts exposed
o nanoemulsions prepared with higher oil content, no cytotox-
city whatsoever was detected in cells contacting for at least 72 h

ith nanoemulsions prepared with a low oil content (Table 1). From
his point onwards, the nanoemulsions were always prepared using
9.5% BSA solution at 10 mg/mL/0.5% vegetable oil.

.2. Poloxamer 407 concentrations have a direct effect on
anoemulsion size

The inclusion of hydrophilic non-ionic surfactant (Poloxamer
07) was investigated as a means to obtain homogeneously small
anoemulsions with stealthing features, required for systemic
dministration. Poloxamer 407 is a tri-block copolymer with a
entral hydrophobic chain of polyoxypropylene (PPO) and two
dentical lateral hydrophilic chains of polyethylene glycol (PEG)
Fig. 1B). A linear correlation was found between surfactant con-
entration and nanoemulsion particle size (Fig. 1C), illustrated by
ynamic light scattering. TEM imaging confirmed these results
nd revealed spherical shaped BSA based nanoemulsions (Fig. 1D).
hese results are in agreement with a previous characterization
sing STEM imaging, reported by us [27].

The physicochemical characterization of nanoemulsions con-
aining Poloxamer 407 showed that, in addition to the precise
ontrol of nanoemulsion particle size, the presence of the PEGy-
ated surfactant also determines their surface characteristics. The
ntroduction of 5 mg/mL  of Poloxamer 407 into the formulation
esulted in nanoemulsion particles smaller than 100 nm and with

 zeta-potential close to zero. Even after 20 weeks of storage in PBS
t 4 ◦C, the properties of these formulations remained unaltered
Fig. 2), demonstrating their high stability as previously described
27].
We  have tested the stability of nanoemulsions containing Polox-
mer 407 when exposed to biological medium (see Section 2 for
etails). Minor variations (<10%) in the size of the nanoemulsions
ere observed after 24 h of incubation while the respective zeta-
using 99.5% aqueous solution containing BSA at 10 mg/mL and Poloxamer 407 at
5  mg/mL/0.5% vegetable oil. Values are the mean ± SEM of 3 independent experi-
ments.

potential values remained unaltered. Given the high ionic strength
of the biological medium and the high salt and content, these results
demonstrated the nanoemulsions’ high stability [28].

Poloxamers are known to bind to the surface of the nanospheres
through hydrophobic interaction of the PPO chains, whilst the
hydrophilic PEG chains extend into the surrounding medium and
create a steric barrier to form a protective coating [29–33]. We
suggest that the mechanism of nanoemulsion formation, as well
as its tunable properties such as size, arise from the chemical
nature of both the Poloxamer and the BSA protein, and the subse-
quent physicochemical interactions between them. Thus, the steric
barrier resulting from hydrophilic PEG chains of Poloxamer may
prevent the interaction between an approaching nanoparticle and
the target cell. PEG molecules can also reduce the adsorption of
opsonins and other serum proteins through a mechanism known
as the steric repulsion effect [32,34]. PEG molecules will form a
dynamic molecular “cloud” over the particle surface, due to the
chain flexibility and the electrical neutrality of the PEG backbone
[32,34,35]. A correlation between surface charge and opsoniza-
tion has also been demonstrated in vitro, indicating that neutral
charged particles have a much lower clearance from circulation
than electrically charged particles [36]. In a previous study, we
demonstrated that nanoparticles containing 2.5 mg/mL of PEGy-
lated surfactant are more readily recognized and internalized by
macrophages than nanoparticles containing 5 mg/mL  of surfactant
[27]. These results showed that the presence of PEGylated surfac-
tant at a concentration of 5 mg/mL  appears to promote PEG chains
to sufficiently extend into the aqueous solution to shield the sur-
face of the nanoparticles and improve resistance to macrophage
uptake. Therefore, this neutral and hydrophilic surface in PEGy-
lated nanoemulsions can generate stealth particles that are less
phagocytized, resulting in a longer half-life in systemic circulation
[27].

Molecular dynamics simulation was  used to better understand
the interactions between Poloxamer 407 and BSA with the oil
phase, as experimentally, it is very difficult to clarify the interaction
between components. The results obtained clearly illustrate the
interactions between the components of the system (Fig. 3A). The
hydrophobic part of Poloxamer 407 (blue = polyoxypropylene part)
interacts preferably with the oil, decreasing hydrophobic interac-
tions between the oil and the protein, which may  be responsible
for nanoemulsion size reduction upon surfactant addition.

Upon analyzing the radial distribution of the components
(Fig. 3B), an additional tool to clarify the relative positions of the

components, we  may  speculate that the polyoxypropylene com-
ponent is in close proximity to the oil whilst the polyoxyethylene
interacts preferentially with the protein. The overall tri-block sur-
factant seems to make a matrix with the protein surrounding the
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Fig. 3. Nanoemulsion particle structural studies. (A) Molecular dynamics simulation of the system BSA/vegetable oil/Poloxamer 407, showing BSA as a green surface, vegetable
oil  colored yellow and Poloxamer 407 in red and blue (red correspond to Polyoxyethylene part and blue correspond to Polyoxypropylene part). The picture was made using
visual  molecular dynamics (VMD) [37], and rendered with POV-Ray 3.6. (B) Radial distribution function showing the distribution of the protein (green); the surfactant (black);
and  two components of Poloxamer 407 (red = Polyoxyethylene and blue = Polyoxypropylene) around the vegetable oil. (C) 3D representation of images obtained by confocal
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ransparency comparatively to top image. (For interpretation of the references to co

il, which is in line with the results obtained by the zeta-potential
easurements that indicated that nanoemulsions without Polox-

mer 407 exhibit negatively charged particles while the presence
f Poloxamer 407 leads to a neutral particle surface.

An emulsion using BSA labeled with FITC and Poloxamer 407
abeled with rhodamine B was prepared using ultrasounds, which
lso involves high shear forces, so as to obtain larger parti-
les suitable for confocal microscopy. 3D Reconstruction of the
mages obtained with the confocal microscope confirmed that
he nanoemulsion particle shells were composed of protein and
EGylated surfactant (Fig. 3C). The PEGylated surfactant is found
referentially at the oil interface but also on the surface of the
rotein shell, with both components interacting in order to form
he shell of the nanoemulsion particles, as suggested by the zeta-
otential measurements.

.3. Biological characterization of nanoemulsion formulations

In order to evaluate the cytotoxicity of nanoemulsion for-
ulations containing Poloxamer 407, cell viability was assessed

n human skin fibroblasts (BJ5ta cell line) using the MTS  assay.
anoemulsions with surfactant did not induce toxicity at the wide

ange of concentrations tested, over a period of 72 h of contact
Table 1). Cell viability was also evaluated at 24 and 48 h (data not
hown). One important potential risk of using nanostructured for-

ulations is the possibility of eliciting high levels of intracellular

eactive oxygen species (ROS), causing the deleterious oxidation of
iomolecules. To evaluate if the nanoemulsion formulations induce
he production of intracellular ROS, the 2′7′-dichlorofluorescein
m).  The bottom image corresponds to 3D reconstruction with lower level of green
n this figure legend, the reader is referred to the web version of this article.)

(DCF) assay was used. In this assay, intracellular ROS oxidate the
non-fluorescent DCFH2 to a highly fluorescent compound, DCF,
which is then quantified. The intensity of the fluorescent signal
detected by this method is proportional to the amount of ROS pro-
duced within the cells. Nanoemulsion formulations did not induce
oxidative stress in human BJ5ta cells (Table 1).

3.4. Production and characterization of FA-PEGylated BSA
nanoemulsions

For evaluating FR-mediated cell targeting, nanoemulsions con-
taining imaging and targeting agents were prepared by introducing
BSA–FITC and BSA–FA conjugates, respectively. BSA–FITC was
introduced into the initial formulation, containing 5 mg/mL of
Poloxamer 407, at a 1:20 ratio (m/m)  and BSA–FA at a 1:100 ratio
(m/m) relative to the BSA protein. Fluorescence microscopy obser-
vations and quantification of FA, using RIDASCREEN®FAST Folic
acid test kit, demonstrated that fluorescently labeled BSA and a
high FA concentration were present at the nanoemulsion’s sur-
face (633.2 ± 114.39 �g/L). The physicochemical characterization
of nanoemulsions containing FA was  performed and we  observed
that the values of size, PDI and zeta-potential are similar to that of
non-targeted PEGylated nanoemulsions.

Subsequent studies, including cellular internalization of tagged
nanoemulsions, were performed using these PEGylated nanoemul-

sions containing 5 mg/mL  of Poloxamer 407. Their small size (under
100 nm)  and stealth characteristic make them ideal nanoparticles
for intravenous application. The higher concentration of Poloxamer
407 induce a better stealth, which might reduce the interaction
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Fig. 4. Evaluation of FA-PEGylated nanoemulsions using FR positive cancer cell line. Nanoemulsions were prepared using 99.5% aqueous solution containing BSA at 10 mg/mL
and  Poloxamer 407 at 5 mg/mL/0.5% vegetable oil. (A) Relative nanoemulsion internalization between non-targeted PEGylated nanoemulsions and FA-PEGylated nanoemul-
sions,  determined by spectrofluorimetry. Values are the mean ± SEM of 2 independent experiments. (B) 3D representations of images obtained by confocal microscopy of
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etween nanoparticle and the cell, decreasing their unspecific cel-
ular uptake [38,39]. This phenomenon favors specific cell uptake

ediated by folate.
Specific cellular internalization of functionalized nanoemul-

ions was then evaluated in FR positive KB cell line [40,41]
A conjugates typically exhibit high binding affinities for FR
KD = 1–10 nM), which is abundantly overexpressed in many malig-
ant tumors – for example, up to 80 pmol (mg  membrane protein)

n KB cells. The quantification of internalization by spectrofluo-
imetry demonstrated that the FA-PEGylated nanoemulsions are
nternalized by cells more efficiently and to a higher extent (5 fold)
han non-targeted PEGylated nanoemulsions (Fig. 4A).

3D reconstructions of images obtained by confocal microscopy
lso showed the specific internalization of FA-nanoemulsions with
he involvement of the cell membrane (Fig. 4B). Similar speci-
city in FA-mediated cell uptake of these nanoemulsions was
erified in other FR-alpha positive cell lines, MDA-MB 468 [42,43]
nd Caco-2 [44,45] (data not shown). While for these cancer
ell lines no competitive studies were done, in primary acti-
ated human macrophages, which are known to express FR-beta,
hese were performed using an anti-human FR-beta antibody.

hen the FR-beta was preliminarily blocked with the FR antibody,
o significant differences in cell internalization were observed
etween FA-PEGylated nanoemulsions and non-targeted PEGy-
ated nanoemulsions. However, experiments with the unblocked
R demonstrated a 40% increased of the internalization for the
A-targeted nanoemulsions. The comparison between FA-targeted
anoemulsions internalization with and without FR blocking also
 20 �m)  (Blue = nuclear staining; Green = nanoemulsion particles; Red = phalloidin
, the reader is referred to the web  version of this article.)

demonstrated differences, with a significant inhibition of internal-
ization observed when the FR was  blocked.

These results suggest that FA-PEGylated nanoemulsions interact
efficiently with FR at the cellular surface and promote FR-mediated
endocytosis.

3.5. Drug delivery applications

As this versatile system is intended for drug delivery pur-
poses, we performed the entrapment of different pharmacological
drugs, which were successfully incorporated in the nanoemulsions
(Table 2).

The general characteristics of the nanoemulsions were not
significantly altered by drug loading, although the entrapment effi-
ciency was different according to the drug included. Entrapment
efficiency of lipophilic drugs may  be considered to be 100% as the
oil phase is totally incorporated in the nanoemulsions. The per-
centage of entrapped drug was  smaller in the case of hydrophilic
drugs. Additionally, we performed a study of drug release for
nanoemulsions loaded with methotrexate. 20 days after nanoemul-
sion preparation, a phase separation was performed to separate
the free drug from the encapsulated fraction using PD-10 desalting
columns (GE Healthcare). The quantification of methotrexate in the

aqueous phase separated demonstrated that approximately 43% of
the drug had been released. All these results of the entrapment of
drugs and the structural studies of these nanoemulsions suggest
that they can efficiently incorporate hydrophobic compounds.
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Table  2
Characterization of nanoemulsions loaded with different pharmacological drugs. Nanoemulsions were prepared using 99.5% aqueous solution containing BSA at 10 mg/mL
and  Poloxamer 407 at 5 mg/mL  / 0.5% vegetable oil. (n.d. = not determined).

Compound structure Compound solubility Z-average [d.nm] (PDI) Entrapment efficiency (%)

Nanoemulsions with 5-Fluorouracil Hydrophilic n.d. 26.0 ± 3.5

Nanoemulsions with Doxorrubicin Hydrophilic 84.57 ± 0.73
(0.130 ± 0.004)

47.3 ± 6.4

Nanoemulsions with Methotrexate Hydrophilic 84.51 ± 0.36
(0.166 ± 0.002)

25.0 ± 2.6

Nanoemulsions with Taxol Lipophilic 93.85 ± 0.71
(0.136 ± 0.017)

n.d.a

Nanoemulsions with CORM-2 Lipophilic 89.86 ± 4.24
(0.143 ± 0.016)

n.d.a
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Entrapment efficiency of lipophilic drugs may  be considered to be 100% as the o

These novel FA-PEGylated BSA nanoemulsions thus arise as
romising vehicles for selective delivery of drugs to a target cell
opulation that overexpresses FR.

. Conclusions

In conclusion, we have developed a high pressure homoge-
ization procedure that enables the formation of size controlled,
table and functionalized BSA nanoemulsions. The amount of pro-
ein and the hydrophobic phase volume were demonstrated to
e crucial parameters in the nanoemulsion formation process, as
reviously described for ultrasound method [10]. By combining
his novel production method with the introduction of Poloxamer
07, protein-based nanoemulsions with controllable size were
eveloped. The inclusion of FA in the formulation allowed the func-
ionalization of such vectors for FA-mediated active targeting of FR
ositive cells. Their small size, high stability over time and absence

f cytotoxicity, together with their specific targeting capacity in
ells expressing FR, are ideal characteristics to support their appli-
ation in drug delivery into diseased tissues. The procedure here
escribed can be used to produce virtually any type of function-
se is totally incorporated in the nanoemulsions.

alized protein-based nanoemulsions increasing their scope as a
vehicle for targeted drug delivery purposes.
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