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a  b  s  t  r  a  c t

Transdermal  perfusion  of a large  protein  is reported  for the  first time,  using  a  nanoemulsion  of  bovine
serum  albumin  (66 kDa)  of 160  nm  prepared  by a solid-in-oil  (S/O)  process.  Molecular  dynamics  simu-
lations  confirmed  skin  permeation  by  these  formulations,  with  integration  of the  protein  into  the lipid
bilayers.  These  results  demonstrate  the  real possibility  of  delivering  large  proteins  transdermally  for  a
range  of medical  and  cosmetic  applications.
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ydrophilic macromolecules

. Introduction

Transdermal perfusion of large hydrophilic molecules such as
lobular proteins, remains a challenging task. This is mainly due
o the lipophilic nature of skin’s barrier [1–3]. The barrier function
f mammalian skin is mainly attributed to the stratum corneum
SC), the outer protective layer. This consists of flat, dead cells
lled with keratin fibers (corneocytes) and surrounded by lipid
ilayers that confer impermeability to relatively large compounds
molecular weight over 500 Da) [4,5]. Several lipids can be found in
he SC of human’s skin, the most important being ceramides, free
atty acids, cholesterol and cholesterol sulfate. In comparison with
ther human cells/tissues, human SC contains extremely complex
eramides (CERs), consisting of at least 11 classes several fatty acids
nd sphingoid moieties on SC [6–8]. These classes are combinations
f nonhydroxy, �-hydroxy, �-hydroxy and esterified �-hydroxy
atty acids containing dihydrosphingosines, sphingosines, phy-
osphingosines and 6-hydroxy-sphingosines. The endogenous free
atty acid fraction of SC barrier lipids are in essence exclusively
omprised of saturated long-chain free fatty acids. This fraction was

haracterized as a very stable population (low inter individual peak
ariation) dominated by saturated lignoceric acid (C24:0–39 mol%)
nd hexacosanoic acid (C26:0–23 mol%) [9]. It is therefore expected
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that hydrophilic macromolecules, such as proteins or peptides, will
only pass through the SC barrier if incorporated into dispersion
formulations with an external layer of a hydrophobic moiety [10].

The use of S/O dispersions is reported to mediate the skin perme-
ability of proteins of 6 kDa after 48 h of treatment. Larger proteins
of 27 and 40 kDa (nanodispersions with sizes of 210–260 nm) gave
unsatisfactory perfusion results [11–14]. Other authors have used
S/O dispersions of 190 nm to improve the transdermal delivery
of large proteins for skin vaccination. In this case however, skin
perfusion was  only achieved using an external photodermal effect
[12]. These results suggest, that in order to achieve the success-
ful skin perfusion of a larger target protein, the sphere size of the
hydrophobic nanoemulsion should be reduced. In order to test this
hypothesis, we  adapted and further optimized a S/O methodology
to incorporate a large protein of 66 kDa, namely BSA (bovine serum
albumin) and achieve oil-based nanodispersions with an average
sphere size of 162 nm.

2. Materials and methods

2.1. Materials

Nanodispersions preparation was  performed using Albumin-

FITC, chloroform and isopropyl myristate purchased from
Sigma–Aldrich (Spain). The sucrose ester (SP10-C) was supplied by
Sisterna (Netherlands). The transdermal studies were performed
using pig skin from slaughtery and kindly supplied by Matadouro
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ig. 1. Schematic preparation method of S/O BSA nanodispersions: 1) Sucrose ester
)  the complex was lyophilized to remove water and chloroform resulting in a so
orming the final S/O nanodispersion.

entral de Entre Douro e Minho (Portugal). For histology studies
he Cryoprotectant Tissue-Tek Oct compound was  purchased from
akura (Netherland) and the Thermo Scientific Shandon Immu-
ount was purchased from Fisher Healthcare (UK). All other

eagents were from laboratory grade without any further purifi-
ation.

.2. Solid-in-oil nanodispersions preparation

Albumin-FITC nanodispersions were prepared using a solid-in-
il technique based on three different stages: (1) an initial complex
etween sucrose ester surfactant (SP10-C) (25 mg/mL) dissolved in
hloroform and a protein (BSA-FITC) (0.5, 1, 5 and 10 mg/mL) was
ormed utilizing high pressure homogenization (EmulsiFlex®-C3
upplied from Avestin, Inc., Canada) at 1000 bar; (2) a lyophilization
tep was then performed in order to eliminate any water and chlo-
oform and thereby yield a solid surfactant-protein complex; (3)
he resulting lyophilized complex was then dispersed in 15 mL  of
sopropyl myristate by ultrasonication at 20 kHz (Sonics & Materi-
ls Vibracell CV33, fitted with a 3 mm diameter titanium micro-tip)
o form the final S/O nanodispersion (Fig. 1). Fig. 2 presents the final
hysical appearance of bovine serum albumin-FITC in the absence
nd in the presence of sucrose ester surfactant (Fig. 2A) as well as
ts chemical structure.

.3. Solid-in-oil nanodispersions characterization

.3.1. Size distribution
Particle size distribution and polydispersity index (for each nan-
dispersion the average size was measured in triplicate) of the
olid-in-oil nanodispersions was determined at 25 ± 0.1 ◦C by pho-
on correlation spectroscopy (PCS) using a Malvern Zetasizer NS
Malvern Instruments). Since emulsions can suffer aggregation over

ig. 2. (A) Physical appearance of final S/O nanodisperision without sucrose ester
Left) and final S/O nanodispersion with sucrose ester (Right); (B) Chemical structure
f  sucrose ester surfactant.
ctant was added to BSA forming a surfactant-protein complex by homogenization;
plex; this complex was dispersed in oil (isopropyl myristate) by ultrasonication

time, the stability of produced nanodispersions was analyzed. The
stability was  evaluated by measurements in terms of particle size
and polydispersity index.

2.3.2. Scanning transmission electron microscopy (STEM)
The morphological characterization of nanodispersions was

conducted using transmission electron microscopy (STEM) tech-
nique in an electron microscope model LEICA S360 with a
backscattered and secondary electrons detector, at 50,000× mag-
nification. The samples were placed on copper grids with carbon
film for STEM observation.

2.3.3. Nanodispersions production efficiency
The efficiency of final nanodispersions production was deter-

mined by separation of the formulated protein from the free
Albumin-FITC. For this, the nanodispersions were centrifuged at
(15,000 × g; 30 min) using Amicon tubes (15 kDa). The amount
of free Albumin-FITC was  determined in the supernatant by the
Lowry method protein assay (Sigma), measuring the absorbance
by spectrophotometry (Microplate Reader SynergyTM MX, Bioteck
Instruments) at 750 nm [15]. Each sample was assayed in tripli-
cate. The concentration of protein was determined by a calibration
curve. The nanodispersions efficiency was calculated as follows:

efficiency (%) = [protein]i − [protein]f

[protein]i
× 100,

where [protein]i is the initial protein concentration and [protein]f
is the final protein concentration in the supernatant after formula-
tion.

2.4. In vitro permeation studies

In vitro permeation of S/O nanodispersions was  performed
using an appropriate apparatus (V-Series Stirrers for Franz Cells)
(PermeGear, USA). Pig skin sections were placed between two
compartments: the donor and the receptor compartment. Donor
compartment was filled with 300 �l of formulation and the recep-
tor compartment was  filled with 5 mL of 0.01 M phosphate buffered
saline (pH 7.4). This receptor liquid was maintained at 37 ◦C using
a circulating water bath and was continually stirred with a small
magnetic bar for uniform mixing. Aliquots were collected at pre-

determined time intervals (0 h, 2 h, 4 h, 6 h, 8 h, 24 h, 48 h) and
each volume removed was  replaced with the same amount of fresh
buffer. S/O nanodispersions concentration in the receptor compart-
ment was determined by Lowry method.
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.4.1. Confocal microscopy studies
The penetration extent and localization of BSA-FITC nanodisper-

ions was made using confocal laser microscopy using a Zeiss LSM
10 confocal microscope. The image reconstructions were made
sing “Imaris” image analysis software.

.4.2. SDS-Page electrophoresis
The procedure was performed using SDS-PAGE with a 12% of

esolving gel and 4% of stacking gel. An aliquot of the samples, 16 �l
f protein, was electrophoresed on a SDS polyacrylamide gel for

 h at 80 V. Proteins were visualized using Coomassie blue stain-
ng which has a detection limit of ∼1 �g/protein band. Molecular

eight protein native was used to compare the electrophoretic
obility of nanodispersion and native albumin bovine.

.5. Molecular dynamics simulation

The simulations were performed with GROMACS 4.0.7[16]
ackage using the Martini force field [17]. The system size was
hosen according to the minimum image convention taking into
ccount a cut-off of 1.2 nm.  The bonds lengths were constrained
ith LINCS [18]. Non-bonded interactions were calculated using

 twin-range method, with short and long range cut-offs of 0.9
nd 1.2 nm,  respectively. Neighbor searching was  carried out up
o 1.2 nm and updated every ten steps. A time step of integration
f 20 fs was used. A reaction field correction for the electrostatic
nteractions was applied using a dielectric constant of 15. Pressure
ontrol was implemented using the Berendsen barostat[19], with a
eference 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 [19] at 300 K. Each component of
he system was included in separated heat bath, with temperatures
oupling constants of 0.30 ps. Five replica simulations of 475 ns in
ength were carried out using different initial velocities taken from

 Maxwell–Boltzman distribution at 300 K.
The lipid membrane was build using CELLmicrocosmos 2.2

ackage [20]. The composition of the membrane was based in pre-
iously reported values for young-normal skin samples [21] and in
ccordance with previously reported simulations [22]: ceramide-2,
ignoceric acid, cholesterol and cholesterol sulphate [23]. Initially
ne bilayer was built and sodium ions were added to unsure that
he system remains electrically neutral. This bilayer was replicated

o build a double bilayer, representative of the stratum corneum
ipid layer.

The protein microsphere model was constructed separately. In a
rst stage the protein and sucrose ester were added to a chloroform

ig. 3. (A) Evaluation of z-average (calculated by photon correlation spectroscopy- PCS) a
nd  respective SE/BSA molar ratios: 26,400:1; 13,200:1; 2640:1; 1320:1; sonication of 

ample  the average size was measured in triplicate.
 Biointerfaces 108 (2013) 271– 278 273

simulation box, allowing the formation of the protein–surfactant
complex. The chloroform was  then removed from the box and iso-
propyl myristate and water were added, originating the protein
microsphere.

3. Results and Discussion

3.1. Preparation and characterization of solid-in-oil
nanodispersions

The nanodispersions were made using a two  phase high
energy methodology utilizing homogenization and ultrasonication
in which both high shear forces and cavitation impinge upon the
BSA and the S/O [24]. Ultrasonication is utilized due to the inherent
mechanisms of micro-stirring, compressions and decompressions
that occur within the material [25]. The resulting heating and/or
cavitation that also occurs contributes to the enhanced mass trans-
fer and the ultimate formation of the nano scaled dispersions
[26–28]. The homogenization phase of this process allows the for-
mation of a homogeneous and stable surfactant-protein complex,
which is then separated by lyophilization. The lyophilized powder
is then dispersed in oil (solid-in-oil) using gentle ultrasonication.
This methodology allowed to obtain a high efficiency nanodisper-
sions production of 82%.

In this work we aim to achieve small and stable nanodispersions
for skin perfusion. To that end we  have investigated the effects of
protein concentration and the chemical nature of the sucrose ester
surfactant on the size of the micelles. The size and the polydis-
persity of the emulsions was the decisive factor throughout the
optimization of the formulation using the S/O method. Several
sucrose ester surfactants with different HLB values (hydrophilic-
lipophilic balance) were tested and the best results were achieved
for SP10-C with a HLB = 2 (data not shown). Higher molar ratios
of surfactant over protein were found to yield smaller disper-
sions (Fig. 3A). A SE/BSA molar ratio of 13,200:1 was  determined
to be optimal in order to yield smaller dispersions. However, it
seems that there is a lower threshold of this SE/BSA molar ratio
of 2640:1 and it is required for the stability of the dispersions over
8 weeks. The results obtained suggest an optimal value of molar
ratio between the sucrose ester surfactant and BSA to yield a smaller
nanodispersion in oil that is also stable and therefore amenable to

storage.

The sizes were determined by scanning transmission electron
microscopy (STEM) (Fig. 4B), and were consistent with the aver-
age diameter determined by PCS (Fig. 4A). The results observed

nd PDI of the final nanodispersion (BSA-FITC: 0.5; 1; 5 and 10 mg/mL; SE: 25 mg/mL
30 min  at 20 KHz); (B) Stability of produced nanodispersions over time; for each
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Fig. 4. (A) Size distribution obtained by PCS of S/O nanodis

ndicate that spherical nanodispersions were obtained with an
verage diameter of 160–180 nm.

.2. In vitro permeation studies of solid-in-oil nanodispersions

After successful preparation of the S/O BSA nanodispersions,
n vitro permeation of BSA through pig skin was investigated
sing fluorescein isothiocyanate (FITC)-labeled BSA. Transdermal

erfusion was assessed with the optimum candidate formulation
btained. A Franz diffusion cells system was used to assess pig
kin penetration and the results were analyzed in order to deter-
ine the most efficacious formulation for pig skin penetration. The

ig. 5. Confocal images of pig skin crossed by S/O BSA nanodispersion: upper 2D illustra
mits  from FITC labeled BSA protein and TRICT correspond to the red color with emission m
ombine green and red fluorescent signals emitted from the same sample. 3D images repr
Imaris” image analysis software. These images demonstrate a piece of skin marked with 

ITC-BSA and red particles TRICT-IPM oil). The central image combine green and red c
ymbolize the overlapping of both. The right 3D image demonstrates the view of the sk
etected. (For interpretation of the references to color in this figure legend, the reader is 
n; (B) STEM microphotographs at 50 000 x magnification.

specimens of pig skin were provided by a local slaughterhouse.
There is a limited availability of viable human skin for in vitro
assessments due to ethical constraints restricting their harvest. As
a consequence pig skin has been utilized in several studies and
has proven to be an ideal animal model for human skin. There
is considerable evidence that its barrier thickness (66–72 �m)
approaches that of human tissue (70 �m)  [29–37] and that the fol-
licular structure of pig skin also resembles that of humans [37–39].

Furthermore, the vascular anatomy and collagen fiber arrangement
within the dermis, as well as the relative content of both SC glyco-
sphingolipids and ceramides are comparable between the domestic
pig and humans [40].

tion FITC images correspond to the green color with emission maxima at 520 nm
axima at 576 nm emits from TRICT labeled IPM oil. The Merge images (FITC + TRICT)
esent reconstruction of z-stack confocal images. Reconstructions were made using

blue; the left image represents a particles reconstruction (green particles represent
hannels (FITC-BSA green and TRICT-IPM oil red channel) and the yellowish color
in piece from the side where the penetration of FITC-BSA and oil-TRICT is easily

referred to the web version of this article.)
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ig. 6. (A) Cumulative amount of S/O BSA nanodispersions through ear and abdom
el:  native BSA (lane 1), Marker prestained SDS-PAGE (lane 3) and S/O BSA-FITC na
cceptor compartment and liquid in (D) receptor compartment, after 48 h of incuba

The pig skin specimens were placed between two  compart-
ents of Franz cells: the donor and the receptor. Following an

ncubation period of 48 h at 37 ◦C, the pig skin was removed from
he Franz diffusion cell and washed several times to remove any
articles that had not permeated the skin. The samples were then
repared for histological studies and the permeation results are
resented as confocal laser microscopy images. The penetration
xtent and localization of BSA nanodispersions are depicted in Fig. 5
hich is divided into two parts comprising 2D and 3D images

espectively. Each image is the result of image acquisition at multi-
le times per second, allowing analysis of lateral diffusion kinetics.

t is clear from confocal images that the fluorescence intensity of
SA nanodispersions is much higher at the SC and epidermis and
iminishes as it crosses the skin to the dermis. These permeation
esults were achieved mainly due to the low average diameter of
he particles due to their coating with a hydrophobic surfactant
nd dispersal in the IPM. This oil is reported to act upon the SC
y liquefying the lamellar-gel phase of the SC lipids and possibly
artially dissolving them [41]. IPM is also able to dissolve con-
iderable amounts of cholesterol, which may  act as a membrane
tabilizer [42] and thereby increase the diffusivity within the SC
nd/or the partition coefficient between the SC and the vehicle
f both the drug and the solvent [43]. Furthermore, IPM can be

sed as an emulsifier and as a co-solvent with skin penetration
nhancement properties [44].

The rate-controlling step of penetration into the skin is known to
e the traversing of the SC, the hydrophobic part of the skin.[11,45]
pig skin. Each point represents the mean ± S.D, n = 3; (B) Illustration of SDS-PAGE
ersion (lane 6 and 7) from liquid receptor; (C) STEM microphotograph of liquid in

t 37 ◦C.

Quantitative estimation of cumulative nanodispersions perme-
ation was calculated according to the equation described by Piao
et al. [13] Fig. 6A presents the cumulative amount of permeated
nanodispersions per area of surface for ear and abdominal pig skin.
Based on Fig. 6A S/O nanodispersion readily cross the SC and after
2 h it was detected in the receiver solution which meant that it had
effectively crossed the skin. The observed penetration increased
with time until the 48 h of diffusion. The permeation levels obtained
for the ear part were higher relative to the abdominal part due
to the lesser thickness of the former. SDS-PAGE gel electrophore-
sis (Fig. 6B) revealed the presence of the protein in the receiver
compartment, confirming that it had efficiently crossed the skin
barrier. The protein detected by electrophoresis corresponded to
a solution containing spherical or/and crumble particles resulting
from the passage of several barriers along the different skin lay-
ers. This result was corroborated by STEM images (Fig. 6D) which
showed an irregular nanodispersion of spherical integral small par-
ticles and disintegrated larger particles. The total amount of the
initial nanodispersion subjected to diffusion was not able to cross
the SC due to inherent method conditions that induce turbulence to
the solution (Fig. 6 C). Moreover, the initial solution was composed
of particles of large sizes (Fig. 4B) that had tendency to aggregate
and disintegrate when forced to diffuse by gravity.
As previously reported, we  prepared our nanodispersions based
on Tahara et al. methodology. However several parameters were
modified and improved, such as the type of homogenization, the
structure of sucrose ester, the solvent and the sonication step.
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The data generated by the simulations revealed the importance
of each component in the mixture. IPM plays a major role in the
interaction of the emulsion with the lipids, while the surfactant is
ig. 7. (A) Distance between the protein and the skin lipids throughout the simu
nly  represented by distance taken on the direction normal to the bilayer plan; (B) 

easured on a direction normal to the bilayer plan, between the centers of mass of

omparing both set of results we were able to achieve much lower
article sizes and polydispersity indexes. Moreover, an efficient
ransdermal perfusion was  attained for 60 kDa Albumin-FITC nan-
dispersions (160 nm)  while Tahara et al. only achieved satisfactory
erfusion with 6 kDa preparations.

.3. Molecular dynamics simulations

In order to fully understand the overall mechanism of skin
erfusion for this protein/surfactant/oil complex the theoretical
tudies using Molecular Dynamics Simulations were performed.
he permeation studies previously described were performed on
ig skin, but these simulations were performed using the human
kin model.

Giving the complexity of CERs on SC, any representation of
he skin will be an approximation, thus for representing the CERs
raction of SC, CER(NS) was chosen mainly because it has been
sed before by others in Molecular Dynamics Simulations of SC
22,46–48]. CER(NS) corresponds to a ceramide with one non-
ydroxy fatty acid and one sphingosine moiety, specifically a C24

atty acid moiety and a C16 sphingosine were used. The free fatty
cid fraction was considered to be exclusively made by lignoceric
cid. The relative amounts of the constituents of SC used in the sim-
lations were chosen to reflect the composition of a typical young
uman skin [49].

The Molecular Dynamics Simulations were made using the
romacs [16] package and using the coarse grained force field
artini[17]. The lipids were arranged as a double bilayer using CELL
icrocosmos [20], with an initial size of 43 nm × 43 nm × 32 nm,

ncluding the water molecules and the protein. The simulations, 5
eplicas with different starting velocities taken from a Maxwell-
oltzman distribution, were extended to 475 ns. At this timepoint,
he system reached a stable configuration, as can be observed in
ig. 7 and Fig. 8. The simulations were extended at least to 900 ns,
nd it was not possible to observe translocation of the nanoparticle
etween lipid bilayers.

Fig. 7A represents the distance between the protein and the skin
ipids from both layers. In the first 180 ns the distance drops rapidly

nd then it stabilized. From 300 ns onwards it is not possible to
bserve any major changes in this distance. A similar behavior can
e observed in Fig. 7B, in which the thickness of each bilayer is
epicted. The thickness of the lower bilayer remained unchanged
. The distance is calculated between the centers of mass, and in the graphics it is
ion of bilayer thickness during the simulation. The thickness refers to the distance,
lfate groups from cholesterol sulfate.

throughout the course of the simulation. The behavior of the top
bilayer however, is directly related to the distance between the
protein and the skin lipids. From Fig. 7B it is clear that, within these
time scales, the protein only distorts the top layer.

The relative position of the protein with respect to the bilayers
was determined by the density profiles across the simulations box.
These density profiles are represented in Fig. 8 for the initial and the
final system configurations following 475 ns of simulation. Initially
the protein and the skin lipids were completely separated, but after
475 ns, it is possible to observe that the protein is integrated into
the top bilayer, as demonstrated by the density maximum reading
at 12.5 nm.

The evolution of the system throughout the simulation is repre-
sented in Fig. 9. Initially the protein microsphere is not interacting
with the top bilayer, but it is rapidly engulfed by the lipids. As
already demonstrated by Fig. 7, the system reached a stable config-
uration after approximately 200 ns.
Fig. 8. Density profiles for the skin lipids and protein at the beginning and the end of
the simulation. The distances were measured in the direction normal to the lipidic
bilayer.
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ig. 9. Time evolution of the simulation; the picture represents snapshots of the sim
ellowish spheres, the lipids are represented by lines and the lipid head groups by sp
o  color in this figure legend, the reader is referred to the web version of this article

esponsible for the solubility of the hydrophilic protein within the
il.

. Conclusions

We  have experimentally demonstrated that high molecular
eight proteins coated with hydrophobic surfactant molecules can

ffectively permeate the skin. These results provide valuable scien-
ific data for the design of new protein delivery systems. The ability
o deliver large proteins transdermally across a hitherto impervious

embrane is also of value to the biopharmaceutical and cosmetics
ndustries.
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