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A computer-based technique using a 2(5−2) fractional factorial design was applied for screening the factors affecting the penetration effec
f liposomal recombinant human-Cu/Zn-superoxide dismutase. Unilamellar liposomes, containing recombinant rh-Cu/Zn-SOD in th
ore, are aimed at enhancing the penetration of the drug applied topically. Factors that mainly influence the chemical and physical charaf
iposomes such as charge, molar content of cholesterol, size, surfactant and lipid were evaluated at two levels. In vitro skin penetrationth
igskin were carried out in Franz-type diffusion cells over a period of 4 and 8 h. The response variables, namely the amounts of rh-C
enetrated into the different skin layers, were analyzed by ELISA (enzyme linked immunosorbent assay). Analysis of variance showed
nd the cholesterol content of liposomes as well as the duration of the penetration studies have a statistically significant influence on
f protein found in deeper skin layers.
2005 Elsevier B.V. All rights reserved.
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. Introduction

For medical purposes, biotechnology has produced a wide
ange of molecules which can be applied topically, i.e. delivered
hrough the skin in a controlled manner.

At the Institute of Applied Microbiology, in cooperation with
olymun Scientific, great efforts were attempt to investigate a

iposomal format of the recombinant human Cu/Zn superox-
de dismutase (rh-Cu/Zn-SOD) for local treatment. One of our
herapeutical approaches is the treatment of Peyronie’s disease
IPP) characterized by a variety of symptoms that are conse-
uent to structural alterations of the penile corpora carvernosa.

n the past, IPP which is strongly related with an increased level
f free oxygen radicals, was successfully treated with intrale-
ional injection therapy of SOD. To afford a more convenient
ocal therapy, we developed a liposomal rh-Cu/Zn-SOD format,

∗ Corresponding author. Tel.: +43 1 36006 6593; fax: +43 1 3697615.
E-mail address: K.Vorauer@iam.boku.ac.at (K. Vorauer-Uhl).

which was successfully applied in a phase-2 pilot study follo
by a randomized, placebo controlled multi centre study[1,2].

Topical application is an attractive alternative to pharma
ticals, particularly for diseases located in the skin and re
tissue. However, the skin prevents the uptake of hydrophilic
teins of high molecular weight, and therefore it is of great inte
to develop new strategies to overcome the skin barrier.

One method of increasing the penetration rate of a drug a
the skin is encapsulation of the drug in lipid vesicles. Method
studying interaction between vesicles and skin include diffu
experiments, visualization by electron microscopy and flu
micrography[3,4]. To date, the factors influencing the efficien
of drug transport when using liposomes have been investi
in various in vitro skin penetration studies[5–9].

Penetration of drugs across the skin is a very complex
cess and can vary widely unless all procedures and ope
conditions are kept constant. To begin with, there are diffe
models to carry out penetration studies, and skin characte
play an important role in them. Other factors are method

731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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liposome preparation, size and lipophilicity of the component
and type of formulation. The biochemical and biophysical char-
acteristics of liposomes are determined by their composition and
influence the efficiency of drug transport to a great extent. As
a consequence of the numerous variables in previous studies,
interpretation of their results is controversial.

As to liposomal composition, there would be numerous com-
binations to be studied when optimizing them for drug transport.
Besides, preparing liposomes as well as performing penetration
studies are time-consuming and require costly material. There-
fore, it is useful to employ an experimental design for screening
the factors affecting the efficiency of the carriers in terms of
enhancing drug delivery. In a 2k full factorial design, where all
possible combinations are tested, all factors are examined at two
levels. The use of a 2(k−p) fractional factorial design can con-
siderably reduce the number of preparations. As a consequence,
information about two-way interactions partly gets lost but the
most important factors can still be identified and isolated. By
focusing further on these factors, employing techniques such
as the fold over, the resolution of the design increases. So one
should consider carefully which design is chosen for a certain
problem to obtain the expected information.

Based on our clinical results with liposomes consisting
of dipalmitoyl-phosphatidyl-choline (DPPC), cholesterol and
stearylamine, with a molar ratio of 7/2/1, the aim of the present
study is to investigate the influence of liposome composition
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Table 1
High and low settings (levels) for the five examined factors

Factors Factor setting

High (+) Low (−)

Charge 10 mol% SA (pos.) 10 mol% PG (neg.)
Cholesterol content 40 mol% 10 mol%
Liposome size 500 nm 200 nm
Surfactant (sodium-cholate) 0.1% (w/v) Non
Lipid DPPC EPC

Factors for the experimental design and the corresponding concentrations on
the levels. Stearylamine (SA) and phosphatidylglycerol (PG) were chosen to
charge the surface of the vesicles. Liposome diameters are given in nm with
their polydispersity indices (PI).

tent of cholesterol, liposome size, surfactant and lipid.Table 1
shows the two levels for the chosen factors.

The statistical software package Statgraphics Plus 5.0 with
experimental design capabilities was used to create the design,
which means that the composition of eight combinations was
determined randomly and put in random order.Table 2shows the
product combinations according to which the liposome prepa-
rations were produced.

Statistical data analysis was carried out using the software
package SPSS 8.0. Statistically significant differences were
determined using ANOVA withP-values less than 0.05 as a
minimal level of significance. For the analysis of variance, abso-
lute as well as relative data were used. Absolute data refer to
the weight of the corresponding biopsy and the buffer used for
enzyme extraction. They elucidate the absolute protein amount
that penetrated into a certain area of skin. Relative data illus-
trate the percentage penetrated to applied protein and thus the
utilization of the applied drug.

1.3. Liposome preparation

Unilamellar liposomes were produced by the well-
established crossflow triple injection technique[10,11]. Lipids
were dissolved in 96% ethanol, the protein concentration in
the buffer solution was 30.00 mg/ml. The liposomes were pre-
pared according to the eight product combinations created by
t s,
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n the transport of SOD into pigskin by using the Franz d
ion cell, cryo-homogenization and ELISA. The screening
he influencing factors was based on a 2(k−p) fractional factoria
esign, namely the quarter fraction design. This quarter fra
esign was chosen to evaluate the potency of our formulat
omparison to alternative formulations.

. Materials and methods

.1. Materials

Dipalmitoyl-phosphatidylcholine (DPPC) and egg-phos
tidylcholine (EPC) were obtained from Lipoid, cholesterol
hosphatidylglycerol (PG) were purchased from Solvay, ste

amine (SA) and sodium-cholate were obtained from Sig
nd Carbopol 981 NF was supplied by Noveon. Phosp
uffered saline (PBS, pH 7.2–7.4) was used as penetr
uffer. The drug to be incorporated into the liposomes
ecombinant human superoxide dismutase (rh-Cu/Zn-S
xpressed inEscherichia coli. This protein is available from
he Institute of Applied Microbiology (IAM), produced in cli
cal grade quality by the project sponsor Polymun Scien
mbH.

.2. 2(k−p) fractional factorial design

In the present study, the design chosen was the quarte
ion design. If five factors are examined at two levels, as in
ase, the number of runs is reduced from 32 to 8 (2(5−2)). Five
actors that mainly influence the biochemical and biophy
haracteristics of liposomes were examined: charge, mola
,
e
n

,

c-
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he experimental design (Table 2). The formation of liposome
repared by the crossflow injection technique, occurs dir
hen the ethanolic-lipid-phase impinges on the aqueous-p
s an intermediate product, so called planar lipid fragment

ormed, which associate to unilamellar vesicles enclosing
rotein containing aqueous phase. By varying the lipid con

ration in the ethanolic phase, the drill whole diameter of
njection unit and the injection pressure, liposomes with
erent diameters can be produced without further downsi
n order to separate non-entrapped protein and the acc
thanol the liposome suspensions were ultra-/dia-filtrated
micon membranes YM 100 (cut off: 100 kDa, Ø 44.5 mm).

epeated buffer changes, protein and ethanol free suspe
ere obtained. After characterization (size, cholesterol con
mount of encapsulated protein), 0.5% Carbopolgel 981 NF
ulations in sterile water were produced. The gels were

n sterile syringes and stored at 5± 3◦C.



E. Braun et al. / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 1187–1197 1189

Table 2
Liposomal formulations based on the (2(5−2)) plan

Formulation Charge Cholesterol (mol%) Size (nm) Surfactant Lipid

1 SA 40 220± 10 nm, PI 0.15 + EPC
2 PG 10 220± 10 nm, PI 0.15 + DPPC
3 PG 10 500± 20 nm, PI 0.20 + EPC
4 PG 40 500± 20 nm, PI 0.20 − EPC
5 SA 10 220± 10 nm, PI 0.15 − EPC
6 SA 10 500± 20 nm, PI 0.20 − DPPC
7 SA 40 500± 20 nm, PI 0.20 + DPPC
8 PG 40 220± 10 nm, PI 0.15 − DPPC

This table represents the experimental design (2(5−2) plan) generated by Statgraphics Plus 5.0. Eight samples, respectively formulations, according the chosen
parameters were determined randomly.

1.4. Liposome characterization

According to the experimental design, the size and the choles-
terol content were two of the factors being examined at two lev-
els. The compliance with the predetermined levels was checked
with qualified and validated analytical methods.

1.4.1. Liposomal size
Photon correlation spectroscopy (Precision Detectors) was

used to measure the diameter of the unilamellar vesicles, and
the polydispersity index (PI) was used to qualify unimodal size
distribution. Liposomes with the setting high (+) were about
500± 20 nm in diameter with a polydispersity index of 0.20
and those with the setting low (−) were about 200± 10 nm with
a PI of 0.15.

1.4.2. Cholesterol content
The cholesterol content of the liposomes in the suspensions

as well as in the gels was analyzed by rp-HPLC[12]. Lipo-
somes were dissolved in 2-propanol, analytical grade (1:1). Fifty
microliters of the clear sample was injected. Analysis was per-
formed with methanol, HPLC-grade, with a flow rate of 1ml/min
on a reverse phase column (Spherisorb, C8, 5�m ODS1, 80A,
Waters) at 25± 1◦C. The HPLC apparatus was Agilent 1100
HPLC with a variable wavelength detector, detection wavelength
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bodies. The murine antibody IAM-SOD-M05 was selected
as the capture antibody and the second murine antibody
IAM-SOD-M08 was conjugated with alkaline phosphatase.P-
nitrophenylphosphate-sodium salt (pNPP) was chosen as the
substrate for detection. As standard rh-Cu/Zn-SOD quantified
photometrically was used.

A total of 96 well, module plates (Maxisorp) were coated
overnight at 5± 3◦C with capture antibody (100�l/well,
2�g/ml, in coating buffer: 8.4 g/l NaHCO3, 4.2 g/l Na2CO3, pH
9.7). For each assay, we performed a duplicate standard curve by
utilizing serial dilutions (1:2) of standard SOD (50–0.39 ng/ml)
in sample dilution buffer [phosphate buffered saline plus 0.1%
Tween 20 (PBS-T) and 1% bovine serum albumin (BSA)]
to quantify sample concentrations. All samples were equally
treated in 1:2 dilution steps. The test plates were washed four
times with PBS-T. Then 50�l/well of the sample and standard
dilution series were applied and incubated for 1 h at 22± 3◦C.
Plates were washed four times with PBS-T before applying the
conjugated antibody, diluted to (1:800) in sample dilution buffer.
After incubation for 1 h at 22± 3◦C, the plates were washed six
times with PBS-T and 100�l/well of p-NPP solution (1 mg/ml),
diluted in 10 ml coating buffer, were applied to each well. The
plates were incubated at 22± 3◦C. The optical density was read
with an ELISA plate reader (Tecan Sunrise) at 405 nm with
a reference wavelength of 692 nm. ELISA software Magellan
was utilized for processing the standard curve and for calcu-
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07 nm (Agilent). Data were processed with HP-Chemsta
oftware, version 07.01. Method validation, including the s
le preparation was validated according the validation guide
f the international conference on harmonization (ICH). D
emonstrated suitable accuracy, precision and linearity ov
ange of interest (10–300�g/ml). Data demonstrated approp
te recovery from the sample matrix. Limit of detection
uantification were calculated. The recovery in the prepara
as 95± 3% related to the weighed amount.

.4.3. Rh-Cu/Zn-SOD content
To examine the encapsulation efficiency of rh-Cu/Zn-S

ipid bilayers of the liposomes were first disintegrated and
bilized by diluting the liposome suspension 1:2 with sod
holate (240 mg/ml) and incubation for 2 h at 37± 3◦C. Then
he protein content was analyzed by a sandwich ELISA, e
ished at the IAM, based on two different monoclonal a
s

e

s

-

ation of the amount of rh-Cu/Zn-SOD in the samples. EL
as validated for liposome suspensions, and liposome ge
ulation. For all samples blank and spiked samples at diff

oncentrations were analyzed. Parameters, as mentioned
ion 1.4.2, were evaluated. Data were suitable over the ran
nterest.

.5. Skin

Full thickness skin of male and female pigs weigh
0± 2 kg was used. The skin sections were taken postmo
y means of a dermatome, wrapped in mull bandages that
oaked in Ringer solution and stored at≤−20◦C. Before carry
ng out a penetration experiment the skin sections were th
vernight at 5± 3◦C. Therefore, the wrapped skin sections w
oaked in sterile RO–H2O and placed on polystyrene. All th
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was put in a plastic bag whose bottom was covered with sterile
RO–H2O. The thawed skin was unwrapped and disks of 25 mm
in diameter were cut out. Skin thickness was measured with a
sliding calliper.

It is critical to maintain the integrity of the stratum corneum
during storage and preparation, because otherwise, permeability
would be overestimated. Therefore, skin integrity was evaluated
before starting the penetration experiment in order to eliminate
damaged skin. Skin sections were checked visually for physical
damage. After mounting the skin samples in the Franz diffusion
cell and allowing the skin to equilibrate, a pre-study integrity
evaluation was made by determining the specific conductivity
as a measure for the electrical resistance.

λ = G
L

A
= 1

R

λ is the specific conductivity,G the conductivity,L the length,
A the area andR is the electrical resistance. As skin integrity
may change because of physical wash-off procedures, hydration
or effects of the test formulation, a post-study integrity evalu-
ation was also carried out after rinsing off the excess of the
test formulation. Specific conductivity of equilibrated, untreated
skin was evaluated by repeated measurements, whereas, a rel-
ative average conductivity of 1000�S/cm2 was measured for
intact skin. Therefore, penetration studies were only performed
with skin samples of about this value. Post-study integrity
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subsequently, using two forceps, the epidermis was separated
from the dermis. The separated biopsies were weighed for fur-
ther calculations and stored at≤−20◦C.

1.7.2. Homogenization and protein extraction
The frozen biopsies were pulverized in liquid nitrogen in

a Cryomill (microdismembrator, B. Braun Melsungen A.G).
Before milling, 500�l PBS were added so that the protein
rh-Cu/Zn-SOD could be extracted in the same step. After cen-
trifugation of the homogenized skin samples at 5± 3◦C, 10 min,
12,000 rpm, extracts containing rh-Cu/Zn-SOD were obtained
and stored at≤−20◦C. Untreated skin and skin spiked with
liposomal and free rh-Cu/Zn-SOD were prepared with the same
procedure for method validation.

1.7.3. Protein quantification
The rh-Cu/Zn-SOD content in the extracts of epidermis and

dermis was quantified with a high sensitive sandwich ELISA
established at the IAM, based on two different monoclonal anti-
bodies. The murine antibody IAM-SOD-M05 was selected as
the capture antibody. In contrast to the assay employed for
quantification of the liposomal SOD the second antibody was
biotinylated. Streptavidin-peroxidase-conjugate (500 U) with
1,2-o-phenylendiamine-dihydrochloride (OPD) as substrate was
chosen for detection. Rh-Cu/Zn-SOD (2�g/ml) was used as a
standard.
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.6. Penetration studies

.6.1. Franz diffusion cell
The thawed skin sections were equilibrated in phosp

uffered saline (PBS, pH 7.2–7.4) for 30 min at 22± 3◦C before
ounting them on the Franz diffusion cell. The epidermal sid

he skin was exposed to ambient conditions while the derma
as bathed in PBS. The receptor fluid was mixed with a mag
tirring bar. Buffer was kept at 32± 1◦C by a water jacket. Afte
xamining the integrity of the skin and drying the surface
cotton bud, 170 mg of the liposomal gel formulations w

pplied non-occlusively onto the skin surface with a syri
he amount was determined by weighing the syringe be
nd after applying the sample. All experiments were carrie

n three parallel diffusion cells for a time period of 4 and
espectively, and were repeated with the skin of another pi
he end of the penetration experiment, the surface of the
as rinsed three times with PBS. Finally, the skin was o
ore examined for integrity.

.7. Skin treatment and protein quantification

.7.1. Biopsies and skin fractionation
After the post-study integrity examination, the skin was d

ith cotton buds. Then an exact area of 0.95 cm2 covered with
he formulation during the penetration study was punched
f the section that had been placed in the diffusion cell. N

he skin disks were placed on a heater at 60± 1◦C for 20 s and
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A total of 96 well, module plates (Maxisorp) were coa
vernight at 5± 3◦C with capture antibody (100�l/well,
�g/ml, in coating buffer: 8.4 g/l NaHCO3, 4.2 g/l Na2CO3, pH
.7). For each assay, we performed a duplicate standard cu
tilizing serial dilutions (1:2) of standard SOD (4–0.03 ng/

n sample dilution buffer [phosphate buffered saline plus 0
ween 20 (PBS-T) and 1% bovine serum albumin (BS
o quantify sample concentrations. All samples were eq
reated in 1:2 dilution steps. Test plates were washed four
ith PBS-T. Then 50�l/well of the sample and standard di

ion series were applied and incubated for 1 h at 22± 3◦C.
lates were washed four times with PBS-T before applyin
iotinylated antibody, diluted 1:4000 in sample dilution buf
fter incubation for 1 h at 22± 3◦C, plates were washed fo

imes with PBS-T. Fifty microliters of Streptavidin-peroxida
onjugate, diluted 1:10,000 in sample dilution buffer, w
pplied to each well and incubated for 20 min at 22± 3◦C. After
final six-cycle washing procedure, 100�l/well of staining solu

ion were added (100�l OPD, 10 ml staining buffer (7.3 g/l citr
cid H2O, 11.86 g/l Na2HPO4·2H2O, pH 5.0) and 10�l H2O2,
5%) and incubated at 22± 3◦C. The enzymatic reaction w
topped by applying 100�l of H2SO4 (2.5%) to each well. Th
ptical density was read with an ELISA plate reader (Tecan
ise) at 492 nm with a reference wavelength of 620 nm. EL
oftware Magellan was utilized for processing the standard c
nd for calculation of the amount of rh-Cu/Zn-SOD in the s
les. ELISA was validated for the skin samples and rece
uids obtained in the skin penetration model. For all sam
lank and spiked samples at different concentrations were
sed. Parameters, as mentioned in Section1.4.2, were evaluated
ata were suitable over the range of interest.
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2. Results

2.1. Content of rh-Cu/Zn-SOD in the skin layers

According to the experimental design (Table 2) eight lipo-
somal formulations were produced and applied non-occlusively
onto the surface of pig skin. In vitro skin penetration studies were
carried out in a Franz diffusion cell with three parallel chambers.
The experiments with each formulation were repeated with the
skin of another pig. This is of statistical importance when certain
experiments, in our case the experiments with the skin derived
from one animal, are blocked in one group in order to see if there
is a statistically significant difference between blocks. After skin
fractionation, homogenization and extraction, the content of rh-
Cu/Zn-SOD was analyzed in the skin extracts.Fig. 1 shows
the mean absolute protein content in the skin for the epider-
mis and the dermis (the two response variables) after 4 and 8 h,
penetration.

After 8 h, formulations No. 2 and No. 5 result in a high rh-
Cu/Zn-SOD content, both in the epidermis and in the dermis.
Fig. 2 represents the corresponding relative data, namely the
percentage penetrated to applied protein amount.

2.2. Factor analysis

Five main factors that influence the biochemical and biophys-
i vels
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Table 3
Statistical significance of the main effects

Absolute Relative (%) B for (−1)

Epidermis Dermis Epidermis Dermis

Block − − − −
Charge − + − − (−)
Cholesterol + + + + (+)
Size + + + + (+)
Surfactant − + − + (+)
Lipid − − − −
Duration + + + + (−)

Statistical significance of the main factors tested on account of theP-values. If
there is a statistically significant difference, the signs of the parameter estimates
(B) for the low level of the main factors are shown. ‘−’ means no significance;
‘+’ means significant; (−) means negative effect; (+) means positive effect.

A negativeB-value denotes that the corresponding factor has a
negative effect on the response variable.B-values for factors
without a statistical significance are not listed because they are
irrelevant. As theB-values were the same for the analysis of
absolute and relative data, they are only shown in one column
for both.

To examine if the individual skin has an influence on the
penetration efficiency of rh-Cu/Zn-SOD, the experiments were
repeated with the skin of another pig. It turned out that the block
and thus the individual skin were statistically insignificant. On
the contrary, cholesterol content, liposome size and the time
of the penetration showed a statistically significant influence
on the protein content in epidermis and dermis. Considering
the parameter estimate, small liposomes, a molar cholesterol
content of 10% and a penetration period of 8 h had a positive
effect on the penetration of the drug. In addition, liposomes with
negative charge as well as liposomes without surfactant showed
a statistically significant positive effect on the protein content in
the dermis.

2.4. Two-way interactions

The present fractional factorial design is resolution III, so the
main effects are confounded with two-factor interactions. As a
consequence, only some two-way interactions can be calculated.
Amongst these, statistical significance could be shown for inter-
a

T
P

B
C
C
S
S
L
D

P tically
s l
o ct.
cal characteristics of liposomes were examined at two le
sing a quarter fraction design. All experiments were ca
ut with the skin of two pigs (blocked into two sets) and o
time of 4 and 8 h. In order to yield a more restrictive de

nd higher statistical significance, data of all studies were
ated together. Therefore, the statistical influence of the fa

block’ and ‘duration’ could also be calculated. The amount
h-Cu/Zn-SOD analyzed in epidermis and dermis represe
he two response variables.

.3. Evaluation of main effects

First of all, the main effects of the factors were calcula
ultivariate analysis of variance was carried out with ab

ute and relative amounts of rh-Cu/Zn-SOD. Absolute amo
efer to the weight of the corresponding biopsy. The percen
f penetrated vs. applied protein represents the relative
tatistical significance of the factors was tested byP-values
-values less than 0.05 denote that the corresponding
as a statistically significant effect on the response variab

he 95.0% confidence level. The ANOVA results are show
ables 3 and 4.

In Table 3, all factors marked with a ‘+’ have a statistic
ignificance on the corresponding response variables.

TheP-values of these factors are less than 0.05, as sho
able 4. Factors marked with a ‘−’ and with aP-value greate
han 0.05 do not have a statistical significance on the corres
ng response variables.

Whether or not a certain factor has a positive or negative e
n a response variable can be assessed by parameter estimB’.
he parameter estimates are listed for the factors at the low
e
.

r
t

n

-

t
‘
l.

ctions between the factors cholesterol× time, size× time and

able 4
-values and parameter

Absolute Relative (%) B for (−1)

Epidermis Dermis Epidermis Dermis

lock 0.661 0.830 0.850 0.176
harge 0.175 0.038 0.624 0.306 (−)
holesterol 0.020 0.003 0.005 0.002 (+)
ize 0.007 0.001 0.047 0.007 (+)
urfactant 0.125 0.018 0.117 0.006 (+)
ipid 0.304 0.725 0.985 0.082
uration 0.000 0.001 0.000 0.000 (−)

-values and parameter estimates for the main effects. If there is a statis
ignificant difference, the signs of the parameter estimates (B) for the low leve
f the factors are shown. (−) means negative effect; (+) means positive effe



1192 E. Braun et al. / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 1187–1197

Fig. 1. Absolute SOD amount. Absolute SOD content analyzed in the epidermis (E) and dermis (D) after penetration over a time period of 4 and 8 h, respectively.

cholesterol× size. TheP-values for the calculated interactions
are shown inTable 5. If there is a statistically significant differ-
ence, the signs of the parameter estimates for the low level of
both factors are shown.

2.5. Box plot analysis

Box plots are graphical summaries of the presence of outlier
in data for one or two variables. They are particularly useful
for comparing parallel batches of data and divide the data into
four equal areas of frequency. A box encloses the middle 50%,
where the median is represented as a horizontal line inside the
box. The vertical lines, called whiskers, extend from each end
of the box to the highest and lowest values, excluding outlier. In

Table 5
P-values for certain two-way interactions

Absolute Relative (%) B for
(−1/−1)

Epidermis Dermis Epidermis Dermis

Charge× duration 0.225 0.199 0.602 0.419
Cholesterol× duration 0.010 0.000 0.003 0.000 (−)
Size× duration 0.024 0.002 0.107 0.014 (−)
Surfactant× duration 0.102 0.133 0.110 0.391
Lipid × duration 0.346 0.256 0.901 0.953
Cholesterol× size 0.020 0.001 0.687 0.331 (+)

P-values for certain two-way interactions. If there is a statistically significant
difference, the signs of the parameter estimates for the low level of both factors
are shown. (−) means negative effect; (+) means positive effect;× means two-
way interaction.

F idermis (E) and dermis (D) after penetration over a time period of 4 and 8 h, respectively.
R en in percent.
ig. 2. Relative SOD amount. Relative SOD content analyzed in the ep
atio between applied rh-Cu/Zn-SOD and concentration in the skin is giv
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Fig. 3. Absolute rh-Cu/Zn-SOD content in the epidermis. Protein content in the epidermis, drawn in box plots for the eight formulations, applied overa period of 4
and 8 h each. EPI means epidermis; KOMB means combination of the factors charge, cholesterol, size, surfactant, lipid and duration;N = 6 means six single results
of parallel experiments forming one box plot.

the following figures, box plots were drawn for the absolute and
relative protein amount penetrated into epidermis and dermis.
The plots allow to visually compare the efficiency of the different
liposomal formulations. The code for the composition of the
corresponding formulation and its incubation time is written
below so one can assess immediately which combinations result
in a high protein content in the different skin layers. The factors
are put in the order charge, cholesterol, size, surfactant, lipid
and time while ‘1’ means low level and ‘3’ means high level of
the corresponding factor.Fig. 3shows box plots for the absolute
amounts of protein analyzed in the epidermis. It can be noticed
that the two formulations containing small liposomes with a low
content of cholesterol and being applied for 8 h (box plot 2 and
10) show considerably higher rh-Cu/Zn-SOD amounts in the
epidermis than all other combinations.

The absolute amount of protein analyzed in the dermis is
shown inFig. 4. Again, the two formulations containing small
liposomes with low cholesterol content applied over 8 h (box
plot 2 and 10) show considerably higher protein content in the
dermis. The box plots drawn by the relative protein content of
the epidermis are shown inFig. 5.

They illustrate that in addition to the two formulations
described above (box plot 2 and 10), two further combinations
(box plot 6 and 12) seem to result in a high amount of pen-
etrated protein. Size, cholesterol content and time seem to be
important, as in these box plots either size or cholesterol content
a effec
(

the
d tein
c

3

ws
c ore,
i reby

avoid systemic side effects. The most important limitation to the
transdermal route is the skin barrier, mostly provided by the stra-
tum corneum. Already the uptake of molecules with a molecular
weight about 200–350 Da is very difficult and achieving the same
task for molecules greater than 750 Da is practically impossible,
even when these molecules have an ideal solubility in the skin
[13,14]. Regarding the protein of interest, the rh-Cu/Zn-SOD
with 33 kDa, penetration without any penetration enhancement
must be excluded.

One strategy to overcome the skin barrier is the encapsula-
tion of drugs into liposomes, vesicles consisting of a lipid bilayer
that act as carriers. Interactions between liposomes and the stra-
tum corneum have been studied thoroughly and have shown to
enable penetration of drugs into the skin. To find out about the
factors influencing the efficiency of drug transport, numerous
penetration studies have been performed[5–9].

It turned out that parameters like the liposomal composition,
the preparation method, the type and amount of applied formula-
tion including additional penetration enhancers such as ethanol
in the formulation, the duration of the penetration experiments
and the origin of the skin play an important role and influence
the penetration results to a great extent. Over the years, some
encouraging data were reported on the dermal use of suspensions
based on phospholipids. However, success is a relative matter,
depending on the means by which lipid vesicles can improve
the performance of the topical agent delivery. At least, depot
m t and
p iples.
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t s-
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nd time are on the level that was shown to have a positive
Table 3).

Fig. 6illustrates the relative protein amounts analyzed in
ermis, and a trend similar to the one for the relative pro
ontent in the epidermis can be noticed.

. Discussion

Topical application of drugs is very promising as it allo
ontrolled and continuous delivery into the skin. Furtherm
t makes it possible for drugs to be applied locally, and the
t echanism, solubility increase, permeation enhancemen
enetration-based delivery can be employed by these princ
s so many parameters were varied in the previous penet
tudies, it is hard to draw general conclusions.

In the present study, a screening based on a 2(k−p) frac-
ional factorial design (Section2.2) was carried out to inve
igate the influence of liposome composition on the trans
f the hydrophilic protein rh-Cu/Zn-SOD into pig skin. T

ractional factorial design was chosen to evaluate the lip
al penetration-based delivery exclusively for our target

ein. Therefore, in the present penetration studies (Section1.6),
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Fig. 4. Absolute rh-Cu/Zn-SOD content in the dermis. Protein content in the dermis, drawn in box plots for the eight formulations, applied over a period of 4 and 8 h
each. KOMB means combination of the factors charge, cholesterol, size, surfactant, lipid and duration;N = 6 means six single results of parallel experiments forming
one box plot.

Fig. 5. Relative rh-Cu/Zn-SOD content in the epidermis. Relative protein content in the epidermis, drawn in box plots for the eight formulations, applied over a
period of 4 and 8 h each. Eprozent means relative protein content in the epidermis; KOMB means combination of the factors charge, cholesterol, size, surfactant,
lipid and duration;N = 6 means six single results of parallel experiments forming one box plot.

Fig. 6. Relative rh-Cu/Zn-SOD protein content in the dermis. Relative protein content in the dermis, drawn in box plots for the eight formulations, applied over a
period of 4 and 8 h each. Dprozent means relative protein content in the dermis, KOMB means combination of the factors charge, cholesterol, size, surfactant, lipid
and duration;N = 6 means six single results of parallel experiments forming one box plot.
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all procedures and operating conditions were kept constant. In
accordance with the experimental design (Table 2), eight lipo-
some suspensions of varying composition were prepared by
the crossflow triple injection technique[10,11]. This technique
allows the continuous production of sterile liposomes, free of
pyrogens without using organic solvents, all of these being pre-
requisites for medical use. By this method vesicles composed of
various lipids and different diameters can be produced by vary-
ing the preparation conditions. Prior penetration, each liposome
suspension was spread in a hydrophilic gel, Carbopol 981NF,
which was prepared in the presence of sterile water.

For liposomes to effectively penetrate the skin and release
the encapsulated drugs, they have to interact with the stratum
corneum. One possible interaction can be described as follows:
liposomes penetrate the stratum corneum and permeate into the
lamellar lipid region that is located between the corneocytes.
Along this tortuous pathway liposomes interact with neighbour-
ing cells and release their content[15]. When penetrating intact
skin, liposomes have to pass through a series of very fine pores.
While vesicles with rigid membranes fail to do so, liposomes
with flexible, high deformable membranes can squeeze them-
selves between the cells in the stratum corneum[16].

To develop a therapeutically efficient carrier system, the com-
position of liposomes has to be optimised because it is the
crucial factor in delivering the incorporated drug. In our study,
the factors charge, content of cholesterol, size, surfactant and
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charges such as stearylamine (SA) also decrease potential aggre-
gation and eventual fusion of vesicles[19].

Concerning penetration efficiency, a positive surface poten-
tial might relevant as it enables interaction between liposomes
and negatively charged skin and tissue cells. It is evident that
charged compounds have a stabilizing effect on liposomes.
Whether or not they play a role in penetration cannot be ascer-
tained yet. According to Cevc et al. (1992), surface charge has
been proved to influence drug penetration into deeper skin layers.
However, our results did not indicate any statistically significant
impact on the amount of rh-Cu/Zn-SOD penetrated into the skin.

Cholesterol is often used as a main component of the lipid
membrane. It has been shown to modify the order and mobility of
the phospholipids in the bilayer[20,21]and as a consequence, it
alters the bilayer fluidity. Other studies indicate that cholesterol
content might be of crucial importance for the effective delivery
of liposome-entrapped substances into the skin[22].

Coderch et al. (2000) observed contrary effects of cholesterol
depending on the degree of saturation of the employed lipid[23].
Fluidity of membranes containing unsaturated lipids gradually
decreased as the amount of cholesterol increased. For mem-
branes containing saturated lipids cholesterol had a fluidising
effect at temperatures below the transition temperatureTm, while
it had a condensing effect at temperatures aboveTm. In the same
study, a correlation between skin penetration results and mem-
brane fluidity could be observed. In our study, cholesterol also
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ng that the lipids were dissolved in ethanol prior injection.
nvironmental ethanol, as well as the non-entrapped SOD,
emoved quantitatively by repeated diafiltration. Neverthe
he bilayer associated ethanol should be taken into acc
epending on the cholesterol concentration and temper
ore or less ethanol is partitioning into lipid bilayers, whe

he precise chemical structure is less important. Studies
ormed by Trandum et al. (2000), showed that the partitio
f ethanol into lipid bilayers reach a maximum in liposome

ow cholesterol concentration (≤10%), whereas, cholesterol
arge amount reduces the partitioning of ethanol significa
17]. In addition, the interaction parameter is closely depen
n temperature. Interaction in low cholesterol systems dec
ith temperature, while in high cholesterol systems interac

ncrease slightly. Liposomes produced by our crossflow inje
echnique were repeatedly analyzed with small angle X-ray
ique to calculate the membrane thickness and distance be

he phosphorous headgroups. In comparison to liposome
ared without ethanol no difference is obvious, meaning
o interdigitation occurs. In addition, ethanol quantificatio
ur liposome suspensions confirms that our present study

nfluenced by penetration enhancement of ethanol.
A prerequisite for the medical use of liposomal formulati

s a stable product. Depending on their composition and
iposomes are more or less susceptible to chemical and
cal degradation. Aggregation of neutral liposomes is bro
bout by Van der Waals interactions. The simplest way to o
ome this is to include a small quantity of negative charge
0% phosphatidylglycerol (PG)[18]. Compounds with positiv
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ad a statistically significant influence on the penetration
iency of the drug, but in contrast to earlier findings, liposo
ith a lower cholesterol content resulted in higher amoun
enetrated protein.

The influence of liposome size seems to be important,
ut all previous studies failed to clarify this subject. Du Ple
t al. (1994) showed that the intermediate particle size of 30
esulted in both the highest reservoir in the deeper skin la
s well as the highest drug concentration in the reservoir,
rming that topical drug delivery is influenced by the size
iposomes[24]. Šentjurc et al. (1999) examined liposomes
ifferent composition and observed that size was not of g
ignificance for the transport of hydrophilic substances into
kin, as long as the diameter of the liposomes was larger
00 nm[5]. For smaller liposomes transport was significa
ecreased. However, Verma et al. (2003) showed that the

ration of a hydrophilic compound was inversely related to
ize of the liposomes[25]. In the present study, liposomes inclu

ng the hydrophilic drug rh-Cu/Zn-SOD with a size of 200± 10
nd 500± 20 nm diameter were tested, and the results ind

hat smaller liposomes has a positive effect on the penetr
f rh-Cu/Zn-SOD across the skin. If much smaller liposo
ould improve the penetration of rh-Cu/Zn-SOD was not s

ed. In fact, preparation of smaller liposomes with the cross
njection technique is in principle possible, but the encapsul
fficiency of rh-Cu/Zn-SOD decreases beneath an econom

ustifiable value.
Addition of a surfactant during liposome preparation

nother parameter being examined. Surfactants tend to fl
embranes and make them very elastic, resulting in h
eformable vesicles. Cevc et al. (1996) showed that these fle
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vesicles can squeeze themselves between the cells in the stra-
tum corneum and are thus able to deliver drugs into the skin with
a very high efficiency[16]. El Maghraby et al. (2000) showed
that incorporation of surfactants into vesicles reduced the main
Tm, which indicates fluidization of the lipid bilayer[26]. The
results suggested that there might be an optimum concentra-
tion for each surfactant to yield maximum drug delivery into the
skin. For sodium cholate the refined concentration in vesicles
containing phosphatidylcholine (PC) was 14.0% (w/w). We used
sodium cholate concentrations of 0.1% (w/v), what is equivalent
to 5.4% (w/w). When employing the crossflow triple injection
technique, the vesicle forming process happens in one third of
the total volume. In this case, the maximum surfactant concen-
tration that allows stable vesicles to form is lower. In contrary
to other studies[26,27] that showed enhanced drug penetration
for surfactant containing, ultra-flexible liposomes, our results
suggested more a negative than an effect on the protein content
in the dermis when adding surfactants.

Lipids are the major structural components of liposomes and
therefore also have a great influence on the fluidity characteris-
tics of the liposomal membrane. Depending on the chain length
and the degree of saturation, they show a differentTm. Usually
phospholipids occurring in natural membranes are employed,
which makes liposomes very safe vehicles for medical applica-
tion.

For the purpose of this study, the lipids of choice were syn-
t for
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molar cholesterol content of 10% and varying amounts of sur-
factant.

It can be concluded that the experimental design, namely the
quarter fraction design, was appropriate for screening. In our
case, the data of the experimental design confirm the clinical
observations. However, this technique is also suitable in basic
research for screening factors influencing the efficiency of lipo-
somes as drug carriers. Unfortunately, the use of such a design
can hardly be found in literature, even though it is a very useful
means of obtaining valid results while reducing the number of
time-consuming and costly experiments.
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