Available online at www.sciencedirect.com

JOURNAL OF
sc'ENOE@D'HEOT* PHARMACEUTICAL
AND BIOMEDICAL
s ANALYSIS
ELSEVIER Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 1187—1197

www.elsevier.com/locate/jpba

Experimental design for in vitro skin penetration study
of liposomal superoxide dismutase

Edith Braurf, Andreas WagnéY, Eckhard Eirnschlief,
Hermann Katinge#?, Karola Vorauer-Uhit*

a Institute of Applied Microbiology, Department of Biotechnology, University of Natural Resources and Applied Life Sciences,
Muthgasse 18, A-1190 Vienna, Austria
b Polymun Scientific GmbH, Nussdorferlaende 11, A-1190 Vienna, Austria
C Wiener Gebietskrankenkasse (Regional Health Fund Vienna), Outpatient Department South,
Wienerbergstrasse 15-19, A-1100 Vienna, Austria

Received 11 May 2005; received in revised form 25 August 2005; accepted 6 September 2005
Available online 25 October 2005

Abstract

A computer-based technique using@? fractional factorial design was applied for screening the factors affecting the penetration effectiveness
of liposomal recombinant human-Cu/Zn-superoxide dismutase. Unilamellar liposomes, containing recombinant rh-Cu/Zn-SOD in the aquet
core, are aimed at enhancing the penetration of the drug applied topically. Factors that mainly influence the chemical and physical chafacteristi
liposomes such as charge, molar content of cholesterol, size, surfactant and lipid were evaluated at two levels. In vitro skin penetratidh studies
pigskin were carried out in Franz-type diffusion cells over a period of 4 and 8 h. The response variables, namely the amounts of rh-Cu/Zn-St
penetrated into the different skin layers, were analyzed by ELISA (enzyme linked immunosorbent assay). Analysis of variance showed that the
and the cholesterol content of liposomes as well as the duration of the penetration studies have a statistically significant influence on the am
of protein found in deeper skin layers.
© 2005 Elsevier B.V. All rights reserved.
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0. Introduction which was successfully applied in a phase-2 pilot study followed
by a randomized, placebo controlled multi centre stiidg].

For medical purposes, biotechnology has produced a wide Topical application is an attractive alternative to pharmaceu-
range of molecules which can be applied topically, i.e. deliveredicals, particularly for diseases located in the skin and related
through the skin in a controlled manner. tissue. However, the skin prevents the uptake of hydrophilic pro-

At the Institute of Applied Microbiology, in cooperation with teins of high molecular weight, and therefore itis of greatinterest
Polymun Scientific, great efforts were attempt to investigate @o develop new strategies to overcome the skin barrier.
liposomal format of the recombinant human Cu/Zn superox- One method of increasing the penetration rate of adrug across
ide dismutase (rh-Cu/Zn-SOD) for local treatment. One of outthe skinis encapsulation of the drug in lipid vesicles. Methods of
therapeutical approaches is the treatment of Peyronie’s diseaseidying interaction between vesicles and skin include diffusion
(IPP) characterized by a variety of symptoms that are consexperiments, visualization by electron microscopy and fluoro-
quent to structural alterations of the penile corpora carvernosanicrography[3,4]. To date, the factors influencing the efficiency
In the past, IPP which is strongly related with an increased levedf drug transport when using liposomes have been investigated
of free oxygen radicals, was successfully treated with intralein various in vitro skin penetration studigs-9].
sional injection therapy of SOD. To afford a more convenient Penetration of drugs across the skin is a very complex pro-
local therapy, we developed a liposomal rh-Cu/Zn-SOD formatcess and can vary widely unless all procedures and operating

conditions are kept constant. To begin with, there are different
* Corresponding author. Tel.: +43 1 36006 6593; fax: +43 1 3697615. models to carry out penetration studies, and skin characteristics
E-mail address: K NMorauer@iam.boku.ac.at (K. Vorauer-Uhl). play an important role in them. Other factors are methods of
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liposome preparation, size and lipophilicity of the componenfrable 1
and type of formulation. The biochemical and biophysical charHigh and low settings (levels) for the five examined factors
acteristics of liposomes are determined by their composition angactors Factor setting

influence the efficiency of drug transport to a great extent. As

. . . . High (+) Low (—)
a consequence of the numerous variables in previous studies,
interpretation of their results is controversial. Charge 10mol% SA (pos.)  10mol% PG (neg.)
As to liposomal composition, there would be numerous com—fizglse:;?éo;igzmem ;é)on;z:/" zlgor?]zlq/”
binations to be studied when optimizing them for drug transportgfactant (sodium-cholate) 0.1% (Wiv) Non
Besides, preparing liposomes as well as performing penetratiafipid DPPC EPC

studies are time-consuming and require costly material. Ther(_ffactors for the experimental design and the corresponding concentrations on

fore, itis useful to.employ an ?Xpe”mental deS|.gn fqr SCreeniNge |evels. Stearylamine (SA) and phosphatidylglycerol (PG) were chosen to
the factors affecting the efficiency of the carriers in terms Ofcharge the surface of the vesicles. Liposome diameters are given in nm with

enhancing drug delivery. In & 2ull factorial design, where all  their polydispersity indices (P1).

possible combinations are tested, all factors are examined at two

levels. The use of a®?) fractional factorial design can con- tent of cholesterol, liposome size, surfactant and lipable 1
siderably reduce the number of preparations. As a consequenaows the two levels for the chosen factors.

information about two-way interactions partly gets lost but the The statistical software package Statgraphics Plus 5.0 with
most important factors can still be identified and isolated. Byexperimental design capabilities was used to create the design,
focusing further on these factors, employing techniques suctvhich means that the composition of eight combinations was
as the fold over, the resolution of the design increases. So ordetermined randomly and putin random ordable 2shows the
should consider carefully which design is chosen for a certaiproduct combinations according to which the liposome prepa-
problem to obtain the expected information. rations were produced.

Based on our clinical results with liposomes consisting Statistical data analysis was carried out using the software
of dipalmitoyl-phosphatidyl-choline (DPPC), cholesterol andpackage SPSS 8.0. Statistically significant differences were
stearylamine, with a molar ratio of 7/2/1, the aim of the presentletermined using ANOVA withP-values less than 0.05 as a
study is to investigate the influence of liposome compositiorminimal level of significance. For the analysis of variance, abso-
on the transport of SOD into pigskin by using the Franz diffu-lute as well as relative data were used. Absolute data refer to
sion cell, cryo-homogenization and ELISA. The screening forthe weight of the corresponding biopsy and the buffer used for
the influencing factors was based ona® fractional factorial ~ enzyme extraction. They elucidate the absolute protein amount
design, namely the quarter fraction design. This quarter fractiothat penetrated into a certain area of skin. Relative data illus-
design was chosen to evaluate the potency of our formulation itrate the percentage penetrated to applied protein and thus the

comparison to alternative formulations. utilization of the applied drug.
1. Materials and methods 1.3. Liposome preparation
1.1. Materials Unilamellar liposomes were produced by the well-

established crossflow triple injection technida6,11] Lipids

Dipalmitoyl-phosphatidylcholine (DPPC) and egg-phosph-were dissolved in 96% ethanol, the protein concentration in
atidylcholine (EPC) were obtained from Lipoid, cholesterol andthe buffer solution was 30.00 mg/ml. The liposomes were pre-
phosphatidylglycerol (PG) were purchased from Solvay, stearypared according to the eight product combinations created by
lamine (SA) and sodium-cholate were obtained from Sigmathe experimental desigidble 9. The formation of liposomes,
and Carbopol 981 NF was supplied by Noveon. Phosphatprepared by the crossflow injection technique, occurs directly
buffered saline (PBS, pH 7.2-7.4) was used as penetratiomhen the ethanolic-lipid-phase impinges on the aqueous-phase.
buffer. The drug to be incorporated into the liposomes wad\s an intermediate product, so called planar lipid fragments are
recombinant human superoxide dismutase (rh-Cu/Zn-SODJprmed, which associate to unilamellar vesicles enclosing the
expressed irEscherichia coli. This protein is available from protein containing aqueous phase. By varying the lipid concen-
the Institute of Applied Microbiology (IAM), produced in clin- tration in the ethanolic phase, the drill whole diameter of the
ical grade quality by the project sponsor Polymun Scientificinjection unit and the injection pressure, liposomes with dif-

GmbH. ferent diameters can be produced without further downsizing.
In order to separate non-entrapped protein and the access of
1.2. 2=P) fractional factorial design ethanol the liposome suspensions were ultra-/dia-filtrated using

Amicon membranes YM 100 (cut off: 100 kDa, & 44.5 mm). By
In the present study, the design chosen was the quarter fracepeated buffer changes, protein and ethanol free suspensions
tion design. If five factors are examined at two levels, as in ouwere obtained. After characterization (size, cholesterol content,
case, the number of runs is reduced from 32 to®®). Five  amount of encapsulated protein), 0.5% Carbopolgel 981 NF for-
factors that mainly influence the biochemical and biophysicamulations in sterile water were produced. The gels were filled
characteristics of liposomes were examined: charge, molar cofn sterile syringes and stored at=3°C.
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Table 2

Liposomal formulations based on théX2?) plan

Formulation Charge Cholesterol (mol%) Size (nm) Surfactant Lipid
1 SA 40 220+ 10nm, P10.15 + EPC
2 PG 10 226t 10nm, P10.15 + DPPC
3 PG 10 506t 20 nm, P10.20 + EPC
4 PG 40 50Gt 20 nm, P10.20 - EPC

5 SA 10 220+ 10nm, P10.15 - EPC

6 SA 10 500+ 20 nm, P10.20 — DPPC
7 SA 40 500t 20 nm, P1 0.20 + DPPC
8 PG 40 226t 10nm, P10.15 - DPPC

This table represents the experimental desigfr& plan) generated by Statgraphics Plus 5.0. Eight samples, respectively formulations, according the choser
parameters were determined randomly.

1.4. Liposome characterization bodies. The murine antibody IAM-SOD-M05 was selected
as the capture antibody and the second murine antibody
According to the experimental design, the size and the chole3AM-SOD-M08 was conjugated with alkaline phosphatake.
terol content were two of the factors being examined at two levnitrophenylphosphate-sodium salt (pNPP) was chosen as the
els. The compliance with the predetermined levels was checkeslibstrate for detection. As standard rh-Cu/Zn-SOD quantified

with qualified and validated analytical methods. photometrically was used.
A total of 96 well, module plates (Maxisorp) were coated
1.4.1. Liposomal size overnight at 5+-3°C with capture antibody (100l/well,

Photon correlation spectroscopy (Precision Detectors) wagpg/ml, in coating buffer: 8.4 g/l NaHC§4.2 g/l NaCOg3, pH
used to measure the diameter of the unilamellar vesicles, arli7). For each assay, we performed a duplicate standard curve by
the polydispersity index (PI) was used to qualify unimodal sizeutilizing serial dilutions (1:2) of standard SOD (50-0.39 ng/ml)
distribution. Liposomes with the setting high (+) were aboutin sample dilution buffer [phosphate buffered saline plus 0.1%
500+ 20nm in diameter with a polydispersity index of 0.20 Tween 20 (PBS-T) and 1% bovine serum albumin (BSA)]
and those with the setting low-) were about 208- 10 nmwith  to quantify sample concentrations. All samples were equally

a Pl of 0.15. treated in 1:2 dilution steps. The test plates were washed four
times with PBS-T. Then 5Ql/well of the sample and standard
1.4.2. Cholesterol content dilution series were applied and incubated for 1 h a2 C.

The cholesterol content of the liposomes in the suspensiorf3lates were washed four times with PBS-T before applying the
as well as in the gels was analyzed by rp-HPLIQ]. Lipo-  conjugated antibody, diluted to (1:800) in sample dilution buffer.
somes were dissolved in 2-propanol, analytical grade (1:1). FiftyAfter incubation for 1 h at 22 3°C, the plates were washed six
microliters of the clear sample was injected. Analysis was pertimes with PBS-T and 10fl/well of p-NPP solution (1 mg/ml),
formed with methanol, HPLC-grade, with a flow rate of 1ml/min diluted in 10 ml coating buffer, were applied to each well. The
on a reverse phase column (Spherisorb, G8n50DS1, 80A, plates were incubated at 223°C. The optical density was read
Waters) at 25 1°C. The HPLC apparatus was Agilent 1100 with an ELISA plate reader (Tecan Sunrise) at 405nm with
HPLC with a variable wavelength detector, detection wavelengtia reference wavelength of 692 nm. ELISA software Magellan
207 nm (Agilent). Data were processed with HP-Chemstationwas utilized for processing the standard curve and for calcu-
software, version 07.01. Method validation, including the samiation of the amount of rh-Cu/Zn-SOD in the samples. ELISA
ple preparation was validated according the validation guidelinewas validated for liposome suspensions, and liposome gel for-
of the international conference on harmonization (ICH). Datamulation. For all samples blank and spiked samples at different
demonstrated suitable accuracy, precision and linearity over thgoncentrations were analyzed. Parameters, as mentioned in Sec-
range of interest (10-3Q0y/ml). Data demonstrated appropri- tion 1.4.2 were evaluated. Data were suitable over the range of
ate recovery from the sample matrix. Limit of detection andinterest.
quantification were calculated. The recovery in the preparations
was 95+ 3% related to the weighed amount. 1.5. Skin

1.4.3. Rh-Cu/Zn-SOD content Full thickness skin of male and female pigs weighing
To examine the encapsulation efficiency of rh-Cu/zZn-SOD 30+ 2 kg was used. The skin sections were taken postmortem
lipid bilayers of the liposomes were first disintegrated and solby means of a dermatome, wrapped in mull bandages that were
ubilized by diluting the liposome suspension 1:2 with sodiumsoaked in Ringer solution and storedat 20°C. Before carry-
cholate (240 mg/ml) and incubation for 2h at-8B°C. Then ing out a penetration experiment the skin sections were thawed
the protein content was analyzed by a sandwich ELISA, estatsvernight at 5= 3°C. Therefore, the wrapped skin sections were
lished at the 1AM, based on two different monoclonal anti- soaked in sterile RO—D and placed on polystyrene. All this
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was put in a plastic bag whose bottom was covered with sterilsubsequently, using two forceps, the epidermis was separated
RO-H,0. The thawed skin was unwrapped and disks of 25 mnirom the dermis. The separated biopsies were weighed for fur-
in diameter were cut out. Skin thickness was measured with ther calculations and stored at-20°C.
sliding calliper.

It is critical to maintain the integrity of the stratum corneum 1.7.2. Homogenization and protein extraction
during storage and preparation, because otherwise, permeability The frozen biopsies were pulverized in liquid nitrogen in
would be overestimated. Therefore, skin integrity was evaluated Cryomill (microdismembrator, B. Braun Melsungen A.G).
before starting the penetration experiment in order to eliminat8efore milling, 500.1 PBS were added so that the protein
damaged skin. Skin sections were checked visually for physicah-Cu/Zn-SOD could be extracted in the same step. After cen-
damage. After mounting the skin samples in the Franz diffusionrifugation of the homogenized skin samples & 3°C, 10 min,
cell and allowing the skin to equilibrate, a pre-study integrity 12,000 rpm, extracts containing rh-Cu/Zn-SOD were obtained
evaluation was made by determining the specific conductivityand stored ak—20°C. Untreated skin and skin spiked with

as a measure for the electrical resistance. liposomal and free rh-Cu/Zn-SOD were prepared with the same
L 1 procedure for method validation.

)\, = G— = —
A R

. . . . 1.7.3. Protein quantification
» is the specific conductivity; the conductivityL the length, - e rh-Cu/zn-SOD content in the extracts of epidermis and
A the area an is the electrl_cal resistance. As skin integrity germis was quantified with a high sensitive sandwich ELISA
may change because of physical wash-off procedures, hydratiqy;apjished at the IAM, based on two different monoclonal anti-
or effects of the test formulation, a post-study integrity evalupggies. The murine antibody IAM-SOD-MO05 was selected as
ation was also carried out after rinsing off the excess of theye capture antibody. In contrast to the assay employed for
test formulation. Specific conductivity of equilibrated, U””eatedquantification of the liposomal SOD the second antibody was
skin was evaluated by repeated measurements, whereas, a figlstinylated. Streptavidin-peroxidase-conjugate (500U) with
ative average conductivity of 10QB/cn? was measured for 1 5, phenylendiamine-dihydrochloride (OPD) as substrate was

intact skin. Therefore, penetration studies were only performednosen for detection. Rh-Cu/Zn-SODy@/ml) was used as a
with skin samples of about this value. Post-study integritysiangard.

shows neither increasing nor decreasing conductivity after a iotal of 96 well. module plates (Maxisorp) were coated

penetration. overnight at 5-3°C with capture antibody (100l/well,
2 ng/ml, in coating buffer: 8.4 g/l NaHC$4.2 g/l NaCOgs, pH
1.6. Penetration studies 9.7). For each assay, we performed a duplicate standard curve by
utilizing serial dilutions (1:2) of standard SOD (4—0.03 ng/ml)
1.6.1. Franz diffusion cell in sample dilution buffer [phosphate buffered saline plus 0.1%

The thawed skin sections were equilibrated in phosphatefween 20 (PBS-T) and 1% bovine serum albumin (BSA)]
buffered saline (PBS, pH 7.2-7.4) for 30 min at23°C before  to quantify sample concentrations. All samples were equally
mounting them on the Franz diffusion cell. The epidermal side ofreated in 1:2 dilution steps. Test plates were washed four times
the skin was exposed to ambient conditions while the dermal sidgith PBS-T. Then 5@l/well of the sample and standard dilu-
was bathed in PBS. The receptor fluid was mixed with amagnetigon series were applied and incubated for 1h at-2°C.
stirring bar. Buffer was keptat 32 1°C by a water jacket. After  plates were washed four times with PBS-T before applying the
examining the integrity of the skin and drying the surface withpjotinylated antibody, diluted 1:4000 in sample dilution buffer.
a cotton bud, 170 mg of the liposomal gel formulations wereafter incubation for 1 h at 22 3°C, plates were washed four
applied non-occlusively onto the skin surface with a syringetimes with PBS-T. Fifty microliters of Streptavidin-peroxidase-
The amount was determined by weighing the syringe beforgonjugate, diluted 1:10,000 in sample dilution buffer, were
and after applying the sample. All experiments were carried oupplied to each well and incubated for 20 min at22°C. After
in three parallel diffusion cells for a time period of 4 and 8 h, a final six-cycle washing procedure, 1@Bwell of staining solu-
respectively, and were repeated with the skin of another pig. Afion were added (10@ OPD, 10 ml staining buffer (7.3 g/l citric
the end of the penetration experiment, the surface of the skigcid H,0, 11.86 g/l NaHPQOy-2H,0, pH 5.0) and 1@l H,0»,
was rinsed three times with PBS. Finally, the skin was onc&59) and incubated at 223°C. The enzymatic reaction was

more examined for integrity. stopped by applying 100 of H,SOy (2.5%) to each well. The
optical density was read with an ELISA plate reader (Tecan Sun-

1.7. Skin treatment and protein quantification rise) at 492 nm with a reference wavelength of 620 nm. ELISA
software Magellan was utilized for processing the standard curve

1.7.1. Biopsies and skin fractionation and for calculation of the amount of rh-Cu/Zn-SOD in the sam-

After the post-study integrity examination, the skin was driedples. ELISA was validated for the skin samples and receptor
with cotton buds. Then an exact area of 0.95 @overed with  fluids obtained in the skin penetration model. For all samples
the formulation during the penetration study was punched oublank and spiked samples at different concentrations were anal-
of the section that had been placed in the diffusion cell. Nextysed. Parameters, as mentioned in Sectidr? were evaluated.
the skin disks were placed on a heater att60°C for 20s and Data were suitable over the range of interest.
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2. Results Table 3
Statistical significance of the main effects

2.1. Content of rh-Cu/Zn-SOD in the skin layers Absolute Relative (%) B for (1)

. . . . . Epidermis  Dermis  Epidermis  Dermis
According to the experimental desighaple 2 eight lipo-

somal formulations were produced and applied non—occlusivelg'r?Ck
onto the surface of pig skin. In vitro skin penetration studies Wer%harge

+ - - )

. . . . . olesterol  + + + + +)
carried out in a Franz diffusion cell with three parallel chambersg;,, . . + + +)
The experiments with each formulation were repeated with th@urfactant — + - + )
skin of another pig. This is of statistical importance when certairtipid - - - -
experiments, in our case the experiments with the skin deriveBuration + + + + €)

from one animal, are blocked in one group in order to see if theratatistical significance of the main factors tested on account d-taues. If

isa statistically significant difference between blocks. After skinthere is a statistically significant difference, the signs of the parameter estimates
fractionation, homogenization and extraction, the content of rh(B) for the low level of the main factors are showr.'means no significance;
Cu/Zn-SOD ’was analyzed in the skin extra{cha'g 1 shows ‘+’ means significant; £) means negative effect; (+) means positive effect.

the mean absolute protein content in the skin for the epider;

g‘e'z;?gtitgs dermis (the two response variables) after 4 and 8 egative effect on the response varialevalues for factors

. . , without a statistical significance are not listed because they are
After 8h, formulations No. 2 and No. 5 result in a high rh_— irrelevant. As theB-values were the same for the analysis of

Cu/Zn-SOD content, both in the epidermis and in the dermis, . 1o and relative data, they are only shown in one column
Fig. 2 represents the corresponding relative data, namely thg, )

percentage penetrated to applied protein amount.

negativeB-value denotes that the corresponding factor has a

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

Ei in factors thatinfl the biochemical and bioph and thus the individual skin were statistically insignificant. On
Ive main factors that influence the biochemicaland bIophy S, contrary, cholesterol content, liposome size and the time

'Ca}l characteristics OT I|posomes were exqmmed at two Iev_eI f the penetration showed a statistically significant influence
using a quartei fraction d_e5|gn. Al ex.perlments WEre cammeg,, e protein content in epidermis and dermis. Considering
Olf: with ftt'le slgnS%f tIWO p(ljgs t(bIO.CIng Into two ste_tsz_ ang OVelihe parameter estimate, small liposomes, a molar cholesterol
atime of #.an - [N Orger 1o yield a more restrictive design,, yiant of 10% and a penetration period of 8 h had a positive

and higher statistical significance, data of all studies were eva Sffect on the penetration of the drug. In addition, liposomes with

‘uated,toget‘her. T_her’efore, the statistical influence of the facmrr?egative charge as well as liposomes without surfactant showed
block’ and ‘duration’ could also be calculated. The amounts of

: . . ) statistically significant positive effect on the protein content in
rh-Cu/zZn-SOD analyzed in epidermis and dermis represente& ysig P P

; e dermis.
the two response variables.

2.2. Factor analysis

2.4. Two- int ti
2.3. Evaluation of main effects woway mieractions
The present fractional factorial design is resolution Ill, so the

MuII:tIi:/S;ri(;ftslIA;ZIGy;?salgfe\ffaericatlifef &zsfa;;?rrizgvi[i Sﬂ:ﬁugzg'main effects are confounded with two-factor interactions. As a
. con n nly some two-way interactions can Iculated.
lute and relative amounts of rh-Cu/Zn-SOD. Absolute amount consequence, only some two-way interactions can be calculated

refer to the weight of the corresponding biopsy. The percentagim.ongs'[ these, statistical significance could be sh(_)wn for inter-
. : : . Sctions between the factors cholesterdime, sizex time and

of penetrated vs. applied protein represents the relative data.

Statistical significance of the factors was testedFdyalues.  Tape 4

P-values less than 0.05 denote that the corresponding fact®tvalues and parameter

has a statistically significant effect on the response variable at

. . Absolute Relative (%) Bfor (—1)

the 95.0% confidence level. The ANOVA results are shown in
Tables 3 and 4 Epidermis Dermis Epidermis Dermis

In Table 3 all factors marked with a ‘+' have a statistical Block 0.661 0.830 0.850 0.176
significance on the corresponding response variables. Charge 0.175 0.038 0.624 0306 —)(

The P-values of these factors are less than 0.05, as shown @ho'emro' :-(()30270 é)fgf 83)275 8(?372 ((:))

. Y . ize . . . .

Table 4 Factors marked W|.th .a— gnd_vylth aP-value greater Surfactant 0.125 0,018 0117 0.006 )
Fhan 0.05do not have a statistical significance on the correspongp;g 0.304 0.725 0.985 0.082
ing response variables. Duration 0.000 0.001 0.000 0.000 —X

Whether or nOt_a certain factor has a positive or neQa“V,e eﬁec?}-values and parameter estimates for the main effects. If there is a statistically
onaresponse Va“"f‘ble canbe '_asseSSEd by parameter esimate significant difference, the signs of the parameter estimateot the low level
The parameter estimates are listed for the factors at the low leveds the factors are shown—) means negative effect; (+) means positive effect.
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OE (4 h) HD (4 h) OE (8 h) oD (8 h)
300
250 K
3 §
0] 200 - 14
c = i
5 £ 150 ¢
O .
£ KL
= 100 b
A
50 -‘.' .-‘
| - L)
3 4 5 6 7 8
OIE (4 h) 9.6 9,1 27,4 9,1 20,6 18,1
WD (4 h) 2,9 6,1 20 85 20,4 18,9
OE (8 h) 37 30,8 | 2852 | 57,9 38,5 57,7
oD (8 h) 6,6 53 118 23,9 11,4 19,1
experiments

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&ty.respecti

cholesterok size. TheP-values for the calculated interactions Tapje 5

are shown ifmable 5 If there is a statistically significant differ- P-values for certain two-way interactions
ence, the signs of the parameter estimates for the low level 6f
both factors are shown.

Absolute Relative (%) B for

- - - - - (=1/-1)
Epidermis Dermis Epidermis Dermis

2.5. Box plot analysis Chargex duration 0.225 0.199 0.602 0.419
Cholesterolk duration 0.010 0.000 0.003 0.000 -
Box plots are graphical summaries of the presence of outliepizex duration  0.024 0.002  0.107 0.014 —)
in data for one or two variables. They are particularly usefufSurfactank duration  0.102 0.133  0.110 0.391
. L. - Lipid x duration 0.346 0.256  0.901 0.953
for comparing parallel batches of data and divide the data int@ g esterok size 0.020 0.001 0687 0331 (4

four equal areas of frequency. A box encloses the middle 50%; T . - . r— ————

where the median is represented as a horizontal line inside tHavalues for certain two-way interactions. If there is a statistically significant

b Th tical lines. called whiskers. extend from each en ifference, the signs of the parameter estimates for the low level of both factors
OX. e vert _' ! whi » €X - X re shown. £) means negative effect; (+) means positive effectneans two-

of the box to the highest and lowest values, excluding outlier. Ifvay interaction.

OE@4h) WD (4h) O E(8h) O D(h)
0,070
0,080 g
@l
3 0,050 4
a) g
Q 0,040 ] -
w y )
< - .
N 0,030 L ! ]
a ] HE ¢ :
: ! " i [ g
£ 0,020 i J 1 *
- L z ;
v, K = s =
0,010 4 ) r. ,’ a . %
1 -] & i 2 o =
0.000 ] | b ] e'H [ 3 sl :
1 2 3 4 5 6 7 8
OE(4h) | 0,008 | 0,007 | 0,007 | 0,004 | 0,007 | 0,005 | 0,006 | 0,009
WD (4h) | 0,002 | 0002 | 0,002 | 0,003 | 0,005 | 0,005 | 0,006 | 0,010
OE(@h) | 0017 | 0042 | 0,028 | 0,015 | 0,067 | 0,031 | 0,011 | 0,081
OD(8h) | 0,004 | 0,020 | 0,005 | 0,003 | 0,027 | 0,013 | 0,003 | 0,010

experiments

Fig. 2. Relative SOD amount. Relative SOD content analyzed in the epidermis (E) and dermis (D) after penetration over a time period of 4 and @dly.respecti
Ratio between applied rh-Cu/Zn-SOD and concentration in the skin is given in percent.
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o8z
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N=6 6 6 6 6 6 6 6 6 5 6
111331 113311 131131 133111 31 313131 331311 333331
111333 113313 131133 133113 311113 313133 331313 333333

6

Fig. 3. Absolute rh-Cu/Zn-SOD content in the epidermis. Protein content in the epidermis, drawn in box plots for the eight formulations, apalptiodesf 4
and 8 h each. EPI means epidermis; KOMB means combination of the factors charge, cholesterol, size, surfactant, lipid and/ duiratieans six single results
of parallel experiments forming one box plot.

the following figures, box plots were drawn for the absolute andavoid systemic side effects. The most important limitation to the
relative protein amount penetrated into epidermis and dermigransdermal route is the skin barrier, mostly provided by the stra-
The plots allow to visually compare the efficiency of the differenttum corneum. Already the uptake of molecules with a molecular
liposomal formulations. The code for the composition of theweightabout 200-350 Dais very difficult and achieving the same
corresponding formulation and its incubation time is writtentask for molecules greater than 750 Da is practically impossible,
below so one can assess immediately which combinations reswden when these molecules have an ideal solubility in the skin
in a high protein content in the different skin layers. The factord13,14] Regarding the protein of interest, the rh-Cu/Zn-SOD
are put in the order charge, cholesterol, size, surfactant, lipiaith 33 kDa, penetration without any penetration enhancement
and time while ‘1’ means low level and ‘3’ means high level of must be excluded.
the corresponding factdfig. 3shows box plots for the absolute ~ One strategy to overcome the skin barrier is the encapsula-
amounts of protein analyzed in the epidermis. It can be noticetion of drugs into liposomes, vesicles consisting of a lipid bilayer
that the two formulations containing small liposomes with a lowthat act as carriers. Interactions between liposomes and the stra-
content of cholesterol and being applied for 8 h (box plot 2 andum corneum have been studied thoroughly and have shown to
10) show considerably higher rh-Cu/Zn-SOD amounts in thesnable penetration of drugs into the skin. To find out about the
epidermis than all other combinations. factors influencing the efficiency of drug transport, numerous
The absolute amount of protein analyzed in the dermis ipenetration studies have been perforrfieed].
shown inFig. 4. Again, the two formulations containing small It turned out that parameters like the liposomal composition,
liposomes with low cholesterol content applied over 8 h (boxthe preparation method, the type and amount of applied formula-
plot 2 and 10) show considerably higher protein content in theion including additional penetration enhancers such as ethanol
dermis. The box plots drawn by the relative protein content ofn the formulation, the duration of the penetration experiments
the epidermis are shown Fig. 5. and the origin of the skin play an important role and influence
They illustrate that in addition to the two formulations the penetration results to a great extent. Over the years, some
described above (box plot 2 and 10), two further combinationgncouraging data were reported on the dermal use of suspensions
(box plot 6 and 12) seem to result in a high amount of penbased on phospholipids. However, success is a relative matter,
etrated protein. Size, cholesterol content and time seem to loepending on the means by which lipid vesicles can improve
important, as in these box plots either size or cholesterol contenihte performance of the topical agent delivery. At least, depot
and time are on the level that was shown to have a positive effechechanism, solubility increase, permeation enhancement and
(Table 3. penetration-based delivery can be employed by these principles.
Fig. 6illustrates the relative protein amounts analyzed in theAs so many parameters were varied in the previous penetration
dermis, and a trend similar to the one for the relative proteirstudies, it is hard to draw general conclusions.

content in the epidermis can be noticed. In the present study, a screening based orf‘a’2frac-
tional factorial design (SectioB.2) was carried out to inves-
3. Discussion tigate the influence of liposome composition on the transport

of the hydrophilic protein rh-Cu/Zn-SOD into pig skin. The
Topical application of drugs is very promising as it allows fractional factorial design was chosen to evaluate the liposo-
controlled and continuous delivery into the skin. Furthermoremal penetration-based delivery exclusively for our target pro-
it makes it possible for drugs to be applied locally, and therebyein. Therefore, in the present penetration studies (Sett@®n
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Fig. 5. Relative rh-Cu/Zn-SOD content in the epidermis. Relative protein content in the epidermis, drawn in box plots for the eight formuldiezhsyepp
period of 4 and 8 h each. Eprozent means relative protein content in the epidermis; KOMB means combination of the factors charge, cholestdeatissize, su
lipid and durationN=6 means six single results of parallel experiments forming one box plot.
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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 formulaiezheyaepa
period of 4 and 8 h each. Dprozent means relative protein content in the dermis, KOMB means combination of the factors charge, cholesteratiizdimgdrfa
and durationjN =6 means six single results of parallel experiments forming one box plot.
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all procedures and operating conditions were kept constant. lcharges such as stearylamine (SA) also decrease potential aggre-
accordance with the experimental desigalfle 2, eight lipo-  gation and eventual fusion of vesicld®].
some suspensions of varying composition were prepared by Concerning penetration efficiency, a positive surface poten-
the crossflow triple injection techniqyi#0,11] This technique tial might relevant as it enables interaction between liposomes
allows the continuous production of sterile liposomes, free ofand negatively charged skin and tissue cells. It is evident that
pyrogens without using organic solvents, all of these being precharged compounds have a stabilizing effect on liposomes.
requisites for medical use. By this method vesicles composed &/hether or not they play a role in penetration cannot be ascer-
various lipids and different diameters can be produced by varytained yet. According to Cevc et al. (1992), surface charge has
ing the preparation conditions. Prior penetration, each liposombkeen proved to influence drug penetration into deeper skin layers.
suspension was spread in a hydrophilic gel, Carbopol 981N owever, our results did not indicate any statistically significant
which was prepared in the presence of sterile water. impact on the amount of rh-Cu/Zn-SOD penetrated into the skin.
For liposomes to effectively penetrate the skin and release Cholesterol is often used as a main component of the lipid
the encapsulated drugs, they have to interact with the stratumembrane. It has been shown to modify the order and mobility of
corneum. One possible interaction can be described as followthe phospholipids in the bilay§20,21]and as a consequence, it
liposomes penetrate the stratum corneum and permeate into thkers the bilayer fluidity. Other studies indicate that cholesterol
lamellar lipid region that is located between the corneocytescontent might be of crucial importance for the effective delivery
Along this tortuous pathway liposomes interact with neighbour-of liposome-entrapped substances into the gEki.
ing cells and release their cont¢bb]. When penetrating intact Coderch et al. (2000) observed contrary effects of cholesterol
skin, liposomes have to pass through a series of very fine poredepending on the degree of saturation of the employed[R3H
While vesicles with rigid membranes fail to do so, liposomesFluidity of membranes containing unsaturated lipids gradually
with flexible, high deformable membranes can squeeze thendecreased as the amount of cholesterol increased. For mem-
selves between the cells in the stratum corn¢Lh branes containing saturated lipids cholesterol had a fluidising
To develop atherapeutically efficient carrier system, the comeffect attemperatures below the transition temperdtyrevhile
position of liposomes has to be optimised because it is th& had a condensing effect at temperatures alipuén the same
crucial factor in delivering the incorporated drug. In our study,study, a correlation between skin penetration results and mem-
the factors charge, content of cholesterol, size, surfactant aratane fluidity could be observed. In our study, cholesterol also
lipid were examined at two levels. Each liposome suspensiohad a statistically significant influence on the penetration effi-
was produced with the cross flow injection technique, meaneiency of the drug, but in contrast to earlier findings, liposomes
ing that the lipids were dissolved in ethanol prior injection. Thewith a lower cholesterol content resulted in higher amounts of
environmental ethanol, as well as the non-entrapped SOD, wepeenetrated protein.
removed quantitatively by repeated diafiltration. Nevertheless, The influence of liposome size seems to be important, too,
the bilayer associated ethanol should be taken into accourtut all previous studies failed to clarify this subject. Du Plessis
Depending on the cholesterol concentration and temperaturet al. (1994) showed that the intermediate particle size of 300 nm
more or less ethanol is partitioning into lipid bilayers, whereagesulted in both the highest reservoir in the deeper skin layers,
the precise chemical structure is less important. Studies peas well as the highest drug concentration in the reservoir, con-
formed by Trandum et al. (2000), showed that the partitionindirming that topical drug delivery is influenced by the size of
of ethanol into lipid bilayers reach a maximum in liposomes ofliposomes[24]. Sentjurc et al. (1999) examined liposomes of
low cholesterol concentration<(L0%), whereas, cholesterol in different composition and observed that size was not of great
large amount reduces the partitioning of ethanol significantlysignificance for the transport of hydrophilic substances into the
[17]. In addition, the interaction parameter is closely dependengkin, as long as the diameter of the liposomes was larger than
on temperature. Interaction in low cholesterol systems decreag®0 nm[5]. For smaller liposomes transport was significantly
with temperature, while in high cholesterol systems interactiordecreased. However, Verma et al. (2003) showed that the pene-
increase slightly. Liposomes produced by our crossflow injectiortration of a hydrophilic compound was inversely related to the
technique were repeatedly analyzed with small angle X-ray tectsize of the liposomgg5]. In the present study, liposomesinclud-
nique to calculate the membrane thickness and distance betweigrg the hydrophilic drug rh-Cu/Zn-SOD with a size of 2600
the phosphorous headgroups. In comparison to liposomes prand 500+ 20 nm diameter were tested, and the results indicate
pared without ethanol no difference is obvious, meaning thathat smaller liposomes has a positive effect on the penetration
no interdigitation occurs. In addition, ethanol quantification ofof rh-Cu/Zn-SOD across the skin. If much smaller liposomes
our liposome suspensions confirms that our present study is natould improve the penetration of rh-Cu/zZn-SOD was not stud-
influenced by penetration enhancement of ethanol. ied. In fact, preparation of smaller liposomes with the cross flow
A prerequisite for the medical use of liposomal formulationsinjection technique is in principle possible, but the encapsulation
is a stable product. Depending on their composition and sizesfficiency of rh-Cu/Zn-SOD decreases beneath an economically
liposomes are more or less susceptible to chemical and phyagistifiable value.
ical degradation. Aggregation of neutral liposomes is brought Addition of a surfactant during liposome preparation was
about by Van der Waals interactions. The simplest way to overanother parameter being examined. Surfactants tend to fluidise
come this is to include a small quantity of negative charge, e.gnembranes and make them very elastic, resulting in highly
10% phosphatidylglycerol (PG)8]. Compounds with positive deformable vesicles. Cevc etal. (1996) showed thatthese flexible
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vesicles can squeeze themselves between the cells in the straelar cholesterol content of 10% and varying amounts of sur-
tum corneum and are thus able to deliver drugs into the skin witlfactant.
a very high efficiency16]. El Maghraby et al. (2000) showed It can be concluded that the experimental design, namely the
that incorporation of surfactants into vesicles reduced the maiguarter fraction design, was appropriate for screening. In our
Tm, Which indicates fluidization of the lipid bilayg26]. The case, the data of the experimental design confirm the clinical
results suggested that there might be an optimum concentrabservations. However, this technique is also suitable in basic
tion for each surfactant to yield maximum drug delivery into theresearch for screening factors influencing the efficiency of lipo-
skin. For sodium cholate the refined concentration in vesiclesomes as drug carriers. Unfortunately, the use of such a design
containing phosphatidylcholine (PC) was 14.0% (w/w). We usedtan hardly be found in literature, even though it is a very useful
sodium cholate concentrations of 0.1% (w/v), what is equivalenimeans of obtaining valid results while reducing the number of
to 5.4% (w/w). When employing the crossflow triple injection time-consuming and costly experiments.
technique, the vesicle forming process happens in one third of
the total volume. In this case, the maximum surfactant concem cknowledgements
tration that allows stable vesicles to form is lower. In contrary
to other studie§26,27]that showed enhanced drug penetration This study was sponsored in part by the Austrian Indus-
for surfactant containing, ultra-flexible liposomes, our resultstrial Research Promotion Fund (FFF), Project No. 804190 and
suggested more a negative than an effect on the protein contey Polymun Scientific, Immunbiologische Forschungs GmbH,
in the dermis when adding surfactants. NuRdorfer lande 11, A-1190 Vienna, Austria.
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