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Glossary y

Penetrationn

Entry of a substance into a particular layer of the organ

Diffusionn

A velocity of a transport of a chemical through the skin layer

Permeationn

The penetration through one layer into another, which is both
functionallyy and structurally different from the first layer

Dermall absorption

The uptake of a substance into the vascular system (blood
vessels)) which acts as the central compartment

Steady-statee

The part of an absorption profile where the absorption rate
remainss constant

Fluxx

Mass of test substance passing through a unit area of skin
perr unit of time

Absorptionn rate

Mass of test substance passing through a unit area of skin
intoo the systemic circulation per unit of time

timee

The time needed to attain steady-state absorption
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Ass the first organ in contact with the environment, the skin is frequently exposed to
variouss chemicals by spills, splashes, immersion, or application of a consumer
product.. Absorption of a chemical into the skin may lead to local effects such as
inflammationn or sensitisation or to systemic effects after subsequent uptake in the
circulation.. At the work place the absorption of hazardous substances through the
skinn can contribute considerably to the total systemic uptake or can even be the main
absorptionn route.1 To protect individuals from the adverse health effects associated
withh exposure to chemicals, several exposure limit values have been developed by
nationall and international regulatory or advisory agencies. While these exposure
limitss are set for inhalation and ingestion (e.g. maximum allowable concentration for
occupationall airborne exposure, and tolerable daily intake for food), at present there
iss only a qualitative indicator of hazard related to skin absorption known as the "skin
notation".22 The "skin notation" has only a warning function to identify substances that
couldd contribute substantially to the total body burden by uptake via the skin.3
Differentt attempts were undertaken to develop quantitative dermal exposure limit
valuess for the occupational practice; however, until now no consensus concerning
establishmentt of these values has been reached.3 4 One of the main obstacles in
developmentt of an appropriate strategy for risk assessment of dermal exposure is
thatt data on dermal absorption are often missing. This is partly due to the lack of
reliablee and feasible methods for the determination of dermal absorption. At present,
laboratoryy animals are used to estimate dermal absorption for regulatory purposes. It
iss important, however, to realise that the human skin has specific properties and that
dermall absorption data from animal studies have to be evaluated critically. As an
alternativee to animal models, in vitro assays with human skin are increasingly used. A
numberr of guidelines have been established in an attempt to standardise these in
vitrovitro measurements.5"8 However, to increase the applicability of these methods they
havee to be further validated, preferably by comparison with human in vivo studies.
Onee other point of concern in the evaluation of health risks associated with skin
exposuree is the occurrence of compromised skin which is not considered by risk
assessors.. The compromised skin barrier can be a consequence of skin disorders,
physicall damage (e.g. burned, shaved skin); chemical damage (caused by e.g.
detergents,, solvents); occluded skin (by wearing of gloves), increased hydration
(causedd by excessive hand washing), and even of psychological stress. Healthy skin
iss practically impermeable for molecules larger than 500 Da.9 In contrast, it has been
shownn that in compromised skin penetration of larger molecules can result in
cutaneouss reactions.10
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Thee unique barrier function of the skin originates from the particular structure of the
skinn consisting of several tissue layers (Fig 1).
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FigFig 1: Structure of the skin

1.1.Structuree of the skin
Thee outermost layer of the skin is the epidermis, which is separated from the dermis
byy a thin layer of basal membrane. The epidermis varies in thickness, depending on
celll size and number of cell layers, ranging from about 0.8 mm on the palms and
soless down to 0.06 mm on the eyelids. Keratinocytes are the primary cell type in the
epidermis;; they are metabolically active and able to divide.11"12 Keratinocytes migrate
fromm the lowest stratum (the stratum germinativum) up through different layers to the
outermostt stratum corneum (SC) and then are sloughed off through desquamation.
Ass the keratinocytes migrate from the deepest layers of the epidermis to the SC they
accumulatee keratin and lipid granules. The intercellular lipids and the intercellular
connectionss between these cells (desmosomes and tight junctions), provide the
primaryy barrier to prevent fluid loss from the body and the absorption of foreign
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chemicalss into the body.13 In addition to keratinocytes, the epidermis contains other
specialisedd cell types e.g. melanocytes (responsible for melanin synthesis),
Langerhanss cells (major-antigen cells) and Merkel cells (associated with nerve
endings).12'' 14 The dermis, at 3 to 5 mm thick, lies below the epidermis and is
composedd of a network of connective tissue, predominantly of collagen fibrils which
providee support and elastic tissue which provide flexibility of the skin. It contains the
sensoryy nerves and has the vascular network.15 The blood supply reaches to within
0.22 mm of the skin surface, so that it readily absorbs most chemicals which penetrate
throughh the stratum corneum and the viable epidermis. Due to high blood flow,
dermiss usually functions as a sink for the diffusing molecules which reach it during
thee process of dermal absorption. This sink condition ensures that the penetrate
concentrationn in the dermis remains near zero and therefore the concentration
gradientt across the epidermis is maximal. The dermis contains several types of cells,
namelyy fibroblasts which are the predominant cells, fat cells, dendritic cells, mast
cells,, and cells associated with the blood vessels and nerves of the skin. Three main
appendagess reaching the surface of the skin originate in the dermis: hair follicles,
sebaceouss and sweat glands. The subcutaneous fat layer acts as a bridge between
thee overlying dermis and the underlying body. This layer principally serves as
insulationn and provides mechanical protection against physical damage.
Inn dermal absorption research, the SC is often regarded as a separate membrane. It
iss only 10-50 urn thick over most of the body but provides a primary barrier for
absorptionn of the chemicals as well as prevention of insensible loss or gain of
water.15"166 Typically, the SC consists of about 10-20 layers of flattened anucleated
deadd cells filled with keratin, known as corneocytes.17 Each corneocyte is enclosed
withinn a protein-rich cornified cell envelope embedded in a lipid-enriched intercellular
matrix;; this structure is often referred to as a 'bricks and mortar' model (Fig. 2).18"21
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FigFig 2: Structure of the human Stratum Corneum

Althoughh the intercellular lipids account for only about 15% of the SC weight (the
remainderr being 70-80% proteins and 5-15% water) they are essential components
inn the barrier function.22 The intercellular lipids, which form laminar bilayers, consist
off about 40-50% of ceramides, 25% cholesterol, 15% of long chained fatty acids and
5%% of other lipids such as cholesterol sulphate, cholesterol esters and
glycosylceramides.133 22~23 The ceramides, structurally heterogenous and complex
groupss of sphinglolipids, are thought to play an important role in the barrier function
off the SC. There are at least 8 major classes of ceramides present in the human SC
matrixx differing from each other by the structure of the head group and by the fatty
acidss chain length.11,22~23 The importance of these compounds in the preservation of
thee lipid bilayer structure has become clear in the studies of various skin disorders
whichh are accompanied by altered ceramide composition (e.g. atopic dermatitis,
psoriasis).21"322 There are still many unanswered questions about the exact way in
whichh the SC lipids are organized. In an attempt to explain the barrier properties of
11 1
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thee SC, several models of intercellular lipid structure have been proposed such as a
"domainn mosaic" model by Forslind, a "sandwich" model by Bouwstra and a "single
gell phase" model proposed by Norién.33"35 The models describe the existence of
differentt interconnected crystalline, semi- crystalline, gel and liquid crystal domains.
Thee disruption of this rigid organisation of lipids is believed to be responsible for the
damagingg effect of solvents, soaps etc.36

1.2.Transportt routes of chemicals through the skin

Chemicalss have three potential routes from the skin surface to viable tissues (Fig 2).
Dermall absorption of a chemical via the transcellular pathway implies that it has to
crosss the highly impermeable cell envelope to enter the cell, travel through the
keratinn rich cell and one more time cross the cell envelope on its way out.
Additionally,, it would have to cross the intercellular spaces as well. This
thermodynamicallyy and kinetically unfavourable route is not very likely and it remains
controversialcontroversial whether this route has any significance in the dermal absorption
chemicals.377 The intercellular pathway involves diffusion through the lipid bilayers
betweenn the corneocytes and it has been widely accepted to be the principal route
forr permeation.38"41 The exact mechanism of chemical diffusion through lipid bilayers
iss not clear. Recent studies indicate that hydrophilic and hydrophobic chemicals
diffusee via different routes.42"43 Hydrophilic chemicals seem to diffuse through the SC
withinn the polar head groups while the lipophilic chemicals diffuse within nonpolar tail
groupss of the intercellular lipids. The transport between lipid bilayer occurs in the
placess where the bilayers show structural disorganization.44 In the appendageal
pathwaypathway the chemical is transported along the hair follicles, sweat glands and
sebaceouss glands, thereby by passing the corneocytes and lipid bilayers and
enteringentering directly into the epidermis.45"47 The appendages occupy a relatively small
areaa of the skin, generally less than 1% which is dependent upon the anatomical
location.155 For most chemicals penetration through appendages does not contribute
significantlyy to the total dermal absorption.44 However, these shunts become
significantt for large hydrophilic chemicals which are poorly absorbed through lipid
bilayers.488 Furthermore, this route is supposed to be the only route for
macromoleculess such as proteins and nanoparticles. 49"50
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1.3.Theoreticall aspects of dermal absorption
Thee transport of chemicals through the skin is a complex process and occurs by
passivee diffusion.51 Active transport and facilitated transport processes are absent
fromm the SC because the corneocytes are anucleated and keratinized and cannot
producee the specialised protein structures needed for active or facilitated transport.11
Forr most chemicals the lipophilic SC is the rate-limiting barrier, and only in the case
off very lipophilic chemicals and/or when the SC is damaged, the viable epidermis
andd dermis become the rate limiting barrier. Although the skin is a heterogeneous
membrane,, experimental results show that Fick's first law of diffusion offers a
reasonablee approximation of the processes of dermal absorption.52
JJ = D(CourCin)/L

Eq.1

JJ is the steady-state flux or rate of mass transfer per unit area, L is the thickness of
thee SC, D is the diffusion coefficient and (C0UrCm) is the concentration difference
betweenn two sides of the SC {Cout is the concentration of the chemical in the
membranee at the outer side, and Cin is the concentration of the chemical at the inner
sidee of the SC). Usually the concentration at the inner side of the SC is effectively
zeroo and the equation can then be rewritten as:
JJ = D*Cout/L

Eq.2

Thee concentration Cout is related to the concentration of the chemical in the vehicle in
whichh a chemical is applied {Cv&h) by
CoutCout = Cvet,*K

Eq. 3

wheree K is the SC/vehicle partition coefficient. Often a permeability coefficient (Kp) is
usedd which is defined as the steady-state flux divided by the concentration of the
chemicall in the vehicle {Cveh).
KKPP = DK/L

Eq.4

Duringg non-steady state absorption, as e.g. by short exposures or during the initial
periodd at longer exposures, there will be a non-linear change in concentration across
thee SC, the shape of which is described by Fick's second law of diffusion:
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ff

1 2 \

C(x)C(x) = KCveh\\ - j . I - £ — KCvehriTixriTix
sin\ — |exp
\ f - Dn n t

Eq.5 Eq.5

wheree C(x) is the concentration profile of a chemical in the SC and t is exposure
duration.. The skin stripping technique, which was used in the studies presented to
determinee dermal absorption parameters, is based on the solution to the Fick's
secondd law of diffusion (Eq. 5).

1.4.. Factors affecting the transport of the chemicals through the skin
Thee extent and rate at which absorption of a chemical through the skin occurs
dependss upon a large number of variables including physico-chemical properties of
thee chemical and the vehicle in which the chemical is applied, skin condition,
environmentall factors and the exposure pattern.53"54
Theree is a large range of rates of dermal absorption between chemicals. Physicochemicall properties of the penetrant such as lipophilicity, polarity, charge and
molecularr size govern the partitioning of the chemical between the SC and vehicle
andd the diffusion. Due to lipophilic nature of the SC, lipophilic chemicals more readily
partitionn into the SC than hydrophilic chemicals. Although lipophilic chemicals pass
moree readily through the SC, passage into and through the epidermis, and clearance
fromm the dermis, may become rate limiting for the very lipophilic chemicals. Molecular
sizee is an important factor in the SC diffusion. For molecules of similar polarity, those
havingg the smaller molecular size will permeate faster. Instead of molecular size (e.g.
molecularr volume) molecular weight is more often used because of its availability and
unambiguousnesss (not dependent on estimation methods as molecular volume).53,55
Experimentall results have shown that the molecular weight dependence is more
prominentt for smaller molecules while it is more gradual for larger molecules.56"58 It is
generallyy considered that there is a molecular weight cut-off for effective permeation
off healthy skin at 500 Da.9
Thee partitioning of a chemical from the vehicle into the SC is dependent on the
physico-chemicall properties of not only the chemical but also of the vehicle.59"60 The
vehiclee can furthermore interact with the SC and alter the barrier properties, which
mightt lead to an altered partitioning and diffusion of the chemical. Almost all vehicles
alterr the SC barrier to some extent and even water is known to be a penetration
enhancerr by interacting with polar head groups of the lipid bilayers.57
14 4
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Dermall absorption varies with the anatomical site of the body due to thickness and
compositionn of the SC, density of dermal appendages such as follicles which act as
shuntss and with, although to a lesser extent, differences in cutaneous blood flow.45"47
611
The maintenance of an intact skin is a prerequisite for a proper barrier function.
However,, the skin barrier can be compromised by physical damage (e.g. burned and
shavedd skin), chemicals (e.g. solvents, detergents and acids) or skin diseases, which
mightt lead to the enhanced absorption.11 20 62"68
Itt has been shown that even a slight damage of the skin caused by exposure to
sodiumm iauryl sulphate (SLS), which is a common ingredient of cosmetic products,
cann substantially increase the dermal absorption of chemicals covering a wide range
off lipophilicity.11,62,64"66,69 Higher absorption was also found in the skin damaged by
acetonee and tape stripping.61,65,67 Skin damage has been shown not only to increase
absorptionn but also to facilitate the entrance of larger molecules.42,66_67
Dataa on skin absorption in diseased skin are scarce and are obtained mostly from
clinicall studies. Higher absorption reported for diseased skin is based mostly on the
topicall treatment efficiency rather than on quantitative data.70 Topical application of
tacrolimuss showed to be effective in the treatment of atopic dermatitis (AD); however,
thee absorption declined as the skin healed.70"71 Persons with a history of AD showed
signss of impaired skin barrier even on the sites visibly unaffected by the disease.72"76
Thee higher skin permeability in AD has been linked to the different intercellular lipid
compositionn and structure of the SC. Reduced ceramide content and decreased
percentagee of certain ceramides has been found in subjects with AD in both lesional
andd nonlesional skin.24"25,29,32
Environmentall humidity has been shown to influence dermal absorption.54 77 The SC
containss around 5-15% of water but this content can increase up to three-fold
increasingg the absorption of lipophilic chemicals.78"81 The effect of hydration on the
dermall absorption may be explained by the influence on the partitioning of a
chemicall into the SC, or by structural changes in lipid organization influencing
diffusion.52,822 Increased hydration seemed to enhance especially the absorption of
lipophilicc chemicals, probably caused by increasing the transport across the
SC/epidermiss junction. Another factor in the diffusion is related to the kinetic energy
off the diffusing molecule and is temperature dependent. Higher temperature may
alsoo affect organization of the intercellular lipid bilayers; the gel crystalline phase
changess to the more fluid liquid crystalline phase.83"85 This process improves the
chemicall diffusion through the SC.86 in addition, the temperature can also affect the
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bloodd flow which will increase the clearance from the skin. This may be important in
thee case of fast penetrating chemicals for which the clearance is rate-limiting.57

1.5.Inn vivo methods for measuring dermal absorption in humans
Humann volunteer studies are considered as the "golden standard" against which all
alternativee methods such as in vitro and predictive mathematical models should be
judged.55 Because of technical and ethical concerns use of human volunteer studies is
limitedd and their conduct is closely regulated.87"88 Dermal absorption in vivo can be
assessedd using different approaches. Common methods for determination of in vivo
dermall absorption include the measurement of parent chemical or metabolite levels
inn biological materials (e.g. blood, exhaled air and urine), microdialysis technique,
andd tape stripping. Each of these methods has its advantages and limitations.

PlasmaPlasma and excreta measurements (Biological monitoring methods)
Thee extent of dermal absorption of chemicals can be assessed by analysing the
parentparent chemical or its metabolite in plasma, exhaled air or urine.89"91 The amount of
thee chemical determined after dermal exposure is compared to that after a reference
exposuree with a known input rate or dose such as intra-venous administration or
inhalation.. If the total amount of the chemical {e.g. total urine excretion), area under
thee blood concentration-time profile, is compared, only average absorption
throughoutt the exposure can be deduced. A preferable method would be to estimate
thee dermal absorption rate- time profile. For that purpose, (de)convolution methods,
usingg the concentration time profiles obtained from a dermal and a reference
exposure,, can be used.92 The advantage of this approach is that, in addition to the
averagee absorption into the skin, the maximum flux can be deduced and in the case
off steady state absorption the permeability coefficient (Kp) can also be calculated.92'93
Thiss method has been widely used for the determination of dermal absorption of
solvents,, drugs and other chemicals.94
Thee measurement of parent chemical and/or its metabolite in plasma and excreta
hass practical importance for risk assessment. Especially in the case when dermal
absorptionn contributes substantially to the total absorption, measurement of the
internall dose by means of biological monitoring has to be preferred to environmental
monitoring.. In addition to the occupational exposure levels for airborne exposure,
theirr biological equivalents known as Biological Exposure Indices have been set.95
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Sincee dermal kinetics differ from those after inhalatory exposure the appropriate
samplingg strategy is important.

Microdialysis Microdialysis
Microdialysiss is a technique that measures a dermally applied chemical in the
extracellularr space beneath the exposed skin site.96"97 The principle of the technique
iss based on the passive diffusion of chemicals across the semi-permeable membrane
off a microdialysis probe that is introduced into the cutaneous tissue parallel to the
skinn surface. The probe is usually slowly perfused with a physiological solution.
Moleculess able to pass the probe membrane will diffuse over the membrane into the
perfusatee which is collected for analysis. Due to the fact that the chemical is
measuredd before it enters the systemic circulation, microdialysis is a very suitable
techniquee to study skin metabolism. However, this technique has also its limitations.
Implantationn of the probe will elicit a tissue reaction, which in turn can influence skin
absorption.. Furthermore, when microdialysis is used with continuous perfusion of the
probe,, a true equilibrium with the perfusion fluid will not occur, and only a fraction of
thee chemical in surrounding tissue is recovered in the dialysate. This recovery
dependss on several experimental factors such as position of the tubing, physicochemicall properties of the chemical and perfusate. The most appropriate way of
determiningg the relative recovery is still a matter of debate. An additional limitation of
microdialysiss is that it utilizes an aqueous perfusate and therefore can only dialyse
water-solublee substances. Attempts to apply microdialysis of lipophilic chemicals
followingg topical application have so far been unsuccessful.

TapeTape stripping
Thee tape stripping method is based on the determination of the amount of chemical
inn the separate layers of the SC. Generally, a predetermined area of the skin is
exposedd to a chemical for a certain period of time. After the end of exposure, the SC
off the exposed skin site is removed sequentially by adhesive tape. The amount of
recoveredd substance in each tape strip is determined with an appropriate analytical
technique.. Regarding the exposure period, time of SC harvesting, and the part of SC
whichh is taken for the analysis, different approaches are proposed.99"101
Inn some, particularly older studies, dermal absorption was assessed by measuring
thee amount of chemical in only the superficial layers of the SC using one to three
tapee strips. It has been reported that the amount of the chemical in these SC layers
wass a good estimate of the total amount of the chemical absorbed into the systemic
17 7
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circulation.. " The main problem in that approach is the variability in the recovered
amountt of the chemical removed by each tape strip. This is influenced by several
factors;; type of adhesive tapes, vehicle in which the chemical is applied and the
appliedd pressure on the tape prior to removal from the skin site. To avoid this source
off variation, the amount of SC could be determined by measuring the weight of the
SCC in the strips or be estimated indirectly by e.g. the protein content or by assessing
trans-epidermall water loss.103"112
Thee US Food and Drug Administration (FDA, 1998) proposed the tape stripping
techniquee for the determination of bioequivalence of topically applied drugs.113 The
profilee of a drug in the SC was determined during uptake and elimination phases. For
thee determination of the uptake, the drug is applied at multiple sites, each for different
exposuree duration. Immediately after the end of the exposure the SC is totally
removedd by tape strips. For the determination of the elimination, the drug is applied
onn multiple sites, but this time for the same exposure duration. The SC is then
removedd at different time points after the end of exposure. The determined
concentration-timee profile of a drug in the SC was used to estimate the rate and
extentt of diffusion and penetration of several drugs.114"120 Due to poor reliability and
reproducibilityy of this method, in 2002 the FDA withdrew the guidelines and the
methodd is still in the investigative phase.
Insteadd of using the amount of the chemical in the SC as an estimate of dermal
absorption,, in some studies the concentration profile of the chemical across the
entiree SC depth has been determined.103"105 111,121"122 The non-steady state diffusion
equationn (Eq. 4) is fitted to the data (Fig 3). From the fitted function, the rate constant
forr diffusion across SC (D/L2, h"1) and partition coefficient of the chemical between
vehiclee and SC (K) are deduced allowing estimation of the permeability coefficient
(KP). .

Althoughh the tape stripping technique has certain advantages, there are critical
points.. Some authors use the number of consecutive tape strips instead to measure
thee real SC depth assuming that the amount of the removed SC by each strip is
linearlyy proportional to the number of strips.123"124 However, the amount of removed
SCC varies considerably for different individuals and with the depth.106' 124 The
homogeneityy of subsequent SC layers is also a point of concern: due to the furrows
inn the SC the amount of the chemical measured in the strip can come from different
layerss of the skin.125 Furthermore, the time needed to remove the entire SC can be
criticall for the determination of chemicals which rapidly penetrate the SC.126
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1.6.. Objectives of the thesis and outline of the contents
Ass stated at the beginning of this chapter, understanding and quantifying dermal
absorptionn of chemicals, as well as the factors which govern this process, are
necessaryy for assessment of health risks following skin exposure. Reliable and
validatedd methods are needed to determine dermal absorption. To date, dermal
absorptionn has been mostly determined in vitro, while in vivo studies, in particular
thosee in humans, are scarce. Still, such data are indispensable for validation of the in
vitrovitro methods and mathematical models for prediction of skin absorption.
Inn 2001, a project was initiated aiming to develop methodology for determination of
dermall absorption and to generate new data on dermal absorption of a number of
selectedd chemicals (EDETOX). A consortium of 12 participants from seven EU
memberr states participated in this project. The work presented in this thesis was a
partt of this EDETOX project.
Thiss dissertation reports studies conducted to:
I.. Generate data on dermall absorption of 2-butoxyethanol in volunteers by using
biologicall monitoring method (Chapter section 2.1) and microdialysis (Chapter
sectionsection 2.2)
Thesee data were needed for the evaluation of in vitro methods and
mathematicall models for prediction of dermal absorption
II.. Determine the influence of application vehicle (water) on dermall absorption of 2butoxyethanoll (Chapter sections 2.1 and 2.2)
III.. Explore the possibility of biological monitoring of exposure to 2-butoxyethanol
(Chapter(Chapter section 2.3)
IV.. Develop the skin stripping method for measurement of dermal absorption of
polyethylenee glycols (Chapter 3)
V.. Study differences in the absorption of sodium lauryl sulphate and polyethylene
glycolss in the SC of normal skin and skin compromised by sodium lauryl
sulphatee (Chapter section 4.3) or by atopic dermatitis (Chapter sections 4.1 and
4.2) 4.2)
VI.. Investigate the influence of molecular size on absorption of polyethylene glycols
inn the SC of normal skin and skin compromised by sodium lauryl sulphate
(Chapter(Chapter section 4.3) or by atopic dermatitis (Chapter sections 4.1 and 4.2)
VII.. Study the relation between the extent of absorption of an irritating chemical
(SLS)) and barrier impairment and skin inflammation (Chapter 5)
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Abstract t

Objectives:Objectives: To study the influence of the presence of water on the der
absorptionn of 2-butoxyethanol (BE) in volunteers.
Methods:Methods: Six male volunteers were dermally exposed to 50%, 90% or neat w/w B
forr 4 h on the volar forearm over an area of 40 cm2. An inhalation exposure with a
knownn input rate and duration served as a reference dosage. The dermal absorption
parameterss were calculated from 24-h excretion of total (free + conjugated)
butoxyaceticc acid (BAA) in urine and BE in blood, measured after both inhalation and
dermall exposure.
Results:Results: The dermal absorption of BE from aqueous solutions was markedly higher
thann that of neat BE. The time-weighted average dermal fluxes were calculated from
thee urine and blood data and expressed in milligrammes per square centimetre per
hour.. The dermal fluxes obtained from cumulative 24-h excretion of BAA amounted
too 1.34 0.49, 0.92 0.60 and 0.26 0.17 mg cm"2 h"1 for 50%, 90% and neat BE,
respectively.. The dermal fluxes calculated from the BE blood data amounted to
0.922
0.34 and 0.74
0.25 mg cnrï2 IT1 for 50% and 90% BE, respectively. The
permeationn rates into the blood reached a plateau between 60 and 120 min after the
startt of exposure, indicating achievement of steadystate permeation. The apparent
permeabilityy coefficient Kp, was 1.75 0.53-10~3 and 0.88 0.42-10~3 cm h"1 for 50%
andd 90% BE, respectively.
Conclusion:Conclusion: The percutaneous absorption of BE from aqueous solution increas
markedlyy when compared with neat BE. Even water content as low as 10% led to an
approximatee fourfold increase in the permeation rates. These findings are important
forr the health risk assessment of occupational exposure to BE, since BE is commonly
usedd in mixtures that contain water. Exposure to aqueous solutions of 50% and 90%
off BE may result in substantial skin absorption: if a 60-min skin contact of 1000 cm2
iss assumed, dermal uptake would be fourtimes higher than the pulmonary uptake of
ann 8-h occupational exposure at a TLV of 100 mg m"3. This clearly justifies the skin
notationn for BE. For the purpose of biological monitoring, both BE in blood and BAA
inn urine were shown to be reliable indicators of exposure.
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Introduction n
Ethylenee glycol ethers are frequently used in industry and households as solvents,
emulsifierss and detergents. The use of 2 ethoxyethanol and 2-butoxyethanol (BE)
hass increased after the removal of 2-methoxyethanol from nearly all formulations
becausee of its toxicity [19]. They are used in great quantities because of their
excellentt hydrophilic and lipophilic properties. Because of the low vapour pressure
andd high rate of dermal absorption, significant systemic exposure can occur through
contactt with the skin [5, 6]. It has been shown that BE readily penetrates the skin in
guineaa pigs and rats in vivo an d in human, guinea pig and rat skin in vitro [1, 4, 5, 6].
Thee presence of water has been shown to enhance the percutaneous absorption of
BEE in vivo in guinea pig skin and in vitro in human skin [6, 20]. Percutaneous
absorptionn of neat BE in humans has been demonstrated [7, 9]; however, dermal
absorptionn from aqueous solutions of BE has not been studied. Since BE is
commonlyy used in water mixtures, it is relevant to compare the absorption rate of
neatt BE and that of aqueous solutions in humans.

Materiall and methods
Subjects Subjects
Sixx male volunteers, aged 22-55 years and with no history of dermatological
disease,, participated in this study. They were in good health, had no visible skin
damagee and used no medication. The Ethical Committee of the Academic Medical
Center,, University of Amsterdam, approved the experiment protocol. Written
informedd consent was obtained from all subjects prior to experiments.
ReferenceReference inhalatory exposure
Eachh volunteer inhaled the solvent vapour for 30 min through a mouthpiece with a
two-wayy valve connected to a Tedlar (DuPont, Delaware, USA) bag. The
concentrationn of the vapour in the bag was approximately 93 6.8 mg m"3 (mean
valuee of six exposures), which is below the present occupational exposure limit in the
Netherlandss (100 mg m"3) [11]. In order to determine the respiratory input rate we
measuredd the total exhaled volume.
DermalDermal exposure
AA bottomless glass chamber (area 40 cm2) was placed on the volar forearm and filled
withh 8 ml of dosing BE solution. To prevent leakage, we glued the glass chamber
ontoo the skin using UHU-Hart glue (UHU, Bu" hi, Germany). The concentration of BE
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inn the solution was measured before and after exposure. In order to avoid inhaling
solventt vapour during the application of the solvent, the volunteer sat in a ventilated
clean-airr cabin with overpressure, and put his arm through an opening in the wall of
thee cabin. The exposure lasted for 4 h. Blood samples were collected for 8 h (16
sampless per experiment). Urine samples were collected every 4 h during the 24-hour
period.. Each volunteer was exposed twice to a 50% BE solution (exposure on two
differentt arms), once to 90% and once to neat BE. The period between two dermal
exposuress of the same skin site was at least 4 weeks.

Analyticall methods
Chemicals Chemicals
Acetonee (p. a.), dichloromethane (p. a.), n-hexane (Lichrosolv), hydrochloric acid
(cone,, 37%), methanol (Lichrosolv), potassium carbonate (p. a.) and pyridine were
purchasedd from Merck (the Netherlands). Phenoxyethanol (98%) and ethoxyacetic
acidd (98%) were purchased from Aldrich (the Netherlands). Pentafluorobenzoyl
chloridee (99%) and pentafluorobenzyl bromide (> 99%) were purchased from Fluka
(thee Netherlands). Butoxyethanol (99%) was purchased from Sigma (the
Netherlands)) and butoxyacetic acid from TCI (Japan).
AnalysisAnalysis of BE in plasma
Immediatelyy after blood collection in Li-heparin tubes, the plasma samples were
preparedd and stored in safe-lock tubes at )18 C until required for analysis. BE in
plasmaa was determined with a slightly modified method of Johanson and Fernstrom
[5];; and Johanson et al. [8], which is based on extraction with dichloromethane and
derivatizationn with pentafluorobenzoyl chloride and electron capture detection (ECD).
Thee limit of quantitation (LOQ) of the method was 0.014 mg L"1 and the coefficient of
variationn was 7%. Gas chromatographic (GC) analysis was carried out with a
Hewlett-Packardd 5890 GC (Hewlett-Packard, USA) equipped with a63Ni ECD. Two
AT-17011 capillary columns (30 mO.25 mm, 0.25-um film thickness; Alltech, The
Netherlands)) were connected by glass connector. The initial column temperature was
500
, and the temperature was increased to 240 C at 35 C min"1 and held for 16
min.. The injector temperature was 250 , the detector temperature was 260 C and
thee column head pressure was 150 kPa. The sample (1 uL) was injected by means of
thee splitless injection technique.
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AnalysisAnalysis of BAA in urine
Afterr collection, 1.5 ml aliquots of urine were stored in safe-lock tubes at -18 C until
requiredd for analysis. For 50% BE, the concentration of BAA was determined in all
collectedd samples. Since the excretion of BAA was shown to be completed within a
24-hh period, the concentration of BAA after exposure to 90% and neat BE was
determinedd only in pooled 24-h urine. The analysis of BAA in urine samples was
basedd on acid hydrolysis of conjugated BAA, subsequent derivatization with
pentafluorobenzyll bromide (PFBBr) and GC-ECD analysis. For that purpose 50 ul_ of
concentratedd HCI was added to 50 uL of urine and heated for 60 min at 95 5 .
Afterr the solution had cooled to room temperature, 2 ml of acetone,
0.15 g of
1
potassiumm carbonate, 20 uL of ethoxyacetic acid solution (100 mg L~ ) as an internal
standardd and 20 uL of PFBBr were added and heated for 60 min at 95 . After being
cooledd to room temperature, a 100- uL aliquot of the acetone layer was transferred to
aa safe-lock tube containing 250 uL of 90% methanol in water and 750 uL of nhexane.. Samples were vortexed for 5 min and centrifuged for 30 s (11,860 g). GC
analysiss was carried out with a Carlo Erba HRGC 5300 GC (Interscience, The
Netherlands)) equipped with a 63Ni ECD. The column was HP-1 (25 m-0.32 mm,
0.52-- urn film thickness, Alltech, The Netherlands). The initial column temperature
wass 100
, and the temperature was increased to 170 C at 5 C min*1 and
subsequentlyy to 200 C at 45 C min"1 and held for 1 min. The injector and detector
temperaturess were 250 C and the column head pressure was 100 kPa. The sample
(33 uL) was injected by the split injection technique (split ratio 1:50). The LOQ of the
methodd was 3.3 mg L"1 and the coefficient of variation was 14%.

Calculations s
InhalationInhalation exposure
Thee respiratory input rate (IR) was calculated as follows [12]:
IRR (ug min'1) = Cjnh x (Vjnh / Up - f x Vd)
wheree Vinh (L) is total inhaled volume, Cinh (M9 L"1) is the concentration in inhaled air,
Uxpp (min) is duration of exposure, Vd (L) is dead-space volume taken as sum of the
anatomicall dead space (0.15 L) and the dead space of the mouthpiece (0.04 L) and
ff (vent min"1) is individual ventilation frequency. We calculated the amount absorbed
afterr inhalation exposure (INHabs) by multiplying IR by exposure duration (30 min).
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DermalDermal exposure
Thee amount of BE absorbed into the skin (DERabs) was calculated from the excreted
BAAA measured after both inhalation (BAAinh) and dermal (BAAder) exposure as
follows: :
DERabss (mg) = BAAder / BAAnh x INHabs
Wee calculated the average dermal flux throughout the exposure by dividing the
amountt of BE absorbed into the skin by exposure area and exposure time and
expressedd it in milligrammes per square centimetre per hour.
Forr the calculation of permeation rates and dermal fluxes we used the linear system
dynamicss method that is extensively described elsewhere [12, 13]. Briefly, we
determinedd individual systemic kinetics from the reference inhalation experiment
usingg the blood BE concentration-time data. Using a convolution method we fitted the
dataa to a mathematical expression combining the kinetic response after bolus dose
withh exposure duration and concentration. The parameters obtained from a fitted
functionn and the concentration-time data after dermal exposure were used to
determinee the permeation rates as function of time by deconvolution. The total
amountt of BE absorbed into the blood was determined from the area under the
permeationn rate-time curve. The amount of BE absorbed into the skin during
exposuree was considered to be equal to the amount absorbed into the blood. We
calculatedd the average dermal flux from blood data in the same manner as from urine
data,, by dividing the amount absorbed into the skin by exposure area and exposure
time,, and expressed it in milligrammes per square centimetre per hour.
Thee maximum permeation rates were determined from the slope of the cumulative
absorbedd mass vs time. When steady-state permeation is achieved the maximum
permeationn rate represents the apparent permeability coefficient Kp (cm h"1).
Thee principle of the method is illustrated in Fig 1, which shows the concentration-time
coursee in blood following (a) inhalation, (b) dermal exposure and (c) corresponding
permeationn rate-time courses of BE.
Usingg the results of the (two) replicated dermal exposures, we calculated the intrasubjectt variability as well as the inter-subject variability in a restricted sense, i.e. after
eliminatingg the intra-subject variability. For the latter we used the coefficient of
variationn = {([between subject variance)within subject variance] / 2)1/2}/mean.
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FigFig 1a-c: The linear system dynamics method used for the estimation of permeation
ratesrates and dermal fluxes in one subject exposed to 50% BE. (a) Concentration-time
coursecourse of BE after inhalation exposure and the fitted function; (b) concentration-time
coursecourse after dermal exposure; (c) estimated permeation rate-time course. Inhalation
exposureexposure concentration was 93 mg m'3 for 30 min; dermal exposure area was 40 cm2
andand dermal exposure duration was 4 h

Results s
Thee amount of BE in dosing solutions measured before and after dermal exposure to
500 % BE were 49.5 % and 49.0
1.4 % (mean of 12 individual exposures),
respectively.. This indicates that the concentration throughout the exposure was
constantt (i.e. the dose was infinite). The concentration of BE in blood after exposure
too neat BE was, in most of the samples, below the detection limit of the method. After
exposuress to 50 % and 90 % BE, the BE concentrations could be measured in all
subjectss at all time points. In none of the volunteers did skin irritation occur; however,
afterr exposure the skin had a wrinkled appearance.
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FigFig 2: Concentration-time
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profile of BE in blood in a subject dermally exposed to

Figuree 2 shows the typical concentration-time courses ofBE in blood, measured after
exposuree to 50%, 90%and neat BE in one volunteer. In all subjects, exposure to 50%
andd 90% BE resulted in higher blood concentrations than those after exposure to
neatt BE.
Thiss is consistent with the higher 24-h cumulative excretion of BAA after exposure to
aqueouss solutions of BE than that after exposure to neat BE (Fig 3). As calculated
fromm the individual BAA concentration-time curves determined after inhalation
exposure,, the average half-life of BAA amounted to 3.4 h (range 1.3 to 3.8 h). This
impliess that BAA is almost completely excreted in urine within 24 h of the start of the
exposure.. Using the amount of BE absorbed after inhalation exposure (the average
valuee for six subjects was 20.9
5.0 mg) and the cumulative excretion of BAA after
inhalation,, we calculated that, on average, 57% (range 42-70%) of absorbed BE was
excretedd as BAA.
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FigFig 3: Cumulative excretion of BAA in urine in a subject dermally exposed to 50%,
90%90% and neat BE. For neat BE only cumulative amount was measured

Tablee 1. Average dermal fluxes of BE after exposure to 50%, 90% and neat BE
obtainedd from blood and urine data. Values are means
SD. ND not determined:
bloodd concentrations were below limit of quantitation
Averagee dermal flux
(mgg cm"2 h"1)
Basedd on blood data
Basedd on urine data

500 % BE

900 % BE

0.922 0.34
\n\n =6)

0.744
0.25
(n=3) )

1.344

0.922

1

(A7=6) )

9

0.60

(77=5) )

Neatt BE
2

ND D
(n=3) )

0.266
7
(n=6) )

1

Eachh subject was exposed twice to 50 % BE
Nott determined: blood concentrations below limit of quantitation

2
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Thee average dermal fluxes calculated from the BAA urine data as well as from the
BEE blood data are presented in Table 1. For the exposures to 50% and 90% BE the
timee courses of permeation rates were also determined. The permeation rates
reachedd a plateau between 60 and 120 min after the start of exposure, indicating
steady-statee permeation. The maximum permeation rates, which are in fact the
apparentt permeability coefficients, are presented in Table 2.

Tablee 2. Apparent permeability coefficients of 50%, 90% and neat BE obtained from
bloodd data. Values are means SD. ND not determined: blood concentrations were
beloww limit of quantitation
Apparentt permeability coefficients (x 10"3 cm h"1)
500 % BE
90 % BE
Neat BE
2

0.888
2
(n=3) )

1.755
3
1
("=6) )

ND D
(1=3) )

1

Eachh subject was exposed twice to 50 % BE
Nott determined: blood concentrations below limit of quantitation

2

Inn order to obtain insight into intra-individual and inter-individual variation of dermal
fluxes,, we performed dermal exposure to 50% BE twice for each volunteer. The intraindividuall and inter-individual variance of the dermal fluxes obtained from the blood
andd urine data are shown in Table 3. Table 3 shows that the inter-individual variation
wass approximately twice as high as the intra-individual variation, regardless of
whetherr urine or blood data were taken.

Tablee 3. Intra-individual and inter-individual variations of dermal fluxes of BE after
exposuree to 50% BE
900 %
Meann SD « _ .
//
-2i_-i\ Confidence
( m g c m ' h 1 ))
]nXe^al

Intraindividual
/^w/o/\
CV (%)

Interindividual
/-n//n/\
CV (%)

Basedd on blood data

0.92

0.34

0.63 -1.19

16

35 5

Basedd on urine data

1.34

0.49

0.94 - 1.74

20
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Inn order to assess the relevance of our results for occupational exposure to BE, we
estimatedd the contribution of dermal uptake to the total uptake. The uptake after
dermall exposure of 1000 cm2 for 1 h was compared with an 8-h inhalatory uptake at
TLVV in the Netherlands [11]. Table 4 shows that such dermal exposure to aqueous
solutionss under the above-described exposure conditions leads to a substantial
uptakee that even exceeds the pulmonary uptake.

Tablee 4. Estimated dermal uptake of BE in relation to the pulmonary uptake during
ann 8-h exposure at the TLV (100 mg m-3)
Pulmonaryy uptake (mg)

3466

~~~

~

^Dermal uptake (mg)

500 % BE

90 % BE

100 % BE

1340

926

263

1

Assumedd minute volume of 10 Umin and alveolar retention of 72 % [9]
Assumedd dermal exposure of 1000 cm2 skin for 1 hour

2

Discussionn and conclusions
Thee presented results show that the presence of water in the applied solution
markedlyy increases the percutaneous absorption of BE in humans in vivo. The timeweightedd average fluxes calculated from the 24-h cumulative urine BAA excretion
amountedd to 0.26, 0.92 and 1.34 mg cm"2 h"1, for neat, 90% and 50% BE,
respectively.. The presence of water has previously been shown to enhance the
percutaneouss penetration of BE. In an in vivo study [6], the permeability coefficients
(Kp)) of BE in the guinea pig were consistent with those reported in our study and
weree 0.30 x 10"3, 0.84 x 10~3 and 1.82 x 10"3 cm h"1 for neat, 80% and 40% BE,
respectively.. The values of Kp that we obtained from blood results were 1.75 0.53 x
10~33 and 0.88 0.42 x 10"3 cm h"1 for 50% and 90% BE, respectively. Wilkinson and
Williamss reported in an in vitro study with human skin considerably higher apparent
Kpp values with aqueous solutions than with undiluted doses [20]. They suggested
thatt those findings could be explained by better partitioning of BE between the
stratumm corneum (SC) and vehicle (aqueous solution), resulting in a proportionately
higherr concentration gradient across the skin, which hence promoted steady-state
flux.. It has been shown for a number of hydrophilic compounds, e.g. for BE,
propoxyaceticc acid and alcohols, that hydration of the SC leads to enhanced
absorptionn [6, 10, 16]. It seems to us unlikely that the changed composition of either
vehiclee or SC would influence the partition of BE between those two phases to such
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ann extent (almost a fourfold increase of dermal flux in the presence of 10% water).
AA possible explanation could be that water affects the structure of the SC, in
particularr its lamellar organization, leading to a higher porosity and improved
permeationn of BE [18]. Recently Tang at al. [17] have found that hydration leads to
inductionn of new pores/reduction of the tortuosity of existing pores in the SC,
improvingg the percutaneous penetration of water-soluble compounds. Another
explanationn of the promoting effect of water on the permeation of BE was argued by
Corleyy et a/., who suggested that BE may have "fixed" the skin at the higher
concentrationss [2]. However, the mechanism and the meaning of the "fixing" of the
skinn remained unclear in that study. It may also be that the use of neat BE will
dehydratee the skin to a certain extent and that it will block the polar pathways through
thee skin.
Initially,, we intended to use only blood BE concentrations to determine the dermal
absorptionn kinetics. However, the absorption of neat BE was too low, and the blood
BEE concentrations were under the LOQ of the method used. In order to enable
comparisonn of dermal fluxes of different BE concentrations, we also measured the
urinaryy excretion of the main metabolite, BAA. Therefore, the comparison of dermal
fluxess for all BE concentrations mainly relies on the BAA measured in urine, though
dermall fluxes based on blood data of 50% and 90% BE were also calculated.
Thee excretion of BAA in urine is of particular significance for occupational exposure
andd is used as a biological indicator of exposure [14, 15]. In most of the studies, only
thee free urinary fraction of BAA was measured. However, recent studies by Corley et
al.al. [3], Rettenmeier et al. [14] and Sakai et al. [15] have shown that a substantial
amountt of BAA is excreted in human urine as a glutamate conjugate (on average 48,
711 and 66%, respectively), and that the conjugated BAA fraction is highly variable.
Thiss was the reason why, in the present study, we measured the excretion of the
totall (i.e. free and conjugated) BAAusing the acid hydrolysis procedure proposed by
Rettenmeierr et al. [14]. The average half-life of BAA in the present study was 3.4 h
(rangee 1.3 to 3.8 h), which was in good agreement with values reported by Corley et
al.al. (mean value 3.3 h, range 2.4 - 4.4 h) [3]. This half-life implies that the excretion of
BAAA was almost completed by 24 h.
Thee 24-h cumulative amount of BAA excreted in urine measured after inhalation
accountedd for 57% of the respiratory uptake of BE (range 42 to 70%). This was
higherr than the recovery of 17-55% reported in an inhalatory volunteer study by
Johansonn et al.; however, in that study only excretion of free BAA was measured [8].
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Thee measurement of only non-conjugated BAA might also explain high intraindividuall and inter-individual variation in cumulative excretion of BAA after dermal
exposuree of volunteers to neat BE [9]. The absorption rates reported in that study
variedd highly, from 0.05 to 0.74 cm h)1, suggesting that analysis of BAA might not be
aa reliable method for the assessment of the dermal absorption of BE. With regard to
thee variability of the absorption rates, the biological variability plus analytical
variabilityy in the flux through the skin of an individual was 16% (blood) and 20%
(urine),, assuming the systemic kinetics constant. If the inhalation exposure had also
beenn replicated, a somewhat higher value would have been found (and a lower value
forr the inter-individual variation). These data are relevant in studies where subjects
aree compared on the basis of their skin permeability.
AA comparison of the dermal uptake of aqueous solutions of BE with the respiratory
uptakee at the current occupational exposure limit for BE revealed substantial skin
absorption.. If one assumes a 60-min skin contact of 1000 cm2 with a 50% or 90%
aqueouss solution of BE, the uptake would be three to four times higher than the
pulmonaryy uptake of the 8-h occupational exposure.
Inn conclusion, dermal uptake of BE increases markedly in the presence of water. This
hass already been reported in vivo in guinea pigs and in in vitro studies with human
skin;; however, this is the first time that it has been shown in humans in vivo. These
findingss should therefore be considered in the health risk assessment of occupational
dermall exposure to BE where water-based products containing glycol ethers are
used. .
BEE showed substantial dermal absorption: if we assume 60-min skin contacts of
approximatee areas of 1000 cm2 with 50% or 90% BE, dermal uptake would exceed
thee pulmonary uptake of the 8-h TLV exposure. This clearly justifies the skin notation
forr BE, and indicates biological monitoring (BM) as the preferred approach to
exposuree assessment. For the purpose of BM, both BE in blood or BAA in urine can
bee used. When BAA is chosen, total BAA instead of only free BAA in urine should be
determined. .
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Abstract t
Humann in vivo studies on percutaneous absorption are very scarce although they are
neededd for the human risk assessment and evaluation of in vitro studies and
mathematicall predictive models.
Inn the present study we determined percutaneous absorption kinetics of
2-butoxyethanoll (BE) in volunteers using microdialysis technique. This study was
performedd within a collaborative EU projectt (EDETOX) and had as the main objective
generationn of in vivo data for in vitro - in vivo comparison, and assessment of the
feasibilityy of different in vivo methods for determination of percutaneous absorption.
Fourr male volunteers were dermally exposed on the left frearm to 90% and 50%
aqueouss solution (v/v) of BE for 4.5 hours. To determine percutaneous absorption
kineticss the concentration of BE was measured in the dialysate samples collected at
300 min-intervals throughout exposure. The systemic absorption which is needed to
determinee recovery of the BE in the dialysate, was estimated from the concentration
off the main metabolite of BE, free butoxyacetic acid (BAA) in urine.
AA pseudo steady state percutaneous absorption of BE was reached approximately at
22 hours of exposure for both applied concentrations. The maximum dermal flux of
50%% BE was higher than that of 90% BE (2.8
1.0 and 1.9
1.7 mg cm"2 h"1),
respectively,, and the respective apparent permeability coefficient amounted to
6.11 x 10"3and 2.5 x 10~3 mg cm"2 h"1. The more diluted solution showed the shorter lag
time;; 25 vs 39 minutes. The average absorption rate into the skin amounted to 3.6
1.33 and 2.3 2.3 mg cm"2 h"1. In one person we determined the amount of BAA in two
dialysatess collected at 4 and 4.5 hours in the exposure to 50 % BE and 90 % BE.
Thee dermal metabolism seemed to be low, the amount of BAA was approximately
11 % of the amount of BE in the same dialysate.
Thee presented study demonstrates applicability of microdialysis technique for
assessmentt of percutaneous absorption kinetics and dermal metabolism without
interferencee from the systemic compartment.
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Introduction n
Forr assessment of percutaneous absorption of chemicals mostly in vitro experiments
usingg diffusion cells are performed, and in vivo human data are scarce. The lack of in
vivoo data makes it difficult to judge the validity of the use of in vitro data for the
humann risk assessment. In vivo studies are considered to be the gold standard for
thee evaluation of in vitro systems and predictive mathematical models (Howes et al.
1996),, however, their wider use is limited due to ethical and practical considerations.
Althoughh microdialysis is not frequently used in percutaneous absorption studies, it
hass been proposed as a useful method for the determination of in vivo percutaneous
absorptionn of exogenous chemicals (Anderson et al. 1998, Surber et al. 1999).
Thee microdialysis technique can be used in both in vivo and in vitro experiments
(Andersonn et al. 1991, Boutsiouki et al. 2001, Wellner and Korinth 2004, Klede et al.
2005). .
Thee percutaneous absorption of the glycol ether 2-butoxyethanol (BE) has been
studiedd in vitro (Wilkinson and Williams 2002, Korinth et al. 2005, Wilkinson et al.
2006),, in vivo in experimental animals (Lockley et al. 2004, Lockley et al. 2005) and
recentlyy in human volunteers (Jakasa et al. 2004, Kezic 2004). The percutaneous
absorptionn of BE was extensively studied within the EDETOX project (Williams 2004)
ass a model compound for inter-laboratory and in vivo-tn vitro comparison.
Thee aim of the present study was to determine the percutaneous absorption kinetics
off BE in volunteers using the microdialysis technique. Additonally, in a limited
numberr of samples dermal metabolism of BE was investigated.

Materiall and Methods
Chemicals,Chemicals, subjects and experimental design
Fourr male Caucasian volunteers aged 27-37 and with no history of dermatological
disease,, participated in the study. They were in good health, had no visible skin
damagee and used no medication.
Percutaneouss absorption of 90% and 50% aqueous solutions (v/v) of BE (£ 99.8%
purity,, Fluka® Buchs, Switzerland) was assessed. The period between two dermal
experimentss exposures was at least two weeks. The volunteers were exposed on the
leftt forearm to both, 90% and 50% BE in different exposure chambers (exposed skin
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areaa of each chamber: 0.64 cm2) for 4.5 hours. Single plasmapheresis hollow fibres
(Plasmafloo OP-05(L) separator, Asahi medical, Tokyo, Japan) were used as
capillariess for microdialysis. Two capillaries (material: polycarbonate; inner diameter
(ID):: 340 urn; wall thickness: 50 pm; pore size: 0.3 urn; cut-off: 3000 kDa) per
exposuree chamber were intradermally inserted without anaesthesia in parallel by
linearr technique at a length of - 2.8 cm in the skin and a distance of approximately
2.22 mm between both capillaries. Two rectangular (1 x 0.64 cm) exposure chambers
(onee for each concentration) of stainless steel were centred above microdialysis
capillariess at a distance of about 3 cm and glued onto the skin surface using UHU®hartt (UHU, Bühl/Baden, Germany). The capillaries were connected by Tygon tubing
(ID:: 0.381 mm) (Cole-Parmer, Strongsville, OH) to the pulsation-free syringe pump
PHDD 2000 (Harvard apparatus, Holliston, MA) and perfused with saline as receptor
fluidd at a flow rate of 8 ul/min. The applied volume of BE solution in the exposure
chamberss was enough to ensure an infinite dose (200 ul/cm2) and was covered with
aa foil to prevent evaporation. Receptor fluid samples were collected at 0.5 h intervals
upp to 4 hours. For assessment of dermal metabolism, free butoxyacetic acid (BAA)
wass determined in the last two collected dialysates of one subject (at 4 and 4.5 h),
afterr exposure to 90 % BE and 50 % BE. Urine samples were collected at 4.5 h
immediatelyy after end of exposure.
AnalysisAnalysis of BE and BAA
BEE was analysed in dialysates by gas-chromatography using flame ionisation
detection.. The concentration of BAA in dialysates and in urine samples was analysed
byy gas-chromatography followed usin electron capture detection as described in
detaill by Kezic et al. (2004).
CalculationCalculation of percutaneous absorption
Too find out the proportion of BE that was recovered in the dialysates relative to the
amountt absorbed systemically, we measured the concentration of BAA in urine as a
biologicall indicator of exposure. The systemic absorption was estimated using the
resultss from another EDETOX study on percutaneous absorption of BE in volunteers
(Kezicc et al. 2004) that was based on biological monitoring (BM) method. In that
study,, the systemic absorption was assessed from the urine excretion of BAA
measuredd after dermal and a reference inhalative exposure of a known dose. The
averagee concentration of BAA in urine sample collected shortly after cesation of 4-h
dermall exposure was 121.7 mmol/mol creatinine, and the average systemic uptake
wass 568 mg.
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Thee total amount of systemically absorbed BE in the microdialysis experiment was
derivedd from the equation:

BEBEmm

BAABAA
(systemic absorption) = —
BAABAA

fjj (mmol/mol creatinine)
x

i

Dr?

Bt,

i/ng)

(mmol/mol creatinine)

wheree BAA™ is the concentrations of BAA measured in our microdialysis study.
BAAbmm is the concentration of BAA obtained in the BM study, BEbm is dermal systemic
absorptionn in the BM study. Recovery of BE in the dialysate was calculated for each
exposuree experiment from the ratio between the total amount of BE measured in the
dialysates,, and the estimated systemic absorption. Dermal fluxes were calculated for
eachh exposure from the absorbed amount of BE in the dialysate adjusted for
recoveryy divided by sampling period (30 min) and skin area (0.64 cm2) as follows:
DermalDermal Flux BE {mgcm-2Kx) =
0.55 (h )x0.64

BE**-w
(cm2)xREC(%

x 100(

% )

)

Thee maximum fluxes and lag times were determined from the slope of the cumulative
amountt of BE that was systemically absorbed vs. time. The average absorption rate
intoo the skin (mg cm"2 h"1) during the exposure period was calculated by dividing the
amountt of systemically absorbed BE (mg) by the exposed skin area (0.64 cm2) and
exposuree duration (4 h).
Fromm the results of both replicated dermal exposures, we calculated the intra- and
inter-individuall variability.

Results s
Figuree 1 shows the amount of BE in the dialysates collected over 30 min during
exposuree period, averaged for all volunteers. Dermal fluxes of BE reached plateau
betweenn 1.5 and 2 hours after the start of exposure indicating attainment of pseudo
steadyy state absorption (Fig 2), although one volunteer showed in all four
experimentss a declining absorption rate after a maximum at 3 h exposure.
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Thee average concentration of the free BAA excreted in the period 0 - 4.5 h after the
startt of exposure was 3.5 2.0 mmol/mol creatinine. From the concentration of BAA
inn urine, the systemically absorbed amount of BE was estimated and shown in Table
1.. Recovery of the absorbed amount in the dialysate was low and amounted less
thann 1% of the amount systemically absorbed. The percutaneous absorption
parameterss i.e. maximum flux, average absorption rate into the skin, permeability
coefficient,, and lag times are shown in Table 1. In general, 50 % BE showed higher
andd faster absorption. The lag time was shorter for 50 % BE (25.4 min) than that for
900 % BE (38.9 min). The respective intra-individual and inter-individual variation of
thee maximum dermal flux of BE amounted to 37 and 49 % for 50 % BE. For 90 % BE,
thee variation was considerable and amounted to 97 % and 91 %, respectively. This
highh variation after exposure to 90 % BE was primarily caused by one subject who
showedd significantly higher absorption.
Thee ratio of the amounts of BAA and BE in two microdialysis samples was 0.011.
Whenn corrected for the different molecular weight of BAA and BE dermal metabolism
amountedd to approximately 1.0%.

OO
8 __

90% BE

T

— 50% BE

T

-i-

Exposuree time (h)

FigFig 1: The amount of 2-butoxyethanol (BE) in the dialysates during 4 hours exposure
toto 90% and 50% aqueous solution BE (mean SD)
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FigFig 2: Dermal flux (mean SD) and cumulative absorption of 90% and 50% aqueous
solutionsolution 2-butoxyethanol (BE)

Tablee 1. The amount of 2-butoxyethanol (BE) recovered in the dialysate, estimated
systemicc absorption, and the percutaneous absorption parameters for 90% and
50%% BE (means SD)
50%% BE

90%% BE
Cumulativee amount of BE recovered in
dialysatee during 4 h (ug)

14.55
6.88

Systemicc absorption (mg)

7

10.11

6

1

Averagee absorption rate (mg cm" h" )
2

1

Maximumm dermal flux (mg cm" h" )

9

2.44

3

3.55

1.3

1.99

7

2.88

1.0

33

Permeabilityy coefficient (cm h"1)
Lagg time (min)

24.6

3.55 2.0 0

BAAA in urine (mmol/mol creatinine)
2

30.22

38.99

1

6.11

2.2 x 10"3

25.44

6
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Discussion n
Applicationn of the microdialysis technique has not yet attained wide acceptance in the
researchh of percutaneous absorption, and only a few studies investigating
occupationallyy relevant substances by this technique are available (Anderson et al.
1991,, Boutsiouki et al. 2001, Klede et al. 2005). An important advantage of the
microdialysiss technique is that it measures the percutaneously penetrated chemical
beforee entering systemic circulation (Schnetz and Fartasch 2001).
Inn the present study we have determined percutaneous absorption kinetics of 50%
andd 90% aqueous BE in volunteers. In addition, we were able, although in a very
limitedd number of dialysates, to measure dermal metabolism.
Penetrationn of BE through the skin showed to be fast; lag times for 50% and 90%
BEweree 25 and 39 mins, respectively. Since lag time and diffusion coefficient are
interrelatedd (t|ag = L2/ 6 D, where L is thickness of the stratum corneum, D is diffusion
coefficient),, this implies faster diffusion of 50% BE through the skin than that of 90%
BE.. Also average absorption rate into the skin and maximum flux were higher for
moree diluted BE. Average absorption rates amounted to 3.5 and 2.4 mg cm"2 h"1 for
50%% and 90% BE, respectively, and the respective maximum fluxes 2.8 and 1.9
mgg cm"2 h"1. The apparent permeability coefficients of 50 % and 90 % BE amounted
too 6.1 and 2.5 cm h"1, respectively. The average absorption rates of 50 % and 90 %
BE,, in the volunteer study of Jakasa et al. (Jakasa et al. 2004) amounted to 1.3 mg
cm"22 h"1 and 0.9 mg cm*2 h"1. In that study also absorption of neat BE was determined,
showingg five times lower absorption rate than 50% BE. In another volunteer study, an
averagee absorption rate of 3.5 mg cm"2 h"1 for 50% was reported (Kezic et al. 2004),
whichh is very close to the value we obtained in the present study. The maximum flux
off 50% BE in vitro in human skin was determined by eight laboratories participating in
thee EDETOX project, reporting the average value of 1.5 mg cm"2 h"1 (EDETOX,
2004).. Also in vitro a marked influence of water on the percutaneous absorption of
BEE was found. In an in vitro study with human skin, Wilkinson and Williams (2002)
reportedd considerably higher apparent permeability coefficients with aqueous
solutionss than with neat BE. This effect was assigned to a better partitioning of BE in
hydratedd stratum corneum. Our results show, that higher content of water increases
diffusionn of BE which might be caused by the altered structure of lipid bilayers of the
stratumm corneum. The enhancing effect of water has significant implications. BE is a
solventt used on large scale in water based paints, cleaning agents or cutting oils and
comess on the market normally as a water formulation. This stresses once again, the

52 2

ChapterChapter 2: Section 2.2

necessityy of measurement of percutaneous absorption of a chemical as applied in a
formulationn rather than that of a neat compound.
Itt is well known that skin has the capacity for local metabolism of chemicals.
Forr instance, for benzyl alcohol dermal metabolism can reach, even in excised
humann skin, about 50% of the percutaneously absorbed amount (Bronaugh et al.
1999).. Glycol ethers are oxidised by cytostolic alcohol dehydrogenase and aldehyde
dehydrogenasee (Lockley et al. 2005). Lockley et al. (2004) were not able to detect
metabolismm of BE in vitro or in vivo in rat skin. The authors attributed this to the rapid
penetrationn of BE through the skin (Lockley et al. 2004), which would reduce the
contactt of metabolising enzymes of the skin with BE. Our results, although
determinedd only in four experiments, showed that the extent of metabolism in the
skinn of BE was rather low in relation to the amount which penetrated through the
skin.. We found that the ratio of BAA and BE in the dialysate was approximately 0.01.
Assumingg the same recovery of BE and BAA across microdialysis capillaries, BE was
dermallyy metabolised at a percentage of about 1%. Considering the findings of
Lockleyy et al. (2004, 2005) the dermal metabolism of BE seems to be negligible.
Onee of the main problems of the microdialysis technique is the calibration i.e., the
estimationn of the penetrated amount recovered in the dialysate. We estimated
recoveryy of BE in the microdialysis capillaries using biological monitoring. From the
concentrationn of BAA measured in the urine sample at the end of exposure we
estimatedd the amount of BE systemically absorbed. For that purpose we used the
resultss of a research group that also participated in the EDETOX project and
investigatedd extensively the excretion kinetics of BAA after dermal and reference
inhalativee exposure (Jakasa et al. 2004, Kezic et al. 2004). The results of the present
studyy demonstrate that only a small part (less than 1%) of the amount that
penetratedd was recovered in microdialysis capillaries. In an in vitro microdialysis
studyy with the 50% aqueous BE solution a recovery of approximately 40% (Maas et
al.. 2004) was reported. However, as pointed out by several authors, (Groth 1996,
Stenkenn 1999), results from in vitro methods are often not reliable indicators for in
vivoo recovery.
Thee intraindividual variation in the average absorption rate into the skin of 37 % and
499 % for 50 % BE and 91 % BE, respectively and the respective interindividual
variationss of 97 % an 91 % was relatively high compared with studies based on
biologicall monitoring. In the study by Jakasa et al. (2004), the coefficient of variation
forr the intra-individual and inter-individual variation was 20 % and 34 % when total
BAAA was used as a biological indicator. The higher variation in the present
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microdialysiss study was primarily caused by the high values in one person for
exposuree to 90 % BE. Often, relative large variability is found in percutaneous
penetrationn studies by microdialysis (about 50-100%). Factors which are mostly
arguedd to be responsible for this are insertion depth of microdialysis capillaries, the
variationss in the blood flow, and flow rate of the perfusate. It has been shown that
insertionn of the microdialysis capillaries is associated with a temporary increase in
cutaneouss blood flow, which subsides during exposure (Kreilgaard 2002). In one
volunteer,, we found that the maximum penetration was achieved fast, however, after
33 hours the penetration rate declined. A possible reason for this might be higher
cutaneouss flow in the beginning of exposure due to insertion of the microdialysis
capillaries,, but also to different percutaneous penetration behaviour compared to
otherr volunteers since the kinetics in both duplicate experiments were similar.
Thee presented study shows some important advantages of the microdialysis
technique.. The skin penetration kinetics can be studied as a function of time enabling
determinationn of maximum dermal fluxes and in the case of steady state the
permeabilityy coefficient. Methods which determine total systemic absorption, yield
onlyy average absorption rates into the skin. In addition, by using microdialysis, as
shownn in our study, the lag time and diffusion coefficient can be easily determined.
Besidess relevant information on the percutaneous absorption kinetics, the derived
parameterss enable direct comparison with in vitro experiments.
However,, as already discussed, the question of recovery remains important issue.
Inn this study, we determined the recovery using biological monitoring. We collected
onlyy one urine sample, directly after end of exposure. It would have been much better
iff we had measured the cumulative amount excreted; however, this was not possible
inn this study for practical reasons. However, the obtained percutaneous absorption
parameterss are consistent with those from volunteer studies (Jakasa et al. 2004,
Kezicc et al. 2004) and in vitro studies (EDETOX, 2004), so we may conclude that
microdialysiss is a reliable and useful technique for investigation of percutaneous
absorptionn and dermal metabolism. Microdialysis is particularly suitable when
comparativee research is needed e.g. for studying influence of vehicle, exposure
conditions,, damage of the skin etc. In that case the main drawback of the technique determinationn of recovery becomes less relevant.
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Abstract t

Objectives:Objectives: To assess excretion kinetics of free and total (free + conjuga
2-butoxyaceticc acid (BAA) following dermal and inhalation exposure to butoxyethanol
(BE). .
Methods:Methods: Six male volunteers were dermally exposed for 4 h to a 50% aqueou
solutionn of BE on an area of 40 cm2 of the volar forearm. Six other male volunteers
weree exposed by inhalation (mouth only) to 93 mg m"3 BE for 30 min. As biological
indicess of exposure, BE in blood and total and free BAA in urine, were measured.
Results:Results: Following inhalation exposure, the 24-h cumulative excretion of free and
totall BAA in urine amounted to 5.5
2.7 and 12.8 4.0 mg, respectively. After
dermall exposure, 147.1 61.0 and 346 52 mg, respectively, of free and total BAA
weree excreted in urine up to 48 h after the onset of exposure. The proportion of
conjugatedd BAA in single urine samples increased after dermal exposure in time from
455 30% in the first collection period to 92 2% after 48 h. The elimination half-life
off total BAA following dermal exposure was longer than that of free BAA (5.1 0.6
andd 3.8 0.4 h, respectively). The interindividual variation in the cumulative excreted
amountt after inhalatory exposure was higher (49%) for free BAA than for total BAA
(31%).. The average dermal flux amounted to 3.5 mg cm"2 h"1 independently of
whetherr free or total BAA was used for the calculation, and, again, the interindividual
variationn in the estimated fluxes was higher for free BAA than for total BAA (41% and
15%,, respectively).

Conclusion:Conclusion: The interindividual variation in the extent of conjugation is large,
thee degree of conjugation increases with time. Due to lower interindividual variability,
totall BAA is superior to free BAA as a biomarker of exposure.
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Introduction n
2-Butoxyethanoll (BE) is a glycol ether frequently used in industry and households as
aa solvent, emulsifier and detergent. Due to the low vapour pressure and high rate of
dermall absorption, a significant systemic exposure can occur through contact with
skinn (Jakasa et al. 2004; Johanson et al. 1986; Johanson and Boman 1991). BE is
primarilyy metabolized to 2-butoxyacetic acid (BAA) in the liver (Ghanayem and
Sullivann 1993). In humans, BAA can be conjugated with glutamine or glycine to form
N-butoxyacetyll glutamine or N-butoxyacetyl glycine conjugates (Rettenmeier ef al.
1993).. The substantial skin uptake of BE indicates that in assessing the health risk,
biologicall monitoring and the use of biological exposure indices are preferable to
environmentall monitoring. As a biological marker (BM) of exposure,, free BAA in urine
hass been used (Angerer et al. 1990; Goen ef al. 2002; Haufroid et al. 1997; Laitinen
1998).. In Germany, the biological tolerance value (BAT) for BAA has been set to 100
mg/LL (DFG 2003). In the United Kingdom, the guidance value for BAA is 240
mmol/moll creatinine (HSE 2002). However, as first shown by Rettenmeier et al.
(1993),, and supported by Sakai et al. (1994), Corley et al. (1997), and Jones and
Cockerr (2003), BAA is not excreted exclusively as free acid but also as acid-labile
conjugates.. Concerns raised in the literature about the large intraindividual and
interindividuall variation in the extent of the conjugation might be an important
argumentt to question the validity of the present BM of BE exposure (Goen et al.
2002;; Johanson ef al. 1986; Johanson and Boman 1991).
Inn the context of an extensive study supported by the European Union (EU) on
percutaneouss absorption of chemicals (EDETOX) (European Commission 2000), we
recentlyy investigated dermal absorption of neat and aqueous solutions of BE in
volunteerss (Jakasa ef al. 2004). Looking for the best biological indicators of
exposure,, we determined the concentrations of BE in plasma and of total BAA (the
summ of conjugated and nonconjugated BAA after acid hydrolysis) in the urine of
volunteerss exposed dermally and by inhalation (reference exposure). To investigate
thee interlaboratory variation in the determination of dermal fluxes, another research
groupp carried out a separate dermal exposure study under similar exposure
conditions.. In these volunteers, we determined the concentration of both free and
totall BAA. As the knowledge about the excretion pattern of BAA is of particular
importancee for occupational practice, the goal of this paper is to report the pattern
andd variability of the excretion of free and conjugated BAA after inhalatory and
dermall exposure to BE.
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Materiall and methods
Subjects Subjects
Twoo groups of six male volunteers, aged 22-55 years, with no history of
dermatologicall disease, participated in the study. They were in good health, had no
visiblevisible skin damage and used no medications. The Ethical Committee of the
Academicc Medical Center, University of Amsterdam (inhalatory exposure), and of the
TNOO Nutrition and Food Research, The Netherlands (dermal exposure), approved
thee experimental protocol. Written informed consent was obtained from all subjects
priorr to experiments.
InhalatoryInhalatory exposure
Thee inhalatory experiment and the way the inspiratory input was calculated were
describedd in detail previously (Jakasa et al. 2004). Briefly, each volunteer inhaled the
solventt vapour for 30 min through a mouthpiece with a two-way valve connected to a
Tedlarr (DuPont, Delaware, USA) bag. The concentration of the vapour in the bag
wass 93 6.8 mg m"3 (mean value of six exposures), which is below the present
occupationall exposure limit in The Netherlands (100 mg m"3; see Ministerie van
socialee zaken en werkgelegenheid 2001). The average respiratory uptake calculated
fromm the inspiratory rate amounted to 20.9 5.0 mg. Urine samples were collected
beforee and after exposure at the following predetermined intervals: 0, 0-4, 4-8, 8-12,
12-166 and 16-24 h.
DermalDermal exposure
Thee second group of six male volunteers were exposed dermally. A bottomless glass
chamberr (area of 40 cm2) was placed on the volar forearm and filled with 8 ml of
dosingg BE solution. To prevent leakage, the glass chamber was pressed onto the
skinn using elastic bands. The concentration of BE in the solution was measured
beforee and after exposure. To avoid any inhalation of solvent vapour during the
applicationn of the solvent, the volunteer was sitting in a ventilated clean-air cabin, and
putt his arm through an opening in the wall of the cabin. The exposure lasted for 4 h.
Bloodd samples were collected over a period of 8 h (16 samples per experiment).
Urinee samples were collected fractionated before and after exposure at the following
predeterminedd intervals: 0, 0-4, 4-8,8-12, 12-16, 16-24, 24-36 and 36-48 h.
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Analyticall methods
Chemicals Chemicals
Acetonee (p.a.), dichloromethane (p.a.), n-hexane (Lichrosolv), hydrochloric acid
(cone,, 37%), methanol (Lichrosolv), potassium carbonate (p.a.) and pyridine were
purchasedd from Merck (The Netherlands). Phenoxyethanol (98%) and ethoxyacetic
acidd
(98%)
were
purchased
from
Aldrich
(The
Netherlands).
Pentafluorobenzoylchloridee (99%) and pentafluorobenzylbromide (> 99%) were
purchasedd from Fluka (The Netherlands). BE (99%) was purchased from Sigma (The
Netherlands)) and BAA from TCI (Japan).
AnalysisAnalysis of BE in plasma
Thee method for the measurement of BE in plasma is extensively described
elsewheree (Jakasa et al. 2004). The method is based on extraction with
dichloromethanee and derivatization with pentafluorobenzoylchloride and electron
capturee detection (ECD). The limit of quantitation (LOQ) of the method was 0.014 mg
L"11 and the coefficient of variation was 7%.
AnalysisAnalysis of BAA in urine
Totall BAA The analytical method for the determination of total BAA was described in
detaill in our previous paper (Jakasa et al. 2004). The analysis was based on acid
hydrolysiss
of
conjugated
BAA,
subsequent
derivatization
with
pentafluorobenzylbromidee (PFBBr) and GC-ECD analysis. The limit ofdetection (LD;
threee times SD of the blank) of the method was 1.0 mg L"1, and the coefficient of
variationn was 14%.
Freee BAA The free BAA was analysed according to the procedure described in detail
elsewheree (Kezic et al. 1997). Shortly, to 100 pi urine, 25 pi ethoxyacetic acid
(internall standard) and 100 pi phosphate buffer (pH = 7) were added. The samples
weree left at 80 C under a slightly reduced pressure (20 mm Hg) to evaporate to
dryness.. After cooling down, 500 pi 5% PFBBr in methanol was added and heated
forr 60 min at 95
. After cooling down, 500 pi water and 500 pi n-hexane were
added.. Samples were vortexed for 1 min and then centrifuged at 12,000 g. The GC
analysiss was identical to that used for the determination of total BAA. The LD of the
methodd was 0.5 mg L"\ and the coefficient of variation was 12%.
Calculations Calculations
Thee elimination half-life time of BAA was obtained from the slope of the curve of the
log-linearr excretion rate versus time data. The half-life was calculated if at least three
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timee points were available. Some of the urine samples were not collected exactly at
thee predetermined time. To calculate the average concentration at a point of time for
alll subjects, point-to-point curves were constructed for each set of individual
excretionn data (concentration versus time) (Graph-Pad Prism). We calculated the
concentrationn of conjugated BAA as the difference between total and free
concentration.. The results are presented as the mean value standard deviation.
Thee ratios between free and total BAA were calculated for each time point, and then
averagedd for six persons. The half-lives of free and conjugated BAA were compared
usingg the paired Student's t test.

Results s
Ass can be seen from Fig 1, the concentration of BE in plasma during inhalation
exposuree increased rapidly. The elimination of absorbed BE from blood after
terminationn of exposure was similarly rapid with a mean half-life of 57 20 min. Two
hourss after exposure, the concentration of BE declined under the limit of the
quantitationn of the method (0.014 mg L"1). The area under the curve for the six
volunteerss was 8.0 2.4 mg min L"1. As calculated from the inhalation concentration
andd the total inspired volume, the inhalation dose amounted to 20.9 5.0 mg.
Afterr dermal exposure, the BE in the plasma was detected in all subjects already in
thee first sample, which was collected at 30 min (Fig 1). An apparent steady state was
observedd in four volunteers and was reached between 2 and 4 h. After termination of
exposure,, BE was rapidly cleared from the blood with an apparent elimination half-life
off 73
10 min. The area under the curve averaged for the six volunteers was
140.00 63.2 mg min L"1. Free and total BAA were detectable in all subjects already in
thee first urine samples, which were collected 4 h after the beginning of exposures.
Afterr inhalation exposure, the maximal excretion of both free and total BAA occurred
inn five volunteers in the first collection period (0-4 h), and in one volunteer during the
secondd collection period (4-8 h). The maximal excretion after dermal exposure was in
thee second (4-8 h) and third (8-12 h) collection intervals. In Fig 2, the average
excretionn of free and total BAA for six volunteers is shown for the creatininecorrectedd concentrations. A similar excretion pattern was obtained for uncorrected
concentrationss expressed as milligrams per litre (Fig 3), and excretion rates (mg/h)
(figuree not shown).
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FigFig 1: The concentrations of BE in plasma during and after inhalation exposure to
9393 mg m~3 for 30 min, and after dermal exposure to BE for 4 h (mean
SD).

Followingg inhalatory exposure, the concentration of free BAA in three volunteers
decreasedd after 12 h under the detection limit of the method (0.5 mg/L) and therefore
noo meaningful half-life could be calculated. The half-life of free BAA in the three other
volunteerss amounted to 3.1 0.7 h. The excretion rate of total BAA decreased with a
half-lifee of 3.4 0.4 h. After dermal exposure, half-lives could be calculated for both
thee free and total BAA in all subjects; they amounted to 3.8
0.4 and 5.1
0.6 h,
respectively.. Since the excretion kinetics of total BAA are the result of the excretion
kineticss of free and conjugated BAA, we calculated also the half-life of conjugated
BAA.. After dermal exposure, this half-life amounted to 5.8
1.0 h, which is higher
thann that of free BAA (p < 0.001).
Followingg inhalatory exposure, the concentration of free BAA in three volunteers
decreasedd after 12 h under the detection limit of the method (0.5 mg/L) and therefore
noo meaningful half-life could be calculated. The half-life of free BAA in the three other
volunteerss amounted to 3.1 0.7 h. The excretion rate of total BAA decreased with a
half-lifee of 3.4
0.4 h. After dermal exposure, half-lives could be calculated for both
thee free and total BAA in all subjects; they amounted to 3.8
0.4 and 5.1
0.6 h,
respectively.. Since the excretion kinetics of total BAA are the result of the excretion
kineticss of free and conjugated BAA, we calculated also the half-life of conjugated
BAA.. After dermal exposure, this half-life amounted to 5.8
1.0 h, which is higher
thann that of free BAA (p < 0.001).
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FigFig 2: Creatinine-corrected concentrations of free and total BAA after inhalation and
dermaldermal exposure to BE (mean + SD).

Afterr inhalatory exposure, 56
2 1 % of the total 24-h excretion of BAA was in the
formm of conjugate. After dermal exposure, the percentage of conjugated BAA in the
cumulativee 48-h excretion was 58 14%. The proportion of free and conjugated BAA
inn total excretion changed with time (Figs. 3 and 4). Following dermal exposure, the
lowestt proportion of conjugated BAA was found in the urine sample collected
immediatelyy after the exposure (45 30%), increasing to 92 2% at 48 h after start
off exposure (Fig. 4).
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FigFig 3: The concentrations of free and conjugated BAA in urine following
andand dermal exposure to BE (mean SD).
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Ass presented in Fig 4, the interindividual variation in the extent of conjugation is
substantiall at any given time of collection. In one subject from the inhalatory exposed
group,, the relative excretion of the conjugated BAA was very high (92 - 100%) in all
collectedd urine samples. On the other hand, in three urine samples-this time from
differentt individuals-BAA was exclusively excreted in its free form.
Ass originally the purpose of this study was to estimate dermal absorption, the data on
cumulativee BAA excretion were used to calculate the average dermal flux. The 24-h
cumulativee urinary excretion of free and total BAA following a 30-min inhalation
exposuree amounted to 5.5
2.7 and 12.8
4.0 mg. After dermal exposure
147.11 61.0 mg of free and 346 52 mg of total BAA, respectively, were excreted in
urinee up to 48 h after the onset of exposure. The dermally absorbed amount was
calculatedd from the ratio between the cumulative excretion of BAA after dermal and
inhalationn exposures, multiplied by the inhalation dose (20.9 5.0 mg). The absorbed
amountt calculated using free and total BAA amounted to 568 and 566 mg,
respectively.. By dividing the absorbed amount by a skin exposure area of 40 cm2 and
exposuree duration of 4 h, average fluxes of 3.5 0.5 and of 3.5 1.4 mg cm"2 h"1
weree calculated using the excretion of total and free BAA, respectively. The skin flux
thatt we calculated from the blood BE data (AUC) was somewhat lower (although not
aa statistically significant difference) and amounted to 2.4 0.8 mg cm"2 h"1.
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FigFig 4: The ratios of free and total BAA following inhalation and dermal exposure to
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Forr the purpose of biological monitoring, the measurement of free BAA in the postshiftt urine has been proposed. The concentration of free and total BAA in the postshiftt urine after inhalatory exposure were 8.6
4.8 and 12.9
4.2 mmol/mol
creatinine,, respectively. Following dermal exposure, the respective concentrations
amountedd to 122 45 and 265 88 mmol/mol creatinine.

Discussion n
Inn the previous report on dermal absorption of BE we showed that the aqueous
solutionn of BE is readily absorbed through the skin (Jakasa et al. 2004). Since BE is
mainlyy used as a water-based mixture, even brief skin contact could result in
substantiall absorption. This clearly justifies the skin notation for BE and indicates BM
ass a preferable approach for exposure risk assessment. Urinary BAA was proposed
ass the most suitable marker for BM. In Germany (BAT; see DFG 2003) and the
Unitedd Kingdom (Biological Guidance Values; see HSE 2002), the biological
exposuree limits were established at 100 mg/l urine (which corresponds to about 86
mmol/moll creatinine) and 240 mmol/mol creatinine, respectively (DFG 2003; HSE
2002).. The guidelines propose the measurement of the free BAA in the postshift
urine.. However, due to big interindividual differences in excretion and the poor
correlationn between exposure levels and BAA values, the usefulness of BAA as a
biologicall indicator of exposure has been questioned in earlier studies (Angerer et al.
1990;; Goen et al. 2002; Johanson et al. 1988). As one of the possible reasons for the
interindividuall differences, the variation in the extent of the conjugation of BAA has
beenn put forward (Corley et a/. 1997; Jones and Cocker 2003; Rettenmeir et al. 1993;
Sakaiefa/.. 1994).
Ourr study confirms recent reports that urinary BAA is extensively conjugated, and
thatt the extent of conjugation is highly variable between individuals. After inhalatory
exposuree with an absorbed amount of BE of 20.9 5.0 mg, 55 21% of the total
excretionn of BAA was in the form of conjugate. After dermal exposure with a much
higherr absorbed amount of BE (567 mg) nearly the same proportion (58 14%) of
conjugatedd BAA was found. The extent of conjugation is comparable to the results of
Corleyy et al. (1997), who reported the proportion of conjugated BAA following a 2-h
inhalationn exposure to be 67 9%. The interindividual variation in conjugation was
higherr in single urine samples. After inhalation, the proportion of conjugated BAA in
thee first postexposure sample amounted to 46 33% (CV 72%). Following dermal
exposure,, that percentage of conjugated BAA in the first postexposure urine was 45
26% (CV 58%). In the post-shift urines of workers
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occupationallyy exposed to BE, various ratios of conjugated BAA were found by
differentt authors. Jones and Cocker (2003) reported the value of 57% (95% CI, 44 70%),, Rettenmeier et al. (1993) 48% (range 16 - 64%), and Sakai et al. (1994) 71%
(rangee 44 - 92%). Our results show that the proportion of the conjugated fraction is
dependentt on the sampling time - that is the time that passed from the beginning of
exposure.. After dermal exposure, the lowest proportion of conjugated BAA
(455 30%) was found in the urines collected immediately after exposure, increasing
inn time to 92 2% 48 h after the onset of exposure. This is consistent with the longer
half-lifee of conjugated BAA in comparison to free BAA we found after dermal
exposuree (5.8 1.0 and 3.8 0.35 h, respectively). The half-life of total BAA, which is
actuallyy the result of respective half-lives of free and conjugated BAA, amounted to
5.11 0.5 h. The slower elimination of conjugated BAA in comparison to free BAA we
foundd is in agreement with the results of Sakai et al. (1994). In workers exposed to
BE,, they found that the accumulation of free BAA during the work week was relatively
smalll in comparison with that of the conjugated form. On the other hand, Jones and
Cockerr (2003) reported similar half-lives for free and total BAA (5.9
1.9 and
6.11 2.4 h, respectively).
Thee maximal concentrations of BAA were measured in the first postexposure urines:
forr example, after a 30- min inhalation exposure in the urines collected 0-4 h, and
afterr 4-h dermal exposure in the urines collected 4-8 h. The elimination kinetics of
BAAA in this study were consistent with two other studies (Johanson et al. 1986;
Johansonn and Boman (1991). In a 2-hr inhalation exposure, Johanson et al. (1986)
foundd a maximal excretion of free BAA after between 2 and 10 h. In the second
study,, of Johanson and Boman, involving 2-h dermal exposure, the peak excretion
occurredd after 5 h (Johanson and Boman 1991). However, Jones and Cocker (2003)
foundd the maximum excretion 6-12 h after the end of a 2-h inhalation exposure.
Interestingly,, they found a second maximum at 12 h postexposure time. In our study,
aa smooth regular decay in the concentrations and excretion rates was observed.
Ass pointed out earlier, the use of BAA as an exposure indicator has been questioned
duee to high interindividual differences in excretion. In the present study, the
interindividuall coefficient of variation in the cumulative excretion after inhalation
exposuree was higher when free BAA was used (49%) than when calculated using
totall BAA (31%). Also, Jones and Cocker (2003) found in an experimental inhalation
studyy a reduced variation when total excretion was used (fivefold and twofold
variationn for the excretion of free and total BAA, respectively). Also, after dermal
exposuree we found that the coefficient of variation of the cumulative excretion of total
BAAA was lower than that of free BAA (15% and 41%, respectively). This is in
agreementt with the respective values of 14% and 35% reported in a dermal study by
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CorleyCorley et al. (1997). By contrast, Johanson et al. reported very high variations
(excretionn of BAA ranged from 8.7 to 313 |jmol) after dermal exposure to neat BE;
however,, he determined only the free BAA (Johanson et al. 1988). The interindividual
variationn in the excretion of BAA in single urine samples was similar to that in
cumulativee urine samples. In the first postexposure urine after inhalatory exposure,
thee coefficients of variations were 56% and 33% for free and total BAA, respectively.
Also,, after dermal exposure the variation was higher for free BAA (37%) in
comparisonn to total BAA (33%).
Itt is obvious that considerable variation in the conjugation may account in large part
forr the interindividual differences in the excretion of BAA reported in the earlier
studies.. In the present study, consistent with the findings of Jones and Cocker
(2003),, the degree of conjugation in the single urines varied nearly from 0 to 100%.
Inn one subject, BAA was excreted almost exclusively (92 - 100%) in the conjugated
formm in all collected urines. On the other hand, we had no indication for the existence
off two subgroups, that is fast versus slow conjugators or nonconjugators, in the
sensee that it is used in the literature for fast and slow acetylators. Although in three
(outt of 66) urine samples, BAA was excreted almost completely in the free form,
thesee urine samples were from different individuals, and all of them were sampled
immediatelyy after the end of exposure. Jones and Cocker (2003) suggested that
conjugationn might be activated above a certain concentration level (above 50 mmol
mol"11 creatinine). By contrast, Rettenmeier et al. (1993) suggested saturation of the
conjugationn at higher doses. Our data do not support either of these assumptions, we
foundd the same extent of conjugation following inhalation and dermal exposure,
althoughh the systemic absorption resulting from these exposures differed more than
300 times.
Thee concentration of BAA in urine is of particular importance for biological monitoring
off occupational exposure to BE. Firstly, BAA is believed to be responsible for toxic
effectss resulting from haemolysis of red blood cells (Ghanayen and Sullivan 1993).
Secondly,, being the main metabolite, BAA is a logical candidate for a biological
indicatorr of exposure to BE. In this study, we used the excretion of BAA as a
biologicall indicator of the internal dose to assess the dermal uptake. Using
cumulativee excretion of BAA after dermal and reference inhalation exposure, we
estimatedd the average flux of BE through the skin. Nearly the same fluxes of 3.5
5
andd of 3.5 1.4 mg cm"2 h"1 were calculated by using the excretion of total and free
BAA,, respectively.
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Whenn using the BE blood data, a skin flux of 2.4 0.8 mg cm" 2 h"1 was found. These
dermall fluxes were higher than the values of 1.34 and 0.92 mg cm"2 h'1 calculated
fromm urine excretion of total BAA and blood BE values, respectively, in a study of
Jakasaa et al. (2004). The reason for this difference could be elastic bands that were
usedd in the present study to fix the chamber onto the skin and prevent leakage. This
mightt cause the stretching of the skin which might lead to higher penetration.
Thee results of the present study show that the cumulative excretion of BAA is a good
indicatorr for the assessment of exposure to BE: the average skin fluxes were in
agreementt with those estimated from the BE blood data, with similar interindividual
variability.. As put forward by Jones and Cocker (2003), urinary BAA as a biomarker
off exposure has different advantages over measurement of blood BE concentrations.
Urinee sampling is noninvasive, and the concentration of BAA in urine is higher than
thatt of BE in blood, enabling more sensitive analyses. Furthermore, as shown by
Corleyy et al. (1997), blood sampling can be confounded by locally high
concentrationss of BE.
Inn conclusion, this study reveals high intraindividual and interindividual variation in
conjugationn of BAA varying from nearly 0 to 100% of the total excretion. It is obvious
thatt the use of free BAA will lead to an erroneous estimation of the internal
absorption.. Therefore, total BAA as a biomarker of exposure is superior to free BAA.
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Abstract t
Wee developed a sensitive method for determination of polyethylene glycols (PEGs)
off different molecular weight (MW) in the human stratum corneum (SC) obtained by
tapee stripping. The analysis is based on derivatization with pentafluoropropionic
anhydridee (PFPA) and gas chromatography-electron capture detection (GC-ECD).
Thee identification and quantification of PEGs was done using individual oligomers.
Thee method showed to be suitable for studying permeability in normal and impaired
skinn with respect to MW in the range of 150-600 Da.
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1.. Introduction
Penetrationn of chemicals into the body is primarily prevented by the outermost layer
off the epidermis, the stratum corneum (SC). The molecular weight (MW) plays a
significantt roll in the percutaneous penetration of chemicals. The MW cut-off for
normall skin has been reported to be approximately 500 Da [1]. However, it has been
shownn recently that in the compromised skin, this cut-off is shifted to higher MW [2]
andd [3]. As a result, the impaired skin barrier enables the entering of
macromolecules,, e.g. protein allergens leading to physiological effects. Since such
compromisedd skin is common due to chemical or physical damage as well as in
diseasedd skin, an evaluation of increased permeability is important. For studying the
permeabilityy of the healthy and affected skin, polyethylene glycols (PEGs) are
suitablee model compounds. PEGs have been extensively used in research of
intestinall permeability since their introduction by Chadwick et al. [4-7]. They are
availablee in a wide range of MW and their water/octanol partitioning (P0/w) coefficient
doess not change greatly with molecular mass [8]. Due to low toxicity, they are used in
manyy fields of cosmetic, chemical and pharmaceutical industries.
Forr the determination of PEGs in biological material, several high-performance liquid
chromatographicc (HPLC) and gas chromatographic (GC) methods have been
describedd [4, 9-16]. The majority of the HPLC methods are based on refractive index
detection.. However, the HPLC methods were primarily developed for the analysis of
PEGss in urine or blood and could not be applied in the present study due to their low
sensitivity.. Higher sensitivity was reported in the GC methods which were based on
derivatizationn of hydroxy groups followed by gas chromatography-electron capture
detectionn (GC-ECD) [9]. Derivatization with different reagents such as acetic acid
anhydride,, trifluoroacetic acid (TFAA), pentafluoropropionic anhydride (PFPA) and
heptafluorobutyricc anhydride (HFBA) was investigated. However, the major problem
inn these procedures was a poor stability of the derivatives [4-5, 9,16].
Inn all reported methods, polydisperse mixtures containing PEGs of different MW were
usedd and the identification and quantification of the PEG was performed only
indirectly.. Recently, PEGs are also available as individual monodisperse oligomers,
whichh enabled us to validate the method. We developed a sensitive GC method for
quantificationn of PEG oligomers of different MW in human SC. The method was
appliedd for studying the differences in percutaneous penetration between normal and
impairedd skin.
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2.. Experimental
2.1.2.1. Chemicals and materials
PEGG 150.17 Da (PEG150) was purchased from Sigma, The Netherlands and PEG
282.344 Da (PEG282) was purchased from Acros Organics, NY, USA. PEGs
326.44 Da (PEG326), 370.4 Da (PEG370), 502.6 Da (PEG502), 546.7 Da (PEG546)
andd 590.7 Da (PEG590) (all oligomers have chemical purity >99%, and oligomer
purityy >95%) were purchased from PolyPure, Norway. Polydisperse PEG600
(averagee MW) was purchased from Sigma, The Netherlands. Pentafluoropropionic
anhydridee and sodium lauryl sulfate (SLS) (>99% GC) were purchased from Fluka,
Thee Netherlands and (1S,2S)-(-)-phenylpropylene oxide (PPO) (98%, GLC) was
purchasedd from Aldrich, USA. Dichloromethane (p.a.), ethyl acetate (p.a.), n-hexane
(Unisolv),, hydrochloric acid (37%, p.a.), methanol (Lichrosolv), sodium hydroxide
(p.a.)) and sulphuric acid were purchased from Merck (The Netherlands). Pyridine
wass purchased from Alltech, The Netherlands. Bio-Rad protein assay (Cat. No. 5000112)) was purchased from Bio-Rad Laboratories (Germany). Diamond Ultra Clear
tapee (19 mm * 33 m) was purchased from Sellotape® Company, The Netherlands
andd Finn chambers® (18 mm in diameter) were purchased from Epitest Ltd., Finland.
2.2.2.2. Percutaneous penetration study
Thee volunteers were Caucasians of both genders aged 18-55 years (n = 20) and had
noo visible skin damage and no history of dermatological diseases. The subjects
participatingg in the study were asked not to use lotion, cream or soap on the lower
armm 3 days prior to and during the experiment. Written informed consent was
obtainedd from all subjects prior to the experiment. The Ethical Committee of the
Academicc Medical Center approved the experiment protocol.
Ann application mixture of PEG was made by dissolving 47.5 mg PEG150, 50.1 mg
PEG282,, 102.9 mg PEG326, 199.1 mg PEG370, and 10 g of polydisperse PEG600
inn 2 ml of water. One hundred and eighty microliters of the mixture was spread onto
thee filter paper in the Finn Patch test chamber®. After the whole amount of the
mixturee was absorbed, two chambers were applied for 6 h onto the lower volar
forearmm of the volunteers. Two other chambers containing the application mixture
weree applied onto the skin site pre-treated with SLS. The treatment with SLS was
performedd 24 h before the application of PEG. This was done by applying 200 pi of
5%% (w/w) water solution of SLS for 4 h. Immediately after the removal of the
chambers,, the residue of the PEGs on the skin was gently wiped off with wet and,
subsequently,, dry paper tissue. Medical adhesive tape with a round marked area of
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188 mm in diameter was fixed around the application site to ensure that the tapes
weree consistently applied to the same site. Fifteen minutes after the end of exposure,
thee SC was repeatedly stripped with precut Diamond tape pieces, i.e. strips. Prior to
thee experiment, the tape was mounted on a glossy side of a commercially available
paperr sheet and cut to the size of 1.9 cm * 2.0 cm. The tape was applied with
tweezerss to the test site and rolled over 20 times with a 1 kg stainless steel roller.
Thee tapes were peeled off with one quick movement multidirectionally. Each skin site
wass striped 15-25 times until the SC was totally removed as observed by the shiny
appearancee of the skin and by measuring transepidermal water loss (TEWL) using
portablee VapoMeter (Delfin Technologies Ltd., Finland). Each subsequent tape was
placedd into a 20-ml glass vial and stored at -18 C until analysis. For the calibration
linee and quality control (QC) samples, tape strips containing non-exposed SC of a
volunteerr were used (blank samples).
2.3.2.3. Analysis ofPEGs
2.3.1.2.3.1. Calibration samples
Thee stock standard solution was prepared by dissolving 9.5 mg PEG150, 32.9 mg
PEG282,, 49.5 mg PEG326, 63.2 mg PEG370, 289.0 mg PEG502, 455.1 mg
PEG5466 and 871.6 mg PEG590 in 10 ml of distilled water. A working standard
solutionn of PEGs was prepared by diluting 40 pi of stock solution with 20 ml of
methanol.. The calibration standards were prepared by adding 10-160 pi of the
workingg standard to the 500 pi methanol solution of the blank samples. For internal
standardization,, 10 pi of the working standard of (1S,2S)-(-)-phenylpropylene glycol
(PPG)) in ethyl acetate was added. The concentration of PEGs in the SC was
calculatedd by internal standardization using peak height measurements. All samples
weree analyzed in duplicates. Since PPG was not commercially available, it was
synthesizedd by acid-catalyzed hydrolysis of PPO as described previously [17].
2.3.2.2.3.2. Extraction and derivatization
Twoo milliliters of methanol was added to the glass vials containing tape strips and
theyy were mechanically shaken for 1 h. Five hundred microliters of aliquot of the
methanoll phase was transferred to 4 ml vials. Ten microliters of PPG as internal
standardd (IS) was added. The methanol aliquots were evaporated to dryness.
Too each sample, 500 pi of dichloromethane, 20 pi of pyridine and 20 pi of PFPA were
added.. The reaction mixture© were heated at 70
5 qC for 30 min. After cooling
downn to room temperature the samples were evaporated and the residue was
dissolvedd in 1 ml of n-hexane to which 15 pi of pyridine was added. Samples were
vortexedd for 1 min and transferred to safe-lock tubes, which were centrifuged for
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15-300 s (11 860 x g) prior to the GC-ECD analysis. The samples were analyzed
duringg a time period of 14 h.
2.3.3.2.3.3. GOECD analysis
Thee GC-ECD analysis was carried out with a Hewlett-Packard 5890 GC (HewlettPackard,, USA) equipped with a 63Ni ECD. The column was HP-1 (25 m x 0.32 mm,
0.177 urn film thickness, Agilent technologies, USA). The initial column temperature
wass 60 C and the temperature was increased after 6 min to 150 C at 15 C min -1
andd then programmed at 30 C min"1 to 340 C where it was held for 4 min. The
injectorr and detector temperature was 350 C and the column head pressure was
1100 kPa. The sample (1 pi) was injected by the split injection technique (split ratio
1:40).. The deactivated cup inlet liner suitable for split injection of high MW
compoundss (Cat. No. 20510) was purchased from Supelco, USA.
2.3.4.2.3.4. Determination of the stability of PFPA derivatives
Too determine the stability of PEG derivatives, a standard SC sample was prepared
byy adding 80 pi of working standard (see Section 2.3.1) to 500 pi methanol solution
off the blank samples. After extraction and derivatization (see Section 2.3.2), the
hexanee layer was distributed into the auto sampler vials and repeatedly injected into
thee GC-ECD during 14 h.
2.3.5.. Recovery and precision
Too determine the recovery, seven blank tape strips containing SC were placed into
20-ml20-ml glass vials and spiked with a working standard solution (see Section 2.3.1).
Thee SC tape strips were dry within 1 h and thereafter analyzed according to the
proceduree (see Section 2.3.2). The same amount of the working standard solution
wass directly added to seven glass vials containing 2 ml methanol (100% recovery).
Thee samples were then analyzed according to the standard procedure (see Section
2.3.2).. The extraction recovery from the tape strips was determined by comparing the
peakk height ratios of standards not extracted with those of standards extracted from
thee tape strips. The repeatability (within-run precision) and reproducibility (betweenrunn precision) of the method were determined by analysis of seven SC strips spiked
att two and one concentration levels, respectively.
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2.4.2.4. Protein analysis in the tape strip
Thee protein analysis was used to measure the amount of the SC removed by each
tapee strip, and to assess the depth of the consecutive SC strip [18] and [19].
Thee methanol residue containing tape strip with precipitated proteins on it after PEG
analysiss was evaporated. One milliliter of 1 M NaOH was added to the strip and the
vialss were shaken for 2 h. The samples were left at room temperature overnight and
thee next day they were shaken for 2 h one more time. One milliliter of 1 M HCI was
addedd to the vials to neutralize the basic solution. The protein assay was based on
thee modified method of Dreher et al. and performed according to Bio-Rad DC protein
microassayy using commercially available bovine serum albumin (BSA) for
standardizationn [20] and [21]. Absorbance at 655 nm was measured using the BioRadd 680 microplate reader (Bio-Rad, USA).

3.. Results and discussion
3.1.3.1. Derivatization of the hydroxy groups with PFPA
Too enable sensitive ECD detection and improve chromatographic performance,
hydroxyy groups were acylated with PFPA. In a pilot study, we investigated the
optimall temperature and time duration for the derivatization. As concluded from the
peakk heights of formed derivatives, the derivatization performed at 70 C was
completedd within 30 min. The addition of pyridine as an acid scavenger improved the
derivatization;; the absolute peak heights of the derivatives were higher for a factor of
100 when pyridine was added. Higher amounts of pyridine did not lead to a further
increasee in peak heights. Also, the stability of the derivatives was improved by
additionn of pyridine. The deterioration of the derivatives for all oligomers during a
periodd of 14 h was limited and within the error of the method (Fig 1), except for
oligomerr with MW of 590 Da, for which the loss was somewhat higher (up to 15%
withinn 14 h). The stability of the derivatives was better than that reported in the study
off Fakt and Ervik [9]. They also used PFPA for acylation of polydisperse PEG400
reportingg gradual deterioration of derivatives after only 1 h. After 24 h, the percentage
off initial concentration in that study was about 60%. It was inconclusive from the
articlee if all oligomers in PEG400 were investigated or just the highest peak in the
mixture,, which corresponded to MW of 326.4 Da. In their procedure, they used
toluenee as a solvent with no addition of pyridine.
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FigFig 1: Stability of PEG derivatives expressed as percentage of initial concentration.
3.2.3.2. Chromatography
Figg 2 shows chromatograms of blank SC sample, blank SC sample spiked with
mixturee of individual oligomers and SC sample of a volunteer exposed to PEGs (fifth
strip).. As can be seen, good separation of all oligomers was achieved. In a pilot
study,, we investigated chromatographic performance using an identical column with
aa thicker stationary phase film (0.52 urn). However, the peaks of PEGs, especially
thosee of higher MW, showed more peak tailing on that column. As concluded from
thee peak heights of the oligomers, we did not observe any deterioration of the
polymerss at high injector and column temperature (350 and 340 , respectively).
Thiss is consistent with the findings of Onigbinde et al., who also reported stability of
thee PEGs at the temperature of 330 C [22]. The blank sample showed no major
interferingg peaks except for PEG282 and PEG590, although for these oligomers
reproduciblee results were obtained (Table 1).
3.3.3.3. Identification and quantification of oligomers
Identificationn of oligomers in the application mixture and in the SC samples was
achievedd by direct comparison with individual oligomer standards which were
analyzedd under the same chromatographic conditions. This is in contrast with the
previouss studies, where the identification of the oligomers in the polydisperse
mixturess was performed only indirectly [2-5, 9, 11, 14-15]. In most of these studies,
thee identification of the PEG oligomers in the chromatogram was done by the
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FigFig 2: Representative GC-ECD chromatograms of: (a) blank SC sample; (b) blank
SCSC sample spiked with standard solution of individual PEG oligomers; and (c) SC
samplesample obtained from a volunteer exposed to PEGs for 4 h at a skin site pre-treated
withwith SLS (fifth strip).
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comparisonn of the retention time with that of a smaller individual oligomer <di-, tri- or
tetraethylenee glycol) which was available as a pure chemical [11, 14-15]. From this,
thee other oligomers were identified by sequential counting of the peaks. Another
approachh was to assign a MW closest to the average MW of the polymer to the
highestt peak in the chromatogram [2-3]. The standardization of these methods was
alsoo performed indirectly. The amount of each oligomer in the mixture was assessed
fromm the relative peak areas, assuming equal detector response for oligomers of
differentt MW. Under the assumption that the polydisperse mixture contained no
impuritiess and that all oligomers in the mixture could be quantified from the
chromatogram,, this approach is less critical by HPLC methods. However, by GC
methods,, due to possible discrimination in the injector that might occur for higher MW
compounds,, the peak area might not be proportional to the mass fraction in the
polydispersee mixture. In the study of Fakt and Ervik, the highest peak in a GC
chromatogramm of polydisperse PEG400 was reported to correspond to MW of 326 Da
[9]. .
However,, as confirmed by gel permeation chromatography, mass spectrometry and
HPLC,, in the polydisperse PEG400, PEG370 and PEG414 have the highest mass
fractionn [11, 13]. This clearly illustrates the advantage of using individual oligomers
forr the standardization of the method.
3.4.3.4. Extraction recovery
Thee results of extraction recovery of PEG oligomers from the tape are summarized in
Tablee 1. Recoveries ranged from 88 to 97% and seemed not to be dependent on MW
off oligomers. This is in contrast with the study of Ruddy and Hadzija, who reported
recoveryy dependence on MW [11]. The recoveries in that study were found to
increasee with increasing MW ranging from 18 to 86% for PEG282 and PEG590,
respectively.. In that study, PEGs were isolated and purified by solid-phase extraction
usingg large pore kieselguhr (Extrelut QE) cartridges.
3.5.3.5. Linearity
Too determine the linearity of the assay the standard samples prepared as described
inn Section 2.3.1 (concentration ranges are reported in Table 1) were analyzed on
sevenn different days. The regression analysis was performed using the least square
method.. The ratios of the peak heights of individual oligomers of PEGs versus IS
weree linearly related to the oligomer concentrations within the range of
concentrationss studied. The correlation coefficients (R) of the calibration curves
rangedd from 0.9909 to 0.9942.
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Tablee 1. Analytical parameters of GC-ECD assay of PEG oligomers in human SC
(CV=coefficientt of variation, LOD=limit of detection, LOQ=limit of quantitation)

NN
Linearr range
(ugg cm'2)

PEG G
150 0

PEG G
282 2

PEG G PEG G PEG G
502 2
370 0
326 6

PEG G PEG G
590 0
546 6

7 7 0.026-0.42 2 0.09-1.5 50.14-2.2 20.2-2.8 8 0.8-13 3 1.3-20 0 2.4-38 8
0.007 7

0.013 3

0.014 4 0.003 3 0.051 1 0.031 1 0.082 2

LOQQ (ug cm" ) 7 7
Repeatability y
(CVV %)
77
Concentration n
levell (ug cm"2)
Repeatability y
(CVV %)
77
Concentration n
levell (ug cm"2)
Reproducibility y
(CVV %)
55
Concentration n
levell (ug cm"2)

0.024 4

0.042 2

0.046 6 0.011 1 0.169 9 0.104 4 0.272 2

6.8 8

6.9 9

7.3 3

8.7 7

6.5 5

7.2 2

9.6 6

0.21 1

0.72 2

1.2 2

1.6 6

6.4 4

10.4 4

19.2 2

5.2 2

9.9 9

9.3 3

7.8 8

6.2 2

7.0 0

8.5 5

0.05 5

0.18 8

0.3 3

0.4 4

1.6 6

2.6 6

4.8 8

3.2 2

9.3 3

10.7 7

10.8 8

9.5 5

10.1 1

12.8 8

0.21 1

0.72 2

1.09 9

1.39 9

6.35 5

10.01 1 19.16 6

Recoveryy (%)
Concentration n 7 7
II level (ug cm'2)

94 4

88 8

93 3

97 7

96 6

96 6

93 3

0.21 1

0.72 2

1.2 2

1.6 6

6.4 4

10.4 4

19.2 2

LODD (ug cm"2) 7 7
2

3.6.3.6. Precision and limit of detection and quantitation
Thee limit of detection (LOD) was defined as three times the standard deviation (S.D.)
obtainedd by repeated analysis of seven blank samples. The lower limit of quantitation
(LLOQ)) defined as the lowest standard on the calibration curve ranged from
0.0266 ug cm"2 for PEG150 to 2.4 ug cm -2 for PEG590 (Table 1). As estimated from
thee injected amount of PEG that corresponds to the LLOQ, our method was much
moree sensitive than the existing GC method of Fakt and Ervik (0.4 and 16 ng,
respectively)) [9].
Thee coefficient of variation (CV) for all oligomers was less than 10% for repeatability
andd 13% for reproducibility. The results are summarized in Table 1.
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3.7.3.7. Skin penetration study

Thee concentration of PEG oligomers was determined in the SC tape strips of the
normall skin and in the skin after acute disruption by SLS. The amount of PEG
oligomersoligomers in a subsequent strip normalized for the applied concentration was plotte
ass a function of the SC depth. This relationship was used for the estimation of the
penetrationn parameters using the approach based on Fick's second law of diffusion
describedd in details elsewhere [19]. Fig 3a-c illustrates the effect of SLS on the
penetrationn of PEG 150, PEG370 and PEG590 in a volunteer. The penetration of all
PEGG oligomers into the SC was enhanced in the skin impaired by SLS. Furthermore,
thee penetration enhancement was more prominent for PEGs with higher MW, which
iss in agreement with in vitro study in murine skin of Tsai et al. [3]. The results of this
studyy will be published elsewhere.
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TheThe relative SC depth was calculated from the ratio of the SC mass removed till i-th
tapetape strip and the total SC mass removed by all tape strips.
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4.. Conclusions
Ourr method, using individual oligomers, has proper identification, quantification and
highh sensitivity. The described method of extraction of the PEG oligomers with
differentt MW from tape strips was fast and efficient showing no recovery dependence
onn MW. The derivatization procedure produced sufficiently stable derivatives for the
analyticall purpose. The method proved to be suitable for studying percutaneous
penetrationn of PEGs with MW in the range from 150 to 600 Da in normal and
impairedskin. .
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Percutaneouss penetration of sodium lauryl sulphate is increased in
uninvolvedd skin of atopic dermatitis patients compared to control
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Abstract t
Background:: Involved regions of the skin in atopic dermatitis (AD) patients have
beenn shown to have higher trans-epidermal water loss (TEWL) indicating
compromisedd skin barrier. Whether also uninvolved skin has diminished barrier is
controversial. .
Objectives:: To study the penetration of sodium lauryl sulphate (SLS) into uninvolved
skinn of AD patients compared to the skin of control subjects.
Methods:: The percutaneous penetration was assessed using the tape stripping
techniquee of the stratum corneum (SC). Twenty AD patients and 20 healthy subjects
weree exposed to 1% SLS for four hours on mid volar forearm. After the end of
exposuree the SC was removed by adhesive tape. In each consecutive strip, the
amountt of SLS was determined. Using Fick's second law of diffusion, diffusivity and
partitionn coefficient of SLS between water and SC were deduced.
Results:: The SC thickness was similar in both groups; however the TEWL was
higherr in AD patients compared to that of the control group (8.4 4.3 and 6.3 2.1
gg m2 h~\ respectively). There was a correlation between SC thickness and TEWL in
controll subjects but no correlation was found in AD patients. The diffusivity of SLS
throughh uninvolved AD skin was higher compared to normal skin (12.7 5.8 x 10"9
andd 6.1 3.1 x 10"9 cm2 h"1, respectively) while the partition coefficient between SC
andd water was lower (137 64 and 193 101, respectively).
Conclusion:: The results show different penetration profile of SLS into the SC of AD
patientss compared to control subjects. This indicates that even non-involved skin in
ADD patients has altered barrier emphasizing importance of skin protection and
preventionn of skin contact with chemicals.
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Introduction n
Atopicc dermatitis (AD) is a chronic inflammatory skin disease associated with
cutaneouss hyperactivity to environmental agents and is characterized by pruritic
lesionss with dryness and typical distribution and morphology. The affected regions of
thee skin in AD patients show higher trans-epidermal water loss (TEWL) in
comparisonn to the normal skin, in other words, lower capacity to hold water1. Higher
permeabilityy of affected skin was shown also for theophylline2 and polyethylene
glycolss (Jakasa et al., manuscript in preparation). The literature data concerning
permeabilityy of uninvolved AD skin is contradictory. Some authors reported higher
TEWLL in patients with AD history13"8 while others found no difference in comparison
too normal skin5;9"12. In several studies it was suggested that the higher susceptibility
too irritation in AD patients6;1011:13 might partly be explained by higher skin
permeability14.. Increased susceptibility of AD patients to irritation induced by sodium
lauryll sulphate (SLS) was shown both in involved and uninvolved AD skin6. Impaired
skinn barrier in AD has often connected to the different lipid composition and structure
off atopic skin. Previous studies have demonstrated that barrier impairment coincides
withh alterations in the amount and composition of stratum corneum (SC) ceramides in
ADD skin515"16. In involved as well as in uninvolved skin of AD patients reduced
ceramidee content and decreased percentages of Cer1 and Cer3 were reported.5,15"
Inn contrast to this, Matsumoto ef a/.18 found that the reduction of Cer 1 is restricted to
thee involved AD skin and is not extended to uninvolved area, which is consistent with
dataa of Farwanah et a/.19
Thee question whether the barrier function in uninvolved skin in AD patients is
compromisedd as compared to control skin is still open. In the present study we
investigatedd the penetration of SLS into the SC of uninvolved skin of AD patients and
intoo the SC of the skin of control subjects. SLS is a common ingredient of soaps and
cosmeticc products and atopic persons are known to be sensitive to these. In addition,
inn a previous study we have shown that atopic persons, although with no history of
AD,, appeared to have higher skin diffusibility and to be more susceptible to SLS
irritationn than non-atopic subjects.14

Subjectss and methods
StudyStudy population
Twentyy AD patients, 12 male and 8 female, mean age 29 years (range 18-54 years)
andd 20 healthy subjects, 11 male and 9 female, mean age 32 years (range 18-55
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years),, all Caucasians participated in the study. The study was carried out in June
andd July 2004.
ADD patients were recruited from the outpatient clinic of the Academic Medical Center
andd diagnosed according to Hanifin & Rajka criteria.20 We excluded patients that had
receivedd systemic therapy, such as corticosteroids and immunosuppressants, or
photo-therapyy in the past two years. Subjects with concomitant ichthyosis vulgaris
weree excluded. The test sites, both mid volar arms were free of dermatitis for at least
33 months prior to the experiment. The total eczema area and severity index21 (EASI,
thee maximum is 72 points) was assessed in AD patients. The severity of the disease
wass mild in all patients and the median EASI score was 1.7 (ranging from 0.2 to
22.8).. Twelve patients had active AD (pruritic lesions) and eight had inactive AD (free
off dermatitis for at least 3 months, at the time showing only mild signs: scars, scaling,
licheniftcationn or dry skin) on body parts other than test sites.
Controll subjects had no visible skin damage and no history of past or present AD and
otherr dermatological diseases.
Alll subjects completed the Erlangen questionnaire from which an Atopy Score22 (the
maximumm is 34 points and having a score > 10 is considered as atopy) was derived.
ADD patients and control subjects had a score of 17.4
6.6 and 3.0
2.4
(meann SD), respectively.
Participantss were not allowed to use soap, moisturizers or any other cosmetics and
creamscreams on the lower mid volar arms 48 hours prior to and during the experiments.
Writtenn informed consent was obtained from all subjects prior to the experiment.
Thee Medical Ethical Committee of the Academic Medical Center, University of
Amsterdamm approved the experimental protocol.
PenetrationPenetration experiment
Thee subjects were exposed for four hours on both volar arms to 1% SLS in water
(2000 uL, 2 99% purity, Fluka, Buchs, Switzerland) using patch test chambers(Finn
chambers®,, 18 mm in diameter, Epitest Ltd., Finland). Before application and after
patchh removal, TEWL was measured on application sites. TEWL was measured with
ann Evaporimeter (VapoMeter SWL2g, Delfin Technologies, Ltd., Kuopio, Finland).
Thee measurement was described in detail elsewhere23. Twenty minutes prior to the
measurements,, the subjects rested with their sleeves rolled-up in the examination
room,, where temperature was 20-22 C and relative humidity ranged between 50 and
60%.. Fifteen minutes after the end of exposure the SC layers were sequentially
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removedd with pre-cut Diamond tape pieces, 19 x 25 mm (Diamond Ultra Clear tape,
Thee Sellotape® Company, the Netherlands). Templates of Scanpor® tape were fixed
onn the skin around application spot to limit the tape stripping area (18 mm in
diameter).. The tape pieces were consecutively applied to the test site and uniformly
pressedd with 1 kg stainless steel roller that was moved 20 times in two directions.
Thee sites were stripped multidirectionally with one quick movement until the SC was
totallyy removed as observed by shiny and reddish appearance of the skin, feeling of
burningg sensation by subjects when last tape strips were taken off and by measuring
TEWLL > 100 g m"2 h*1. Each subsequent strip was placed into a glass vial and stored
att -20 C until analysis. The stripping of each site was completed within 40 minutes.
Thee SC from non-exposed site was stripped off and served as negative control.
AnalyticalAnalytical procedure
Thee concentration of SLS on each strip was determined spectrophotometrically using
thee adjusted method of Rusconi et al.24 In brief, 2 ml of methanol (J. T.Baker,
Deventer,, The Netherlands) was added to the vials and shaken for one hour (TPM-2
shaker-Sarstedt,, Numbreht, Germany) to extract the SLS from the tapes. Standards
off SLS for the calibration curve were prepared in methanol (2.3 - 50 ug cm"3) and
200 ul from each standard and sample was pipetted into a 96-wells plate. After
evaporationn of the methanol, 200 pi Stains-All® working solution was added to each
welll and absorbance was read at 450 nm (Model 680 Microplate reader, Bio-Rad
Laboratories,, Hercules, CA, USA).
AA protein analysis was used to measure the amount of SC removed by each tape
stripp and to assess the depth of the consecutive SC strip. The methanol residue,
containingg tape strip with precipitated proteins on it after SLS analysis, was
evaporated.. 1 ml of 1 M NaOH was added to the strip and the vials were shaken for
twoo hours. The samples were left at room temperature overnight and the next day
theyy were once more shaken for two hours. 1 ml of 1M HCI was added to the vials to
neutralizee the basic solution. The protein assay was based on the modified method of
Dreherr et al.25 and performed according to Bio-Rad DC protein microassay26 using
commerciallyy available bovine serum albumin (BSA) for standardization. Absorbance
att 655 nm was measured using the Bio Rad 680 microplate reader.
Thee concentration of SLS on each strip was normalized for the amount of proteins
andd expressed as ug SLS/ug protein. Assuming the SC density27 of 1 g cm"3 and a
uniformm distribution of SC on the tapes the protein mass removed was converted to a
volumee enabling estimation of the depth of each strip in the SC and total thickness of
thee removed SC.
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DataData analysis
Thee concentration of SLS on each strip was plotted as a function of the relative SC
depth.. For the estimation of the penetration parameters we used the approach based
onn Fick's second law of diffusion described in detail elsewhere28"29 (Fig 1) where Cveh
iss the applied SLS concentration (pg cm"3), C(x) is the SLS concentration (ug cm"3) at
depthh x, K is the SC/water partition coefficient, L is the total thickness of the SC (urn),
DD is the diffusivity of SLS through the skin (cm2 h"1) and t is the exposure duration (h).
Thee non-steady state diffusion equation (Fig 1) was fitted to the data where the rate
constantt for diffusion across SC (D/L2, h"1) was obtained from the decay of C(x) as a
functionn of x and K was obtained from the intercept at x = 0. The penetration
parameterss were derived from individual experiments and were averaged. The first
stripp was not included in the regression analysis, as it contained some residue of SLS
onn the surface of the skin after the end of exposure. For curve fitting and statistical
calculations,, Prism 4 software was used (Graph Pad, San Diego, CA, USA).
Forr statistical calculations Student's t-test and one-way ANOVA with Bonferroni post
testt were used. P value < 0.05 was considered significant.

C(x)C(x) =

.. (nm\
(-Dn2^2^
KCveM-j\-Z—KCvehsm\ exp p
LL2 2

FigFig 1: Fick's second law of diffusion.

Usingg the results of duplicate dermal exposures on two volar forearms we calculated
thee intra-subject variability as well as the inter-subject variability in a restricted sense,
i.e.. after eliminating the intra-subject variability. For the latter we used the coefficient
off variation = {([between subject variance-within subject variance]/2)1/2}/mean.
WeWe assume that the intra-individual variation predominantly consists of the
measurementt variation and in a small part of the difference in permeability between
bothh measured sites.
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Results s
Too remove the SC completely, on average 22
9 strips for control subjects and
288
9 for the AD patients were needed. The average amount of proteins removed
fromm the exposure sites of the control subjects was 2206 644 ug corresponding to
SCC thickness of 8.7 2.5 urn that of AD patients was 2394 491 ug corresponding to
SCC thickness of 9.4
1.9 urn. Statistically acceptable (r2 > 0. 95) curve fitting was
obtainedd for all control subjects and AD patients. For two control subjects and two AD
patientss fitting was obtained only for one of the duplicate measurement and for four
controll subjects curve fitting could only be performed using the pooled duplicate data.
Figuree 2 shows the SLS concentration profile across SC for one typical control
subjectt and one AD patient as well as fitted curve obtained by non-linear regression
analysiss (dashed lines).
Thee penetration parameters are summarized in Table 1. We have found no
substantiall difference between the two groups for SC thickness. TEWL was higher in
ADD patients when compared to control subjects. A significant correlation between
SCC thickness and TEWL was found in control subjects (r = -0.59, p = 0.003): the
thinnerr the SC, the higher the TEWL but no significant correlation was found in AD
patientss (r = -0.14, p = 0.55) (Figure 3).

1.5 5
Control subject, D = 6.9 x 1 0 3 c m ' h"1
OO AD patient, D = 14.2 x 10 9 cm 2 h"1
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FigFig 2: SLS concentration decay as a function of SC depth (x/L) in one control subject
andand one AD patients after 4 hour exposure to 1% SLS. Non-linear
regression
analysisanalysis was used to fit the equation given in Fig 1 to the data (dashed lines).
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Tablee 1. SLS penetration parameters {mean
SD) and corresponding inter- and
intra-individuall variations for AD patients and control subjects.

Numberr of subjects
SCC thickness
Baselinee TEWL
Diffusivity y
SC/waterr partition
coefficient t

Unit t

Control l
subjects s

urn n

8.77
6.33
6.26.2

5
0

1966

7

AD D
patients s

20 20
2
11
gg m"h"
9 9 22
KT cm h"1

Coefficientt of variation
(CV) )
Diffusivity y
Inter-individual l
Intra-individual l
SC/ww partition
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Thee diffusivity was twice as high in AD patients (12.7 5.8 x 10~9 cm2 h~1) when
comparedd to control subjects (6.1 3.1 x 10~9 cm2 h"1, p < 0.001). We also compared,
usingg one-way ANOVA test, control subjects and AD patients according to state of
disease;; patients with active and inactive AD, and the mean values of diffusivity in
threee groups were significantly different (p < 0.001) (Figure 4). The mean value of
diffusivityy in patients with active AD was significantly higher compared to AD patients
withh inactive AD (p = 0.017) and control subjects (p < 0.001), but no significant
differencee was found between patients with inactive AD and control subjects
(pp > 0.05).
Thee partition coefficient was somewhat lower in AD patients (p < 0.05) than in control
subjects.. The mean values for the partition coefficient were not significantly different
whenn we compared all three groups (P > 0.05) using ANOVA. Nevertheless, there
wass a trend of decreasing partition coefficient with state of disease (Figure 4).

p << 0.001

p>0.1 1

400 0

p >> 0.016

pp = 0.75
p == 1.0

pp > 0.05

300 0
**

200
100 0
00

AD, ,

Controls s
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FigFig 4: Diffusivity (D) and SC/water partition coefficient (K) of SLS in patients with
activeactive AD (ADA, n=12), inactive AD (AD\, n=8), and control subjects (n=20).

Too obtain insight into intra-individual and inter-individual variation in diffusivity and
partitionn coefficient we have used available duplicate data for 18 AD patients and 14
controll subjects as shown in Table 1. The inter-individual variation, expressed as the
coefficientt of variation (CV), in diffusivity amounted to 48% and 55% in control
subjectss and AD patients, respectively, while CV for partition coefficient amounted to
46%% in both groups. Overall, the inter-individual variation was higher than intraindividuall variation in both parameters in both groups. The intra-individual variation in
diffusivityy was higher in AD patients, while for partition coefficient it was lower then in
controll subjects.
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Discussion n
Inn the present study we have assessed the penetration of SLS into the SC of AD
patientss and control subjects using the non-invasive tape stripping technique.
WeWe have shown an increased diffusion in uninvolved AD skin when compared to
normall skin.
Thee thickness of SC as calculated from the amount of proteins removed by tape
stripss was nearly the same in both groups. The skin of AD patients, however, showed
increasedd TEWL when compared to the skin of norma! subjects (Table 1) indicating
lesss effective skin barrier for water. This is in agreement with the results of
Laudanskaa et a/.30, who also found higher TEWL in AD patients in the state of
remissionn of the skin lesions and of Seidenari et a\} reporting higher TEWL in
involvedd and uninvolved skin of children affected by AD. The TEWL in control
subjectss showed to be inversely dependent on the SC thickness, which is in
agreementt with other studies.31,32 However this relationship was not found in AD
patientss suggesting that in atopic skin other factors besides skin thickness play a role
inn skin permeability for water. Altered composition and structure of the SC in atopic
skinn might at least partly be responsible for this. A reduction of Cer 3 was previously
foundd to correlate with an increased TEWL in both involved as well as uninvolved
skin.55 Since epidermal lipids are essential for the proper barrier function and
preventionn of excessive water loss, the decreased amount of lipids would be
responsiblee for the loss of barrier function and likely also for higher permeability of
foreignn substances.
Thee applied method of skin stripping enabled us to estimate two parameters which
determinedd the permeability, diffusivity and partition coefficient of SLS. According to
thee Fick's law of diffusion, these two parameters determine the skin flux of a
penetrantt and its concentration in the SC. Both parameters, the diffusivity, which
reflectss the resistance of SC toward movement of SLS, and the partition coefficient,
aree dependent on the composition and structure of the SC. We found the average
diffusivityy across SC to be two times higher in the skin of AD patients when
comparedd to control subjects. We have also looked into the differences in diffusivity
off AD patients according to state of disease (Figure 4). The diffusivity was higher in
patientss with active AD when compared to those with inactive AD and control
subjectss but there was no significant difference between patients with inactive AD
andd control subjects. However, there is a clear trend of increasing diffusion of SLS
withh state of disease. This indicates that state of disease influences the permeability
off the skin visibly not affected by AD.
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Thesee findings are in the line with a study of de Jongh et a/.14, where atopic persons
(althoughh with no history of AD) showed approximately 1.5 times higher diffusivity for
SLSS than non-atopies. In our accompanying study consisting of the same subjects we
foundd higher diffusivity also for polyethylene glycols of different molecular sizes in the
skinn of AD patients compared to that of control subjects (Jakasa et al., manuscript in
preparation).. Yosiike et al.2 reported increased penetration of theophylline not only in
involvedd but also in uninvolved AD skin compared to control subjects. All these
findingss indicate that uninvolved atopic skin is more permeable for different
compoundss concerning their hydrophilicity and molecular size.
Thee skin of AD patients showed a 30% lower solubility of SLS compared to normal
skin,, although the difference was not as high as by diffusion. The partition coefficient
wass not significantly different when two groups of AD patients and control subjects
weree compared; but there was a trend of decreasing partition of SLS into the SC with
statee of disease. Estimation of the partition coefficient, using the method applied in
thee present study, is associated with higher uncertainty compared to diffusivity as the
qualityy of the first data points largely influences the estimation outcome. To overcome
thiss problem, a second prolonged experiment was recommended33 where the curve
becomess a straight line at steady-state and estimation of partition coefficient is less
dependentt on the error from the superficial strips. However, in a present study we
chosee a relatively short exposure duration since longer exposure to SLS would more
likelyy lead to the alteration of the skin barrier which might change the SC
permeability. .
Inn the present study we observed substantial inter- and intra-individual variation in
bothh penetration parameters. The intra-individual variation in diffusivity was higher in
ADD patients compared to control subjects, which may be attributed to the more
pronouncedd difference in composition and structure of the skin in different skin areas.
Att the same time the intra-individual variability in the partition coefficient was lower in
ADD patients. As mentioned earlier, the determination of partition coefficient in a nonsteadyy state is largely influenced by the quality of the first data points. As the SLS
concentration/SCC depth curve (Fig 2) approaches linearity, as is the case with AD
patients,, the intercept value from which partition coefficient is derived is less
dependentt on first data points and, therefore, the intra-individual variation decreases.
Too summarize, the skin of AD patients showed increased percutaneous penetration
off SLS when compared to control subjects supporting the hypothesis of impaired skin
barrierr even in the non-involved skin. As a consequence, we expect that the defect
skinn barrier of AD patients will facilitate absorption of other chemicals, which could
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leadd to the higher susceptibility for local skin effects. This emphasizes the importance
off continuous skin protection and maintenance of the skin barrier.
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Abstract t
Involvedd regions of the skin in atopic dermatitis patients have an altered barrier
function.. Whether uninvolved skin also has a diminished barrier is controversial.
Too asses the barrier function of uninvolved skin in atopic dermatitis patients, the
percutaneouss penetration of polyethylene glycols of various molecular sizes was
determinedd in atopic dermatitis patients and control subjects.
Thee percutaneous penetration was assessed using tape stripping of the stratum
corneum.. The diffusion coefficient and stratum corneum/vehicle partition coefficient
weree determined using Fick's second law of diffusion.
Thee stratum corneum thickness was similar in both groups, however, the transepidermall water loss was higher in atopic skin. The diffusion coefficient of
polyethylenee glycols through atopic skin was twice as high as through normal skin,
andd decreased with increasing molecular weight in both groups. The partition
coefficientt in the skin of atopic dermatitis patients was half of that for normal skin but
ass for normal skin there was no molecular weight dependency. Although atopic skin
exhibitedd altered barrier with respect to diffusion coefficient and partitioning, the
permeabilityy coefficient, were nearly the same for atopic and normal skin.
Thee results support the hypothesis of altered skin barrier of AD patients even in the
skinn that is visibly unaffected by disease.
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Introduction n
Thee affected skin of patients with atopic dermatitis (AD) is known to have a defective
barrierr function. The alteration in the skin barrier is shown by the increase in transepidermall water loss (TEWL), in other words a poorer barrier to water transport
(Seidenarii and Giusti, 1995). On the other hand, the data on the permeability of
uninvolvedd AD skin is contradictory. Some authors have reported higher TEWL in
patientss with AD history (Agner, 1990, Berardesca et al, 1990, Di Nardo ef a/, 1998,
Seidenarii and Giusti, 1995, Tabata ef al, 1998, Watanabe et al, 1991, Werner and
Lindberg,, 1985), while others found no difference in comparison to normal skin
(Basketterr ef al, 1998, Di Nardo et al, 1998, Nicander and Ollmar, 2004, Seidenari,
1994,, Tanaka et al, 1997). From the results of several studies showing higher
susceptibilityy to irritation in AD patients (Goffin and Pierard, 1996, Nicander and
Ollmar,, 2004, Seidenari, 1994, Tabata et al, 1998) it was suggested that this might
bee partly explained by higher skin permeability (de Jongh et al, in press). Impaired
skinn barrier in AD has often been linked to the different lipid composition and
structuree of atopic stratum corneum (SC). In this respect, reduced ceramide content
andd decreased percentages of Cer 1 and Cer 3 have been reported in both involved
ass well as in uninvolved SC of AD patients (Bleck ef al, 1999, Di Nardo et al, 1998,
Imokavaa et al, 1991, Yamamoto et al, 1991). In contrast to this, Matsumoto
(Matsumotoo et al, 1999) found that the reduction in Cer 1 is restricted to the involved
ADD skin and does not extend to uninvolved areas: this is consistent with Farwanah's
dataa (Farwanah ef al, 2005).
Theree are rather few data on the permeability of the compromised skin for chemicals.
Yosiikee (Yosiike et al, 1993) reported increased penetration of theophylline in both
involvedd and uninvolved AD skin. In our parallel study, using the same subjects, the
percutaneouss penetration of sodium lauryl sulphate increased in uninvolved skin of
ADD patients (Jakasa et al, in press). Tsai ef al. (Tsai et al, 2001a) investigated the
effectss of chemical and mechanical barrier disruption on skin permeability in an in
vitrovitro study using rat skin. They found enhanced skin permeability to both hydrophilic
andd amphipathic compounds in damaged skin. In other two studies by Tsai (Tsai ef
al,al, 2001b and 2003) not only was the penetration of polyethylene glycols (PEGs) of
differentt sizes enhanced but larger molecules were also able to penetrate the skin
whenn the barrier was compromised. Based on clinical experience, Bos and Meinardi
proposedd the 500 Da rule which states that the absorption of molecules through
normall human skin declines rapidly as MW increases over 500 Da (Bos and
Meinardi,, 2000). On the other hand, topical tacrolimus (822 Da) and pimecrolimus
(8100 Da) showed to be effective in the treatment of AD (Bos, 2003) suggesting that
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largerr molecules can penetrate the diseased skin; interestingly, the absorption of
tacrolimuss declined as the skin healed (Rubins et al, 2005). As regards the role of
molecularr weight (MW) in penetration through compromised skin in vivo direct,
evidencee is lacking.
Thee present study investigated the skin penetration of PEGs of different MWs (150 590590 Da) into uninvolved skin of AD patients compared to control subjects. PEG is a
hydrophilicc polymer widely used in corneal and intestinal permeability research.
Thee octanol/water partition coefficient (logK0/w ~ -1 -6) does not change greatly with
molecularr size which makes PEGs, suitable model compounds that are not
confoundedd by change in lipophilicity with molecular size (Hollander et al, 1989).

Subjectss and methods
StudyStudy population
Twentyy AD patients, 12 males and 8 females, with a mean age of 29 years (range
18-544 years) and 20 healthy subjects, 11 males and 9 females, with a mean age of
322 years (range 18-55 years), all Caucasians, participated in the study which was
carriedd out in June and July 2004.
Thee AD patients were recruited from the outpatients clinic of the Academic Medical
Centerr and diagnosed according to the Hanifin & Rajka criteria (Haniftn and Rajka,
1980).. We excluded patients who had received systemic therapy, such as
corticosteroidss and immunosuppressants, or photo-therapy in the past two years.
Subjectss with concomitant ichthyosis vulgaris were also excluded. The test sites,
bothh mid-volar arms had been free of dermatitis for at least three months prior to the
experiment.. The total eczema area and severity index (EASI, maximum 72 points)
wass assessed in the AD patients (Hanifin ef al, 2001). The severity of the disease
wass mild in all the patients and the median EASI was 1.7 (ranging from 0.2 to 22.8).
Twelvee patients had active AD (pruritic lesions) and eight had inactive AD (they had
beenn free of dermatitis for at least three months, showing only mild signs at the time scars,, scaling, lichenification or dry skin) on body parts other than the test sites.
Thee control subjects had no visible skin damage and no history of past or present AD
orr other dermatological diseases.
Alll the subjects completed the Erlangen questionnaire, from which an atopy score
wass calculated (maximum 34 points; a score s 10 is considered as atopy) (Diepgen,
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1991).. AD patients and control subjects had a score of 17.4
(meann SD), respectively.

6.6 and 3.0

2.4

Thee participants were not allowed to use soap, moisturizers or any other cosmetics
orr creams on the lower mid-volar arms for 48 hours prior to and during the
experiments.. Written informed consent was obtained from all the subjects prior to the
experiment.. The Medical Ethics Committee of the Academic Medical Center,
Universityy of Amsterdam, approved the experimental protocol. The study was
conductedd according to the Declaration of Helsinki Principles.
PenetrationPenetration experiment
Ann application mixture of PEGs was made by dissolving 47.5 mg of monodispersed
PEG1500 (MW = 150.17 Da, Sigma, the Netherlands), 50.1 mg of monodispersed
PEG2822 (MW = 282.34 Da, Acros Organics, NY, USA), 102.9 mg of monodispersed
PEG3266 (MW = 326.4 Da, PolyPure, Norway), 199.1 mg of monodispersed PEG370
(MWW = 370.4 Da, PolyPure, Norway), and 10 g of polydispersed PEG600 (average
MWW = 600 Da, Sigma, the Netherlands) in 2 ml of water. Subjects were exposed for
sixx hours to the PEG application mixture (180 uL) on the mid-volar arms using patch
testt chambers (Finn Chambers®, 18 mm in diameter, Epitest Ltd., Finland). These
preventedd evaporation of water from the test site and this combined with excess PEG
insuredd that the exposure concentration remained constant during the exposure.
Thee TEWL was measured on application sites, before application and after patch
removal,, using an evaporimeter (VapoMeter SWL2g, Delfin Technologies, Ltd.,
Kuopio,, Finland). Twenty minutes prior the application, the subjects rested with their
sleevess rolled up in the examination room, where the temperature was 20-22 C and
thee relative humidity ranged between 50 and 60%. Ten minutes after the end of
exposuree the SC layers were sequentially removed with pre-cut pieces of Diamond
tape,, 19 x 25 mm (Diamond Ultra Clear tape, The Sellotape® Company, the
Netherlands).. Templates of Scanpor® tape were fixed to the skin around the
applicationn spot to limit the tape stripping to exposed area (18 mm in diameter).
Thee tape pieces consecutively applied to the test site and uniformly pressed with a 1
kgg stainless steel roller which was moved 10 times in two directions. The total
removall of the SC was evidenced by the shiny appearance of the skin and a TEWL >
1000 g m"2 h"1. Each individual strip was placed into a glass vial and stored at -20 C
untill analysis. The SC from a non-exposed site was stripped off and served as
negativee control.
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AnalyticalAnalytical procedure
Thee gas chromatographic method for the determination of PEGs and the
spectrophotometricall method for the analysing of proteins in tape strips have been
describedd in detail elsewhere (Jakasa et af, 2004, Jakasa etal, in press).
Thee concentration of PEGs on each strip was normalized for the amount of proteins
andd expressed as ug of PEG/ug of protein. Assuming an SC density of 1 g cm"3
(Andersenn and Cassidy, 1973) and uniform distributions of SC on the tapes and
proteinss within the SC (ug), the protein mass removed was converted to a volume,
enablingg the depth of each strip in the SC (x). In our calculation of the SC solute
concentrationn it was assumed that the protein concentration in the SC was 1mg / uL
SC. .
DataData analysis
Too estimate the penetration parameters we used an approach based on Fick's
secondd law of diffusion (Crank, 1975) as described by Pirot et al. (Pirot et al, 1997).
Inn this method, two parameters, K and D/L2, are determined by best-fit regression of
thee concentration pf PEGs as a function of relative SC depth (x/L) to the following
equation n

cc

<*>^-iYU<*>^-iYUKcKcArH^

wheree Cveh is the applied PEGs concentration (ug cm"3), C is the PEG concentration
(ugg cm"3) at depth x (cm), K is the SC/water partition coefficient, L is the total
thicknesss of the SC (cm), D is the effective diffusion coefficient of PEGs through the
pseudo-homogeneouss SC (cm2 h~1) and t is the exposure duration (h).
Thee permeability coefficient (Kp, cm h"1) for each PEG oligomer was calculated from
thee relationship Kp = K*D/L. The steady-state flux through the SC should equal the
productt of CVeh and the permeability coefficient (Kp, cm h"1) and is defined as
Kpp = K*D/L. The first strip was not included in the regression analysis, as it contained
somee PEG residues on the surface of the skin after the end of exposure.
Alll concentration data were weighted equally in the regression analysis. Prism 4
(Graphh Pad Software Inc., San Diego, CA, USA) and SPSS software were used
(SPSSS Inc., Chicago, IL, USA) for curve fitting and statistical calculations. Student's
t-testt and one-way ANOVA with Bonferroni post-test were used for statistical
calculationss and p value < 0.05 was considered significant.
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Results s
Too remove the SC completely, 28 5 strips were needed on average for control
subjectss and 28
7 for AD patients. The TEWL was higher in the AD patients
(8.44 4.3 g m 2 h"1) than the control subjects (6.3 2.1 g m 2 h"\ p = 0.015). We found
noo substantial difference in SC thickness between the two groups (8.7 2.5 urn and
9.44 1.9 urn for control subjects and AD patients, respectively).
Figg 1 shows a typical concentration profile for PEG282 and PEG590 across SC in a
controll subject and an AD patient together with the fitted curve obtained by non-linear
regressionn analysis (dashed lines). Statistically acceptable curve fitting (r2 > 0. 95)
wass obtained for all the control subjects and AD patients except in the case of
PEG150.. In four AD patients out of twenty a linear relationship was found between
thee PEG150 concentration and SC depth, indicating steady-state absorption, to
whichh Fick's second law cannot be used to derive diffusion coefficient. In two control
subjectss out of twenty fitting could not be performed for PEG150 because of
scatteredd data points.
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FigFig 1: Concentration decay of PEG282 and PEG590 as a function of normalized
positionposition (x/L) in the SC in one control subject and one AD patients after 6 hours
exposureexposure to PEG mixture. Non-linear regression analysis was used to fit the equation
(( Eq. 1) to the experimentally obtained data (dashed lines). The effective diffusion
coefficientcoefficient is calculated from D/L2 value determined from the slope of the curve, while
thethe partition coefficient is determined from K*Cveh at the intercept at x = 0.
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Thee results are summarized in Table I. The diffusion coefficient decreases with
increasingg MW of the penetrant. It was approximately twice as high for all PEGs in
thee AD patients as in the control subjects, except for PEG150, where it was only 60
%% higher in the AD patients (p < 0.0001 for all PEGs). We also compared the control
subjectss and the AD patients according to state of disease using one-way ANOVA
test.. The patients were divided into two subgroups, patients with active and inactive
AD.. The mean values of diffusion coefficient in three groups were significantly
differentt (p < 0.05 for all PEGs). The mean value of diffusion coefficient in patients
withh active AD was significantly higher than in the control subjects for all PEG
moleculess (p < 0.05 for all PEGs). No significant difference was found between
patientss with inactive AD and the control subjects, or between AD patients with active
andd inactive AD (Fig 2).

Tablee I: Penetration parameters of polyethylene glycols {mean
andd control subjects.
Dx xio-9 9
(cm'-h' 1) )

MW W
Da a

AD D

K p x x10-5 5
(cm m
h-1) )

KK
(unitless) )

Ctrl l

AD D

Ctrl l

SD) for AD patients

AD D

Ctrl l

150 0 13.33

7 8.44

5.2 1.022

9 1.666

0 1.344

0.42 1.255

9

282 2 9.22

1 4.55

9 0.933

0.38 1.766

0 0.844

0.55 0.688

0.24

326 6 8.22

2 4.55

8 0.866

0.35 1.722

9 0.699

0.30 0.666

0.25

370 0 7.66

8 4.11

7 0.866

0.37 1.744

6 0.655

0.40 0.600

0.22

414 4 6.77

6 3.55

2 0.855

0.37 1.788

4 0.544

9 0.555

1

458 8 6.22

3.2 3.22

9 0.822

0.38 1.788

2 0.488

0.22 0.511

9

502 2 6.11

0 2.99

7 0.811

0.38 1.788

5 0.499

0.27 0.488

9

546 6 5.00

0 2.44

4 0.800

0.43 1.877

8 0.377

0.23 0.444

9

590 0 3.88

2.8 1.99

1 0.966

0.53 1.855

2 0.344

0.27 0.355

9

DD = diffusion coefficient, K = stratum corneum/water partition coefficient, Kp = permeability
coefficient,, AD = AD patients {n=20), Ctrl = control subjects (n=20)
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FigFig 2: Average diffusion coefficient (D) and partition coefficient (K) of PEGs (150-590
Da)Da) in patients with active and inactive AD after 6 hours dermal exposure. The
resultsresults are shown as mean SD.

Thee partition coefficient for AD patients was approximately half as large as in the
controll subjects as for all PEG molecules, except for PEG150, where it was about 60
%% of that in the control subjects (p < 0.0001 for all PEGs). We compared all three
groupss of subjects using ANOVA; again a significant difference was found for all
PEGss (p < 0.01 for all PEGs). The partition coefficient was also significantly lower in
patientss with active and inactive AD than in the control subjects for all PEGs (p <
0.05).. There was no significant difference between patients with active and inactive
AD,, however, the partition coefficient did tend to decrease with state of disease for all
PEGss (Fig 2).
Calculatedd permeability coefficients were nearly the same for both the AD patients
andd control subjects (Table I).
Thee inter-individual differences in diffusion coefficient, partition coefficient and
permeabilityy coefficient were considerable in both the AD patients and the control
subjects.. The coefficient of variation in AD patients was 49 % to 73 % for the
diffusionn coefficient and 29 % to 55 % for the partition coefficient and 32 % to 80 %for
permeabilityy coefficient. The coefficient of variation in control subjects was 58 % to
666 % for the diffusion coefficient and 42 % to 58 % for the partition coefficient and 31
%% to 56 % for permeability coefficient.
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Discussion n
Thee present study assessed the penetration of PEGs ranging in MW from 150 to
5900 Da into the SC of AD patients and control subjects. The skin stripping method
usedd enabled us to estimate two penetration parameters, the effective diffusion
coefficientt in the SC and the partition coefficient between SC and vehicle from which
thee permeability coefficient could be calculated. According to Fick's law of diffusion,
whenn the SC control mass transfer through the skin, the skin flux of a penetrant is the
productt of permeability coefficient and the concentration in the SC.
Thee average diffusion coefficient across SC was about twice as high in AD patients
ass in the control subjects for all PEG oligomers. The diffusion coefficient also tended
too increase with state of disease (Fig 2). These findings are in line with our parallel
studyy using the same subjects, where we found significantly higher diffusion
coefficientt of sodium lauryl sulphate in uninvolved skin of AD patients (Jakasa et al,
inn press). The increase in the diffusion coefficient of PEGs was more pronounced in
thee case of larger PEG oligomers in patients with active AD, which might support
suggestionn that substantially impaired skin is more prone to high MW compounds
enteringentering [Bos, 2003, Rubins et al, 2005]. The higher diffusion of PEG we found in AD
skinn is consistent with the study by Tsai (Tsai et al, 2001b, 2003), who investigated
thee penetration of PEGs in vitro in hairless mice. That study assessed the penetration
off polydispersed PEG (PEG300, PEG600 and PEG1000) through normal skin and
skinn damaged by acetone, sodium lauryl sulphate or tape stripping. The penetration
off PEGs, expressed as a percentage of the applied dose, increased with the degree
off barrier disruption as measured by TEWL in all three disruption models. Shifting of
thee MW cut-off value for PEG in the damaged skin was also reported. A cut-off value
off 414 Da was found in normal skin, but in the skin damaged by acetone, sodium
lauryll sulphate or tape stripping, MW cut-off values of 590, 766 and 986 Da
respectivelyy were found for the same range of TEWL. However, the amount of larger
PEGss that penetrated the skin and reached the receptor fluid was very low and the
determinedd cut-off might reflect the detection limit rather than the real cut-off value
[Tsaii et al, 2001b, 2003]. This is supported by the finding that the cut-off in that study
alsoo shifted to a higher MW after partial tape stripping; this effect was even more
pronouncedd than after skin was damaged by sodium lauryl sulphate or acetone.
Tapee stripping removes part of the SC which is the rate-limiting barrier for
penetration,, however, it does not change the composition or structure of the
remainingg SC, only the thickness of the membrane. A higher penetration can
thereforee be expected after tape stripping, but the increase will be relatively the same
forr all MWs.
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Thee diffusion coefficient of a solute decreases as the solute size increases.
Withh respect to diffusion coefficient in the stratum corneum, different authors have
proposedd different functional forms to describe the effect of solute size (Potts and
Guy,, 1992, Kasting et al, 1987). In these functions, the diffusion coefficient
decreasess exponentially with increasing molecular size and predicted a stronger
effectt of molecular size than observed in this study. Our results showed a gradual
decreasee of diffusion coefficient of PEGs with increasing MW; in the range of MW
fromm 280 to 590, this relation seemed to be linear (Fig 3).
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FigFig 3: A linear regression analysis for the average diffusion coefficients (D) versus
correspondingcorresponding molecular weights of PEG 282-590 Da of AD patients and contro
subjectssubjects after 6 hours dermal exposure to PEG mixture.

Thiss is in good agreement with experimental in vitro data on skin permeability of
hydrophilicc compounds presented in the paper of Mitragotri (Mitragotri, 2003, Billich
eff al, 2005). Recent studies revealed that the impact of molecular size on the skin
permeabilityy depends on the penetrant hydrophilicity (Mitragotri, 2003). Billich(Billich
etet al, 2005) showed that in vitro penetration of cyclosporins of MW > 1000 could be
substantiallyy increased by introduction of polar side chains. All together, these
studiess support the existence of different penetration pathways in the stratum
corneum,, dependently on the physico-chemical properties of the solute. Lipophilic
solutess which penetrate predominantly through lipid bilayers exhibit strong sizeselectivity:: when they approach the MW of the lipid molecules (~ 400 Da),
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thee diffusion coefficient decreases rapidly. The skin permeation of lipophilic solutes,
whichh represents a large majority of active agents for therapeutic application, would
thuss be in line with the 500 Da rule. There is increasing evidence however, that the
penetrationn of hydrophilic compounds such as PEGs, occurs via hydrophilic pores in
thee SC, referred to as porous pathways (Mitragotri, 2003). The existence of such
poress in the SC has been hypothesized to be a result of the imperfections in the lipid
bilayers.. Structure defects are commonly observed in lipid lamellar systems (Cotigan
etet al, 2000). The permeation rate will depend on the radius of these pores and the
radiuss of the penetrant, while the radius and number of these pores will be
determinedd on the structure and composition of the SC. Higher diffusion coefficient of
PEGsPEGs in AD skin could be therefore explained by the different lipid composition
observedd in AD patients in both involved and uninvolved skin (Bleek et al, 1999,
Dii Nardo et al, 1998, Imokava et al, 1991, Yamamoto et al, 1991), which might result
inn the presence of more and/or larger pores. Not only the diffusion coefficient but also
thee partitioning of PEGs into AD skin was different from that in the control skin: the
partitionn coefficient was twice as high in the control subjects as in the AD patients.
Althoughh there was no significant difference between patients with active and inactive
AD,, the tendency for partition to decrease with state of disease was present for all
PEGG oligomers. Decreased partitioning of PEGs into diseased skin might be
explainedd by the dryness of the AD skin: a smaller amount of water will decrease the
partitioningg of hydrophilic PEGs into the SC. In contrast to the diffusion coefficient,
thee partition coefficient was similar for all PEG oligomers. This was consistent with a
similarr octanol-water partition coefficient over a broad range of MWs (Hollander et al,
1988). .
Althoughh the diffusion coefficient was significantly higher in AD patients, the
permeabilityy coefficient was nearly the same in both groups due to a compensating
decreasee in partition coefficient. However, for less hydrophilic compounds, which
wouldd more favorabpartition into the SC of atopic patients; the influence of diffusion
coefficientt would result in an increased permeability coefficient. The permeability
coefficient,, we calculate from the experimentally determined diffusion and a partition
coefficientt was for the PEGs of MW > 500 Da lower than 5 x 10"6 cm h"1.
Thee compounds with such a low permeability will probably have a low relevance for
pharmaceuticall purposes. However, from a toxicological point of view, one has to
keepp in mind that also larger molecules are able to penetrate the skin, and as shown
inn this study this will be even more pronounced when the skin is impaired. Since skin
damagedd mechanically, chemically or physiologically is not uncommon, when
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evaluatingg the health risk associated with skin exposure, penetration of higher MW
compoundss should be considered.
Too summarize, the skin of AD patients showed increased diffusion coefficients for all
PEGss when compared to control subjects, and the effect seems to be more
pronouncedd in the case of larger oligomers in patients with active AD. This supports
thee hypothesis that skin barrier function is altered even in skin that is visibly
unaffectedd and that diffusion coefficient depends on the overall severity of disease.
Ass a consequence, we would expect the defective skin barrier of AD patients to
facilitatee the absorption of other chemicals, which might result in higher susceptibility
andd local skin effects.
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Abstract t
Inn this in vivo human study we assessed the influence of skin damage by sodium
lauryll sulphate (SLS) on percutaneous penetration of polyethylene glycols (PEGs) of
differentt molecular weights (MW).
Percutaneouss penetration of PEGs of various molecular sizes was determined using
tapee stripping of the stratum corneum (SC). The forearm skin of volunteers was pretreatedd with 5 % w/w SLS for 4 hours, and 24 hours later patches with PEGs were
appliedd for 6 hours. After the end of application, the layers of the SC were removed
consecutivelyy using adhesive tape. The diffusion coefficient, stratum corneum/vehicle
partitionn coefficient and the permeability coefficient were deduced by data regression
too Fick's law written for unsteady-state diffusion across membrane from a constant
sourcee to a sink.
Thee trans-epidermal water loss (TEWL) was increased as a result of SLS treatment
fromm 6.3 2.1 g m2 h"1 (mean SD) to 17.9 8.7 g m2 h"1. The diffusion coefficient for
alll PEGs was increased in the SLS damaged skin. The magnitude of the increase
wass smaller for higher MW. Also the partition coefficient of PEGs between SC and
waterr was larger in the SLS compromised skin when compared to the normal skin
andd showed a tendency to increase with MW. The permeability coefficient decreased
graduallyy with increasing MW of PEGs in both normal and SLS-compromised skin.
SLSS caused a three-fold increase of the permeability coefficient for all MWs ranging
inn normal skin from 0.34 to 0.70 x 10"5 cm h"1 and in the SLS compromised skin from
1.200 to 2.09 x 10"5 cm h"1 for MW of 590 to 282 Da.
Resultss of this study show the deleterious effect of SLS on the skin barrier for
hydrophilicc PEGs. A defective skin barrier will facilitate absorption of other chemicals
thatt could lead to higher susceptibility and local skin effects.
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Introduction n
Mostt of the available skin permeability data are from normal intact human and animal
skin.. Data on permeability of chemicals in the compromised skin, in particular in
humanss in vivo, are scarce. Experimentally induced damage of the skin barrier has
beenn used to study the influence of common disrupting chemicals (e.g. detergents)
andd also to model diseased skin characterized by defective skin barrier. As a result,
variouss models based on chemical or mechanical barrier disruption have been
developed.. Tsai et al. investigated in an in vitro study using rat skin the influence of
chemicall barrier disruption on skin permeability [1-3]. In that study, it was shown that
skinn barrier disruption by acetone significantly enhanced permeability to both
hydroplilicc and amphiphilic compounds [1]. The influence of the pre-treatment of the
skinn with sodium lauryl sulphate (SLS) has shown to increase permeability of
hydrophilicc to moderately lipophilic compounds while influence of SLS was absent for
highlyy lipophilic compounds [4-6].
Manyy surfactants, from pharmaceutical preparations to food products, are widely
usedd as emulsifying, suspending, solubilizing and stabilizing agents. Anionic
surfactantss can penetrate and interact strongly with skin producing alterations in the
barrierr properties [7]. SLS in particular is able to cause variations in structural
organizationn of lipids in the stratum corneum (SC) which are thought to be the most
importantt pathway for chemical penetration and diffusion through SC [8-10].
Inn the present study we investigated the influence of SLS on the SC penetration of
PEGss of different MWs (282 - 590 Da) in the human skin in vivo. PEG is a
hydrophilicc polymer widely used in corneal and intestinal permeability research.
Thee octanol/water partition coefficient (K0/w) does not change considerably with
molecularr size, which makes PEGs suitable model compounds that are not
confoundedd by changes in lipophilicity with molecular size [11]. In the study of Tsai et
al.al. using in vitro rat skin, the penetration of polyethylene glycols (PEGs) of different
sizess was shown to be enhanced by SLS [2-3]. Furthermore, in our parallel study we
havee found increased diffusion of PEGs in the skin of atopic dermatitis (AD) patients
whoo are known for their defective barrier function [12). Regarding the effect/role of
molecularr weight in penetration through skin compromised by SLS in vivo direct
information/evidencee is lacking.
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Subjectss and methods
StudyStudy population
Twentyy healthy subjects, 11 males and 9 females, mean age 32 years (range 18-55
years),, all Caucasians, participated in the study. Participants had no visible skin
damagee and no history of past or present AD and other dermatological diseases.
Alll subjects completed the Erlangen questionnaire from which the Atopy Score (the
maximumm is 34 points and a score > 10 is considered as atopy) was derived [13].
Thee atopy score, expressed as mean SD, was 3.0 2.4. Participants were not
allowedd to use soap, moisturizers or any other cosmetics or creams on the lower mid
volarr arms 48 hours prior to and during the experiments. Written informed consent
wass obtained from all subjects prior to the experiment. The Medical Ethical
Committeee of
thee Academic Medical Center, University of Amsterdam approved the experimental
protocol.. The study was conducted according to the Declaration of Helsinki
Principles. .
PenetrationPenetration experiment
Ann application mixture of PEGs was made by dissolving 47.5 mg of monodispersed
PEG1500 (MW = 150.17 Da, Sigma, the Netherlands), 50.1 mg of monodispersed
PEG2822 (MW = 282.34 Da, Acros Organics, NY, USA)), 102.9 mg of monodispersed
PEG3266 (MW = 326.4 Da, PolyPure, Norway), 199.1 mg of monodispersed PEG370
(MWW = 370.4 Da, PolyPure, Norway), and 10 g of polydispersed PEG600 (average
MWW = 600 Da, Sigma, the Netherlands) in 2 ml of water. Subjects were exposed to
thee PEG application mixture (180 uL) using patch test chambers (Finn chambers®,
188 mm in diameter, Epitest Ltd., Finland) on volar arm for six hours. These prevented
evaporationn of water from the test site and this combined with excess PEG insured
thatt the exposure concentration remained constant during the exposure. Another
chamberr containing the application mixture was applied onto the skin site pre-treated
withh SLS (> 99% purity; Fluka, Buchs, Switzerland). The treatment with SLS was
performedd 24 hrs before the application of PEG. This was done by applying 200 ul_ of
aa 5% (w/w) water solution of SLS for 4 h. Before application of the patch containing
SLSS or PEG and during tape striping the TEWL was measured using an
Evaporimeterr (VapoMeter SWL2g, Delfin Technologies, Ltd., Kuopio, Finland).
Twentyy minutes prior to application the subjects rested with their sleeves rolled-up in
thee examination room, where the temperature was 20-22 C and relative humidity
rangedd between 50 and 60%. After the removal of the patch containing PEG, a piece
off dry cell tissue was gently attached to the skin site to remove the residue of PEG
mixture.. Ten minutes after the end of exposure to PEGs, the SC layers were
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sequentiallyy removed with pre-cut Diamond tape pieces, 19 x 25 mm2 (Diamond Ultra
Clearr tape, The Sellotape® Company, the Netherlands). Templates of Scanpor® tape
weree fixed on the skin around the application spot to limit the tape stripping of the
exposedd area (18 mm in diameter). To limit the tape stripping to the exposed area
(188 mm in diameter) templates of Scanpor® tape were fixed on the skin around the
applicationn spot. The tape pieces were consecutively applied to the test site and
uniformlyy pressed with 1 kg stainless steel roller that was moved 20 times in two
directions.. Total removal of the SC was evidenced by shiny appearance of the skin
andd by the TEWL > 100 g m"2 h"1. Each individual strip was placed into a glass vial
andd stored at -20 C until analysis. The SC from a non-exposed site was stripped off
andd served as negative control.
AnalyticalAnalytical procedure
Thee gas chromatographic method for determination of PEGs and the
spectrophotometricall method for analysis of proteins in tape strips have been
describedd extensively elsewhere [14,15].
Concentrationn of PEGs on each strip was normalized for the amount of proteins and
expressedd as ug PEG/ug protein. Assuming an SC density of 1 g cm"3 (Andersen and
Cassidy,, 1973) and uniform distributions of SC on the tapes and proteins within the
SCC (ug), the protein mass removed was converted to volume, enabling the depth of
eachh strip in the SC (x). [16]. In our calculation of the SC solute concentration it was
assumedd that the protein concentration in the SC was (on average) 1g / mL SC.
DataData analysis
Thee concentration of PEGs on each strip was plotted as a function of relative SC
depth.. To estimate the penetration parameters we used an approach based on Fick's
secondd law of diffusion as described by Pirot et al. and a recent series of papers by
Albertii et al. [17-21]. In this method, two parameters, K and D/L2, are determined by
best-fitt regression of the concentration of PEGs as a function of relative SC depth
(x/L)) to the following equation

wheree Cveh is the applied PEGs concentration (ug cm"3), C is the PEG concentration
(ugg cm"3) at depth x (cm), K is the SC/water partition coefficient, L is the total
thicknesss of the SC (cm), D is the effective diffusion coefficient of PEGs through the
pseudo-homogeneouss SC (cm2 h"1) and t is the exposure duration (h). The non119 9
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steadyy state diffusion equation (Eq. 1) was fitted to the data and the rate constant for
diffusionn across SC (D/L2, h"1) was obtained from the decay of C(x) as a function of x,
andd K was obtained from the intercept at x = 0. The permeability coefficient (Kp, cm h"
1
)) for each PEG oligomer was calculated from the relationship Kp = K*D/L All
concentrationn data were weighted equally in the regression analysis. The first strip
wass not included in the regression analysis, ass it contained some residue of PEGs on
thee surface of the skin after end of exposure. For curve fitting and statistical
calculationss Prism 4 software (Graph Pad Software Inc., San Diego, CA, USA) was
used.. For statistical calculations Student's paired two-tailed t-test was used and the p
valuee < 0.05 was considered significant.

Results s
Too remove the SC completely, on average 28 5 and 23 6 strips were needed for
normall and SLS pre-treated sites, respectively. The SC thickness, expressed as
meann SD was 8.7 2.5 urn for the normal site, and 6.2 3.0 urn, for the SLS pretreatedd site. The amount of proteins in the SLS treated skin was in some subjects up
too three times lower compared to the normal site. To enable comparison of the SC
penetrationn between SLS treated and normal skin, only data obtained from the
subjectss with comparable (difference less then 15 %) protein amount were included
inn the calculations. In these subjects (n=10), the SC thickness, expressed as mean
SD,, was 9.1 2.5 urn for the normal site and 8.4 2.6 urn for the SLS treated site.
Basall TEWL, expressed as mean SD (n=20), was 6.3
1 g m2 h 1 and increased
2
1
too 17.9
8.7 g m h" 24 hours after SLS pretreatment (time point of the PEG
application). .
Figuree 1 shows a typical concentration profile for PEG282 and PEG590 across SC of
normall skin and skin compromised by SLS in one subject together with the fitted
curvee obtained by non-linear regression analysis (dashed lines). Statistically
acceptablee curve fitting (r2 > 0. 95) was obtained for all subjects without SLS pretreatment.. However, after SLS pre-treatment curve fitting could not be performed for
alll MWs in two subjects due to scattered data points (Table 1). To enable paired
analysiss the calculations did take into consideration only the data obtained for both
normall and SLS-compromised skin.
Thee results showed that the diffusion coefficient decreased as MW of the PEGs
increasedd in both normal and SLS pretreated skin (Fig 2). The diffusion coefficient
wass approximately two times higher for PEG282 in SLS compromised skin and it
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graduallyy decreased to be approximately 1.5 times higher for PEG590 when
comparedd to normal skin (p < 0.05 for PEG282-370 while it was not significant for
PEG414-590)(Fig2). .
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thethe equation (Eq. 1) to the experimentally obtained data (dashed lines). The effective
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Tablee 1: The ratios of penetration parameters for PEGs of different molecular weights
beforee and after SLS treatment (geometric mean and 90%confidence interval)
aa

MW W D x 1 0
22
1
(Da) ) (cm h" )

90%% CI
(D) )

KK
(unitless) )

90%% CI
(K) )

Kpx10b b
(cmm h'1)

90%% CI
(KP) )

282 2

2.08 8

1.03-4.18 8

1.20 0

0.82-- 1.77

2.94 4

1.87-4.62 2

326 6

1.79 9

0.888 - 3.62

1.28 8

0.89-- 1.86

2.68 8

1.67-4.31 1

370 0

1.79 9

0.95-3.37 7

1.36 6

0.94-- 1.98

2.87 7

1.88-4.37 7

414 4

1.76 6

1.02-3.03 3

1.51 1

1.09-2.09 9

3.06 6

2.10-4.48 8

458 8

1.66 6

0.99-2.77 7

1.60 0

1.15-2.23 3

3.08 8

2.10-4.52 2

502 2

1.45 5

0.87-2.41 1

1.85 5

1.32-2.58 8

3.09 9

2.07-4.61 1

546 6

1.44 4

0.89-2.33 3

1.78 8

1.22-2.58 8

2.96 6

1.86-4.72 2

590 0

1.48 8

0.97-2.25 5

2.04 4

1.45-2.89 9

3.48 8

2.35-5.16 6

"MWW = Molecular weight, D = Diffusion coefficient, K = Partition coefficient,
Kpp = Permeability coefficient, CI = Confidence interval
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FigFig 2: Diffusion coefficient (D), partition coefficient (K) and permeability coefficient
(K(Kpp)) of PEGs (282-590 Da) in normal and SLS compromised skin after 6 hours
dermaldermal exposure. The results are shown as mean SD, (* p < 0.05, ** p < 0.01).
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Thee partition coefficient for normal skin was similar for all PEGs while in SLS
compromisedd skin it had a tendency to increase with increased MW being more
prominentt for PEG 502-590 (p < 0.05) (Fig 2).
Thee permeability coefficient of PEGs of different MW was approximately three times
higherr in SLS compromised skin (p < 0.01 for all PEGs), and it gradually decreased
withh increasing MW in both normal and SLS-compromised skin. We found no
correlationn between basal TEWL or TEWL measured 24 hours after SLS pretreatmentt and any of the estimated penetration parameters.
Additionally,, we calculated the ratios of all penetration parameters between normal
skinn and skin pre-treated with SLS. The geometric mean values of the ratios and
correspondingg 90 % confidence interval are shown in Table 1.
Thee inter-individual differences in all measured penetration parameters were
considerablee for both normal and SLS compromised skin. The coefficient of variation
forr normal skin amounted from 64% to 82% for the diffusion coefficient, from 37% to
644 % for the partition coefficient, and from 43% to 64% for the permeability
coefficient.. The coefficient of variation for SLS compromised skin amounted from
44%% to 75% for the diffusion coefficient, from 39% to 61% for the partition coefficient,
andd from 34% to 56% for the permeability coefficient.

Discussion n
Inn the present study we assessed the penetration of PEGs ranging in the MW from
2822 to 590 Da into the normal skin and skin compromised by SLS. From the amount
off PEGs determined in the SC layers we estimated the effective diffusion coefficient
andd partition coefficient between SC and vehicle from which the permeability
coefficientt could be calculated. According to Fick's law of diffusion, when the SC
controlss mass transfer through the skin, the skin flux of a penetrant is the product of
thee permeability coefficient and the concentration in the SC.
Thee SLS treatment caused moderate barrier impairment, the TEWL increased from
6.33 2.1 g m2 h"1 to 17.9 8.7 g m2 h"1. The average number of strips needed to
removee the whole SC and the protein amount were significantly lower after SLS
pretreatment,, in some persons up to 3-fold. A possible explanation for the smaller
amountt of proteins could be partial loss of the SC after SLS pre-treatment. SLS is
knownn to change the cohesiveness of the SC. The loss of proteins might have
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occurredd during the period between the removal of the SLS patch and the application
off PEG leading to a thinner SC. Since SC is reported not to be homogenous across
entiree length, the comparison of the penetration between SLS treated and normal
skinn was not justified. Another reason for the lower protein amount in some subjects
mightt be loss of SC during the removal of the PEG exposure chamber followed by
gentlee attaching of dry tissue paper. In this case, the upper layers of SC containing
PEGG will be lost. Of course, both possibilities might contribute to the loss of proteins
makingg the outcomes unreliable. Therefore, for data analysis we have included only
thee paired data of subjects who had similar protein amount before and after SLS
applicationn (n = 10). The percutaneous penetration parameters and the TEWL values
assessedd before application of SLS did not statistically differ in these two groups of
subjectss (data not shown).
Ass expected, the diffusion coefficient was inversely dependent on MW in both normal
andd in SLS-compromised skin. The diffusion coefficient after pre-treatment with SLS
increasedd for all PEG oligomers and this increase was more prominent for smaller
oligomers.. Enhanced diffusion coefficient in SLS pre-treated skin could be explained
byy the influence of SLS on the lipid bilayers of the SC. SLS has been shown to cause
distinctt abnormalities of the SC in its intercellular lipid domain leading to fluidization
off the intercellular lipid domain [8, 9]. Recent work showed that SLS removed
hydrophobicc lipids (8-15%) while no removal of ceramides occurred [10, 22-23].
AA similar effect of enhanced diffusion coefficient was found for PEGs, SLS and
theophyllinee in patients with atopic dermatitis, whose skin is characterized by
impairedd intercellular lipid domain [12, 15, 24].
Thee partition coefficient between SC and vehicle was similar for all PEG oligomers in
normall skin, which is consistent with similar octanol-water partition coefficients of
PEGss over a broad range of MWs [11]. The partitioning of PEGs in the SLScompromisedd skin was higher than in normal skin. This better solubility of PEGs in
thee SC due to SLS pre-treatment might be explained by removal of hydrophobic
lipidss and induced hydration leading to more hydrophilic SC, as already suggested by
otherss [18, 25-26]. In contrast to normal skin, partition coefficient was increasing with
thee MW of PEGs. The reason for this is not clear to us. In our parallel study with AD
patientss known for skin dryness, we found lower partition of PEGs in the SC
comparedd to control subjects; however, this decrease was similar for all MWs [12].
Thee permeability coefficient, calculated from diffusion coefficient and partition
coefficientt values, was three-fold larger in the SLS compromised skin compared with
thee normal skin for all PEG oligomers, ranging 0.34 to 0.70 x 10 5 cm h"1 in normal
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skinn from and from 1.20 to 2.09 x 10~5 cm h"1 in the SLS compromised skin (MW 590
too 282 Da). This was consistent with the values of 5 x 10~5 cm h"1 to 8.3 x 10~5 cm h"1
forr PEG414 - PEG282 obtained in hairless mouse model [27]. The higher
permeabilityy coefficient of PEG found in the SLS compromised skin is consistent with
thee study of Tsai et ai, who investigated the penetration of polydispersed PEGs
(PEG300,, PEG600 and PEG1000) in vitro in hairless mice after SLS pre-treatment
[3].. In that study, the penetration of PEGs expressed as percentage of the applied
dosee increased with the degree of barrier disruption as measured by TEWL.
Furthermore,, they reported the shifting of the MW cut-off value for PEG in the
damagedd skin. In the normal skin a cut-off value of 414 Da was found; however, in
thee skin compromised by SLS the MW cut-off value was shifted to 766 Da. But, as
discussedd earlier, the reported cut-off value was probably more the result of the
detectionn limit of the analytical method than the real molecular cut-off [3, Jakasa etal,
submittedd for publication]. In our study we see a gradual decrease of PEG
penetrationn with increasing MW in both normal and SLS compromised skin. This is in
accordancee with Johnson et ai, who reported that the diffusion coefficient of larger
solutess (-350-500 Da) appear not to decrease at the same dramatic rate but instead
remainn relatively constant [28].
Thee effect of SLS on the percutaneous penetration has been shown to be dependent
onn the lipophilicity of the penetrant. Nielsen et ai investigated in vitro percutaneous
penetrationn of a number of pesticides varying in lipophilicity through skin that was
pre-treatedd with 0.1 and 0.3 % SLS for 3 hours [5]. He found that percutaneous
penetrationn of more hydrophilic compounds was affected more. Penetration of
lipophilicc compounds (logK0/w > 3) through the SLS treated skin increased little,
whereass for less lipophilic compounds (logK0/w of 0.7 and 1.7) the penetration
increasedd two-fold. This is in agreement with the study of Borras-Blasco et al which
investigatedd the effect of SLS on in vitro percutaneous absorption through rat skin of
aa number of compounds with a wide range of lipophilicity values (logKo/wfrom -0.95 to
4.42)) [4]. They showed that permeability increased only for compounds with logKo/w
<3.. For a hydrophilic compound with a logKo/w of -0.95 which was similar to that of
PEGss (logKo/w = -1.6) the permeability coefficient increased ten-fold. In our study the
permeabilityy coefficient was increased three- fold for all PEG oligomers. It has to be
pointedd out that the effect of SLS measured in various studies was influenced by the
experimentall design, in particular with reference to the time difference between SLS
pre-treatmentt and penetrant application. In some studies, the penetrant was applied
simultaneouslyy with SLS, while in others immediately after removal of SLS or 24-48
hourss after the SLS pre-treatment, when the irritation effect is highest. The nature
andd the magnitude of the effect will be therefore different.
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Inn the present in vivo human study we have shown that SLS damages the skin
leadingg to increased skin permeability of hydrophilic PEGs. The increase in
permeabilityy was due to enhancement in both diffusion and partitioning into the SC.
Inn the skin that has been damaged by SLS exposure, the penetrated amount will be
higherr and larger molecules could penetrate in amounts that might be sufficient to
exceedd toxic levels. Therefore, when performing the risk assessment of dermal
exposure,, damaged skin, which occurs commonly, should be taken into
consideration. .
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Variationn in barrier impairment and inflammation of human skin as
determinedd by sodium lauryl sulphate penetration rate
CM.. de Jongh, I. Jakasa, M.M. Verberk, S. Kezic
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ChapterChapter

Abstract t
Backgroundd Skin irritability after a brief exposure to the model skin irritant, sodium
lauryll sulphate (SLS), is known to vary considerably between individuals.
AA difference in the skin barrier to SLS may contribute to this variation. To date, no
humann in vivo data have been available on SLS penetration into the skin.
Objectivess We studied whether the SLS penetration rate into the stratum corneum
(SC)) is related to impairment of the water barrier function and inflammation of the
skin. .
Methodss The penetration of SLS into the SC was assessed using a noninvasive
tape-strippingg procedure in 20 volunteers after a 4-h exposure to 1% SLS.
Additionally,, the effect of a 24-h exposure to 1% SLS on the skin water barrier
functionn was assessed by measuring the transepidermal water loss (TEWL). The
accompanyingg inflammation was quantified by measuring erythema.
Resultss The mean SD diffusivity of SLS (D) and the SLS permeability coefficient
(K(Kpp)) were 1-4 0-6 * 10"8 cm2 h"1 and 1-5 0 7 * 10"3 cm h"1, respectively. A multiple
regressionn analysis showed that the baseline TEWL, SC thickness and SLS
penetrationn parameters K (SC/water partition coefficient) and D clearly influenced the
increasee in TEWL after the 24-h irritation test (explained variance: r2 = 0-80). Change
inn erythema was mainly influenced by SC thickness.
Conclusionss We found that variation in the barrier impairment and inflammation of
humann skin depends on the SLS penetration rate, which was mainly determined by
SCC thickness.
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Repeatedd cutaneous exposure to mild irritants is the leading cause of occupational
contactt dermatitis.1 High-risk occupations for developing chronic irritant contact
dermatitiss (ICD) include hairdressing,2,3 healthcare3 and metalworking.4 For example,
inn a study of hairdressing apprentices, the incidence rate of ICD during the first year
wass 31-7 per 100 person-years.2 The mechanism of development of chronic ICD and
thee factors that determine an individual's susceptibility are not completely
understood.. The 'irritation threshold' to the model irritant sodium lauryl sulphate (SLS)
hass been suggested as a possible indicator of individual susceptibility to chronic
ICD.5"77 The irritation threshold has been defined as the lowest SLS concentration that
leadss to visual skin inflammation, assessed in an acute 4-h patch test.
Thee investigators used visual grading of the erythema reaction as a parameter of
irritation.. These studies revealed substantial interindividual differences in acute skin
inflammationn susceptibility: the irritation threshold ranged from < 0-1% to > 20% SLS.
Wee assumed that the irritant effect of SLS on the stratum corneum (SC)8 and the
underlyingg viable tissues9 is related to the ability of SLS to penetrate into the SC.
Thus,, the differences in the skin barrier to SLS may be one of the factors contributing
too the interindividual differences in skin irritability. In studies with healthy volunteers,
interindividuall differences of up to a factor of 4 were found in the skin penetration rate
off several chemicals.10 In this regard, one important factor is the SC thickness, which
variess between individuals by a factor of 2-3. 11 As the penetration of chemicals into
thee skin is a diffusion process, the amount absorbed will be inversely proportional to
thee thickness of the SC membrane.
Severall studies have been performed to obtain insight into SLS penetration into the
skin.. Most of these studies were in vitro, using mammalian9,12"14 or human skin.9,15"17
Inn two studies, the ability of SLS to penetrate into the skin was investigated in vivo,
usingg rat models.9,18 None of these studies addressed the relationship between the
SLSS penetration and the skin inflammation reaction.
Penetrationn of topically applied substances into the SC in vivo can be studied
noninvasively,, using a tape stripping procedure.19,20 In the present study, we
investigatedd the relationship between SLS penetration into the SC and the
impairmentt of the skin water barrier function and skin inflammation. To this end, we
performedd two exposures in volunteers. One exposure was a 24-h exposure to 1%
SLSS intended to evoke skin irritation: 24 h after patch removal, the effect of SLS on
thee skin water barrier function was measured by transepidermal water loss (TEWL),
andd the inflammation was assessed by measurement of erythema (skin redness).
Thee second exposure was a 4-h application of 1% SLS to assess the rate of
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penetrationn of SLS into the SC. The results presented here were part of a larger
studyy designed to investigate individual susceptibility factors for developing chronic
ICDD (de Jongh etal., in preparation).

Subjectss and methods
StudyStudy population
Twentyy healthy volunteers with no visible skin abnormalities participated in the study
(133 women, mean
SD age 24 3 years and seven men, mean
SD age
255 8 years). The study was approved by the ethics committee of the Academic
Medicall Centre, and all subjects gave their written, informed consent. The subjects
weree not allowed to use soap or moisturizers on the lower arms for 24 h prior to, and
duringg the days of, the experiments. All participants filled in the Erlangen Atopy
Questionnaire,211 which was used to derive an atopy score.

SingleSingle 24-h sodium lauryl sulphate irritation test
Too evoke skin irritation, the dominant midvolar forearm was exposed over a 24-h
periodd to a 1% w/v SLS solution {200 uL, > 99% purity; Fluka, Buchs, Switzerland),
usingg a patch test chamber (Finn chambers® of 18 mm diameter and filter paper
discs;; Epitest, Tuusula, Finland). Before application and 24 h after patch removal,
TEWLL and erythema were measured on the exposed site and on a control site on the
dominantdominant forearm. TEWL was measured with an Evaporimeter (VapoMeter SWL2g
Delfinn Technologies Ltd, Kuopio, Finland). Nuutinen etal. describe this measurement
devicee in detail.22 For at least 20 min prior to the measurements, the volunteers
restedd with their sleeves rolled up in the examination room, where the temperature
wass 20-22 C and the relative humidity ranged between 50% and 60%.
Thee erythema index was measured using an erythema meter (DermaSpectrometer;
Cortexx Technology, Hadsund, Denmark), as described by Clarys et a/.23
SodiumSodium lauryl sulphate penetration test
Inn addition to the single 24-h irritation test site, two other sites on the dominant distal
volarr forearm were exposed for 4 h to 200 uL of a 1% SLS solution using patch test
chamberss to determine the SLS penetration rate. The chambers were separated by
155 mm and attached with adhesive tape (Scanpor® tape; Norgeplaster, Vennesla,
Norway).. A third, nonexposed site on this forearm served as a control.
Fifteenn minutes after the chamber removal, the SC was sequentially removed using
piecess of 19 * 25 mm adhesive tape (Diamond Ultra Clear Tape, 19 mm x 33 m;
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Thee Sellotape® Company, Eindhoven, the Netherlands). Templates of Scanpor® tape
weree fixed on the skin around each application spot to limit the tape stripping area
(188 mm diameter). Pieces of tape were consecutively applied to the sites and
homogeneouslyy pressed on to the skin by moving a 10-kg stainless steel roller24 10
timess in two directions. The tapes were then slowly removed at an angle of 170 with
thee skin. The sites were multidirectionally stripped until it appeared that the SC was
totallyy removed, as observed by the shininess and redness of the surface and a
TEWLL > 100 g m"2 h"1. Each tape strip was collected in a glass vial and stored at 200 . The tape stripping of the three sites (two SLS-exposed and one control,
simultaneously)) was completed after 20 min.
Thee amount of SLS on each strip was analysed using an adjusted method based on
thatt of Rusconi era/.25 The total amount of protein on each strip was analysed
followingg a slightly modified procedure based on that of Dreher et a/.26 Blank tapes
weree processed and assayed as a negative control. To extract the SLS from the
tape,, 1 ml_ methanol (J.T. Baker, Deventer, the Netherlands) was added to each vial
andd the vials were shaken for 1 h (TPM-2; Sarstedt, Numbrecht, Germany).
Thee methanol fraction was removed and stored at - 20 C for SLS analysis.
Thee concentration of SLS was determined spectrophotometrically, using a dye
(Stains-All®;; Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany). Standards of SLS
forr the calibration curve were prepared in methanol (2-3-50 ug mL"1) and 20 uL from
eachh standard and sample was pipetted into a 96-well plate. After evaporation of the
methanol,, 200 uL of Stains-All® working solution was added to each well and
absorbancee was read at 450 nm (Model 680 Microplate reader; Bio-Rad
Laboratories,, Hercules, CA, U.S.A.).
Thee remaining methanol in the vials containing tape strips was evaporated, using
nitrogen.. Subsequently, 1 mL of 1 mol L"1 NaOH was added. The vials were then
shakenn for 2 h and left at room temperature overnight. After addition of 1 mL of
11 mol L~1 HCI, the sample was ready for the protein assay. The total protein on each
stripp was determined with the Bio-Rad DC protein assay kit (Bio-Rad Laboratories),
usingg the supplied bovine serum albumin as the standard. Standards and samples
weree pipetted into a 96-well plate and assayed following the kit instructions.
Thee concentration of SLS on each strip was expressed as ug SLS ug"1 protein.
Assumingg an SC density11 of 1 g cm"3 and a uniform distribution of SC on the tape
stripss (stripped skin area: 2-54 cm2), the protein mass removed was converted to a
volumee enabling estimation of the thickness of SC on each strip and the cumulative
SCC thickness.
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DataData analysis
Afterr the 4-h SLS penetration test, analysis of the sequentially tape-stripped SC
yieldedd values of the SLS concentration as a function of the relative depth (x/Z.) into
thee SC. The SLS concentration profile is given by a solution to Fick's Second Law of
Diffusionn (Fig 1),19'20 where C(x) is the SLS concentration (pg cm"3) at depth x in the
SC,, K is the SC/water partition coefficient of SLS, Cveh is the applied SLS
concentrationn (pg mL*1) in the vehicle (water), L is the total thickness of the SC (cm),
DD is the diffusivity of SLS in the membrane (cm2 h"1), and t is the exposure duration
(h). .
Thee rate constant for diffusion across the SC (DIL2) is obtained by fitting this
nonsteady-statee diffusion equation to the data of the SLS concentration profile. KCven
equalss the intercept at x = 0. The SLS permeability coefficient (Kp) across the SC
layerr is calculated by Kp = KDIL. The calculation of penetration parameters from the
concentrationn vs. depth curve has been described in detail elsewhere.19,20
Dataa of duplicate SLS penetration tests were pooled to obtain one regression curve
forr each subject. The first strip was not included in the regression analysis, as it
containedd some SLS that remained on the surface of the skin. Prism 4 (GraphPad,
Sann Diego, CA, U.S.A.) was used for curve fitting.
Statistics Statistics
Forr our statistical analysis, we used Student's two-sample Mest to compare
subgroups,, and the Pearson correlation coefficient. For the effect of SLS penetration
ratee on skin water barrier function, we used a multiple linear regression analysis with
thee change in TEWL as the dependent parameter, and the baseline TEWL, K, L and
DD as the independent parameters. For the effect on skin inflammation, we used the
changee in erythema as the dependent parameter, and K, L and D as the independent
parameters.. P < 005 was considered significant.

Results s
AtopyAtopy score
Thee subjects' Erlangen Atopy Scores ranged from 3 to 16 (the maximum for the
questionnairee is 34), and the mean SD score was 7-9 3-9. Six subjects had a
scoree £ 10 points, which is considered as having atopy.21
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FigFig 1: Fick's Second Law of Diffusion.

SingleSingle 24-h sodium lauryl sulphate irritation test
Onee day after the 24-h irritation test with 1% SLS, the mean
SD TEWL had
2
1
2
increasedd from 9.0 3.0 g nrf h" (baseline) to 81 42 g m" h"\ and the degree of
erythemaa from 7.8 + 2.1 arbitrary units (AU) to 12.2 3.2 AU.
SodiumSodium lauryl sulphate penetration test
Onn average, 13 4 tape strips were removed from each SLS test site and 20 4
stripss from the control site. The mean SD total amount of protein removed from one
sitee was 2140 570 ug, corresponding to a SC thickness of 8.6 2.4 urn.
Acceptablee curve fitting was obtained for 19 volunteers. The data on two volunteers
hadd to be excluded from the analysis. This was because a linear relationship was
foundd between the SLS concentration and SC depth, indicating a steady-state
absorptionn to which Fick's Second Law of Diffusion is not applicable. Figure 2 shows
thee SLS concentration profiles across the SC for two selected subjects. Nonlinear
regressionn was used to obtain the best fit of the equation given in Figure 1 (dashed
lines). .
Thee SLS penetration results are summarized in Table 1. We observed fairly high
interindividuall variation in all penetration parameters: the coefficients of variation
(CV)) ranged from 24% to 51%. The mean values were also calculated separately for
thee subjects with (n = 6) and without (n = 11) atopy. No difference in K was found
betweenn these two groups. In the atopy group, the SC tended to be thinner, and OIL1
andd Kp were almost doubled (P = 0.002 and P = 0.001, respectively).
Tablee 1 shows that changes in TEWL (ATEWL) and erythema (Aerythema) were
higherr in atopics than in nonatopics (P = 0.04 and P = 0.06, respectively) after the
24-hh irritation test. Baseline TEWL did not clearly differ between subjects with and
withoutt atopy (Table 1).
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Tablee 2 shows the relationship between ATEWL and Aerythema after the 24-h
irritationn test, and the obtained penetration parameters K, L, D and DIL2. A good
relationshipp was found between the effect parameters, ATEWL and Aerythema, and
DILDIL22 (r- 0.74, Fig 3, and r- 0.58, respectively). Moreover, L had a clear influence on
ATEWLL ( r = - 0 - 6 4 ) and Aerythema (r = -0.63), as well as an influence on the
baselinee TEWL (r = - 0.43). No clear relationship was found between K and D and
thee skin irritation parameters. As regards the baseline TEWL, subjects with a higher
baselinee value also had a higher ATEWL (r = 0.62). As the lag time to reach steady
statee is defined as L2/6D, it appeared that the lag time in our subjects would be
10.55 6.0 h.

** subject 1, Kp = 0.68 x 10 -3 cm h -1
•• subject 2, Kp = 1.85 x 10"3 cm h"1
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FigFig 2: Sodium lauryl sulphate (SLS) concentration obtained by tape stripping in two
subjectssubjects as a function of stratum corneum (SC) depth (x/L) after a 4-h exposure to
1%1% SLS. Experimental data were fitted to the equation given in Figure 1, using a
nonlinearnonlinear regression analysis (dashed lines; r = 0.95-0.97)* Kp - SLS permeabili
coefficient. coefficient.
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Tablee I. SLS penetration parameters (mean
subjectss with and without atopy.
Unit t

Parameter r

SC/waterr partition
coefficientt (K)

SD) and skin irritation parameters for

All l
subjects s

Atopy y

Noo atopy P-value* *

nn = 17

nn = 6

nn = 11 +/-- atopy

933

2

955

2

911

7

n.s. .

8.66

2.4

7.66

3 9.22

7

n.s. .

2 11
1.44
Diffusionn coefficient (D) x l O ^ c m ^

6

1.88

5 1.22

5

0.05 5

Ratee constant for SLS
diffusionn (D/L2)

SCC thickness (L)

urn n

x i r j 22 h"1

2.11

1

3.11

8 1.66

7

0.002 2

x10" 3 cmh 1 1

1.55

7

2.22

5 1.22

5

0.001 1

Baselinee TEWL

gm- 2 h" 1 1

8.66

0

9.22

9 8.33

5

n.s. .

ATEWL L

gg m"2h"1

666

0

933

5

522

0

0.04 4

AU U

4.11

9

5.99

5 3.22

7

0.06 6

Permeabilityy
(KP) )

Aerythema a

coefficient

SC,, stratum corneum; TEWL, transepidermal water loss; NS, not significant; AU, arbitrary
units,, independent sample t-test (two-sided)

Too estimate the contribution of individual skin properties on the skin irritation
parameters,, we performed a multiple linear regression analysis. The following
relationshipp was obtained [estimated coefficients (SE)]: ATEWL = 23 (38) + 5.3 (1.9)
baselinee TEWL + 0.63 (0.24)K-1-1 (0.25) * 105L + 2.8 (0.91)*10 9 D with an
explainedd variance of r2 = 0-80 (P = 0001). In a model with only the baseline TEWL
andd L as the independent parameters, the explained variance was 0.55. For
Aerythema,, we obtained: Aerythema = 11 (3.0)-1.2
(2.6) * 10~ 2 K- 8.8
(2.6)) ><103L+1.6 (1.0) x 108D with an explained variance of ^=0.50 (P = 0.024).
Regardingg ATEWL, all independent factors showed a significant contribution.
Byy contrast, only L contributed significantly for Aerythema. .
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rr = 0.74; P < 0.001
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5

Ratee constant for diffusion D/L2 (x10"2 h"1)
FigFig 3: Increase in transepidermal water loss (DTEWL) after a 24-h irritation test as a
functionfunction of the rate constant (DA.2) for diffusion of sodium lauryl sulphate across the
stratumstratum corneum.

Tablee II. Relationships between SLS penetration parameters and skin irritation
parameterss in volunteers.
Diffusivityy
off SLS
(D))

Rate constant
for SLS
diffusion (D/L2)

SC/waterr partition
coefficientt (K)

SC thickness
(L)
rr

rr

baselinee TEWL

-0.26 6

-0.43* *

0.02 2

0.43* *

ATEWL L

0.10 0

0.64** *

0.22 2

0.74*** *

Aerythema a

-0.25 5

0.63** *

0.09 9

0.58** *

Parameter r

rr = Pearson correlation coefficient, n = 17, * P < 0.05, ** P < 0.01, *** P < 0.001 (one-sided)
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Discussion n
Exposuree to 1 % SLS over 24 h led to a decrease in the skin water barrier function
andd to skin inflammation. The mean increase in TEWL and erythema was
722 g m"2 h"1 and 4-4 AU, respectively, with considerable interindividual variation.
Thesee findings are in agreement with those of other studies.27"29
Inn the present study, we aimed to investigate the influence of the skin penetration
ratee of SLS on skin irritation effects. The differences in the SLS penetration rate have
beenn suggested as one of the possible sources of high interindividual differences in
SLSS irritability.5
Inn this study, we determined the penetration of SLS into the SC by means of an SC
tape-strippingg method. This noninvasive method is increasingly being used to
determinee the penetration parameters of compounds with various physicochemical
properties,, e.g. naphthalene,30 4-cyanophenol19 31 and cimetidine.31 The advantage to
thiss method is that it enables measurement of the local SLS concentration, close to
thee effect site. The individual penetration parameters, K and D, were deduced from
thee SLS concentration in subsequent tape strips based on Fick's Second Law of
Diffusion.. The SLS permeability coefficient (Kp) calculated from these penetration
parameterss was 1.5 0.7 * 10*3 cm h"1.
Too date, no human in vivo data have been available on SLS penetration. However,
somee data has been published on in vitro experiments.9,12,15"18//? vitro assays showed
thatt after a 24-h dermal application, only 2-3% of the applied SLS penetrated through
thee skin into the receptor fluid.16,17 Due to this low permeability, the blood
concentrationss of SLS will be too low to assess in vivo permeation of SLS.
Thee experimental conditions in the mentioned in vitro studies differed from those
usedd in our study. For example, the in vitro SLS exposure was longer (> 24 h), which
makess changes in the barrier due to SLS effects more likely.8,3233 Furthermore, the
typess of skin and methods of sampling in those studies were different. It is difficult
thereforee to compare the results obtained in our study with the in vitro values
reportedd in the literature. As an alternative to experimentally determined data, for
practicall purposes the Kp of a compound can be predicted by skin permeation
models.. The Environmental Protection Agency has proposed an empirical model,
whichh is based on the molecular weight and the octanol/water partition coefficient.34
Thiss model estimates a Kp for SLS of 4.5 * 10"4 cm h"1. Considering the SC as the
majorr rate-limiting barrier to SLS penetration, this Kp is only a factor of 3 lower than
ourr result: 1.5 * 10"3 cm h"1.
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Inn general, Kp describes the diffusion of a compound through a membrane under
steady-statee conditions. For our 24-h irritation test, the lag time to reach steady state
(L(L22/6D)/6D) can be estimated roughly at 10.5 6.0 h. So, for the purpose of predicting the
increasee of TEWL and erythema, Kp has limited value, because it reflects only the
steady-statee flux. The sooner the steady state is reached, the higher the timeweightedd concentration of SLS in the SC of a subject will be, and the more intense
thee effect on TEWL and erythema. So the finding that the rate constant for diffusion
(D/L(D/L22)) appeared to be a good predictor of the irritation effects was according to
expectations. .
Withh respect to K, the estimation of this parameter from the curve of the SLS
concentrationn vs. SC depth depends very much on the quality of the first data points.
Too improve the reliability of this estimation Reddy et a/.35 suggested conducting two
exposuree experiments: one experiment in the nonsteady-state condition to determine
DD and another experiment with a longer exposure to determine K. As the curve of the
SLSS concentration vs. SC depth becomes a straight line at the steady state, the
estimationn of K depends less on the error in the superficial strips. However, longer
exposuree could lead to alteration of the skin barrier to SLS.
Itt is possible that the SLS penetration rate into the skin may have been altered during
thee 4-h exposure, leading to a higher SLS diffusion. To minimize this risk, we opted
forr a relatively short exposure time and a low concentration. Moreover, in a pilot
study,, we observed no differences in penetration between a 1% SLS solution and a
0-1%% solution. In the light of that, we assume that during a 4-h exposure SLS has a
minimall effect on alterations in the barrier to SLS.
Inn the present study, we obtained substantial interindividual variation in all the
measuredd penetration parameters (CV ranged from 24% to 51%). Fullerton etal. also
foundd considerable interindividual variation (CV = 44%) in the in vitro penetrated
amountt of SLS in the epidermis of five different donors.16 We found higher
penetrationn of SLS in atopics than in nonatopics.
Thee main objective of this study was to investigate the relationship between SLS
penetrationn rate and the impairment of the skin water barrier function and skin
inflammation.. Several mechanisms are involved in skin irritation after exposure to
SLS.. In the SC, SLS interacts with the protein components of the SC8,36'37 and
causess disorganization of the lipid bilayers.832,33 Both of these processes lead to
barrierr perturbation, resulting in an increased TEWL. In the epidermis, SLS has a
directt toxic effect on the keratinocytes.38 As a consequence of epidermal cell
140 0

ChapterChapter 5

damage,, primary cytokines such as interleukin-1a are released from the
keratinocytes,, triggering the production of secondary cytokines and other
inflammatoryy mediators by epidermal ceils. Subsequently, these mediators induce an
inflammatoryy reaction with cellular infiltrate in the epidermis and vasodilation in the
dermis.39"41 1
Thee effect of SLS on the skin water barrier function is known to vary considerably
betweenn subjects.24,42 The permeability of the SC to SLS will contribute to those
interindividuall differences, as it determines the concentration of SLS in the SC and,
byy consequence, the extent of barrier perturbation and increase in TEWL.
Thee permeability of the SC depends on the composition and structure of the SC,
reflectedd in the parameters K and D. The partition coefficient of SLS between water
andd SC, K, will determine the amount of SLS that enters the SC. The diffusion
coefficient,, D, will dictate the rate by which the SLS moves through the SC.
Bothh parameters and the SC thickness will determine the actual concentration in the
SC.. Taken alone, the baseline TEWL and SC thickness had a fair predictive value
(r(r22 = 0.55) in predicting the impairment of the skin water barrier function after a 24-h
SLSS irritation test. This predictive value increased to r2 = 0.80 when the SLS
penetrationn parameters were added. The positive relationship between the baseline
TEWLL and the increase in TEWL after SLS exposure fell in line with the findings of
otherr SLS susceptibility studies.7,43,44
Inn skin inflammation, as assessed by erythema, considerable interindividual
differencess were found after SLS exposure.5"7,24 In our study, the SC thickness
seemedd to be the most important factor influencing the extent of erythema after a
24-hh SLS irritation test.
Thee observed interindividual variation in SLS penetration only partly explains the
considerablee variation in the SLS irritation effects. In our study, the range (P5-P95,
dataa not shown) of SLS penetration between subjects was about a factor of 4 (3.6 for
KKpp and 4.4 for D/L2). However, the SLS irritation threshold in acute exposure was
foundd to differ by a factor of 200 between individuals (< 0.1% to > 20%).5"7 It is likely
thereforee that factors other than permeability play a role in individual susceptibility to
SLSS irritation. Aside from differences in skin barrier properties, one important factor
mayy be the cytokine profile after exposure to SLS, which will affect the inflammatory
response.. Allen et al. showed an association between the individual irritant threshold
forr SLS and the presence of the polymorphism at position -308 in the TNFA gene.45
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Wee expect that individuals who have a higher SLS permeability also have a higher
permeabilityy for other substances, which makes them more susceptible to skin
damage,, e.g. in occupational exposure. This emphasizes that such individuals at risk
havee a greater need for skin protection in order to achieve a sufficient barrier to
environmentall chemicals. In conclusion, we have shown that the variation in barrier
impairmentt and inflammation of human skin depends on the SLS penetration rate.
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Understandingg and quantifying dermal absorption of chemicals and identifying factors
whichh govern this process is necessary for assessment of human health risk.
Thee project described in this thesis aimed at (1) generating in vivo human data by
usingg different methodology and (2) investigating factors which govern absorption
processes. .

Dermall absorption was assessed for the following model chemicals: 2-butoxyethanol
(BE),, sodium lauryl sulphate (SLS) and polyethylene glycol oligomers (PEG) ranging
inn molecular weight (MW) from 150 to 590 Da. Due to its excellent lipophilic and
hydrophilichydrophilic properties, BE is a frequently used solvent in industry and household, a
informationinformation on the percutaneous absorption of this chemical in humans in vivo
limited.. SLS is an anionic surfactant which is a common constituent of detergents
andd soaps and dermal exposure to this chemical in everyday life is frequent. SLS is
aa potent skin irritant, and the extent of absorption might therefore contribute to the
extentt of irritation. PEG is a polymer frequently used in intestinal and corneal
permeabilityy research. The advantages of PEG as a model compound include its
availabilityy in a wide range of molecular weights and the fact that the solubility of
individuall oligomers is not confounded by the molecular weight.
Amongg factors which may affect the extent and rate of dermal absorption we
investigatedd (1) the influence of water as a vehicle on dermal absorption of BE, (2)
thee influence of molecular size of PEGs on dermal absorption and (3) the role of skin
conditionn in the absorption of SLS and PEGs in the skin of atopic dermatitis (AD)
patientss and in the absorption of PEGs in the skin compromised by SLS.

Chapterr 2 describes the assessment of dermal absorption of BE by using two
differentt methods: biological monitoring (BM) and microdialysis (chapter section 2.1
andand 2.2).
Usingg BM method, dermal absorption of neat BE, 90 % and 50 % aqueous solution of
BEE was determined by measuring the concentration of BE in blood and of its major
metabolitee 2-butoxyacetic acid (BAA) in urine after dermal exposure and after
inhalationn exposure, the latter serving as a reference dosage. The average dermal
absorptionn rates of neat, 90 % and 50 % aqueous solutions of BE as determined
fromm the 24-hour excretion of BAA in urine amounted to 0.26
, 0.92 0.60 and
2
1
1.344
0.49 mg cm" h" . More detailed dermal kinetics could be deduced from the
timee course of BE concentration in blood. Using the linear system dynamics method
basedd on mathematical (de)convolution, the dermal absorption rate as a function of
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timee was obtained. This enabled us to calculate the maximal absorption rate and the
permeabilityy coefficient. These two parameters are important because they are used
forr comparison with in vitro assays. In addition, mathematical predictive models are
basedd on permeability coefficients. The permeability coefficients of 50% and 90%
aqueouss solutions of BE were 1.75 0.53 x 10~3 cm h"1 and 0.88 0.42 x 10~3 cm h"1,
respectively.. The permeability coefficient of neat BE could not be determined
becausee the concentrations of BE in blood were under the detection limit of the
analyticall method.
Microdialysiss showed to be a useful technique for determination of dermal absorption
kinetics.. In this study, semi permeable microdialysis probe was inserted in the dermis
underr the exposed skin site, in parallel to the skin surface. This probe was
continuouslyy perfused with physiological solution and dialysate was collected at
regularr intervals for the analysis of BE. Although the respective permeability
coefficientss for 50% and 90% aqueous solutions of BE of 6.1 2.2 x 10~3 cm h"1 and
2.55 2.3 x 10~3 cm h"1 were higher than the values obtained by BM method, the
enhancingg effect of water was consistent in both studies. In addition to the
permeabilityy coefficient and maximum flux, which were also determined using the BM
method,, the microdialysis technique enabled determination of lag time and diffusion
coefficient.. The microdialysis study revealed a higher diffusion coefficient of more
dilutedd solution BE, so the mechanism of action could at least be partly explained by
thee damaging effect of water on the lipid bilayers of the stratum corneum (SC).
Assessmentt of the recovery, i.e. part of the chemical that is sampled in the dialysate
relativee to the amount penetrated through the skin, is a specific problem of
microdialysis.. To overcome this problem we measured the excretion of BAA in urine
fromm which the systemic absorption of BE was derived. In that way the amount of BE
foundfound in the dialysate could be adjusted for recovery. The microdialysis technique
showedd to be suitable for studying skin metabolism without interference from the
systemicc compartment. The dermal metabolism seemed to be low, the amount of
BAAA was approximately 1 % of the amount of BE in the same dialysate.
BEE is readily absorbed through the skin and the results showed that dermal
absorptionn of BE from water solution is increased markedly compared to neat BE.
Evenn water addition as low as 10% led to an approximate four-fold increase in
absorptionn rates. These findings are important for health risk assessment of
occupationall exposure to BE, since BE is commonly used in mixtures containing
water.. The dermal uptake of aqueous solutions of BE was substantial: assuming a
60-- minute skin contact of an area of 1000 cm2, the dermal uptake would be four

147 7

Summary Summary

timess higher than the pulmonary uptake of an 8-hour exposure at the occupational
limitt value for BE. The results clearly justify the introduction of a skin notation for BE.
Too explore the applicability of BAA as a biological indicator of exposure to BE we
studiedd the excretion pattern of free and conjugated BAA after both inhalation and
dermall exposure to BE (chapter section 2.3). The results revealed high intra- and
inter-individuall variation in conjugation of BAA varying from 2-100% of total excretion.
Thee use of only free BAA as indicator of exposure in present BM programs will
thereforee lead to erroneous estimation of the internal dose. Since conjugation
changess with time, the time and duration of sampling would influence the outcome.
Thee result of our study indicated total BAA, due to lower inter-individual variability, as
aa superior biomarker of exposure over free BAA.

Measurementt of dermal absorption in vivo by the BM method is difficult for certain
classess of chemicals. The concentration of the chemical in body fluids and excreta
cann be too low to be determined, due to low systemic absorption or extensive
metabolism.. Since absorption through the SC is for most chemicals the rate limiting
step,, the concentration of the chemical absorbed in the SC can give an estimate of
systemicc absorption. This approach has been applied for the determination of dermal
absorptionn of PEG. Existing methods for PEG determination, mostly highperformancee liquid chromatography (HPLC) methods, were not sensitive enough to
detectt PEGs in the SC layers. For this purpose we developed a method for
determinationn of PEG in the SC obtained from the volunteers' forearm by means of
tapee stripping (described in Chapter 3). The method was based on extraction of
PEGss from the SC on the tape and subsequent derivatization of the hydroxyl groups,
whichh enabled sensitive measurement by gas chromatography using electron
capturee detection (GC-ECD). Furthermore, previously reported methods used
polydispersedd mixtures where only indirect (relative) determination of individual
PEGss was possible. In our method identification and quantification of PEGs were
donee for the first time directly, by using individual PEG standards. The developed
methodd was used to study permeability of normal and compromised skin.
Too overcome poor reproducibility caused by non-uniform tape stripping we
normalizedd the concentration of PEGs on each strip by the amount of protein. The
proteinn content was also used to determine the SC thickness and depth of each tape
stripp sample. This is a more reliable approach than using only tape strip number.
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Inn Chapter 4 absorption of model chemicals was determined in normal and
compromisedd skin by means of the tape stripping technique. After end of exposure
thee whole SC was removed subsequently by adhesive tapes on which the amount of
thee chemical was determined. The penetration parameters, i.e. diffusion coefficient
andd partition coefficient, were determined by best-fit regression of the concentration
off SLS or PEGs as a function of relative SC depth using an approach based on
Fick'ss second law of diffusion. In healthy subjects the diffusion coefficient for SLS
wass 6.2 3.0 x 10~9 cm2 h'1 and for PEGs it ranged from 1.9 x 10'9 (590 Da) to 8.4
xx 10"9 cm2 h"1 (150 Da). The partition coefficient was 196 for SLS and it ranged from
1.666 (150 Da) to 1.87 (590 Da) for PEGs.
ADD patients showed increased trans-epidermal water loss (TEWL): 8.4 4.3 g m"2 h"1
comparedd to 6.3 2.0 g m"2 h"1 in controls. Given the similar SC thickness in both
groupss this implicates a less effective barrier for water. The diffusion of both SLS and
PEGss through uninvolved AD skin was enhanced, being twice as high as through
normall skin, while the partition coefficient between the SC and water was 30 % and
500 % lower, respectively. The observed enhanced diffusion and lower partitioning
tendedd to be more pronounced in patients with active AD compared to those with
inactivee AD. This indicates that state of disease influences permeability of the skin
whichh is visibly not affected by AD.
Absorptionn of PEGs into the SC was also investigated in the skin compromised by
SLSS (chapter section 4.3). The SLS pre-treatment caused moderate barrier
impairment:: the TEWL increased from 6.3 to 17.9 g m"2 h"1. The skin compromised by
SLSS showed both an increased diffusion and partitioning of PEGs into the SC.
Ass expected, the diffusion of PEGs decreased with the MW in normal skin, skin of AD
patientss and in SLS-compromised skin. The gradual decrease of diffusion with
increasingg molecular weight is in agreement with recent findings that hydrophilic
chemicalss show less strong dependence of diffusion on the molecular weight than
lipophilicc chemicals. This might support existence of two different transport pathways
throughh the SC for hydrophilic and lipophilic chemicals.
Thee partition coefficient showed no MW dependence in normal and AD skin;
however,, in the skin compromised by SLS the partitioning showed an unexplained
increasee with increasing MW.
Thesee studies, are the first to have experimentally shown in vivo that the barrier for
chemicalss other than water is altered in the visibly not affected skin of AD patients.
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Chapterr 5 addressed the relation of the SLS penetration rate into the SC to both, the
impairmentt of the water barrier and the inflammation of the skin. The penetration of
1%% SLS into the SC was assessed in healthy volunteers by means of the tape
strippingg procedure (chapter 4). The volunteers were also exposed to 1% SLS for 24
hourss to induce damage to the skin barrier and inflammation, which were assessed
byy measurement of TEWL and erythema, respectively.
Thee extent of barrier impairment and inflammation appeared to depend on individual
penetrationn rate. Furthermore, TEWL, erythema and penetration rate of SLS were
higherr in atopics than non-atopies. The atopic status was assessed by Erlangen
Atopyy Questionnaire.
Thiss study supports the assumption that the more permeable the skin is the more
susceptiblee it is to local effects of chemicals.

Basedd on the findings in the studies described in this thesis several
recommendationss were formulated referring to methods of volunteer studies, effects
off chemical mixtures and importance of skin condition for dermal absorption.
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Hett begrijpen en kwantificeren van opname van chemische stoffen door de huid en
hett identificeren van de factoren die dit proces beïnvloeden is noodzakelijk voor het
vaststellenn van gezondheidsrisico's voor de mens.
Hett doel van het onderzoek dat beschreven wordt in dit proefschrift was (1) het
genererenn van in vivo onderzoekgegevens bij mensen door gebruik van
verschillendee onderzoeksmethoden, en (2) onderzoek naar de factoren die absorptie
doorr de huid beïnvloeden.
Alss modelstoffen is gebruik gemaakt van 2-butoxyethanol (BE), van
natriumlaurylsulfaatt (SLS) en van oligomeren van polyethyleenglycol (PEG) die in
molecuulgewichtt variëren van 150 tot 590 Dalton (Da). Dankzij zijn uitstekende
lipofielee en hydrofiele eigenschappen is BE een veel gebruikt oplosmiddel in zowel
industriëlee als huishoudelijke toepassingen; tegelijk is informatie over de dermale
absorptiee in vivo van deze stof bij mensen schaars. SLS is een surfactans dat veel
wordtt gebruikt als bestanddeel van detergentia en zeep; in het dagelijks leven komt
dee huid veelvuldig met deze stof in aanraking. SLS is sterk irriterend voor de huid, en
hett is goed denkbaar dat de mate van absorptie bijdraagt aan de mate van irritatie.
PEGG is een polymeer, dat veel wordt gebruikt bij onderzoek naar de permeabiliteit
vann de darmen en van het hoornvlies. Het voordeel van PEG als modelstof is dat het
verkrijgbaarr is in een ruim bereik van molecuulgewichten en het feit dat de
oplosbaarheidd van de verschillende oligomeren niet door het molecuulgewicht wordt
beïnvloed. .
Vann de factoren die een rol kunnen spelen bij de dermale absorptie is onderzocht: (1)
dee invloed van water als vehikel bij dermale absorptie van BE, (2) de invloed van de
molecuulgroottee van PEG's op de dermale absorptie en (3) de rol die de conditie van
dee huid speelt bij de absorptie van modelstoffen: SLS en PEG's in de huid van
patiëntenn met atopische dermatitis (AD) en PEG's bij gezonde personen na
behandelingg van de huid met SLS.

Inn hoofdstuk 2 wordt een beschrijving gegeven van de bepaling van dermale
absorptiee van BE volgens twee onderling verschillende methoden: biologische
monitoringg (BM) en microdialyse (hoofdstuk 2.1 en 2.2).
Doorr middel van BM werd de dermale absorptie bepaald door het gehalte te meten
vann 2-butoxyazijnzuur (BAA) in urine en BE in bloed na blootstelling via de huid en
naa inademing. De laatste werd gebruikt als referentiedosis. Uit de 24-uurs excretie
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vann BAA in urine kon alleen de gemiddelde dermale absorptie gedurende de hele
blootstellingsperiodee worden berekend. Deze absorptie bedroeg voor onverdunde BE
0.266
0.17 mg cm"2 h"1 en voor 90% en 50% waterige oplossingen van BE
respectievelijkk 0.92 0.60 en 1.34 0.49 mg cm"2 h"1. Meer gedetailleerde gegevens
vann de dermale kinetiek konden worden afgeleid uit het tijdsverloop van de BE
concentratiee in bloed. Met behulp van lineaire systeemdynamica, gebaseerd op
wiskundigee (de)convolutie, werd de dermale absorptiesnelheid als functie van de tijd
verkregen.. Hierdoor
konden
de
maximale
absorptiesnelheid
en de
permeabiliteitscoëfficiëntt berekend worden. Deze beide parameters zijn van belang
omdatt zij voor vergelijking met in wïro-onderzoeksgegevens worden gebruikt. Ook
wiskundigee predictiemodellen zijn op permeabiliteitscoëfficiënten gebaseerd. Bij
gezondee personen werd een permeatiesnelheid gevonden voor waterige oplossingen
vann 50 % en 90 % BE van respectievelijk 1,75
0,53 x 10"3 cm h"1 en
3
1
cmh" . .
Microdialysee lijkt een geschikte methode te zijn voor het bepalen van de dermale
absorptiekinetiek.. In deze studie werd de concentratie van BE en BAA gemeten in de
halfdoorlaatbaree microdialyse capillairen, welke intradermaal ingebracht waren
parallell aan het huidoppervlak. De capillairen werden doorgespoeld met een
fysiologischee zoutoplossing die opgevangen werd voor het bepalen van de BE
concentratie.. De permeabiliteitscoëfficiënt bedroeg 6,1
2,2 x 10"3 cm h"1 en
2,55 2,3 x 10"3 cm h"1 voor waterige oplossingen van respectievelijk 50% en 90%
BE.. Hoewel deze waarden hoger zijn dan de waarden verkregen met de BM
methode,, was het versterkend effect van water consistent in beide studies. Naast de
permeabiliteitscoëfficiëntt en de maximale flux, welke ook zijn bepaald door middel
vann de BM methode, kon met microdialyse de lag time en de diffusiecoëfficiënt
wordenn bepaald. De microdialyse studie liet een hogere diffusiecoëfficiënt zien voor
dee meer verdunde BE oplossing, waaruit blijkt dat het werkingsmechanisme
gedeeltelijkk verklaard kan worden door de beschadigende werking van water op de
lipidenn dubbellaag van het stratum corneum (SC).
Hett bepalen van de fractie van de stof in het dialysaat in verhouding tot de
hoeveelheidd binnengedrongen door de huid (recovery), is een probleem dat eigen is
aann deze techniek. Om dit probleem te ondervangen is de excretie van BAA in urine
gemetenn waaruit de systemische absorptie van BE werd afgeleid. Op deze wijze kon
dee hoeveelheid BE in het dialysaat worden geschaald. Deze methode blijkt ook
geschiktt voor het onderzoeken van metabolisme in de huid zonder verstoring door
hett systemische compartiment.
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BEE wordt gemakkelijk in de huid geabsorbeerd en de resultaten laten zien dat de
dermalee absorptie van BE vanuit een waterige oplossing sterk verhoogd is in
vergelijkingg met pure BE. Zelfs bij toevoeging van slechts 10% water neemt de
absorptiesnelheidd met ongeveer een factor 4 toe. Deze bevindingen zijn van belang
voorr het bepalen van gezondheidsrisico's bij beroepsmatige blootstelling aan BE,
aangezienn BE veel wordt gebruikt in waterhoudende mengsels. De dermale opname
vann waterige BE-oplossingen is aanzienlijk: uitgaande van 60 minuten huidcontact
mett een oppervlak van 1000 cm2 zou de dermale opname vier maal hoger zijn dan
dee opname via de luchtwegen bij een 8 uur durende blootstelling aan BE op het
niveauu van de grenswaarde voor de arbeid. Deze uitkomsten maken duidelijk dat het
toekennenn van een 'huidnotatie' voor BE nodig is.
Omm de toepasbaarheid van BAA als biologische indicator van blootstelling aan BE te
onderzoeken,, is het excretiepatroon onderzocht van vrij en geconjugeerd BAA na
zowell blootstelling via de inademing als dermale blootstelling aan BE (hoofdstuk
2.3).. In beide blootstellingsscenario's neemt de mate van conjugatie toe in de tijd. De
resultatenn laten een grote intra- en interindividuele variatie zien van de conjugatie
vann BAA, uiteenlopend van 2 tot 100% van de totale excretie. Daarom zal het
gebruikk van uitsluitend vrij BAA als blootstellingsindicator in de huidige
BM-programma'ss een onnauwkeurige schatting van de interne dosis tot gevolg
hebben.. Aangezien de mate van conjugatie in de tijd verandert, worden de
uitkomstenn bovendien beïnvloed door het tijdstip en de duur van de monstemame.
Err is aangetoond dat het totale BAA als gevolg van de lagere interindividuele
variabiliteit,, een betere biomarker van blootstelling is dan alleen vrij BAA.

Hett in vivo meten van dermale absorptie met de methode van biologische
beschikbaarheidd is bij bepaalde categorieën van stoffen moeilijk. De concentratie van
eenn stof in lichaamsvloeistoffen en uitscheidingsproducten kan te laag zijn om te
wordenn gemeten, als gevolg van een lage systemische absorptie of intensieve
stofwisseling.. Omdat absorptie door het SC voor de meeste chemische stoffen de
snelheidsbepalendee stap is, kan de concentratie van de geabsorbeerde stof in het
SCC een schatting van de systemische absorptie opleveren. Deze aanpak is
toegepastt bij PEG. Echter, de bestaande methoden voor de bepaling van PEG - met
namee "hoge druk vloeistof chromatografie" methoden - blijken niet gevoelig genoeg
voorr de geringe hoeveelheid PEG in de dunne lagen van het SC. Daarom werd een
methodee ontwikkeld voor het bepalen van PEG's in het SC verkregen van de
onderarmm door middel van tapestripping (hoofdstuk 3). De methode is gebaseerd op
extractiee van PEG's uit het SC op de tape, gevolgd door derivatisering van de
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hydroxylgroepen,, die een gevoelige meting door middel van gaschromatografie met
electronn capture-detectie (GC-ECD) mogelijk maakt. Verder gebruikten eerder
beschrevenn methoden polydisperse mengsels waarbij slechts indirecte (relatieve)
bepalingg van afzonderlijke PEG's mogelijk was. Bij onze methode werd de
identificatiee en kwantificatie van PEG's voor de eerste maal rechtstreeks uitgevoerd,
doorr afzonderlijke oligomeren te gebruiken als standaarden. De ontwikkelde
methodee is toegepast in onderzoek naar de permeabiliteit van normale en
beschadigdee huid. Ter voorkoming van slechte reproduceerbaarheid ten gevolge van
niet-uniformee tapestripping hebben we de concentratie van PEG's op elke strip
genormaliseerdd d.m.v. het eiwitgehalte. Het eiwitgehalte is eveneens gebruikt voor
hett bepalen van de dikte van het SC en de diepte van elk monster verkregen m.b.v.
tapestrips.. Deze aanpak is betrouwbaarder dan alleen gebruik te maken van de
rangnummerss van de strips.

Hoofdstukk 4 beschrijft het bepalen van de absorptie van modelstoffen in normale en
aangetastee huid door middel van tapestripping. Na het einde van de blootstelling
werdd het SC met behulp van strookjes plakband geheel verwijderd en werd de
hoeveelheidd van een chemische stof op deze tapes bepaald. De
penetratieparameters,, d.w.z. de diffusiecoëfficiënt en de partitiecoëfficiënt, werden
bepaaldd door middel van best-fitregressie van de concentratie van SLS of PEG's als
functiee van de relatieve diepte van het SC. Hierbij werd gebruik gemaakt van een
aanpakk die gebaseerd is op de tweede diffusiewet van Fick. De diffusiecoëfficiënt en
dee partitiecoëfficiënt voor SLS bedroegen bij gezonde personen respectievelijk
6,22 x 10~9 cm2 h"1 en 196. Voor PEG's varieerde de diffusiecoëfficiënt van 1,9 x 10"9
cm22 h"1 (590 Da) tot 8,4 x 10~9 cm2 h"1 (150 Da) en de partitiecoëfficiënt varieerde van
1,877 (590 Da) tot 1,66 (150 Da).
Bijj patiënten met AD werd een toename van het transepidermaal waterverlies
(TEWL)) waargenomen: 8,4 4,3 g m"2 h"1 vergeleken met 6,3 2,0 g m"2 h"1 bij
controlepersonen.. Aangezien de dikte van het SC in beide groepen gelijk was,
impliceertt dit een minder effectieve waterbarrière. De diffusie van zowel SLS als
PEG'ss door de symptoomvrije huid van AD patiënten neemt toe tot twee maal de
diffusiee via de normale huid, terwijl de partitiecoëfficiënt tussen het SC en water
respectievelijkk 30 en 50 procent lager blijkt. Een tendens is waargenomen dat de
toenamee van de diffusiecoëfficiënt en de afname van de partitiecoëfficiënt meer
uitgesprokenn zijn bij patiënten met actieve AD dan bij degenen met inactieve AD.
Ditt duidt erop dat het stadium van de ziekte van invloed is op de permeabiliteit van
dee huid die op het oog niet door AD is aangetast.
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Dee absorptie van PEG's in het SC is ook onderzocht in door SLS aangetaste huid
(hoofdstukk 4.3). De voorbehandeling met SLS veroorzaakte een matige
verslechteringg van de waterbarrière: de TEWL neemt toe van 6,3 tot 17,9 g m"2 h~1.
Bijj de door SLS aangetaste huid is een toename van zowel de diffusie als de
partitiecoëfficiëntt voor PEG's waargenomen.
Zoalss verwacht is de diffusie van PEG's afgenomen met het molecuulgewicht; dit
geldtt voor normale huid, huid van AD patiënten en door SLS aangetaste huid.
Dee langzame afname van de diffusie bij toenemend molecuulgewicht is in
overeenstemmingg met recente bevindingen dat hydrofiele verbindingen qua diffusie
inn mindere mate afhankelijk zijn van het molecuulgewicht dan lipofiele verbindingen.
Ditt impliceert dat er twee verschillende transportroutes door het SC voor hydrofiele
enn lipofiele stoffen zouden zijn.
Inn normale en door AD aangetaste huid blijkt de partitiecoëfficiënt niet afhankelijk van
hett molecuulgewicht. In de door SLS aangetaste huid vertoont de partitiecoëfficiënt
eenn niet verklaarde toename met het molecuulgewicht.
Dezee onderzoeken zijn de eerste waarbij experimenteel in vivo bij mensen is
aangetoondd dat de huidbarrière voor andere stoffen dan water in de symptoomvrije
huidd van de AD patiënten is veranderd.

Inn hoofdstuk 5 wordt de relatie onderzocht tussen enerzijds de penetratiesnelheid
vann SLS in het SC en anderzijds de verslechtering van de waterbarrière en de
ontstekingg van de huid bij gezonde mensen. De penetratie van 1% SLS in het SC
werdd bepaald met behulp van tapestripping (hoofdstuk 4). Ook werden vrijwilligers
244 uur lang blootgesteld aan 1% SLS met het doel schade aan de huidbarrière en
ontstekingg te veroorzaken, die werden beoordeeld door bepaling van respectievelijk
dee TEWL en het optreden van erytheem.
Dee mate van barrièreverslechtering en ontsteking blijkt afhankelijk te zijn van de
individuelee penetratiesnelheid. Ook de waarden van TEWL, erytheem en SLSpenetratiesnelheidd zijn hoger bij atopici dan bij niet-atopici. De atopische status werd
bepaaldd met behulp van de Erlangen Atopie Vragenlijst.
Ditt onderzoek ondersteunt de veronderstelling dat de huid vatbaarder is voor lokale
effectenn van stoffen naarmate de permeabiliteit toeneemt.
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Opp grond van de bevindingen van de onderzoeken die in dit proefschrift zijn
beschreven,, zijn enkele aanbevelingen geformuleerd met betrekking tot methoden
vann onderzoek met vrijwilligers, effecten van chemische mengsels en het belang van
dee conditie van de huid voor dermale absorptie.
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ConclusionsConclusions and recomme

Thee results presented in this thesis, considered in the context of those achieved
withinn the EDETOX project, help in focusing the scope of needed investigations and
inn defining our recommendations.

WeWe strongly encourage performance of human volunteer studies
Thee present studies showed that well designed human in vivo experiments are a
valuablee tool for assessment of dermal absorption. They uses a physiologically and
metabolicallyy intact system, and no inter species extrapolation is needed.
Thee preference for alternative methods, such as in vitro measurements, in vivo
animall studies or predictive mathematical modelling, over human in vivo studies is
usuallyy argumented by ethical and practical considerations. However, recent
methodologyy and sensitive measurement techniques allow for exposures at
concentrationn levels which are far below current occupational exposure limits.
Althoughh we recognize that human volunteer studies are laborious, the value and
necessityy of in vivo human data more than compensates for it.

inin vivo studies should be designed in such a way that absorption kinetics
ratherrather than systemic dose is derived
Mostt in vivo methods are based on measurement of total systemic absorption
yieldingg only average dermal absorption rate into the skin. This might be sufficient for
practicall purposes, e.g. for biological monitoring (BM) of occupational exposure.
Realisingg that skin absorption is a time dependent process, these data are poorly
translatablee to other exposure scenarios and are not suitable for evaluation of
alternativee methods, such as in vitro or mathematical predictive models.
Determinationn of dermal absorption rate as a function of time by using, e.g.
mathematicall (de)convolution, should be preferred. As shown in the study on
2-butoxyethanol,, this approach enables determination of detailed dermal kinetics
includingg permeability coefficient, maximum skin flux and lag time. These absorption
parameterss are needed for human risk assessment and allow direct comparison with
inin vitro data and predictive mathematical models.
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AdditionalAdditional work is needed to enable reliable determination of recovery before
thethe microdialysis technique becomes suitable for wider application
Althoughh microdialysis is a complex and relatively invasive technique, it showed its
potentiall in studying influence of the vehicle on dermal absorption of a chemical.
Additionally,, as demonstrated in the presented study on 2-butoxyethanol, metabolism
occurringg in the skin can be measured by this technique without interference from the
systemicc compartment. However, assessment of recovery i.e. the proportion of the
chemicall that was recovered in the dialysate relative to the amount penetrated
throughh the skin, remains one of the main problems of this technique.

FurtherFurther research is needed in evaluation of the tape stripping technique with
emphasisemphasis on standardization and development of a valid and feasible method
forfor measurement of stratum corneum thickness
Tapee stripping is a relatively non-invasive and simple technique for determination of
dermall absorption, and it is not surprising that the interest in this technique is growing
inn the area of cosmetics, pharmaceuticals, and risk assessment. The value of this
techniquee is in the fact that it measures diffusion coefficient and partition coefficient
separately,, which showed to be advantageous in studying absorption mechanism.
However,, at present there are no approved guidelines and the used procedures are
poorlyy standardised. In addition, the measurement of the stratum corneum thickness
iss very error prone, which is a problem as it is essential for proper data analysis.

ThereThere is a need for further investigations of the effect of vehicle formulation
andand mixtures on absorption
Dataa on dermal absorption are usually obtained from studies with neat chemicals.
Ass demonstrated in the study on 2-butoxyethanol, even a small addition of water to
thee application solution enhanced absorption of 2-butoxyethanol dramatically. Since
inn occupational settings and everyday life the skin is usually exposed to chemical
mixtures,, further research is necessary to understand the mechanism by which
chemicall mixtures affect dermal absorption.
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ConclusionsConclusions and recommendat

ThereThere is a need for more in vivo data on dermal absorption of chemicals in
damageddamaged and diseased skin.

Dataa on dermal absorption through damaged skin in humans in vivo are missing.
Thee studies on percutaneous penetration of two model chemicals demonstrated
alteredd skin barrier in patients with atopic dermatitis even on the skin sites visibly not
affectedaffected by disease. Higher dermal absorption was also demonstrated in the skin
damagedd by sodium lauryl sulphate. Compromised skin not only increases
absorption,, but would facilitate entrance of larger molecules such as proteins which
normallyy would not be able to pass through the skin. This emphasizes the importance
off continuous skin protection and maintenance of the skin barrier. Since a
compromisedd skin barrier due to environmental damage or skin disease is not
uncommonn we would strongly encourage more studies on dermal absorption of
compromisedd skin. The extent of dermal absorption is not only important for systemic
effects,, but as shown in this study, permeability of the skin plays an important role in
thee individual susceptibility to local skin effects of chemicals.

DueDue to lack of data on dermal absorption of chemicals and insufficient
knowledgeknowledge about the factors which influence this process, the setting up
quantitativequantitative exposure limits for dermal exposure is not possible yet.
ForFor chemicals which are substantially absorbed through the skin,
whenwhen possible, biological monitoring should be performed
Thee study on 2-butoxyethanol showed that systemic absorption due to dermal
exposuree can be substantial and may exceed the inhalation route which is
traditionallyy seen as the most important entry route for chemicals in occupational
setting.. As long as there are no occupational exposure limits for skin exposure, when
available,, biological monitoring should be used. Sampling strategy by development
andd implementation of biological monitoring in occupational settings should take into
accountt the differences between dermal and inhalation kinetics.
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Stellingen n
behorendee bij het proefschrift
"Dermall absorption of chemicals through normal and compromised skin"

1.1. The value and necessity of in vivo studies outweigh their laboriousness
andd price (this thesis)
2.2. Use of dermal absorption data of neat chemicals to predict the risk of
dermall exposure to mixtures, as usual in current risk assessment, will
resultt in wrong conclusions (this thesis)
3.3. "Is there anything that the skin can't do? In short, the question is
impossiblee to answer in any condensed form. Besides, we live in many
skins,, from head to foot" (Albert M. Kligman. In: What is the true function
ofof skin? Experimental Dermatology 2002:11-159-180)
4.4. The measurement of dermal exposure has many uncertainties , therefore
biologicall monitoring when available should be the method of choice for the
assessmentt cf health risk of workers (this thesis)
5.5. Proper barrier function of normal looking skin should not be taken for
grantedd (this thesis)
6.6. The more permeable skin is, the more susceptible it is to local effects of
chemicalss (this thesis)
7.7. "The need for accuracy must be weighted against the need for finality"
(Comments(Comments by the Justices of the U.S. Supreme Court bringing to a close
thethe uncertain outcome one month after U.S. Presidential elections in 2000
betweenbetween G. W. Bush and A. Gore)
8.8. The "Inburgeringcursus" should start with: How to keep your "fiets" from
beingg stolen
9.9. In pursuing the scientific career, one has to be prepared to live with
suitcasess in his/her hand
IvoneIvone Jakasa, May 31, 2006
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