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Photoprotection in changing times

I Photoprotection in changing timeg UV filter efficacy and safety, sensitia-
tion processes andegulatory aspects

Constanze Stiefel, Wolfgangchwack

Reprinted with permission froninternational Journal of Cosmetic Scier@@l14 37, 230. Copyright
© Society of Cosmetic Scientists and the 8@drrargaise de Cosgtologie, 2014

Synopsis

As excessive sun exposure is tightly associated with different pathological changes of the skin, for
example premature skin ageing or the development of skin cancer, an appropriate protection of the
skin against UV radiation is q@farticular importance. Sun protection products and UV filter substances
have evolved continuously in the past few decades. New developments and improved technical cond
tions of production have led to increasingly effective and efficient products withl@aod protection

ability. Accordingly, legal requirements have also changed and expanded. Although certain trends
exist to harmonize the regulation of sunscreens at a global level, there are still large differences how
UV absorbers are approved, which i@gtmethods are prescribed, and which general requirements
sun protection products must fulfil. Modern UV filters provide efficient protection against UVA and
UVB radiation, are heat and photostable, Hdendly, costeffective, water resistant and rtoxic.

As inorganic and organic UV filters are topically applied to the skin in relatively high concentrations
(up to 25%), especially the assessment of their (photo)sensitization potential is of pantcular i
portance. Accordingly, skin sensitization is eylkendpoint for the legally required safety assessment

of cosmetic ingredients in Europe and many other countries. This review will summarize the current
regulatory status of different approved UV filters, will describe their beneficial and adverseipsopert
and will give an overview of how the efficacy of sunscreens can be evaluated. Finally, an insight into
the basic mechanism of (photo)allergic reactions and existing skin sensitization test methods will be

provided.

Keywords: safety testing, skin bagi, skin physiology/structure, skin sensitization, sun protection,

UV absorbers

General introduction

In addition to the desired effects of sun radiation, such as the increase of genebaingge|l], vie-

min D3 synthesis [2] and positive therapeutie@ef§ on some skin diseases, for example psoriasis [3],
excessive UV radiation is mainly responsible for several types of severe skin damage. In addition to
the direct visible acute damages such as sunburn or polymorphic light eruption, the undesirable long
term effects, most notably skin cancer, are a special cause for cond€grnTgtay, it is generally
accepted that a main environmental risk factor for skin cancer is the exposure to sunlight oraJV radi

tion [7, 8]. This finding, however, prevailed ordgyadually during the 20th century.
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Until the end of the 19th century, there was no real market for sun protection products. A pale skin
colour was considered elegant and begat prosperity. With industrialization, the cesiturdgesal of

beauty changed fhdamentally. An improved living standard with more leisure time, aréegscted

style of dress and medical health advice to spend more time outdoors led to increased sun exposure
and the initial ned for skin protection [9, 10].

Still, at the beginningf the 20th century, it was believed that solar heat was the actual cause of su
burn. Only in 1922 did Karl Eilham Hausser und Wilhelm Vahle observe that not heat but ultraviolet
radiation between 280 and 315 nm was responsible for the formation of s@ibblrmhis finding

was the cornetone of sunscreen development.

Already in the middle of the 1930s, Franz Greiter and Eugene Schueller, the later founders of Piz Buin
and L&dOreal, brought the first, si mpinlgfocasech scr e e
on the prevention of sunburn, that is ultraviolet (UVB) protection. Due to the success of thenfirst su
screens, there was a decreasing fear of sunburn, and sunbathing became increasingly popular [12, 13].
However, with the extended exposurdtte sun, the incidence of skin cancer also increased [14, 15].

In Germany alone, the cases of cutaneous melanoma have nearly tripled between 1976 and 2003 [16]
with approximately 140 000 new cases of skin cancer every year [17]. Recent increasesancsfin c
incidence may directly reflect the change in leisure behaviour over the last decades associated with
shortterm excessive tanning, especially during the summer holidays or due to the usage of tanning
devices [1820]. Here, it must be mentioned thahsareens with higher sun protection factor (SPF)

may offer better protection ability, but conversely also entice the usémytdomger in the sun [21,

22 Fur t her mor e, there has been a gradual depl et
since the 1970s [23], which has led to increased UVB intensity at the surface associated with a rising
numberof skin cancer cases [24, 25].

To avoid damage from UV radiation, the human body has developed different protection mechanisms,
for example a thickang of the stratum corneum (hyperkeratosis) or skin pigmentation [26, 2®}. Ho
ever, the bodyds protecti ve-tenmdJ¥ exposures and additioral n o't
protedive measures are required.

The widespread sun protection campaignsesthe 1980s have led to improved education of the{pop

lation about the risks of excessive sun exposure and the importance of sunscreen U38H€eTfz8

laid the foundation for a growing market of sun protection products, which have been continuously
improved and adapted to consumer needs and the scientific progress. With increasing awareness of the
harmful effects of sunlight, the demand for higher sun protection factors (SPFs) has continued to grow
in recent decades. At the end of the 1970s, an SBBait 20 was the maximum attainable SPF with
existing technological capabilities and the limited number of available UV filters. Today, there is a
variety of organic and inorganic UV filters, which are combined to reach a balanced UVA/WYB pr
tection whilemaintaining a high SPF of greater than 50 due to an increase in the number of UV filters

and their concerdttion in the products [31, 32].
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Furthermore, the usage of cosmetic UV filter substances has expanded to a large number of daily skin
and hair care ducts [33, 34]. It is therefore not surprising that more than 10 000 tons of UV filters
are produced annually for the global market [35]. As a result, the skin is in constant contact with high
guantities of UV filters throughout the entiyear.This incteased usage must be studied critically, not

only because of the increasing release of the UV filters into the environment [36, 37] and tleir poss
ble ecological impacts [38, 39], but also due to thdiav@ur on the skin.

Because of the particular apg@tioon type and the typical chemical structure of organic UV filters, the
assessment of their photostability is of great importance [40]. Photodegradation can lead to a loss of
UV protection and the formation of photo productsi3d]. Additionally, due tahe chemical stra+

ture of the most common organic UV filters and their known photodegradation products, vamgeus rea
tions, for example with protein structures of the skin, are conceivable but not yet sufficientli invest
gated [44].

Structure of the human skin

The largest human organ is the skin with a surface area of abdwrira weight of about 3 kg for an
average adult, calculated without subcutaneous adipose tissue. The skin consists of several layers of
epithelial tissue with an average thicknesb@&ween approximately 0.5 and 2 mm (palms and soles

up to 4 mm) [45]. The skin fulfils several important vital functions. As an outer barrier, it protects the
inner body against pathogens and mechanical, chemical and physical impacts. With varioys sensor
receptors, which are responsive against mechanical stimuli and temperature, the skin is an important
sense organ. In addition, the skin prevents the uncontrolled loss of water and minerals and protects the
human body against hypothermia. Finally, thanskiresponsible for the production of vitamin D [46,

47]. The human skin consists of three main definable layers, the epidermigntieated the subcutis

(Fig. 1).

The epidermis can be further divided into five sublayers: the stratum basale, stratosursp sta-

tum granulosum, stratum lucidum and stratum corneum [48]. The basal/germinal layer (stratum
basale) shows the highest mitotic activity of the skin. It is composed mainly of nonproliferating and
proliferating ker at i mlfecagng KGs undédgd €anstant dll eivisiocand | s 6 )
are the origin of the corneocytes, which are finally exfoliated at skin surface [49]. Each basal cell has a
large nucleus, numerous free ribosomes, a few mitochondria, a small Golgi complex and avough e
doplasmic reticulum (rER). Additionally, several Merkel cells (touch receptors) and the melanocytes
are located in this layer. In the multilayered spinous layer (stratum spinosum), a graduai-transfo
mation of KCs took place, and they become larger, pogigand flattened in the upper part of the

layer. The cells of the stratum spinosum synthesize intermediate filaments (cytokeratins), which are
grouped into bundles, called tonofilaments. KCs are connected to each other by multiplejikeickle

intercellulr bridges (desmosomes) where the tonofilaments ateead to the cell membrane.
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Figure 1 Layers of skin: the skin is composed of two main layers: the epidermis, made of closely paclked epith
lial cells, and the dermis, made of dense, irregudanetive tissue that houses blood vessels, hair follicles,
sweat glands and other structures. Beneath the dermis lies the hypodermis, which is carapdged loose
connective and fatty tissues. (This content is available for free at http://cnx.org/cziidmB6/latest) [419].

This reticulated structure gives the layer its typical name. In the stratum spinosum, the immune cells of
the lymphatic system (Langerhans cells) are located. The increased synthesis of keratohyalin in KCs of
the granular layer (situm granulosum) initiates the cornification (keratinization) of the cells. This is
accompanied by a simultaneous loss of other cell organelles (e.g. the nucleus). Lipids contained within
lamellar bodies of KCs are released into the extracellular spactiamn the lipid barrier of the skin.

What follows is the stratum lucidum. The clear and thin layer of dead skin cells is only present in the
palms and soles. The outer layer is the cornified/horny layer (stratum corneum) consistingOof 10
layers of polyedral, enucleated corneocytes. Corneocytes are surrounded by an envelope of cornified
proteins (e.g. loricrin, involucrin and filaggrins) filled with watetaining keratin proteins. The reo
neocytes stick together through corneodesmosandsare surrouted by hydrophobic lipids [50].

The intercellular organization of the lipids plays an important role in the barrier function of the skin
[51, 52]. They form two lamellar phases, with periodicities of approximately 6 and 13 nm [53]. The
lipids inhibit bothan insidéout water loss and the permeation of hydrophilic substances with a m
lecular weight of more than about 500 Dalton (DA) [54]. The main barrier functions of the epidermis
are attributed to the stratum corneum, which prevents water loss from tharmbgrovides mechan

cal protection, although the catell junctions and the associated cytoskeletal proteins in the deeper
layers also provide important protection ability [5%]. In adult epidermis, there is a balance of cell

proliferation and cell deguamation with a complete renewapegximately every 28 days [58].
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The cell proliferation in the stratum basale is followed by the differentiation of the cells in the stratum
spinosum and granulosum, which ends with the transition in the horny layedefimes is tightly
connected to the epidermis through the basal layer. The main structural components of the dermis are
collagen, elastic and extrafibrillar matrix fibres (connective tissue), which give the skin its mechanical
stability. The hair follicles sweat glands, sebaceous glands and apocrine glands are located in the
dermis. The dermis also contains nhumerous lymphatic vessels and blood vessels, which nourish both
dermal and epidermal cells and are important for waste removal. Various immunsu#llas ma
rophages, lymphocytes and mast cells, are also located in the dermis. The dermis can be divided in the
stratum papillare and the stratum reticulare [47]. With age, the human skin becomes thinner, more and
more wrinkled, and loses some of itsstieity. The main reasons for this are the dehydration of the
stratum corneum, an extensive crosslinking of collagen and the degeneration of the elastic fibres [59,
60]. The subcutis or hypodermis lies below the dermis. It attaches the skin to undeslyasyand

muscles and contains the bigger blood vessels and nerves. It consists of loose connective tissue and
elastin. The main cell types are fibroblasts, macrophages and adipocytes. Adipose tissue serves as

thermal isolation, provides energy storage affiers mechanical protection [61].

Natural sunlight

The spectrum of natural sunlight covers most of the electromagnetic spectrum with the highést intens
ty in the range of visible Iight. At theatts op of
m 2 and is comprised of about 50% infrared (IR) light, 40% visible light (VIS) and 10% ultraviolet
(UV) light [62] (Fig. 2).

10 Wavelength (nm) o ) 5‘0%‘

280 315 400 780

uvc qu UVA Visibl- IR

<

Thermosphere
80-500km
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50-80km
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10-50km

Ozone layer

Troposhere
0-10km

Figure 2 Spectrum of natural sunlight and the liditering effect of the atmosphere (according to data of
[62,63,65])

Whereas humans sense IR radiation as heat and VIS radiation optically, UV radiation is not directly
perceivable. Depending on the wavelength, UV radiation can be divided into UVC2g00m),

UVB (280 315 nm) and UVA radiation (31800 nm) [63]. Only parbf UV radiation reaches the
surface and depends on the location, the season, the clouds, the air pollution and the humidity [64].
The majority of UVC and UVB radiation is absorbed by oxygen and ozone in thephienes
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On average, approximately 20 timeeme UVA rays than UVB rays reac
Due to their different wavelengths, UV rays can penetrate the skin to different depths and can cause

cellular changes (Fig. 3) [66, 67].
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Figure 3 Percent transmittance of UVA, UVB, and UVC radat(according to data of [67])

In addition to natural sources, artificial sources must also be mentioned. Except for occupatimnal exp
sure, sun lamps and tanning beds are the most common source of artificial UV light in everyday life
[68, 69]. Commerciaanning beds emit high UVA levels and véslimamounts of UVB (15%) [70].
Because children and adolescents in particular show a higher vulnerability to UV radiation [71, 72],
some EU countries, including Germany, the United Kingdom and Austria, hapteddegal proi

sions that prohibit adolescents under 18 years from indoor tanning [73].

Positive effects

Limited quantities of UV rays have different positive effects on humanlkveatiy and are described as
relaxing and enjoyable. Most positive effeafsolar radiation are seen in the context of UBuced
production of vitamin D3 in the skin [2, 74]. By incident sunlightiehydrocholesterol, present in the
plasma membranes of epidermal KCs and dermal fibroblasts, is converted into previtamintie. By
rearrangement of double bonds (thermal isomerization), stable vitamin D3 is formed and ejected into
the extracellular space where it binds to the vitamibiri2ling protein and thus enters the circulatory
system. With protein binding, vitamin D3 is a@mnted into 2&hydroxyvitamin D3 (25(OH) D). After

being transported to the kidney, 25(OH)D is metabolized ta dlj@gdroxyvitamin D3 (1,25(OHP),

its biologically active form [75].

During prolonged UV radiation, prdtamin D3 is photoisomerized to theo biologically inactive
isomers, lumisterol and tachysterol, and vitamin D3 is converted to suprasterols | and Il and

5,6transvitamin D3, to prevenitamin D intoxication [75, 76].
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Vitamin D3 is required for the intestinal absorption of calcium arasphorus and is therefore esse

tial for healthy bone growth. Without vitamin D3, onlyil16% of dietary calcium and about 60% of
phosphorus are absorbed [77, 78]. In childhood, severe vitamin D insufficiency can lead to growth
retardation and skeletal defoities, such as rickets [79]. In adults, vitamin D deficiency leads-to r
duced bone mineral density and ultimately to osteoporosis [80, 81]. In addition, as skeletal muscles
have receptors for 1,25(0H), the hormonally active form of vitamin D, some sasdsuggest that
vitamin D deficiency may also be related to mlasveakness [82, 83].

For most people, approximately 90% of the human vitamin D requirement is covered by exposure to
sunlight. Therefore, elderly people staying indoors most of the timeilyhgailed women, and strong
pigmented persons are especially affected by deficiencié86®4The application of sunscreens with

high SPF can also dease vitamin D production [87].

In addition to its positive effects on the bone health, vitamin Chealm many other positive effects on

the human body. These include the stimulation of insulin production, effects on myocardial centractil
ty, modulation of T and B lymphocyte function, prevention of inflammatory disease, promotion of
hormone secretion, ardecreased risk of developing colon cancer andmagoid arthritis [74, 87,

88].

In addition, UV radiation is also successfully used to treat several skin diseases, for example psoriasis
and eczema [89, 90]. Such treatment occurs under medical superaistbthe benefits of the ttea

ment and the risk of extensive UV radiation are weighed against each other at the beginning [91]. In
general, balanced exposure to sunlight is essential to make optimal use of positive health difects wit

out unnecessarily bdening the skin.

Negative effects
UVB radiation

The basis of the biological effects of UV rays is their absorption by endogenous molecules and an
associated excitation or even ionization of specific amino acids or nucleic acids. With decreasing
wavelengtls, the energy of the radiation and the damagirereffstrongly increase.

Energyrich, short wave UVB rays mainly act in the epidermis and are the main cause of probably the
best known and most obvious acute negative effect of extensive sun expossuaptira (erythema).

In comparison with skin reddening that occurs immediately and is mainly caused by a temparary wi
ening of blood vessels and an associated increase in circulationjiduBed erythema occurs some
hours after UV exposure. Sunburn is sasran inflammatory skin reaction, which can be associated
with swelling, itchhg and even blistering [5, 92].

With strong damage to skin cells or genetic material, the cells are subject to programmed cell death
known as apoptosis. The consequence of ghigess is skin peeling and renewal of the skin after
strong sunburn. This renewal is a kind of protection mechanism that prevents the replicatiog-of mali

nant cells and the fmation of skin cancer [935].
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UVB radiation has a strong carcinogenic effdcicauses direct damage to the DNA and RNA and
leads to the generation of thymirtleymine cyclobutane pyrimidine dimers (AOPDs) (Fig. 4) and
pyrimidine’ pyrimidine (64) adductg6-4 PPs) (Fig. 5) [6, 96, 97].
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Figure 4 Formation of thymine cyclobutanéngers (according to [43).
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Figure 5 Formation of the pyrimidine (@) pyrimidone photoproduct (according to (2

DNA photoproducts can be excised and replaced by different endogenous repair enzymes (specific
endonucleases), which restore the origstaucture. However, if the repair mechanisms fail or the
damage is too extensive, apoptosis is initiated by the tumour suppressor protein p53 (TP53). However,
if the suppressor protein has also been damaged due to UV radiation, apoptosis does n&s occur.
consequence, it can come to an accumulation of mutations in the DNA during cell division, particula
lyto Cto-TorCGto-TT transitions (6UV signature mutati on:
and partly basal cell carcinoma, these mutationgrem@ly found in the TP53 gene [0B01]. Fu-
thermore, there is also a direct association between exposure to UVB radiation and the formation of
eye disease. Photokeratitis and photoconjunctivitis (inflammation of the cornea and conjunctiva) are
known reverible acute effects [102, 103], whether pathological changes such as cataracts, pterygia
conjunctiva or macular degeneration develop only gradually [104, 105]. Therefore, appropri&te prote

tion of the skin and also the eyes is important in bright sunlight.
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UVA radiation

UVA radiation plays a major role in photoageing of the skin. Today, it is generally assumed that UVA
radiation leads to a balance shift towards the collalggmading matrix metalloproteinases (MMPS)

and a simultaneous downregulation ofithissuespecific inhibitors [106, 107]. The consequences are

an accelerated and increasing degradation of collagen fibres with the concurrent inhibition of the fo
mation of collagen and hyaluronic acid. This leads to an increased formation of deapdskimiin-

kles and a loss of turgor [108, 109].

Photoageing has also been shown to be correlated with the increased formation of mutations of the
mitochondrial DNA, triggered by the formation of reactive oxygen species (ROS), for example supe
oxide radical hydrogen peroxide or hydroxyl radical [110, 111]. This mutagenesis mainly affects the
dermis and therefore the npnoliferating part of the skin, so that the k#édmaged skin cells cannot

be eliminated by the endogenous repair mechanisms. This redsthiesdnsedependent accumulation

of the damages of the mitochondrial genome [112, 113]. However, the ageing process is not limited to
the dermis, but also affects the epidermis. The proliferation of healthy KCs is strongly disturbed in the
presence of filmblasts with a high content of mitochondrial DNA deletions, which show up in a
weakening of the baet functions of the skin [114].

Naturally, the skin has endogenous enzymatic antioxidants (e.g. superoxide dismutase or catalase) and
nonrenzymatic antioxants (e.g. coenzyme Q10, glutathione or vitamin E), which provide protection
against ROS [115, 116]. However, UV radiation leads to a decrease in antioxidant enzymatic activity
in cultured fibroblasts [117], and repeated UV exposure before enzyme afttilityeturns can lead

to additional dmage to the skin tissue [118].

In addition, UVA radiation and the formation of ROS not only influence skin ageing but also play a
central role in the formation of cancer [119, 120]. ROS are formed via absorptioa OMt rays by
cellular chromophores such as NADH or porphyrins. They can cause punctual DNA mutations, chr
matid exchange, chromosome aberrations or sistgéand breaks, which explains their cytotoxic and
carcinogenic potential [@,11, 121].

Singlet oxygn is considered to be the most important ROS that oxidizes the guanine nucleotide to
8-hydroxy-26:deoxyguanosine ¢(8xodG), which is the main marker of oxidative DNA damages [122,
123]. As a result, @o-T or T-to-G transitions occur, which can be seerygscal UVA fingerprint

mutations in keratinocytederived tumours and especially in melanonmiala@i4

Squamous cell and basal cell carcinoma

The occurrence of squamous cell and basal cell carcinoma provides evidence for the influenee of long
term UV radation on their formation. Both skin cancer types extend from the epidermis and are mai

ly found in skin areas exposed to extensive sun light. Accordingly, more than 80% of basal ieell carc
nomas and more than 75% of squamous cell carcinomas are found loeath neck or the hands
[127].
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They mostly grow there continuously at the same position, and a delocalization is rather rare, more
often observed in cases of squamous cell carcinoma (approximately 5%). Actinic keratosis is often
seen as a precursor ofusgnous cell carcinoma and is associated with the first skin changes- of sun
exposed areas with scaly, thickdr@ crusty skin patches [128].

Depending on the different penetration depths of UVA and UVB rays, UVA fingerprint mutations are
preferentially foumd in the basal layer, whereas UVB fingerprint mutations concentrate particularly on
superficial layers [125]. Although UVB radiation is believed to play a greater role in the formation of
norrmelanoma skin cancer, also UVA radiation seems to be an impddiafactor [120, 120131].

Another carcinogenic effect of both UVA and UVB radiation is its suppressive effect on the immune
system of the skin [132]. In the skin, different cell types are responsible for immune defence: KCs,
monocytes, epidermal T ¢l dermal macrophages and Langherhans cells (LCs). These cells interact
with a complex network of mediators such as prostaglandins and cytokines that coordinate a balanced
immune response [133]. This complex organization is deeply altered by UV irradiatich leads to

the increased release of immune suppressive cytokines, for example interleukin 4 and, 10-(Q),
hepatocyte growth factor (HGF), tumour necrosis factor alpha{J)Nér transforming growth facter

betal (TGFb-1), and the development of suppresSiveegulatory cells [134, 135].

In addition, UV light can alter and damage the LCs embedded between KCs in the epidermis. LCs
normally identify exogenous substances thiotigeir surface profile, activate resting T lymphocytes

and therefore initiate a specific immune response against the exogenous substances. With increasing
radiation time and intensity, the number and functionality of LCs decreases. LCs from irradiated ski
show a reduced expression of major histocompatibility complex (MHC) proteins of class Il and have
reduced antigepresenting ability, probably due to a WMluced reduction of costimulatory neel

cules such as cluster of differentiation antigens (CD 80GI@6) [136, 137]. Thus, malignanted
generated cells cannot be detected and are note@jeg the immune system [138].

Cis-Urocanic acid (UCA), the photoisomere ansUCA, can also promote systemic suppressive
effects [139, 140]. In mice with a hidine-rich diet, the total UCA concentration increased signif
cartly. Under subsequent UVB irradiation, these test animals showed significantly higher suppression
of contact hypersensitivity compared to normally fed mice [141]. The actual underlying nsechan

of UCA action are still unclear, but it is thought that UCA acts via different pathways. For example,
cissUCA both has an effect on granulocytes and natural killer cells (NK) and reduces the number of
LCs by at least 50% [142]. In addition, it cancaleodulate the action of different cytokines such as
TNF-U, IL-6 or IL-8, and may initiate the formatiaf intracellular ROS [14i3145].

Thus, UV radiation has a dual role: first, the induction of the carcinogenicity through direct &nd ind

rect DNA damage; and second, the additional suppression of the immugabtogiour defence.
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Malignant melanoma

Melanoma is a highly malignant tumour of the skin arising from the melanocytes. In 2012, there were
more than 3 500 000 new cases of cancer across Europe, including more than 100 000 cases of mel
noma [146]. Partidarly, alarming is especially the fast growth rates. In Europe and the U.S.A., the
incidence rates for cutaneous melanoma (CM) have tripled or quadrupled since the 1970si. &ith 40
new cases per 100 000 inhabitants every year, Australia and New Zealanithdndighest incidee

rates worldwide [147, 148].

CM tends to metastasize in an early stage and
mation of CM in genetically susceptible individuals is directly associated with different risk factors
include family history, nevi and the exposure to UV radiation from sunlight or artificial sources [150].

In contrast to the basal cell carcinoma and the squamous cell carcinoma, where magxiyoseal

skin areas are affected and chronic cumulative sposxe leads to the pathological skin changes,
intermittent sun exposure of the skin seems to play a crucial role in the formation of acute malignant
melanoma. Higher, for example joblated, moderate sun exposure seems to have an invers@-associ
tionwitht he occurrence of melanoma [ 151]. I't seems
skin pigmentation or the thickening of the horny layer, can partially prevent the formation obmelan
ma. In contrast, the skin of persons who are abruptly exposextédnsive sunlight is caught uepr

pared and is therefore more vulnerable. Accordingly, skin areas that are only intermittently exposed to
extensive sunlight (e.g. the back or the inner thighs) and persons who work mostly inside are most
frequertly affected by melanoma [152].

Unprotected UV exposure and sunburns in childhood and adolescence increase the risk of skin cancer
formation in adulthood. Anamneses of five or more sunburns in childhood can double the risk of su
sequent melanoma formation [153, 158he significance of premature sunburn was also confirmed

by different animal studies, for example the HGF transgenic mouse model [155]. Here, neonatal test
animals were exposed to erythemal doses of UV radiation, whereupon they developed melanocytic
tumous in the form of early lesions up to metastases similar to human cutaneous malignant melanoma
[156]. These results emphasize the critical role of early sunlight exposure for the forofidtionan
melanoma.

Although UV radiation is seen as one of the mwgdortant risk factors in the formation of melanoma,

the role of UVA and UVB radiation is still controversial [157, 158]. Nevertheless, today it is generally
accepted that both wavelength areas contribute in different ways to thepesetoof the tumour

[159, 160].

A recent published study in 2012 found that there is a pigindependent pathway initiated by UVB
radiation through direct DNA damages and a second, pigdeg@ndent pathway under the influence

of UVA radiation that causes indirect oxidail®NA damages in the melacytes via ROS [161].

11
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While after UVB radiation the typical markers TOPD and 64 PP are found in epidermal cells of

both pigmented and unpigmented test animals, after UVA radiation only a low level@PDTe-

sions is detectde. Instead, in pigmented test animalsOx-7,8-dihydro-26:deoxyguanosine
(8-0xodG) was found in the nuclei of exti@licular melanocytes at the dermal/epidermal junction.

This indicates a strong photooxidative interaction between UVA light and tlaimén the melao-

cytes and confirms that the presence of pigmented neviiisraysisk factor for melanoma.

Because the uncontrolled proliferation of melanocytes is seen as a first critical step in the formation of
melanoma, the expressions of diffargmowth factors seem to have an important influence on the
aetiology of melanoma [162]. Melanocytes carry different growth factor receptors whereby #ie corr
sponding ligands are produced by the surrounding KCs in the epidermis and the fibroblastgrin the d
mis. The growth factors regulate survival, growth and pigment production of the melanocytes. Mit
genactivated protein kinases (MAPK) are responsible for the homeostatic balance between melan
cytes, KCs and fibroblasts, and regulate cell growth anduaelival via the cascaded protein kinases,
namely the rat sarcoma (RAS) kinase, the rapidly accelerated fibrosarcoma (RAF) kinase, tHe extrace
lular signalregulated protein kinase (ERK) and the MAPK/ERK kinase (MEK) [163]. In over 60% of
malignant melanomasomatic mutations of the-BAF protein (an isoform of the RAF kinase) or the
BRAF gene can be found [164, 165]. The mutateRA- protein has an up to 880ld increased

kinase activity, resulting in an overactivation of the MAPK signalling pathway aniddirected %-

pression of different growth factors, for example increased production of basic fibroblast growth factor
(bFGF), endothelifl (ET-1) and stem cell factor (SCF) in KCs and of bFGF, HGF and-f @Rhe
fibroblasts [166, 167]. This results in the activation of the melanocytes via paracrine ways and the
uncontrolled proliferation of melanocytes. For advanced melanoma cells, which increasingly produce
a variety of cytokines and growth factors englogusly (e.g. bFGF) and thus ensure their own survi

al, growth and spread via autocrine ways, increased independence from exogenous growth factors
could be observed [168]. Finally, it must be noted that the molecular processes that are responsible for
the formation of the different types of skin cancer are very complex and multifaceted, and even after
numerous studies, the detailed processes are still not fully understood and require further research to

advance possible medical treatment options.

Natural photoprotection of the skin

The human skin has developed different natural protection mechanisms against UV radiation. The
most important protection is the pigmentation of the skin by formation of melanin (Fig. 6), which acts
as radical scavenger and ensuight absorptionp to the visible range [169].

Melanogenesis starts tyrosinase catalysed with the formation of tyrosine to the catBxbiBAL By
subsequent oxidation, orthoquinone is formed. Theemymatic cycling step to leucodopachrome
follows the tyrosinaselependentransformation to dopachrome.

Decarboxylation of dopachrome leads to-8ifeydroxyindole (DHI) and its oxidation to the 5,6

indolequinone or by direct oxidation of dopachrome tedstfydroxyindole2-carbonic acid (DHICA).
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Polymerizdion of these units finally leads to eumelanin. In the presence of cysteine or glutathione,
dopaquinone is converted to cysteinyldopa. Subsequently, the yeltbywigment pheomelanin is
formed through oxidative polymerization of cysteinyldopa via benaoitfylalaning170].

UVA radiation is mainly responsible for the immediate and persistent pigment darkening (IPD and
PPD) by photooxidation of melanin precursors, which are already present in the skin. These reactions
take place within a few minutes or helbut are mostly reversible, so that the tanning of the skin d
minishes within a few days. UVB radiation results in delayed tanning reaction (DTR). Pigment fo
mation takes place in the basal layer and is based on the proliferation of specific enzyeés)yesp
tyrosinase. The melanocytes are stimulated to form melanin, which is transported to KCs to protect the
cell nuclei in particular. With the movement of the epidermis cells, the pigment also moves towards

the skin surface. The formation of the surtiges several days and lasts for a few weeks [171].
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Figure 6 UV-induced transformation of tyrosine into preelanin metabolites and into melanin (according to
[420,421)).

Under excessive sun exposure, also the enzymatic activity of histidinase, tioratidihat of tyros

nase, increases. As a result, KCs of the horny layer increasingly form UCA out of histidinebtJCA a
sorbs in the longvave UVA range undecigtransisomerization [139]. In the past, UCA has been

used as a UV filter in various sun peotion products. However, when it turned out thatigform

shows a strong immunosuppressive effect, the substance was banned in the EU and other countries.
However, the question whether the beneficial or detrimental effects of UCA predominateceusell

of discussion [145172].
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A further protection mechanism is the formation of the UVinduced hyperkeratosis. Under @V radi

tion (especially UVB light), the basal cells are stimulated to proliferate what causes a thickening of the
horny layer. Withouturther exposure to UV radiation, thggerkeratosis disappears [173].

Further more, there are the bodybdés endogenous de
able to identify, cut and replace faulty DNA sequences. For strongly damaged seltslled su-

burn cellsi apoptosis can be initiated as a protection mechanism [174, 175]. And finally, there are
endogenous redox systems, such as ubiquinone, glutathiondipait acids, which have an antiex

dative effect and react efficiently with freadicals before they can damage other cell constituents,

such as lipid membranes, proteins and nucleic acid. However, the quantities of these substances pr
duced by the body itself are rapidly depleted under UV radiation by the formed ROS [176].

UV filter substances

As natural skin protection becomes ineffective after a short time (depending on the skin type, between
10 and 40 min) and a lasting tan develops only slowly, other protection measures, for exardple avoi
ance of direct midday sun, wearing of gritve clothes and sunglasses, and usage of appropriate sun
protection products, are needed for longer stays in the sun. To prevent sunburns and protect the skin
from serious damage, sunscreens must meet certain criteria. They should be photostahte, thissip
absorbed light energy through photophysical and photochemical pathways without the formation of
harmful reactive intermediates, be water resistant and well tolerated; in addition, they shoul@not pen
trate the skin [177, 178]. Normally, sunscreenatain a combination of organic filters and inorganic

UV filters, which ensure effective protection across the whole UVA and UVB range [31]. Asasun pr
tection products are used in relatively high concentrations over the whole body surface, theil-tolerabi
ity is of particular importance in addition to good performance. Accordingly, appropriate derrizatolog

cal tests are required as part of the safety assessment according to the European Cosmetics Regulation
No. 1223/ 2009 [179]. Although all UV filter substas are tested for their (photo)irritative andajph
to)sensitization potential, their actual allergic potential may only turn up after years of widespread

usage in various products.

Legal requirements and recommendations

The legal status of sunscreen pragudiffers from country to countrgpmetimes substantially. There
is no overarching bindingefinition for sunscreens or UV filters worldwide, but many countss
the definition of the EU Cosmetics Regulation No. 12Z3B39. Thereafter, UV filters amubstances
that are exclusively amainly intended to protect the skin against UV radiation by absortefiga-
ing or scattering UV light. In some countries such a$in®pean Union, China, India, South Africa,
Japan, and the countrie$ the Associabn of Southeast Asian Nations (ASEAN) aNtércosur in
South America, sunscreens are regulated as cosniatiosntrast, in the U.S.A., Australia, and New

Zealand, sunscreease regulated as drugs.
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The same applies for Canada, excepstorscreens thablely use titanium dioxide (T} zinc oxide
(Zn0O) or p-aminobenzoic acid as UV filters. They fall under the categoNat ur al Heal th P
(NHP) and are therefore less regulatéthich UV filters can be used for cosmetic products differs
betweencountries (Table ). In Europe, Annex VI of the EU Cosmetics Reguldistsall UV filters
allowed for cosmetic products in the BAdth their respective maximum use concentrations. At the
moment, the list contains 27 substances if considering the rewtmsion of the UV filter tris
biphenyl triazine [180] and the deletiofi PABA according to directive 2008/123/EC [181]. ZnO is
currently not yet listed as an approved UV filter, but due to a posiigessment of the Scientific
Committee on Consumer SafdiSCCS), it is expected that ZnO will also be included during one of
the next revisions of the Annexes. The lists of approved UV fifer&€hina (numbering 28), India
(numbering 27) and the ASEABbuntries (numbering 28) are mainly oriented toward<Eim@pean
Cosmetics Regulation. In the U.S.A., only 16 UV filtersapproved for sunscreens, of which only 10
are also approved fdeurope, but with partially different maximum use concentratidi®2]. Alt-
hough the Food and Drug Administration (FDA) hataccepted eight UV filters already approved in
Europe for possibléuture submission in the time and extent application (TEA) protkeses is no
prospect of an imminent approval. For Australia Aledv Zealand, 29 UV filters have been approved,
of which 23 substances are also part of the EU Cosmetics Regulation plug\fiidters also a@-
proved in the U.S.A. The Canadian Sunscrgemograph is strongly oriented towards FDA regquir
ments. Thanonograph lists currently 20 UV filters, which are approvadydnedical ingredients or
natural health products medicinal ingrediefuts sunscreens. In Japan, the usage of 34 UV filters is
permitted.Some of them, such as benzophenr®re pentyl dimethyPABA, are solely approved in
Japan, whereas several UV fikghatare approved within the EU or other Asian countries arederbi
den.In the Mercosur countries, 33 UV filters are approved for usagesmetic products. A special
case is South Africa (SA), whicddopts nearly all UV filters approved by any reliafvlajor organia-
tion. Therefore, in SA, there are currently 48 approved UV fitt@ostances. For all of the abeve
mentioned countries, there agly nine UV filters, octocrylene (OCR), homosalate, benzophergne
(BP-3), phenylbenzimidazole sulphonic agi@BSA), ethylhexylmethoxycinnamate (EHMC), butyl
methoxydibenzoylmethan@MDBM) and ethylhexyl salicylate (EHS) that are approved worldwide
but have different maximum limits, so it is nearly impossfblea manufacturer to use one uniform
formulation n all marketsSun protection products have an important protective funciioerefore,
their efficacy and the basis on which the efficacglé@med are important public health issues that
must be controlledThe efficacy of sun protection products issfigiven by the sun protectidactor
(SPF), which is the quotient between the miniergthema dose (MED) with applied sunscreen and
the MED withoutsunscreen. Therefore, the SPF is an indicator of protection agiiBstadiation.
However, consideringhe erythemal action spectruadso UVA-II (315 340 nm) seems to contribute

to the formatiorof erythema to some extent [183].
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Table | Approved UV filters worldwide with their maximum usage concentration

EU CN US AU CA JP IN ZA ASEAN Mercosur

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
PABA (and ist esters - JP) =+ 5 15 - 15 4 5 15 - 15
Camphor benzalkonium methosulphate 6 6 - 6 - - 6 6 6 6
Homosalate 10 10 15 15 15 10 10 10 10 15
Benzophenone-3 10 10 8 10 6 5 10 10 10 10
Phenylbenzimidazole sulphonic acid 8 8 4 4 4 3 8 8 8 8
Terephthalylidene dicamphor sulfonic acid 10 10 - 10 10 10 10 10 10 10
Butyl methoxydibenzoylmethane 5 5 3 5 3 10 5 5 5 5
Benzylidene camphor sulphonic acid 6 6 - 6 - - 6 6 6 6
Octocrylene 10 10 10 10 10 10 10 10 10 10
Polyacrylamidomethyl benzylidene camphor 6 6 - - - - 6 6 6 6
Ethylhexyl methoxycinnamate 10 10 75 10 75 20 10 10 10 10
PEG-25 PABA 10 10 - 10 - - 10 10 10 10
Isoamyl p-methoxycinnamate 100 10 - 10 - - 10 10 10 10
Ethylhexyl triazone 5 58 - 5 - 5 5 b 5 5
Drometrizole trisiloxane 15 15 - 15 15 15 15 15 15 15
Diethylhexyl butamido triazone 10 10 - - - - 10 10 10 10
4-Methylbenzylidene camphor 4 4 - 4 6 - 4 4 4 4
3-Benzylidene camphor 2 2 - - - 2 2 2 2
Ethylhexyl salicylate 5 5 5 5 5 10 5 5 5 5
Ethylhexyl dimethyl PABA 8 8 8 8 8 10 8 8 8 8
Benzophenone-4 5% 5% 10 10 10 10 5% 10 5** 10
Benzophenone-5 - 10 - 10 5 5
MBBT 10 10 - 10 - 10 10 10 10 10
DPDT 10 10 - 10 - - 10 10 10 10
BEMT 10 10 - 10 - 3 10 10 10 10
Polysilicone-15 10 10 - 10 - 10 10 10 10 10
Titanium dioxide 25 25 25 25 25 N.I 25 25 25 25
DHHB 10 10 - 10 - 10 10 10 10 10
Tris-biphenyl triazine (nano) 10 - - - - - - - -
Zinc oxide A 25 25 NI 25 NI - 25 25 25
Menthyl anthranilate - - 5 5 5 - 5 5 5
Cinoxate - - 3 6 3 5 - 5 - 3
Benzophenone-8 - - 3 3 3 - - 3 - 3
TEA salicylate - - 12 12 12 - - 12 - 12
Diethanolamine methoxycinnamate - - - - 10 - - 8 - -
Benzophenone-1 - - - - - 10 - 10 - -
Benzophenone-2 - - - - - 10 - 10 - -
Benzophenone-6 - - - - - 10 - 5 - -
Benzophenone-9 - - - - - 10 - N.L - -
Methyl-2,5-diisopropylcinnamate - - - - - 10 - 10 - -
1-(3,4-Dimethoxyphenyl)-4,4-dimethyl-1,3-pentadiene - - - - - 7 - 7 - -
Ethylhexyl dimethoxybenzylidene dioxoimidazolinepropionate - - - - - 3 - 3 - -
Ferulic acid - - - - - 10 - 10 - -
4-(2-Beta-Glucopyranosiloxy)propoxy-2-hydroxybenzophenone - - - - - 5 - - - -
Glyceryl ethylhexanoate dimethoxycinnamate - - - - - 10 - 10 - -
Glyceryl PABA - - - - - 4 - 5 - -
Isopentyl trimethoxycinnamate trisiloxane - - - - - 75 - 75 - -
Mixture: Isopropyl p-methoxycinnamate
+ Ethyl diisopropylcinnamate
+ Methyl-2,4-diisopropylcinnamate - - - - - 10 - 10 - -
Pentyl dimethyl PABA - - - - - 10 - - - -
Digalloy! trioleate - - - - - - - 5 - -
Ethyl dihydroxypropyl PABA - - - - - - - 5 - -

PABA: para-4-Aminobenzoic acid; MBBT: Methylene bis-benzotriazolyl tetramethylbutylphenol;

BEMT: Bis-Ethylhexyloxyphenol methoxyphenyl triazine; DPDT: Disodium phenyl dibenzimidazole tetrasulphonate;
DHHB: Diethylamino hydroxybenzoyl hexyl benzoate. *Banned since 2008 (2008/123/EC);

** sum of benzophenone-4 and benzophenone-5 ; indlusion in annex VI expected; N.I.: No limit.
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In 1956, the radiation physicist Rudolf Schulze first introducdde t er m 6pr ot ecti on f
initially only used amonglermatologists [184]. In 1962, the chemist Franz Greiter picketdeuperm

and defined it precisel y185]. fhe 8AF showdalow theconsumerna &6 SPF
direct and easilyinderstandable comparison. Howeveriragivo SPF déerminationsdepend on d

ferent parameters such as number and selection téshpersons, kind of application, and irradiation

source or the exaetaiting time to evaluate the skin reddening, the need for a unifeethodology

soon arose. In 1976, théS Food and Drug AdministratiofiFDA) proposed the first standardized

method to determinthe SPF of sunscreens [186]. Further standards similar to thenkedddod fo-

lowed, for example by the Standards Association of Aust(8lfed) in 1986 [187] and by i Japan

Cosmetic Industrssociation (JCIA) in 1991 [188]. The first standardized methdguirope was the

COLIPA SPF Test Method, developed in collaboratigth major European manufacturers of sun
protection product&nd contract testing laboratories 1894 [189]. In 2003, COLIPAsince 2012:

Cosmetics Europe), JCIA and the South African Cosmétitetry & Fragrance Association (CTFA

SA) published th¢ointly improved International SPF Test Method (ISPF) [190], whiels revised in

2006 with the addibnal participation of the Cosmetidoiletry and Fragrance Association of the

United State4CTFA-USA) [191]. In December 2010, the International OrganizaworStandardia-

tion (1 SO) publ i shed itShneprotec8od te§ methodtiavivddetér@im-s me t i ¢ ¢
tionofthesupr ot ecti on factor (SPF)O6, [®B. ch replaced t
Today, Korea, Columbia, the Mercosur Countries (ArgenBmnazil, Paraguay and Uruguay), Austra

ia, New Zealand, Canadad the ASEAN countries (Indesia, Malaysia, the PhilippineSingapore,

Thailand, Brunei, Myanmar, Cambodia, Laos and Vietrniaawge adopted methods referring to FDA or

ISO standardsChina is also considering an adoption of a SPF stan@iaedstandardized amount of
sunscreen applieid thein vivotestsituation is 2 mg cii However, different studies have shothat

t he acusuead léewel s of appl i ed ®bwen shich deereases theire of t
protection ability [193, 194]so that the SPF claimed on the prodcannot be reached [19%). gen-

eral, the protection capability of a sunscreen dependshmr factors in addition to the SPF and the

actual amount of sunscreapplied. These include the respective skin type of the tieefrequency

of re-applicatian, the subsequent activities (swimmingying of the skin, contact with sand, etc.) and

the total formulatiorof the product [196].

For a long time, the efficacy of sun protection productsmaisly concentrated on a high SPF, giving
consumers a false sgeof security and encouraging them to stay in the sun loAd#mough a suo-

screen of SPF 30 offers twice the protection etiascreen with SPF 15 (according to a halved UVB
transmittanceof 3.3% against 6.7%) and therefore allows to stay twice asiihotiigg sun, a high SPF

says almost nothing about UVA protectiand during the prolonged exposure time, the skim-s i
creasinglydefenceless against UVA radiation, without any directly vissig@s but an increased risk

of melanoma [197, 198]. In additipit is known that the determination of especially high SPFs is

difficult due to the necessarily long irradiation time and the decregsingducibility [199, 200].
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As it became clear throughout the years that UVA radiatioti®nly responsible for pneature skin

ageing but shows alsoutagenic and carcinogenic properties, the development of sungcoekrtts

with the best possible broadband protection piashed forward [31, 198, 201]. In 2006, the European
Commission(EC) issued a recommendation ¢ tefficacy of sunscregoroducts including a UVA

PF/SPF ratio of at least 1 : 3 [202]. Bging so, the EC and the industry seek to further ensure that
sunscreengrotect consumers against both UVB and UVA radiattowd that there are eaby

understand féicacy levels based on standardteria. Although not legally binding, European man
facturersconsequently reformulated their products according tegbemmendations. To indicate that

a sunscreen product offers ttemommended minimum UVA protectionOCIPA has issued atard-
ardized UVA I|lsxemdld6,, t he O6UVA

Depending on the respective country, different established metiedssed to determine the UVA
protection ability of a producfTable II). One possibility to determine the UVA protection perfo

manceof a sunscreen is thie vivomeasuring of PPD or IPD aftemg-term or shosterm UVA rada-

tion [203, 204]. The PPD waxiginally developed in Japan where it is still the prescribed method

measure UVA protection [205]. Today there is also an $&Ddardwhich is based on the principles
recommended by JCIR06].

Another way to test the UVA or broagbectrum protection abilitgf a product is by the usage gi-a

propriate in vitro methods. InEurope, this development started with the determinatibrthe

UVA/UVB ratio, which compares the area under the curve irU¥iB and in the UVA ranges, as well

as the critical waveleng€W) [207]. Both tests are based on the assessment of theabBmittance

of a thin sunscreen film spread over a defined af@ roughened substrate before and after controlled

UV exposureThe CW describes the range of (P006400mmti on o
and is the wavelength at which 90% of thenulative area under the total absorbance curve from 290

to 400 nm occurs. The longer the critical wavelength is, the brahdddVA protection of a product.

According to the FDA 2011 Fin&tule, the determination of the CW is the prescribed standatd

od to define whether a product offers breagctrum protecto( CW O 370 nm) or not [
The internationally st and arsdnsceeendUVA $h@oprotectchod 6 De
vitro6 [ 209 ] i sabsorbaae meaausemehts.dime ISO replaced the earlier refierethoel

of COLIPA, first published ir2007 [210] and last updat@®11 [211] due to the results of a collador

tive study concerninghe roughness of the plate material used [212]. The aim wdstéomine the

CW and the UVA protection factor (UMRF) by theconvolution of the transmittance tats with the

PPD action spectrurand the spectrum of the UVltered solar simulator. Due tihe European =
ommendation, the UVAF/SPF ratio of an effectiunscreen i s O0. 33.

I n Australia and New Zeal a%htdag n dfaorrd 6a waosn gtrdhtei nees,t a
method to determine UVA protecti¢pl3]. Once a sunscreen reduces the transmission ranige of

3201360 nm by at least 90%, a prad could claim broadspectrud protection. For products with

low or moderate SPF, thmethods offers adequate protection, but with a higher SPF thdeatveen

UVA and UVB protectim increases disproportionately.
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In addition, the Australian Standard tined excludes a large portion thie UVA-I spectrum (340400

nm). Therefore, in the recent Australiand New Zealand Sunscreen Standard [214], the previous
standardnethod was replaced by the 1ISO 24443:2012 [209].

All of the countries previously mentionedlow at least one ofhese UVA determination methods
(Table II). However, a possiblegreement on one common standard seems unlikely, at ledkefor
near future.

Table Il Overview of prescribed UVA determination methods in different countries

UVA determination method

Europe ISO 24442:2012 (PPD)
ISO 24443:2011 (invitro) + cri ti cal wavele
USA FDA Final Rule 20117 critical wavelength > 370 nm

FDA Final Rule 20111 critical wavelength > 370 nm

COLIPA in vitro method + critical wavelength

ISO 24442:2012 (PPD)

JCIA Standard (PPD)

JCIA Standard (PPD)

JCIA Standard (PPD)

ISO 24442:2012 (PPD)

ISO 24443:2011 (invitro) + cri ti cal wavele
FDA Final Rule 2011 i critical wavelength > 370 nm

COLIPA in vitro method + critical wavelength

Mercosur ISO 24442:2012 (PPD)

ISO 24443:2011 (invitro) + cri ti cal wavele
JCIA Standard (PPD)

South Africa Documented test results of an acceptable authority,
but broad spectrum ration UVA/UVB 2:5

Canada

Water resistance also has an influence on the efficacy of prai@ction product and can be reached

by the usage of UV filterwith only minimal water solubility, polymers and an appropratailsifier

system. Since 2005, there is a standardized COLIPA tesiitigod to determine the water resistance

of a product [215]lt is based on the comparison of the SPF of a tested sunscreen pifteluate-

fined period of immersion in water with the origi@P F. The term 6(very) water
if the remainingSPF after 2 (4) bat hs of 2 090%)i e FAD& O5 0 %
method is similar in the methodology, but the Hifference is that no decrease in the SPF level is
allowed after theespective testing time.

As possible photodegradation magve a big influence on trefficacy of a sun protection product, a

test of the photostability of sunscreen over the whole UVA and UVB range is also requded.

possibility to determine the photostability is the usage af avo method in which a figd amount of

sunscreen is applied @he skin of a test subject followed by irradiation. The UV filtersraoevered

by tape stripping and extracted from the tapes, and thsidual presence is quantified by high
performance liquid chromatograpfilPLC) and spectrophotometry. The difference in dieéermined

UV filter amount of an irradiated and nimadiatedsample allows a direct assessment of theghot

stability of a surprotection product. In 2004, COLIPA has issued a companabligro testing guie-
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line, which was also based on the HPLC determinaifdhe UV filter amount of a tested sun piwte
tion productbefore and after UV irradiation [216].

The abovementionedn vitro test methods for the determinatiohSPF, UVA protection and phmt
degradabn are based on resuttbtainedn vitro with the help of poly(methyl methacrylat@MMA)

or roughened quartz plates. Whether these results caarsterred directly to the real conditions of
the skin is questionabl@s reactions of the skin under WXposure or interactions tfie products
with the skin are not covered by the test condit{@isi 220].

Besides the testing of the performance of UV filters and sunscrtbenissue of patent freedom has
become a major concern folV filter and sunscrae manufacturers worldwide. At the momeali,
newly developed UV filters are patented before their introdud¢tidhe sunscreen market. For exa
ple, BASF holds several patefitsor t he use of ZnO in sun care for
for the efective UVA filters Mexoryl SX and Mexoryl XL. Furthermorthe patents do not extend
solely to the UV filters themselvebut also to the combinations of different UV filters (e.g.oect
cryleneand 4MBC) or the underlying technologies. This strongly coaissthe cosmetic usage of

such ingredients for competitors aceh even make usage impossible [221].

Inorganic UV filters

For these UV filters, the term Ophysical uv fil
mechanism of sun blockingrough the physical manner of reflection and scattering. However, small
inorganic UV filter particles also absorb part of the incident light. The combination of absorption,
reflection and scattering leads to a protection acrossthetdVVA and UVB spectm [222].

The best known inorganic UV filters are Li@nd ZnO. TiQ is listed in Annex VI of the Cosmetics
Regulation as a permitted UV filter up to a concentration of 25% in the finished produgtisTiO
known to exist in the three crystal forms, anatgstagonal), brookite (orthorhombic) and rutile-(t
tragonal) with different UVattenuating properties. ZnO is currently not listed in Annex VI as d-permi

ted UV filter. So far, however, there were different national approvals, for example in the German
Casmetics Ordinance [223], which allowed the usage of ZnO as a UV filter. Currently, the EC is about
to implement microfine and nanofine ZnO as UV filter in Annex VI of the Cosmetics Regulation
based on the previous positive opinions of the Scientific Cammat Consumer Safety [224, 225].

In the past, mineral UV filters formed an opaque film on the skin that limited their cosmetic use. Due
to technological advantages, micronized oxides are now obtained on a nanometric scale (<100 nm)
and show other propées of light refraction and diffraction, resulting in a thin transparent layer that is
easy to spread with even better protection abilities [226]. For both napafdidano ZnO, the SCCS
concluded that their usage in sun protection products can be e@usials safe [225, 227]. The only
exception is made for the usage of ZnO and,T@noparticles in spray products, because there is
evidence that these particles can have severe effects in the lungs upon inhalation. Althoughcvery effe

tive and positively ealuated by the SCCS, the usage of nanomatesiatill questioned critically.
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The main points of criticism are the possible altered toxicological potential of extremely small part
cles, their conceivable penetration, especially through (sun)damagedsttitheir toxicologicagf-

fects in the body [228, 229].

Toxic effects of ZnO and TiEonanoparticles are seen in their ability to evade immunological defence
mechanisms, to form complexes with proteins and in their photochemical activity [230, 231]. When
exposed to UV radiatiom vitro, nanoparticles emit electrons responsible for the formation of highly
reactive oxygen species, for example hydroxyl radicals or hydrogen peroxideZ248R In general,

they are able to damage cell compounds such as esibnanes, proteins and DNA, and are therefore
cytotoxic [235 237]. When comparing the three crystal forms of ;JiBe anatase and the amorphous
form show higher photoreactivity and cytotoxicity than the rutile form238]. This finding is pd¥r

ly reassung insofar as, in sunscreens, the rutile form is mainly used dite himher UV absorption

[241].

Of course, the results of thosevitro cell tests are not directly transferableirtovivo conditions, pir

marily because the increased formation of RED& viable cell level requires the penetratifrthe
particles into the skin.

To reduce the undesirable photoreactivity of J&Dd ZnO nanopatrticles, the surface activity of the
particles can be reduced by an appropriate coating of the material whithinboganic (aluminium

oxide, silica, zirconia) or organic (silanes, silicones, dimethicones) substances [242, 243].An appr
priate coating is stable over the whole production process, can help to ensure that the particles can be
readily incorporated in & formulation and protects the particles against agglomeratid®@ pm)

and deposition [244].

Permeation of small particles through the stratum corneum may occur via different pathway$: intrace
lular, intercellular or through the appendage route (i@gbhair follicles, sweat pores or skin glands)
[230]. Due to their low solubility and the impermeable character of corneocytes, intracellulaapenetr
tion of TiO, or ZnO is rather unlikely [229]. Although aggregation of the small particles in hair foll

cles was observed [245, 246], the follicles must be seen as more similar to accumulation sites from
which particles are gradually transported out with the sebum flow without further penetration in the
living skin [247, 248]. What remains is the intercellupmthway, which is also limited due to the
densely packed stratum corneum (SC) structure. Intercellular spaces between the SC corneocytes are
likely small and measure betweeni®5and 2030 nm [249]. However, the spaces can be expanded

by the application fotopical products [250] or after stress, for exampleseduby UV radiation [251,

252].

The penetration of nanoparticles in the skin has been subject of numerous studies, some of which have
had different results. Most vitro andin vivo studies using kb animal and human skin verify that

TiO, and ZnO nanopatrticles do not penetrate the underlying layers of either intactaasnuAged

skin [253 259]. The penetration is mostly limited to the SC, and hence, systemic absorptionds unlik

ly. One reason for th could be that nanoparticles tend to aggregate into larger structurd$@30

nm), which may reduce their ability to peraé the skin [255, 26@63].
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Nevertheless, as sunscreens are also applied especially to sunstressed or damaged skin with weakened
barrier functions, there is a further need for substapeeific research.

Organic UV filters

The group of organic UV filters includes different substance classes, which can be divided into UVA
and UVB filters due to their specific absorption charactegstMost organic UV filters contain@r

matic compounds conjugated with carbonyl groups. The excitation of electrons in the respeetive be
zene ring leads to absorption in the UV range. The absorption range and strength of the different UV
filter classes (Fj. 7) are additionally affectduy further substituents [264].
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Figure 7 Basic chemical structures of commonly used UV filters

The frequency of use of the different organic UV filters has chasigmificantly in the past 20 years
due to scientific evidnce andhe development of new UV filter substances. To get an overvigheof
most commonly used UV filters in Germany in 2013 a0d4, we compared 178 sun protectiondsro

ucts, 137 skincarproducts (e.g. face cream, hand cream, maieand 47 lip careroducts with UV
protection, due to their ingredients declarafiBiy. 8).
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Figure 8 Overview of the most commonly used cosmetic UV filters, available on the German market in 2013
and 2014, divided into sunscreens, skin care products, and lip caretgrodu
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Dibenzoylmethane derivatives

Butyl methoxydibenzoylmethane (BMDBM) is the most common UVA filter in cosmetic products and
is included in approximately 80% of the sun protection products in Germany (Fig. 8). With tde worl
wide recommendation of a bataad UVA/UVB protection, the usage of BMDBM has gained further
importance. BMDBM has replaced the formeisdpropyl dibenzoylmethane-pBM), the production

of which was discontinued in 1993 due to its high photoallergic potential [265]. However, BMDBM is
also a known contact allergen among the UV filters [266, 267]. Another critical point is thenphotoi
stability of BMDBM, especially when it is used in combination with ethylhexyl methoxycinnamate
(EHMC) [43, 268, 269]. The resulting photodegradation pradatso have a specific reaction pote

tial and may be seen as further triggers for contact allergies [270]. However, with an appropriate UV
filter combination, for example with octocrylene (OCR) or by encapsulation, photodegradation can be
decreased to a mimum [271 274].

Benzophenone derivatives

The two UV filters benzophenoti (BP-3) and benzophenonk (BP-4), both approved in the EU,

show very good photostability and bresggectrum protection over the whole UVB and UVA ranges

[275, 276]. Therefore, tlyeare not only used in sunscreens and various skincare products, especially in
nortEuropean countries [277], but also as typical light stabilizers in plastics and coatings [2¥8]. Ho

ever, used alone they do not provide complete UVA protection. Severaisshade demonstrated that

BP-3 shows a clear tendency to penetrate the hume
milk [27971 281]. This is particularly critical because BFs considered a substance with endocrine

potential [282284]. In addition BP-3 and BP4 are seen as the most common photoallergens among

the UV filters [28% 288]. Therefore, the usage of BRand BP4 in sun protection products in Geam

ny decreased to a minimum (Fig. 8).

p-Aminobenzoate derivatives

The UVB filter 4aminobenziz acid (PABA) was one of the first commercially available and one of

the most popular UV filters worldwide [289]. However, it soon became apparent that both PABA and
its derivatives were known triggers of photoallergic reactions [290, 291]. In 2008, RaBAanned

as a cosmetic UV filter in the EU. The usage of ethylh@@ininobenzoic acid (OIPABA) has also
significantly decreased in the past 20 years, and nowadays, it has been almost completely replaced by
other UV filters.

Salicylate derivatives

The UVB filters ethylhexyl salicylate (EHS) and homosalate are typical representatives of this group.
Salicylate derivatives are rather weak UVB absorbers but are often used to augment other UVB filters.

Due to their insolubility in water, they show good watsistance.
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Cosmetically used salicylates are rarely associated with allergic or photoallergic reactions [267, 292,
293], and do not have notable oestrogenic activity [294, 295]. In addition, EHS shows only a slight
tendency to penetrate the skin [29Bherefore, especially EHS with its good photostability and-sol

bility is a common ingredient in sscreens (Fig. 8).

The UV absorber triethanolamine salicylate is watduble and is a typical photoprotective agent in

hair care products.

Camphor derivaties

Due to their excellent photostability, the camphor derivativbergylidene camphor {B8C) and 4
methylbenzylidene camphor-MBC) were popular UVB filters for a long time [297]. In 1994, 4
MBC was found in about 30% of the sun protection product8][Zven in the period from 2004 to
2006, 4MBC was still a typical sunscreen ingredient [299]. In the past several years, the camphor
derivatives have been under more and more criticism due to their possible endocrine poteitial [282
284]. The increasingrpssure of the public and different Agavernmental organizations, for example
Women in Europe for a Common Future (WECF) or the German Friends of the Earth (BUND), resul
ed in the near cessation of use 8@ and 4MBC in sun protection products in Geany (Fig. 8).
Terephthalylidene dicamphor sulphonic acid (TDSA, Mexoryl SX), a further camphor derivative, is an
effective UVA filter, whichwasdd evel oped and éap(Rarie Rraneellin 1982 and dvasr
approved in 1991 as cosmetic ingredient imdpe. In 2006, Mexoryl SX was also approved by the
FDA as part of the sunscreen O0Anthelios SX6. Thi
filter since 1988. TDSA shows good protection ability against the negative effects of UVA radiation,
suchas skin pigmentation, epidermal hyperplasia or the decrease of skin hydration and elasticity [300
302]. In addition, TDSA is photostable and shows no tendency for percutaneous absorption [303].

Cinnamate derivatives

Ethylhexyl methoxycinnamate (EHMC, @ambxate) is one of the most common UV filters worldwide
and is often used in combination with other UVB filters to achieve high SPF values. EHMC id-genera
ly well tolerated but shows a certain photodegradation potential, especially in combination with BM
DBM, associated with a decrease of its protection ability [267, 304, 305]. However, encapsulation of
EHMC can significantly improve its photostability [306, 307]. For EHMC, which is seen as another
UVB filter with possible oestrogenic activity [28284, 308 and a tendency to permeate the skin
[296, 309], the frequency of use in Germany strongly decreased. In 1994, EHMC was an ingredient of
about 65% of all sunscreens on the market [298]. We found it in about 15% of the observes sun pr
tection products currdly sold in Germany. However, EHMC is still one of the most important UVB
filters in daily care products (Fig. 8). The UVB filter OCR also belongs to the group of cinnamates.
Due to its good photostability and its phatabilizing effect, especially towds BMDBM [273, 310],

OCR can be found in approximately 80% of all obsestgtscreens in Germany (Fig. 8).

24



Photoprotection in changing times

It is assumed that under irradiation, an energy transfer can occur between OCR and BMDBM in an
exited state (triplet), which results in the veryi@ént deactivation of BMDBM from the triplet to the

ground state via heat release and therefore stabilization [177]. However, due to its widespread usage,
there is more and more evidence that OCR has developed into one of the most common photoallergens
[3111 314].

Triazones

Recently, the development of new UV filters is based on the socalled 500 Da rule [54]. With an i
creased molecular weight of more than 500 Da, skin penetration is reduced. This reduction ts associa
ed with increased safety and efficigraf such substances. Due to the extension and multiplication of
their chromophoric groups, the UVB filter ethylhexyl triazone (EHT), the UVB filter diethylhexyl
butamido triazone (DEBT, iscotrizinol, Uvasorb HEB) and the bgattrum UV filter bis
ethylhexyloxyphenol methoxyphenyl triazine (BEMT, bemotrizinol, Tinosorb S) have a molecular
weight well above 500 Da. These UV filters show comparatively high absorption coefficients; signif
cant antiinflammatory effects and are highly efficient and very pbktdble [221, 318317]. In add

tion, especially Tinosorb S can improve the photostability of other UV filter substances in a sunscreen
[315]. Due to their various positive properties, triazones are incorporated in more and more sun prote
tion and skincar@roducts (Fig. 8). Recently, trisiphenyl triazine (Tinosorb A2B) has been added to
Annex VI of the EU Cosmetics Regulation [180]. It is the first UV filter with a particle size below 100
nm that is explicitly approved for the use in European cosmetigs.d waterdispersible, broad
spectrum, micronized UV filter that protects the skin especially against UV radiation between 290 and
340 nm, thus closing the gap between O6cl assical
which was newly added Annex VI since 2005.

Benzotriazoles

Also the broaespectrum UV filters drometrizole trisiloxane (DTS, Mexoryl XL) and methylene bis
benzotriazolyl tetramethylbutylphenol (MBBT, Bisoctrizole, Tinsorb M) fall under the 500 Da rule.
Accordingly, their skn penetratio is minimal and (phota)lergic reactions to these UV filters also
appear to be further rare [318, 319]. Mexoryl XL was the first photostable UV filter, which ofters pr
tection over the whole UVB and UVA ranges. The combination of MexoryaBXXL has an add

tional synergistic effect on their protection abilities [320]. Tinosorb M is manufactured in the form of
organic microfine particles and can be dispersed in the water phase of a sunscreen. Accordingly, it
combines the properties of orgarand inorganic UV filters, and scatters, reflects and absorbs UV
radiation. Tinosorb M shows a good photostability and bepettrum ability over the whole UVB,

UVA-I and UVA-Il range [321, 322].
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Development of allergic and photoallergic reactions

As described previously, several organic UV filters are known triggers of allergic and photoallergic
reactions responsible for approximatelyi 86% of the positive photopatch test results [286, 291,
323]. Their mostly lipophilic character and their small malacsize allow sufficient skin penetration,

which is the basic requirementititiate an allergic response.

Mechanism of sensitization

Allergic contact dermatitis (ACD) is a type IV hypersensitivity response (delayed type) andés the r

sult of a Flymphocytemediated immune response to an allergenic substance that comes into contact
with the skin. Hence, in contrast to other allergic reactions, ACD is not antibody mediated but is cell
mediated [324]. ACD consists of two phases: the induction (sengitiygthase and the elicitation
(expression) phase (Fig. 9). The first phase may take from a few days to a few years, depending on the
allergic potential of the substance. After sensitization, the second phase takes approxirBatals1

to fully develop, e nce the name O0del ayed typebo. In the fi
potential (haptes) penetrate through the skin.

Sensitization Expression

{ZUV

Hapten : -.- Prehaptens
Prehapten_s_i}uv apten ;.. ~ ~

“* = . Hapten - Dermatiti:

Figure 9 Schematic illustration of the sequence of an allergic response (mechanism accordi@y to [42

Some substances drdtially non-immunogenic but become potent haptens due to enzymatic groces

es in or on the skin (prohaptens) or due to-ennymatic processes, for example oxidation or plwstoa
tivation (prehaptens) [325, 326]. In the skin, the haptens bind covalentiudteophilic amino acid

side chains (mainly lysine and/or cysteine residues) of MHC proteins, which are carrier proteins, and
form an antigenic complex, which is internalized andcpssed by dendritic LCs [327].
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At the same time, an uptake of haptens Igskactivates the release of different cytokines, for example

the interleukins IE1b, IL-1U and 1L-18, and different growth factors, for example tumour necrosis
factor alpha (TNFJ) and granulocytemacrophage colonystimulating factor (G86F) [328]. In add

tion, the contact of KCs with haptens induces different protective pathwayssstiehaxidative stress
response pathway [3R831]. This pathway is mediated by the antioxidant response element (ARE),
which is an enhancer sequence that transcriptionally regulates different genes that encode phase two
enzymes to maintain the cellular cedstatus and to protect against oxidative damage. Activation of
ARE is regulated by the specific transcription factor, nuclear factor (erythdeidved 2)like 2

(Nrf2), which in turn is negatively controlled by the Keldke ECH-associated protein (l@l), a

protein that binds Nrf2. Keapl is redox sensitive, and the cysteine groups in its structure can easily be
oxidized, which decreases its affinity for Nrf2. As a result, Nrf2 is released from Keapl, translocates
to the nucleus where it binds to AR&hd induces the transcription of different antioxidative genes
[332]. An allergenic substance can also induce the release of Nrf2 due to its binding to the cysteine
side chains othe Keapl protein [333].

Additionally, KCs show metabolic potential and slyppnzymes (e.g. cytochrome P450), which are
involved in the activation of prohaptens to immunologically effective haptens [334]. Under the infl
ence of the released cytokines and chemokines, the loaded LCs migrate towards the regional lymph
nodes. Therel Cs present the haptiprotein complex to naive T cells, which recognize the antigen
and start the cascade of antigggecific commitment. The proliferation of memory and effector T
lymphocytes is initiated, which migrate in the peripheral tissue. Up@xpesure to the same or a

very similar hapten, the LCs become haptenized once more and are rapidly intercepted by the already
existing antigenspecific T cells in the epidermis (lower activation threshold). Proinflammatooy cyt
kines and chemokines aregased locally, which promote an inflammatory reaction with typical ACD
symptoms such as redness, itching, swelling of the skin, formation of blisters and an oozing rash. Due
to the development process, an ADC can be divided into skin penetration, possibtmlic actia-

tion, protein binding, activation and migration of LHCs, and proliferation of T cells [324333h

Skin sensitization test methods

Allergic contact reactions have become frequent skin complaints with increasing incidencerrates du
ing recent years. It is estimated that the prevalence of contact allergies is ab20#6lfH the general
population [338, 339]. Therefore, the evaluation of the sensitization potential of chemical substances,
especially cosmetic ingredients that are intentignapplied directly on the skin, is of greah-
portance. Accordingly, manufacturers of cosmetics are legally obliged to secure the safe usage of their
products before they are placed on the market. In addition, many chemical substances, induding co
metic ingredients, must be assessed under the European Chemicals Regulation REACH
(1907/2006/EC) [340]. The evaluation of skin sensitization is one mandatory endpoint whet produ

ing or importing a ton or moref a substance in or to Europe.
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For a long time, seiti&zation was tested using different animal methods, for example guindemapagl

tests such as the Guinea pig maximization test (GPMT), the Buehler Test or the local lymps-node a
say (LLNA). Even today, these methods are the only generally recognizeysesns currentlyua
thorized by the Organization for Economic Cooperation and Development (OECDB#341For the
original LLNA, radiolabeled thymidine is used as a marker to determine the cellular proliferation in
the auricular lymph node of the testimals after repeated topical application of the test chemical
[345]. Today, several variants of the LLNA have been developed in which the radioactive materials
are replaced, for example bybBomo2-deoxyuridine in the LLNA:BrdLELISA [346]. By testing a
minimum of three different concentrations of the test substance, it is not only possible to differentiate
between sensitizers and nonsensitizers, but also to assess the respective sensitizing potential via the
EC3 value, the effective concentration of attehemical to provoke a threefold increase in lymph
node cell proliferation. Guinea pig tests are based on a visual assessment of a skin reaction induced
after topical application (Buehler test) [347] or intradermal and topical application of the ltest su
stance (GPMT) [348]. The latter two can only provide information as to whether a substanae-is a se
sitizer or not and have limitations when the sensitization potehayobstance must be assessed.

Even today, the abovwmentioned OECD methods are the owdlidated tests that are currentiy-i
plemented in the REACH regulation or the corresponding Test Methods Regulation (EC) No.
440/2008 [349]. Nevertheless, REACH expressly requires and promotes the usage of appkopriate a
ternative test methods. Moreovemce 11 July 2013, the new cosmetics regulation completely bans
animal testing for both finished cosmetic products and cosmetic raw materials. Therefore, it is not
surprising that in the last 15 years, great efforts have been made to develop promisaigre@im
testing methods. According to the five accepted mechanistic key events, that is skim-penetr
tion/bioavailability (1), peptide reactivity/ haptenation (2), epidermal inflammation (3), dendritic cell
activation and migration (4), and-Cell proliferdion (5), different approaches were followed. It is
likely that a combination of different analysis methods using different endpoints may offer an overall

high accuracy for prediction [350].

Bioavailability

In the case of sensitization, bioavailabilitysdgbes the ability of a substance to penetrate the skin and

the possible activation of a weak or regnsitizing substance into a sensitizer. The chemical structure
and the physical properties of a substance allow an initial assessment. For exampleoctemvar

weight (<500 Da) and melting point (<200°C), and an octanol/water partition coefficient (log KOW)
between 1 and 5 suggest a certain penetration potential [351]. Therefore, the consideration of such data
can be useful for in silico structt@civity relationship (SAR) tools.

Most of the data on the skin penetration have been obtaingdvilyo or ex vivo studies using Franz

diffusion cells and human or animal skin but also artfiskin constructs (ASC) [352].
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Human skin models can be divilénto skin equivalents, having both KCs and dermal substitutes
(collagen and fibroblasts), and reconstituted human epidermis (RHE) models, consisting of multiple
layers of KCs to mimic the epidermis. Several commercial RHE models are available, butddese
systems lack dendritic cells or T lymphocytes, which are crucial for the sensitization process [353,
354]. Recently, a Japanese Research Group led by Uchino developed skin with an additenal coll
genlvitrigel layer, which contains KCs, fibroblastadasentritic cells (DCs) (VG&DF-Skin) [355].
However, although different RHE models such as EpiSkin, EpiDerm or SkiitEhave already been
implemented under the OECD guidelines as proven test systems for the endpoints of skin corrosion
and skin irritatbn [356, 357], there is currently no approved method for the area of sensitization with
these test systems. Although some studies show promising results, it turns out that the permeability of
the available reconstructed skin models is much higher compattethuman skin, especially forph

ophilic substances [35860]. Additionally, the test systems cannot currently achieve ASC that are
comparable complex as human skin, especially consideringspkitific metabolic activation proces

es [361, 362]. Hencelsa the European Union Reference Laboratory for alternatives to animal testing
(EURL ECVAM), which promotes the scientific and regulatory acceptance oinonal tests, ao

cluded that the currently available models of human skin equivalents used toimeteenmsitization

require further optimizations before they can be ictered for evaluation by ECVAM.

Haptenation

For a majority of organic substances, the covalent binding to skin proteins is a crucial step during the
sensitization process [363, 364ucB reactions can be described as nucleojpbilctrophilic po-

cesses. Therefore, the assessment of the molecular structure of chemical substances allows a first est
mation of their reactivity and is the basis of strudtantivity relationship approach¢365i 367]. To

draw conclusions about the toxicity of a substance due to its structure, it is useful to group the su
stances into different reaction mechanistic domains such as Michael acceptors, Schiff base formers,
SN2 and SNAr electrophiles and acylatiagents, which were proposed by Aptula and Roberts [368].
Inclusion of quantitative assessments has led to different in silico quantitative stractwity rela-

tionship (QSAR) models, for example the Toxtree and the DEREK NEXUS software, or the OECD
(Q)SAR Application Toolbox to hame only a few. These models use structural alerts and defined e
clusion rules to assess the skin sensitization potential of a substance by performing a trend analysis
and read across [36971]. The additional inclusion of furér physical chemical parameters such as

the log KOW can further improve the acaay of the assessment.

Another approach is the usage inf chemicomethods such as the direct peptide reactivity assay
(DPRA), the peroxidase peptide reactivity assay (PP&tAhe electrophilic allergen screening assay
(EASA) to generate data for the reactivity of chemicals towards model nucleophilé8T13F.2The

DPRA uses two model peptides with lysine and cysteine as reaction targets. The depletionmf the pe

tides, measwed with HPLCUV, is seen as an indicator for the sensitization potential of a substance.
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Another possibility to determine the reactivity of chemicals towards model peptides is to detect uno
cupied thiol or lysine binding sides after incubation withéslhiobis-2-nitrobenzoic acid or flo-
rescamine [376].

In a new generation of DPRA, the peroxidase peptide reactivity assay (PPRA), horseradish peroxidase
and hydrogen peroxides are additionally used to follow some metabolism and oxidation processes and
to incorporate preor prehaptens that require some kind of activation [374, 377]. The DPRA has
completed validation bfEURL ECVAM, which supports the development of an appropriate OECD
Test Guideline (TG) [378]. Recently, a draft TG on DPRA is under disnuss OECD. To further

extend the outcome of such peptide reactivity assays, aMEMS determination can be linked,

which allows not only quantitative but also qualitative assessment due to the determination of possible

adducts, dimerization processetc. [379, 380].

Epidermal inflammation

KCs are the dominating cell types in the epidermis and are the first skin cells, which come into contact
with substances that penetrated through the stratum corneum. KCs show metabolic activity and are
able to exprss various (pro)inflammatory cytokines (e.g-1Uor IL-18) and different adhesion and
growth factors upon contact with sensitizers and photosensitizers [381, 382]. This is the basis of a
whole series of proposed alternative methods, for example theasell AREn32 or NCTC 2544-IL

18 assays and the 18eeeTox, or SENSS assays [38389]. With SENSIS, for which human 3D
reconstructed epidermis (EpiSkin) is used, a quantification of 62 biomarkers, which are split into three
groups (irritation, ARE and SENIS), is possible [390]. SenCeeTox measures @gbsaiin gene tra

scription of up to six genes using different concentrations of the test substances and may nat-only ide
tify sensitizers but also accurately predict their potencygoayg 391, 392].

The contact of KCs with skin sensitizers can also indybaprotective cellular pathways, for example

Nrf2i Keapd ARE regulatory pathway, which plays an important role in the protection of cells against
oxidative and xenobiotic damage [393]. Keapl, with its haptantive cysteine residues, plays a-cr

cial role here. Based on this approach, the KeratinoSens and the LuSens assays were developed to
measure the keratinocyte activity by the induction of a luciferase gene under the control of te antiox
dant response element (ARE) [3296]. In February 2014, ECVANublished its recommendation

on the KeratinoSens. It is expected that the recommendation will facilitate scientific discussions at

OECD in view of developing further OECD Test Guidelines for skin sensitization [397].

Dendritic cell activation

During contat between an allergen and the skin, dermal dendritic cells and the immature dendritic
LCs serve as antiggmresenting cells able to internalize and process the liggrtgain complex and
present the allerggMHC complex to naive T cells [398, 399]. As aykissue in the sensitization
process, many investigators see potential for the use of dendritic cell lines for the developmient of an

malfree alternative methods.
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As LCs are only present in the skin in small numbers and tend to maturate during exaradtonmti-

vation processes, other dendritic cell lines such as the human myeloid leukaemia cell lifesUFHP

937, MUTZ3 or KG-1 are isolated, cultivated and used under standardized conditions. Dendritic cell
activation can be measured by chemokine @@CK1, CCCL5, CCL19 and MIRU) and cytdine
secretion (e.g. K16, IL-10, IL-8 and TNFU) and through the expression of cell surface markers (e.g.
CD40, CD54, CD86 and-C chemokine receptor type 7 (CCR7)) [400]. Under the available test sy
tems, the myleid U937 skin sensitization test (MUSST) and the human cell line activation test (h
CLAT) are the most advanced test systems in terms of both the number of tested substances and the
standardization procedure. MUSST is based on changes in CD86 exprdsgienU®37 cell line
measured by flow cytometry [401, 402]. Duringch AT, CD86 and CD54 expression of a THRell

line is also measured using flow cytometry [403, 404]. Both methods are currently part of an
ECVAM-coordinated prevalidation study. Anothempproach is the analysis of gene expression
changes after the contact of DCs with allergens. The VITOSENS assay measures changes in gene
expression of 13 genes, the cANMESponsive element modulator (CREM) and the monocyte @hem
tactic proteinl receptor CCR2), determined as predictive biomarkers of CD34+ progenitor cells
(CD34-DC) after contact with sensitizing chemicals [405, 406]. The Genomic Allergen Rapict Dete

tion (GARD) assay utilizes genomic biomarker signatures based on the cellular respohseluof t

man myeloid cell line MUTZ3 towards sensitizers. The biomarker signatures provide measurements
of numerous genes that are involved in immune response and cytoprotective mechanisms [407].

In addition, the increased cytokine/chemokine secretion upotaciowith sensitizers is the basis of
various other dendritic cell assays. For exampleg,las a sensitive biomarker, seems to be promising

for distinguishing between sensitizers and-s8ensitizers [408410]. Quantification can be performed

by enzymedinked immunosorbent assay (ELISA), which allows high sample throughput for possible
screening. However, only a limited number of chemicals have been tested so far, so that the results

still do not allow conclusive assessmenttaf validity of these methad

T-cell proliferation

As seen in the LLNA, the proliferation of naive T cells after contact with a chemical substance is a
reliable indicator that a substance is immunogenic. Therefore, several publications concentrate on the
feasibility of in vitro T-cell proliferation followed by a coculture of sensitizezated dendritic cells
(DC/T-cell coculture protocols) and the expression of selected biomarkers4[3]1 Whereas the

first generation of classical humarcéll priming assays (hTCPA) could onlyteet strong or extreme
sensitizers, the usage of human peripheral blood with fewer regulatory cells increased the sensitivity of
the methods and allows the determination of moderate and weak sensitizing properties [414, 415].
Although T-cell-based assayseacomplex and have limitations, they are seen as useful and walid f
ture tools in the developmeaf alternative methods [416].

It is generally accepted that no single approach ofamimal testing methods reflecting the key

mechanisms of skin sensitiiat will be sufficient to predict the sensitization potential of a substance.
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However, the combination of different approaches in a combined test battery has the potential of a full
replacement toolkit [417]. So far, one of the most promising approachessssystem combined and
evaluated under the leadership of BASF. Bauch et al. combined the DPRA, the LuSens, or
KeratinoSens assay and the mMUSST afdLIAT. They reached an accuracy of 94% for 54 test
substances with no false positive or false negagixents and thus exceeded evenrdémilts of the

LLNA [389, 418].

Conclusion

The compatibility and performance of sun protection products are essential for their safe use. The s
lection of (photo)stable UV filters, an appropriate combination of diffddf and UVB absorbers,

and a cosmetically pleasant formulation provide the basis for effective protection against &V radi
tion. Unfortunately, a globally harmonized system for the evaluation, testing and approvat of su
screens is still missing, makingatmost impossible for a manufacturer to formulate sun protection
products that can be approved globally. The market for sun protection products is constantly changing
based on the progress of scientific knowledge. Nevertheless, the approval of new Wérahisoa

major challenge, especially in certain countries, such as U.S.A. Although the role of sun protection
products will further increase, the widespread use of UV filters in multiple cosmetic products should
not be disregarded due to their impactsompatibility and their fate in environment.

Acknowledgements

The authors declare no conflicts of interest.

32



Photoprdection in changing times

References
1. Holick, M.F. A perspective on the beneficial effects of moderate exposure to sunlight: bone
health, cancer prevention, mental healttl eell being. InComprehensive Series in Pbot
sciences Sun Protection in MagGiacomoniP.U.,ed.), pp. 1437, Elsevier Science,A-
sterdam (2001).
2. Hosseinnezhad, A. and Holick, M.F. Vitamin D for health: a global perspedtias/o
Clin. Proc.88, 720755 (2013).

3. Papoutsaki, M. and Costanzo, A. Treatment of psoriasis and psoriatic aBfwiiisLgs
27,312 (2013).
4, Matsumura, Y. and Ananthaswamy, H.N. Toxic effects of ultraviolet radiation on the skin.

Toxicol. Appl. Pharmacoll95, 298308 (2004).

5. Polefka, T.G., Meyer, T.A., Agin, P.P., Bianchini, R.J. Effects of solar radiation on the
skin.J. Cosmet. Dermatol.l, 134143 (2012).

6. Pfeifer, G.P. and Besaratinia, A. UV wavelenrddpendent DNA damage and human-non
melanoma and melanoma skin can&roibchem. Photobiol. Scll, 90-97 (2012).

7. Narayanan, D.L., Saladi, R.N. and Fox, J.L. Ultraviolet radiation and skin camtcér.
Dermatol.49, 978986 (2010).

8. Mason, R.S. and Reichrath, J. Sunlight, vitamin D and skin cafegcancer Agents Med.
Chem 13, 8397 (2013).

9. Randle, H.W. Suntanning: differences in perceptions throughout histago Clin. Proc.

72, 461466 (1997).

10. Roelandts, R. History of Human PhotobiologyPlnotodermatologyLim, H.W., Honigs-
mann, H. and Hawk].L.M., eds.), pp. 113. CRC Press, Boca Raton (2007).

11. Hausser, K.W. and Vahle, W. Die Abhangigkeit des Lichterythems und der Pigimentbi
dung von der Schwingungszahl (Wellenl&nge) der erregenden Strabtratgentherapie
13, 4171 (1922).

12. Couteau, C. and Coiffard, L. History afrsprotectionRev. Hist. Pharm. (Parig8, 151
162 (2010).

13.  Urbach, F. The historical aspects of sunscreg&r@hotochem. Photobiol. &, 99104
(2001).

14. Dal, H., Boldemann, C. and Lindel6f, B. Does relative melanoma distribution by body site
19602004 eflect changes in intermittent exposure and intentional tanning in the Swedish
populationZEur. J. Dermatal 17, 428434 (2007).

15. Bolanca, Z., Bolanca, I., Buljan, M., Blajic, I., Penavic, Z.J. and Situm, M. Trends, habits
and attitudes towards suntanni@gll. Antropol.32, 143146 (2008).

33



Photoprdection in changing times

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lasithiotakis, K.G., Leiter, U., Gorkievicz, R., Eigentler,T., Breuninger, H., Metzler, G.,
Strobel, W. and Garbe, C. The incidence and mortality of cutaneous melanoma in Southern
Germany: trends by anatomic site amdhwlogic characteristics, 1976 to 20Q&ancer

107, 13311339 (2006).

Association of Populatichased Cancer Registries in Germany (EBKGEKID-Atlas.
Available at: http://www.gekid.deccessed 20 February 2014.

Petersen, B., Thieden, E., PhilipseA.PHeydenreich, J., Young, A.R. and Wulf, H.C. A
sun holiday is a sunburn holidaghotodermatol. Photoimmunol. Photom28, 221224
(2013).

Veierod, M.B., Weiderpass, E., Thorn, M., Hansson, J., Lund, E., Armstrong, B. and
Adami, H.O. A prospective stycf pigmentation, sun exposure, and risk of cutaneais m
lignant melanoma in womed. Natl. Cancer Inst95, 15301538 (2003).

Veierod, M.B., Adami, H.O., Lund, E., Armstrong, B.K. and Weiderpass, E. Sun and sola
ium exposure and melanoma risk: effecta@é, pigmentary characteristics, and nevi.
Cancer Epidemiol. Biomarkers Prel9, 111120 (2010).

Autier, P., Dore, J.F., Reis, A.C., Grivegnee, A., Ollivaud, L., Truchetet, F., Chamoun, E.,
Rotmensz, N., Severi, G. and Cesarini, J.P. Sunscreen usdeamibiral exposure td-u
traviolet A and B radiation: a double blind randomized trial using personal dosinirters.

J. Cancer83, 12431248 (2000).

Autier, P., Boniol, M. and Dore, J.F. Sunscreen use and increased duration of intentional
sun exposure: stid burning issudnt. J. Cancerl21, 15 (2007).

Andersen, S.O., Halberstadt, M.L. and Borgt®atnell, N. Stratospheric ozone, global
warming, and the principle of unintended consequera@®ngoing science and policy
success storyl. Air Waste ManagAssoc63, 607647 (2013).

Kripke, M.L. Impact of ozone depletion on skin cancérermatol. Surg. Oncol4,

853857 (1988).

LemusDeschamps, L. and Makin, J.K. Fifty years of changes in UV Index and anplic
tions for skin cancer in Australitnt. J. Biometeorol56, 727735 (2012).

Young, A.R. and Sheehan, J.M. biiuced pigmentation in human skin.Qomprehe-

sive Series in PhotoscienceSun Protection in MafGiacomoni,P.U.,ed.), pp. 357376,
Elsevier Science, Amsterdam (2001).

Jablonski, N.Gand Chaplin, G. Colloquium paper: human skin pigmentation as araadapt
tion to UV radiationProc. Natl. Acad. Sci. USPO7(Suppl. 3, 89628968 (2010).

Breitbart, E.W., Greinert, R. and Volkmer, B. Effectiveness of information campaigns.
Prog Biophys. MalBiol. 92, 167172 (2006).

34



Photoprdection in changing times

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Makin, J.K., Warne, C.D., Dobbinson, S.J., Wakefield, M.A. and Hill, D.J. Population and
agegroup trends in weekend sun protection and sunburn over two decades of the SunSmart
programme in Melbourne, AustraliBr. J. Dermatol168, 154161 (2013).

Robinson, J.K., Rigel, D.S. and Amonette, R.A. Trends in sun exposure knowledge, att
tudes, and behaviors: 1986 to 1996Am. Acad. DermatoB7, 179186 (1997).

Moyal,D. The development of efficient sunscredndian J. DermatolVenereol. Leprol.

78, 3134 (2012).

Wang, S.Q., Tanner, P.R., Lim, H.W. and Nash, J.F. The evolution of sunscreen products
in the United Statesa 12year cross sectional studhotochem. Photobiol. Sdi2, 197

202 (2013).

Manova, E., von Goetz, N., Haud., Bogdal, C. and Hungerbuhler, K. Organic UV filters
in personal care products in Switzerland: a survey of occurrence and concentrratidns.
Hyg. Environ. Healtt216, 508514 (2013).

Seite,S., Fourtanier, A. and Rougier, A. Photoprotection istundzers and daitgare
productsG. Ital. Dermatol. Venereol45, 631636 (2010).

Shaat, N.A. and Shaat, M. Recent sunscreens market trei@imdoreens, regulations and
commercial developme(BhaatN.A., ed.), pp. 92940. Taylor & Francis, Boca Rmn

(2005).

GagcFerrero, P., Diafruz, M.S. and Barcelo, D. An overview of tAbsorbing cm-

pounds (organic UV filters) in aquatic biofsnal. Bioanal. Chem04, 25972610 (2012).
Poiger, T., Buser, H.R., Balmer, M.E., Bergqvist, P.A. and Muller, M.g&u@ence of UV
filter compounds from sunscreens in surface waters: regional mass balance in two Swiss
lakes.Chemospher&5, 951963 (2004).

Fent, K. and Kunz, P. Occurrence and Effects of Hormonally Active UV Filters in the
Aquatic EnvironmentSOFW135,2-12 (2009).

Giokas, D.L., Salvador, A. and Chisvert, A. (2007) UV filters: From sunscreens to human
body and the environmeritrends Anal. Chen26, 366374 (2007).

Nash, J.F. and Tanner, P.R. Relevance of UV filter/sunscreen product photostabhility to h
man safetyPhotodermatol. Photoimmunol. Photoma&d, 8895 (2014).

Dondi,D., Albini,A. and Serpone,N. (2006) Interactions between different solar UVB/UVA
filters contained in commercial suncreams and consequent loss of UV protBbinins.

chem. PhotobiolSci.5, 835843 (2006).

Kdhnlein, M. Untersuchungen zum photochemischen Verhalten deB-Bilters Octy-
methoxycinnamat in Modellsystemen, Sonnenschutzmitteln sowie auf derPevtle-

sis, Institute of Food Chemistry, University of Hohenheim (2000).

Schwack, W. and Rudolph, T. Photochemistry of dibenzoyl methane UVA filters Part 1.
Photochem. Photobiol. B8, 229234 (1995).

35



Photoprdection in changing times

44,

45.

46.
47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

Karlsson, I., Persson, E.,&ensson, J. andde, A. Investigation of the sunscreenmct
crylene's interaction with amino achalogs in the presence of UV radiatiBhotochem.
Photobiol.88, 904912 (2012).

Holbrook, K.A. and Odland, G.F. Regional differences in the thickness (cell layers) of the
human stratum corneum: an ultrastructural analysisivest. Dermatol62, 415422

(1974).

Sterry, W.Kurzlehrbuch Dermatologigp. 38. Thieme Verlag, Stuttgart (2011).

McGrath, J.A., Eady, R.A.J. and Pope, F.M. ChapteABatomy and Organization of
Human Skin. IrRook’s Textbook of Dermatolo(Burns,T., BreathnachS.,Cox, N. and
Griffiths, C.,eds.),pp. 153.John Wiley & Sons, Chichester, UK (2010).

Gauglitz G.G. and Schauber, J. Skin: Architecture and Functi@ernmal Replacements

in General, Burn, and Plastic Surgefgamolz,L. andLumenta,D.B., eds.), pp. 4.1
SpringerVerlag, Wien (2013).

Blanpain, C. Epidermal stem celBull Mem. Acad. R. Med. Bel$j62, 418424 (2007).

Wertz, P.W., Madison, K.C. and Downing, D.T. Covalently bound lipids of human stratum
corneumJ. Invest. Dermatol92, 109111 (1989).

Radner, BP. and Fischer, J. The important role of epidermal triacylglycerol metabolism for
maintenance of the skin permeability barrier funct®iochim. Biophys. Actd.841, 409

415 (2014).

Meckfessel, M.H. and Brandt, S. The structure, function, and importdrcezamides in

skin and their use as therapeutic agents inc&ie productsl. Am. Acad. Dermator.1,
177-184(2014).

Bouwstra, J., Pilgram, G., Gooris, G., Koerten, H. and Ponec, M. New aspects of the skin
barrier organizationSkin Pharmacol. AppBkin Physiol14, 5262 (2001).

Bos, J.D. and Meinardi, M.M. The 500 Dalton rule for the skin penetration of chemical
compounds and drugExp. Dermatol9, 165169 (2000).

Wickett, R.R. and Visscher, M.O. Structure and function of the epidermal barried.
Infect.Control 34, 98110 (2006).

Baroni, A., Buommino, E., De Gregorio, V., Ruocco, E., Ruocco, V. and Wolf, Re-Stru
ture and function of the epidermis related to barrier prope@ies. Dermatol,30, 257262
(2012).

Proksch, E., Brandner, J.Mn@Jensen, J.M. The skin: an indispensable baHigr De-
matol.17, 10631072 (2008).

McCullough, J.L. and Kelly, K.M. Prevention and treatment of skin aging. N. Y.

Acad. Sci1067 323331 (2006).

36



Photoprdection in changing times

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Langton, A.K., Griffiths, C.E., Sherratt, M.J. aihtson, R.E. Crostinking of structural
proteins in ageing skin: an in situ assay for the detection of amine oxidase dstogty-
ontology14, 8997 (2013).

CallejaAgius, J., Brincat, M. and Borg, M. Skin connective tissue and ag@exj.Pract.
ResClin. Obstet. GynaecoR7, 727740 (2013).

Lai-Cheong, J.E. and McGrath, J.A. Structure and function of skin, hair andvhedls.
cine4l, 317320 (2013).

Qiang, F. Radiation (Solar). EBncyclopedia of Atmospheric Scien¢dslton,J.R.,ed.),

pp. 18591863. Academic Press, Oxford (2003).

ISO 21348:2007. Space environment (natural and artificidljocess for determining@s

lar irradiances.

McKenzie, R.L., Bjoérn, L.O., Bais, A., llyasad, M. Changes in biologically active ultravi
let radiation reachinghe Earth's surfac®hotochem. Photobiol. S&, 515 (2003).
Dupont, E., Gomez, J. and Bilodeau, D. Beyond UV radiation: a skin under chall@nge.
J. Cosmet. ScB5, 224232 (2013).

Meinhardt, M., Krebs, R., Anders, A., Heinrich, U. and TronnieNMdvelength
dependent penetration depths of ultraviolet radiation in humanJkkiomed. Optl3,
044030 (2008).

Bruls, W.A., Slaper, H., van der Leun, J.C. and Berrens, L. Transmission of huiman ep
dermis and stratum corneum as a function of thicknetfeinltraviolet and visible wav
lengths.Photochem. Photobiof0, 485494 (1984).

International Agency for Research in Cancer (IARC). Exposure to artificial UV radiation
and skin cancer / views and expert opinions of an IARC Working Group that metrin Lyo
France 2729 June (2005Available at:http://www.iarc.fr/en/publications/pdfs
online/wrk/wrk1/ArtificialUVRad&SkinCancer.pdf, accessed 13 September.2014
Gandini, S., Autier, P. and Boniol, M. Reviews on sun exposure and artificial light and
melanomaProg. Biophys. Mol. Bioll07, 362366 (2011).

Nilsen, L.T.N., Aalerud, T.N. Hannevika, M. and Veiergd, M.B. UVB and UVA irradian
es from indoor tanning devica3hotochem. Photobiol. Sdi0, 11291136 (2011).

Balk, S.J. and Geller, A.C. Teenagers arfificial tanning.Pediatrics121, 10401042
(2008).

Balk, S.J. Ultraviolet radiation: a hazard to children and adoles¢ad&trics127, 791
817 (2011).

Pawlak, M.T., Bui, M., Amir, M., Burkhardt, D.L., Chen, A.K., Dellavalle, R.P. Legisl
tion restrictng access to indoor tanning throughout the waétdh. Dermatol 148, 1006
1012 (2012).

37



Photoprdection in changing times

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Holick, M.F. Sunlight and vitamin D for bone health and prevention of autoimmsne di
eases, cancers, and cardiovascular diséaseJ. Clin. Nutr80, 16781688 (2004)

Bikle, D.D. Vitamin D metabolism and function in the sKifol. Cell Endocrinol.347, 80

89 (2011).

Webb, A.R., de Costa, B.R., Holick, M.F. Sunlight regulates the cutaneous production of
vitamin D3 by causing its photodegradatidnClin. Endocrinol. Mtab.68, 882 887

(1989).

Holick, M.F. Vitamin D deficiencyN. Engl. J. Med357, 266281 (2007).

DelLuca, H.F. Overview of general physiologic features and functions of vitardimDJ.
Clin. Nutr. 80, 16891696 (2004).

Thacher, T.D. and Clarke, B.L. \dinin D insufficiencyMayo Clin. Proc.86, 5660

(2011).

Chen, J., Liu, W,, Lin, Q., Chen, L., Yin, J. and Huang, H. Vitamin D deficiency and low
bone mineral density in native Chinese rheumatoid arthritis patiahtd. Rheum. Disl7,
66-70 (2014).

Lips, P. and van Schoor, N.M. The effect of vitamin D on bone and osteopBesis.
Pract. Res. Clin. Endocrinol. MetaB5, 585591 (2011).

Ceglia, L. and Harris, S.S. Vitamin D and its role in skeletal mu€elkeif. Tissue Int92,
151-162 (2013).

Girgis, C.M,, CliftonBligh, R.J., Hamrick, M.W., Holick, M.F. and Gunton, J.E. The roles
of vitamin D in skeletal muscle: form, function, and metaboli&ndocr. Rev34, 33 83
(2013).

Taha, S.A., Dost, S.M. and Sedrani, S.HHg&Iroxyvitamin D and total caigm: extrae-
dinarily low plasma concentrations in Saudi mothers and their neoRat#iatr. Res18,
739741 (1984).

Gloth, F.M. 3rd, Gundberg, C.M., Hollis, B.W., Haddad, J.G. Jr., and Tobin, J.D. Vitamin
D deficiency in homebound elderly persod&MA 274, 16831686 (1995).

Clemens, T.L., Adams, J.S., Henderson, S.L. and Holick, M.F. Increased skin pigmentation

reduces the capacity of skin to synthesise vitaminL28cetl, 74 76 (1982).
Matsuoka, L.Y., Ide, L., Wortsman, J., MacLaughlin, J.A. and iKplt.F. Sunscreens
suppress cutaneous vitamin D3 syntheki€lin. Endocrinol. Metab64, 11651168
(1987).

Raiten, D.J. and Picciano, M.F. Vitamin D and health in the 21st century: bone and beyond.

Executive summaryAm. J. Clin. Nutr80, 16731677 (2@4).
Benakova, N. (2011) Phototherapy of psoriasis in the era of biologics: séitten Derna-
tovenerol. Croatl9, 195205 (2011).

38



Photoprdection in changing times

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Reynolds, N.J., Franklin, V., Gray, J.C., Diffey, B.L. and Farr, P.M. Nabamad ultravb-

let B and broadband ultraviole®A phototherapy in adult atopic eczema: a randomisad co
trolled trial. The LanceB57, 20122016 (2001).

Naldi, L. and Griffiths, C.E. Traditional therapies in the management of moderate to severe
chronic plaque psoriasis: an assessment of the benefitskadr. J. Dermatol 152,
597-615 (2005).

Sklar, L.R., Almutawa, F., Lim, H.W. and Hamzavi, |. Effects of ultraviolet radiation, vis
ble light, and infrared radiation on erythema and pigmentation: a reRletochem. Pbr
tobiol. Sci.12, 5464 (2013).

Assefa, Z., Van Laethem, A., Garmyn, M. and Agostinis, P. Ultraviolet radiationinduced
apoptosis in keratinocytes: on the role of cytosolic facBigchim. Biophys. Acta755,

90i 106 (2005).

Claerhout, S., Van Laethem, A., Agostinis, P. and Garmyn, ihwRgs involved in sor

burn cell formation: deregulation in skin candenotochem. Photobiol. S&, 199207
(2006).

Lippens, S., Hoste, E., Vandenabeele, P., Agostinis, P. and Declercq, W. Cell death in the
skin. Apoptosisl4, 549569 (2009).

Ravanat, L., Douki, T. and Cadet, J. UV damage to nucleic acid componer@ampe-
hensive Series in Photoscien¢&sacomoni,P.U.,ed.), pp. 207230, Elsevier Science,
Amsterdam (2001).

Ikehata, H. and Ono, T. The mechanisms of UV mutagerestadiat. ReH2, 115125
(2011).

Wikonkal, N.M. and Brash, D.E. Ultraviolet radiation induced signature mutation®in ph
tocarcinogenesisl. Investig. Dermatol. Symp. Prek.6-10 (1999).

Liu, J., Zhang, C. and Feng, Z. Tumor suppressor p53 and itefgainction muants in
cancerActa Biochim. Biophys. Si(Shanghai®6, 170179 (2014).

Giglia-Mari, G. and Sarasin, A. TP53 mutations in human skin cardars. Mutat.21,
217228 (2003).

Rivlin, N., Brosh, R., Oren, Mard Rotter, V. Mutations in the p53 Tumor Suggsor

Gene: Important Milestones at the Various Steps of Tumorigefizsiges Cance?, 466

474 (2011).

Taylor, H.R. The biological effects of UB on the eyePhotochem. PhotobichO, 489

492 (1989).

Young, A.R. Acute effects of UVR on human eyes and.$kiog. Biophys. Mol. Biol92,
80-85 (2006).

Roberts, J.E. Ultraviolet radiation as a risk factor for cataract and macular degeneration.
Eye Contact Len37, 246249 (2011).

39



Photoprdection in changing times

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

Yam, J.C. and Kwok, A.K. Ultraviolet light and ocular diseatss.Ophthalmol34, 383

400 (2014).

Quan, T., Qin, Z., Xia, W., Shao, Y., Voorhees, J.J. and Fisher, G.J. Magrading me
alloproteinases in photoaging.Investig. Dermatol. Symp. Prdiet, 2024 (2009).

Gilchrest, B.A. Photoagingl. Invest. Dermatoll33, E2E6 (2013).

Rabe, J.H., Mamelak, A.J., McElgunn, P.J.S., Morison, W.L. and Sauder, D.N. Photoaging:
mechanisms and repair. Am. Acad. Dermatoh5, 119 (2006).

Baumann L. Skin ageing and its treatm@nPathol.211, 241251 (2007).

Berneburg, M., Plettenbg, H., MedveKonig, K., Pfahlberg, A., GefBarlag, H., Gefeller,

O. and Krutmann, J. Induction of the photoagasgociated mitochondrial common el

tion in vivo in normal human skinl. Invest. Dermatoll22, 12771283 (2004).

Cadet, J. and Douki, T. @atively generated damage to DNA by UVA radiation in cells
and human skinl. Invest. Dermatoll31, 10051007 (2011).

Krutmann, J. and Schroeder, P. Role of mitochondria in photoaging of human skiex: the d
fective powerhouse model. Investig. DermatolSymp. Procl4, 4449 (2009).

Schroeder, P., Gremmel, T., Berneburg, M. and Krutmann, J. Partial depletion-of mit
chondrial DNA from human skin fibroblasts induces a gene expression profile reminiscent
of photoaged skinl. Invest. Dermatol128, 22972303(2008).

Marionnet, C., Pierrard, C., Lejeune, F., Sok, J., Thomas, M. and Bernerd, F. Différent ox
dative stress response in keratinocytes and fibroblasts of reconstructed skin exposed to non
extreme dailyultraviolet radiationPLOS Oné, e12059 (2010).

Shindo, Y., Witt, E., Han, D., Epstein, W. and Packer, L. Enzymic angtnpymic arit
oxidants in epidermis and dermis of human s&irnvest. Dermatofl02, 122124 (1994).
Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T., Mazur, M. and Telser, &efadicals

and antioxidants in normal physiological functions and human dideas&. Biochem.

Cell Biol. 39, 4484 (2007).

Leccia, M.T., Yaar, M., Allen, N., Gleason, M. and Gilchrest, B.A. Solar simulateddfradi
tion modulates gene expression andvagtof antioxidant enzymes in cultured human
dermal fibroblastsExp. Dermatol10, 272279 (2001).

Shindo, Y. and Hashimoto, T. Time course of changes in antioxidant enzymes in human
skin fibroblasts after UVA irradiatiord. Dermatol. Scil4, 225232(1997).

Placzek, M., Przybilla, B., Kerkmann, U., Gaube, S. and Gilbertz, K. Effect of ultraviolet
(UV) A, UVB or ionizing radiation on the cell cycle of human melanoma cBlisJ. De-
matol.156, 843847 (2007).

De Gruijl, F.R. Photocarcinogenesis: UVA.WVB radiationSkin Pharmacol. Appl. Skin
Physiol.15, 316320 (2002).

40



Photoprdection in changing times

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Cadet, J., Sage, E. and Douki, T. Ultraviolet radiati@diated damage to cellular DNA.
Mutat. Res571, 317 (2005).

Pilger, A. and Rudiger, H.W -Bydroxy-2-deoxyguanosine as aanker of oxidative DNA
damage related to occupational and environmental exposaire&rch. Occup. Environ.
Health80,1-15 (2006).

Valavanidis, A., Vlachogianni, . Tand Fiotakis, C.-8iydroxy-2-deoxyguanaosine (8

OHdG): A critical biomarker of oxidativetress and carcinogeneslsEnviron. Sci. Health
C Environ. Carcinog. Ecotoxicol. Rex7, 126139 (2009).

Halliday, G,M., Agar, N.S., Barnetson, R.S., Ananthaswamy, H.N. and Jones, AM. UV
fingerprint mutations in human skin candehotochem. Photobl. 81, 38 (2005).

Agar, N.S., Halliday, G.M., Barnetson, R.S., Ananthaswamy, H.N., Wheeler, M. and Jones,
A.M. The basal layer in human squamous tumors harbors more UVA than UVB fingerprint
mutations: a role for UVA in human skin carcinogendisc. Nal. Acad. Sci. USAO01,
49544959 (2004).

Mouret, S., Forestier, A. and Douki, T. The specificity of Uinluced DNA damage in
human melanocyte®hotochem. Photobiol. Sdil, 155162 (2012).

Van der Pols, J.C. Epidemiology of Basal Cell and Squamoug@edinoma of the Skin.

In Skin Cancer A WorldWide PerspectivlDummer,R., Pittelkow,M.R., lwatsuki,K.,
GreenA. andElwan,N.M., eds.), pp. 38L.2. SpringefrVerlag Berlin Heidelberg (2011).
Fuchs, A. and Marmur, E. The kinetics of skin cancer: pssjpa of actinic keratosis to
squamous cell carcinomBermatol. Surg33, 10991101 (2007).

Armstrong, B.K. and Kricker, A. The epidemiology of UV induced skin carcéthob-
chem. Photobiol. B33, 818 (2001).

Situm, M., BuljanMiMi|,BulatBoVanchug@évi bnd
UV radiation in the development of basal cell carcino@wll. Antropol.32, 167170
(2008).

Runger, T.M. Role of UVA in the pathogenesis of melanoma andnmeanoma skin ¢a
cer. A short reviewPhotodermatl. Photoimmunol. Photomed5, 212216 (1999).
Damian, D.L., Matthews, Y.J., Phan, T.A. and Halliday, G.M. An action spectrunh for u
traviolet radiatioAinduced immunosuppression in humaBs.J. Dermatol 164, 657659
(2011).

Meyer, T., Stockfleth, E. ahChristophers, E. Immune response profiles in humanBKkin.
J. Dermatol.157, 7 (2007).

Schwarz, T. Mechanisms of Uduced immunosuppressidieio J. Med54: 165171
(2005).

Rivas, J.M. and Ullrich, S.E. The role of-#, IL-10, and TNFalpha in tle immune sp-
pression induced by ultraviolet radiatidn Leukoc. Biol56, 769775 (1994).

41



Photoprdection in changing times

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Amerio, P., Carbone, A., Auriemma, M., Varrati, S. and Tulli, A. UV induced skinusmm
nosuppressiorAntiinflamm. Antiallergy Agents Med. Che8n.3-13 (2009).
ChomiczewskaSkora, D., Adamus, A., Trznad@rodzka, E. and Rotsztejn, H. Effects of
ultraviolet radiation on Langerhans celentr. Eur. J. ImmunoB8, 393398 (2013).

Aubin, F. Mechanisms involved in ultraviolet ligimduced immunosuppressidaur. J.
Dermatol. 13, 515523 (2003).

Gibbs, N.K., Tye, J. and Norval, M. Recent advances in urocanic acid photochemistry,
photobiology and photoimmunolog?hotochem. Photobiol. Séi, 655667 (2008).

Gibbs, N.K. and Norval, M. Photoimmunosuppression: a briefveswr Photodermatol.
Photoimmunol. Photome#9, 5764 (2013).

Reilly, S.K. and De Fabo, E.C. Dietary histidine increases mouse skin urocanic acid levels
and enhances UVWBduced immune suppression of contact hypersensitRitgtochem.
Photobiol.53, 431438 (1991).

Kurimoto, |. and Streilein, J.W. Deleterious effects ofwiscanic acid and UVB radiation
on Langerhans cells and on induction of contact hypersensitivity are mediated by tumor
necrosis factealpha.J. Invest. DermatoR9, 6970 (1992).

Kaneko, K., Smetanrdust, U., Matsui, M., Young, A.R., John, S., Norval, M. and Walker,
S.L. CisUrocanic acid initiates gene transcription in primary human keratinocyties-
munol.181, 217224 (2008).

Moodycliffe, A.M., Bucana, C.D., Kripke, M.L., NorvaM. and Ullrich, S.E. Differential
effects of a monoclonal antibody to-cieocanic acid on the suppression of delayed and
contact hypersensitivity following ultraviolet irradiatiah.Immunol 157, 28912899

(1996).

Gibbs, N.K. and Norval, M. Urocanici in the skin: a mixed blessing?Invest. Derma-

tol. 131, 1417 (2011).

Ferlay, J., Steliarov&oucher, E., LorteTieulent, Jet al. Cancer incidence and mortality
patterns in Europe: estimates for 40 countries in 2BAR.J. Cancerd9, 13741403

(2013).

Australian Institute of Health and Welfare (AIHW) & Australian Association of Cancer
Registries (AACR) Cancer in Australia: an overview. Cancer series no. 74 Cat. no. CAN
70, Canberra: AIHW (2012Available at:
http://www.aihw.gov.au/WorkArea/DowndmAsset.aspx?id=60129542353, accessed 13
Septembe014.

Liang, J.J., Robinson, E. and Martin, R.C. Cutaneous melanoma in New Zealand: 2000
2004.ANZ J. Surg80, 312316 (2010).

Garbe, C. and Leiter, U. Melanoma epidemiology and tredits. Dermatol.27, 3-9

(2009).

42



Photoprdection in changing times

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

De Vries, E. and Coebergh, J.W. Cutaneous malignant melanoma in Btwopé. Can-

cer40, 23552366 (2004).

Nelemans, P.J., Groenendal, H., Kiemeney, L.A., Rampen, F.H., Ruiter, D.J. and Verbeek,
A.L. Effect of intermittent exposure to sugtit on melanoma risk among indoor workers

and sursensitive individualsEnviron. Health Perspecl01, 252 (1993).

Elwood, J.M. and Gallagher, R.P. Body site distribution of cutaneous malignant melanoma
in relationship to patterns of sun exposuing.J. Cancer78, 276280 (1998).

Whiteman, D.C., Whiteman, C.A. and Green, A.C. Childhood sun exposure as a risk factor
for melanoma: a systematic review of epidemiologic stu@@aacer Causes Contrdl,

69-82 (2001).

PustisekN., SikanieDugic, N., Hirsl-Hecej, V. and DomljanM.L. (2010) Acute skin sun
damage in children and its consequences in adidis. Antropol.34(Suppl 3, 233237

(2010).

Walker, G.J., Soyer, H.P., Terzian, T. and Box, N.F. Modelling melanoma in idge.

ment Cell Melanoma Re24,11581176 (2011).

Gaffal, E., Landsberg, J., Bald, T., Sporleder, A., Kohlmeyer, J. and Tlting, T. Neonatal
UVB exposure accelerates melanoma growth and enhances distant metastases in Hgf
Cdk4(R24C) C57BL/6 micdnt. J. Cancerl29, 285294 (2011).

Von Thder, A.K., Kamenisch, Y. and Berneburg, M. The role of ultraviolet radiation in
melanomagenesi&xp. Dermatol19, 8188 (2010).

Tucker, M.A. Is sunlight important to melanoma causatioaficer Epidemiol. Biomarkers
Prev.17, 467468 (2008).

Kanavy, H.Eand Gerstenblith, M.R. Ultraviolet radiation and melano&&min. Cutan.

Med Surg30, 222228 (2011).

Mitchell, D. and Fernandez, A. The photobiology of melanocytes modulates the impact of
UVA on sunlightinduced melanom&hotochem. Photobiol. Sdil, @-73 (2012).

Noonan, F.P., Zdi, M.R., WolnickaGlubisz, A.et al. Melanoma induction by ultraviolet

A but not ultraviolet B radiation requires melanin pigmé&tat. Communic3, 884 (2012).
Jhappan, C., Noonan, F.P. and Merlino, G. Ultraviolet radiaimohcutaneous malignant
melanomaOncogene?2, 30993112 (2003).

Dhillon, A.S., Hagan, S., Rath, O. and Kolch, W. MAP kinase signalling pathways-in ca
cer.Oncogene26, 32793290 (2007).

Davies, H., Bignell, G.R., Cox, @t al. Mutations of the BRAF gen@ human canceNa-

ture 417, 949954 (2002).

Bauer, J., Buttner, P., Murali, Bt al. BRAF mutations in cutaneous melanoma ar&ind
pendently associated with age, anatomic site of the primary tumor, and the degree of solar

elastosis at the primary tumates Pigment Cell Melanoma Re&4, 345351 (2011).

43



Photoprdection in changing times

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Brenner, M., Deqitz, K., Besch, R. and Berking, C. Differential expression of melanoma

associated growth factors in keratinocytes and fibroblasts by ultraviolet A and ultraviolet B

radiation.Br. J. Dermaol. 153, 733739 (2005).
Muthusamy, V. and Piva, J.UVBs t i mul at ed

TNFU

rel ease

melanoma cells is mediated by p38 MARKL J. Mol. Scil4, 1702917054 (2013).

Rodeck, U. Growth factor independence and growth regulatory pathways in hunaan mel

noma developmen€ancer and Metaasis Rev12, 219226 (1993).

from

Brenner, M. and Hearing, V.J. The protective role of melanin against UV damage in human

skin. Photochem. Photobio4, 539549 (2008).

Yamaguchi, Y., Brenner, M. and Hearing, V.J. The regulation of skin pigmentatiBral.

Chem282, 2755727561 (2007).

Maddodi, N., Jayanthy, A. and Setaluri, V. Shining light on skin pigmentation: the darker
and the brighter side of effects of UV radiati®totochem. Photobio8, 10751082

(2012).

Tiwari, S. and Chand Mishra, P. Urocanitid as an efficient hydroxyl radical scavenger: a
guantum theoretical study. Mol. Model.17, 5972 (2011).

Grundmann, J.U. and Gollnick, H. Prevention of ultraviolet ray damage: external-and i
ternal sunscreengher. Umsch56, 225232 (1999).

Murphy, G., Young, A.R., Wulf, H.C., Kulms, D. and Schwarz, T. The molecular determ

nants of sunburn cell formatioBxp. Dermatol10, 155160 (2001).

Yamaguchi, Y, Takahashi, K., Zmudzka, B.2t al. Human skin responses to UV radi

tion: pigment in the uppeipa&lermis protects against DNA damage in the lower epidermis
and facilitates apoptosiBASEB J20(9), 14861488 (2006).

Afaq, F. and Mukhtar, H. Effects of solar radiation on cutaneous detoxification pathways.

J. Photochem. Photobiol. &3, 6169 (2001).

Forestier, S. Rationale for sunscreen developrdetm. Acad. Dermatoh8, 133138

(2008).

Antoniou, C., Kosmadaki, M.G., Stratigos, A.J. and Katsambas, A.D. Sunsendsat's
important to knowJ. Eur. Acad. Dermatol. Venere@R, 11161118 (2008).
European Parliament and Council, 2009. Regulation (EC) No. 1223/2009 of the European.

Parliament and of the Council of 30 November 2009 on cosmetic products. Official Journal
of the European Union L 342/59 (2008)ailable at: http://eur
lex.europa.eu/LextiServ/LexUriServ.do?uri=0J:L:2009:342:0059:0209:en:PDF, accessed

13 September 2014

44



Photoprdection in changing times

180.

181.

182.

183.

184.

185.

186.

187.

188.
189.

190.

191.

European Parliament and Council, 2014. Regulation (EU) No 866/2014 of 8 August 2014
amending Annexes Ill, V and VI to Regulation (EC) No 1223/2009 of the European Pa
liament and the Council on cosmetic produdtgilable at:http://eurlex.europa.eu/legal
content/EN/TXT/PDF/?uri=CELEX:32014R0866&from=EN, accessed 13 September
2014

Commission Directive 2008/123/EC of 18 December 2008 amending Council Directive
76/768/EEC concerning cosmetic products, for the purpose of adapting Annexes Il and VII
thereto to technical progre<3ff. J. Eur. UnionL 340/71 (2008)Available at
http://ec.europa.eu/enterprise/tbt/tbt_repository/EEC217_EN_0_2.pdf, accessgd 13 Se
tember 2014.

Food and Drug Administration (FDA) Sunscreen drug products fortbvemunter human

use; final monograph. Federal Register 64/98, 276603, USA (1999)Available at
http:/www.fda.gov/ohrms/dockets/98fr/052199b.pdf, accessed 13 September 2014.
Ostervalder, U., Sohn, M. and Herzog, B. Global state of sunscrBaonsodermatol. Ph-
toimmunol. Photome@®0, 6280 (2014).

Schulze, R. Einige Versuche und Bemerkungen zum Problem der handelsubliclien Lich
schutzmittel Parf. Kosm37, 7 (1956).

Greiter, F. Sumrotection factor development methodPRarf. Kosm55, 7675 (1974).

Food and Drug Administration (FDA). Sunscreen drug products forthearounter -

man use: proposed safety, effective and labeling conditions. Federal register 43/166,
3820638269, UA (1978).

Australian Standards Association. Sunscreen prod@stsluation and classification. AS
26041986.

Japan Cosmetic Industry Association (JCIA). Standard SPF Test Method (1991).

The European Cosmetic Toiletry and Perfumery Association (COLIRA&) pSotection

factor test method. Ref 94/289 (1994).

The European Cosmetic Toiletry and Perfumery Association (COLIPA), Cosmetic Toiletry
& Fragrance Association of South Africa (CT¥3), and Japan Cosmetic Industry éss
ciation (JCIA). International Surr&tection Factor (SPF) test method, &ID3, February
2003.

Cosmetic Toiletry & Fragrance Association of South Africa (CT&A), the European
Cosmetic Toiletry and Perfumery Association (COLIPA), Japan Cosmetic Industryi-Assoc
ation (JCIA), Cosmetic, Toitey & Fragrance Association of the USA (CTRSS). Inte-
national Sun Protection Factor (SPF) test method, May 2006.

45



Photoprdection in changing times

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

ISO 24444:2010. CosmetieSun protection test method# vivo determination of the

sun protection factor (SPFvailable at
http://www.iso.org/iso/catalogue_detail.htm?csnumber=46523, accessed 13 September
2014.

BechThomsen, N. and Wulf, H.C. Sunbathers' application of sunscreen is probalely inad
guate to obtain the sun protection factor assigned to the prepaRitmindermatol. Pbr
toimmunol. Photomed, 242244 (1992).

Petersen, B. and Wulf, H.C. Application of sunscrebrory and realityPhotodermatol.
Photoimmunol. Photome@0, 96101 (2014).

Schalka, S., Dos Rei¥,M. and Cucé, L.C. The influence of the amount of sunscrgen a
plied and its sun protection factor (SPF): evaluation of two sunscreens including the same
ingredients at different concentratiofhotodermatol. Photoimmunol. Photomg8, 175

180 (2009).

Rai, R., Shanmuga, S.C. and Srinivas, C.R. Update on photomotéuatlian J. Dermatol.

57, 335 (2012).

Haywood, R., Wardman, P., Sanders, R. and Linge, C. Sunscreens inadequately protect
against ultravioleA-induced free radicals in skin: implications for skin aging andamel
noma?J. Invest. Dermatoll21, 862868 (203).

Moyal, D.D. and Fourtanier, A.M. Broagpectrum sunscreens provide better protection
from solar ultraviolesimulated radiation and natural sunlighduced immunosuppression

in human beingsl. Am. Acad. Dermatoh8, S1495154 (2008).

Tronnier, H.Testprobleme bei der exakten Bestimmung hoher Lichtschutzfakispen.
theker Journall8, 6 (1996).

Finkel, P. Lichtschutzfaktor: Je hoher, desto bedBarf2 Kosm.78, 3633 (1997).

Bernerd, F., Marionnet, C. and Duval, C. Solar ultraviolet radiatiorceglbiological b
terations in human skin in vitro: relevance of a vis@lanced UVA/UVB protectiorindi-

an J. Dermatol. Venereol. Lepral8, 1523 (2012).

Official Journal of the European Union. Commission Recommendation on the efficacy of
sunscreen prodais and the claims made relating thereto, L 265, pg.33@2006/647/EC).
Available at http://eur
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2006:265:0039:0043:en:PDF, accessed
13 September 2014.

Hwang, Y.J., Park, H.J., Hahn, Hel al.Immediate gment darkening and persistent
pigment darkening as means of measuring the ultraviolet A protéattorin vivo: a
comparative studyBr. J. Dermatol 164, 13561361 (2011).

46



Photoprdection in changing times

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

Moyal, D., Wichrowski, K. and Tricaud, @ vivo persistent pigment darkenimgethod: a
demonstration of the reproducibility of the UVA protection factors results at several testing
laboratoriesPhotodermatol. Photoimmunol. Photom2d, 124128 (2006).

Japan Cosmetic Industry Association (JCIA). Technical Bulletin. Measurmedastks

for UVA protection efficacy (1996).

ISO 24442:2011. CosmetieSun protection test method# vivo determination of so
screen UVA protectionAvailable at
http://www.iso.org/iso/catalogue_detail.htm?csnumber=46521, accessed 13 September
2014.

Diffey, B.L. A method for broad spectrum classification of sunscrdahsl. Cosmet. Sci.

16, 4752 (1994).

Food and Drug Administration (FDA). Sunscreen drug products forthearounter li-

man use; final monograph. Federal Register 76/117, 336@865,USA (2011).Available

at http://www.gpo.gov/fdsys/pkg/FR011-06-17/pdf/201114766.pdf, accessed 13Be
tember 2014.

ISO 24443:2012. Determination of sunscreen UVA photoprotection in #tailable at
http://www.iso.org/iso/catalogue_detail?csnumbeB28 accessed 13 September 2014.
The European Cosmetic Toiletry and Perfumery Association (COLIPA). Method for the in
vitro determination of UVA protection provided by sunscreen products (2007).

The European Cosmetic Toiletry and Perfumery Association (E®L In vitro method

for the determination of the UVA protection factor and "critical wavelength" valuesief su
screen products (2011).

Moyal, D., Alard, V., Bertin, Cet al. The revised COLIPA in vitro UVA methodht. J.
Cosmet. Sci35, 3540 (2013).

Australian/New Zealand Standard. Sunscreen prodiotaluation and classification.
AS/NZ 2604:1998.

Australian/New Zealand Standard. Sunscreen prodiotaluationand classification.

AS/NZ 26042012.

The European Cosmetic Toiletry and Perfumery AssiotigCOLIPA). Guidelines for
evaluating sun product water resistance (208%ailable at
https://www.cosmeticseurope.eu/publicatimosmeticseurope
association/guidelines.html?view=item&id=18, accessed 13 September 2014.

The European Cosmetic Toiletapnd Perfumery Association (COLIPA). Method for the in
vitro determination of photostability of UV filters in cosmetic products (2004).

Schrader, K. Die Sonnenschutzfaktorbestimmung Kritische Bewertung aus der Sicht eines
PrifinstitutesBundesgesundhelitatt Gesundheitsforschur@esundheitsschytéd4, 457

462 (2001).

47



Photoprdection in changing times

218. Stokes, R. and Diffey, B. In vitro assessment of sunscreen photostability: the effect of rad
ation source, sunscreen application thickness and subgttate.Cosmetic ScR1, 341
351 (1999).

219. Garoli, D., Pelizzo, M.G., Nicolosi, P., Peserico, A., Tonin, E. and Alaibac, M. Eféectiv
ness of different substrate materials for in vitro sunscreen dJefdsrmatol. Sci56, 8398
(2009).

220. Crovara Pescia, A., Astolfi, P., Puglia, C., BoninaPerrotta, R., Herzog, B. and Dam
ani, E. On the assessment of photostability of sunscreens exposed to UVA irradiation: from
glass plates to pig/human skin, which is best? Int. J. Pharm. 422231(2012).

221. Shaath, N.A. Global developments in sun careddignts Cosmetics & Toiletriesl21, 57
(2006).

222. Dransfield, G.P. Inorganic SunscreeRadiat. Prot. Dosim91, 271273 (2000).

223. German Cosmetics Ordinance of 7th October 1997 (Federal GaB&H. 1. p.2410),
last amended on 16th July 2014 (BGBI..LG@b4).Available at http://www.gesetzém-
internet.de/bundesrecht/kosmetikv_2014/gesamt.pdf, accessed 13 September 2014.

224. Scientific Committee on Consumer Safety (SCCS). Opinion on zinc oxide (nano form);
SCCS/1489/12. Adopted at the 16th plenary meetfri September 2012vailable at
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_103.pdf,
accessed 13 September 2014.

225. Scientific Committee on Consumer Safety (SCCS). Addendum to the opinion
SCCS/1489/12 on zinc oxide (narwrh); SCCS/1518/13. Adopted by written procedure
on 23 July 2013Available at:
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_137.pdf,
accessed 13 September 2014.

226. Nohynek, G.J., Dufour, E.K. and Roberts, M.S. Nanotechnotaggmetics and the skin: is
there a health risk8kin Pharmacol. Physic21, 136149 (2008).

227. Scientific Committee on Consumer Safety (SCCS). Opinion on titanium dioxide (nano
form); SCCS/1516/13. Adopted by written procedure on 22 July 20&8lable at
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_136.pdf,
accessed 13 September 2014.

228. Nohynek, G.J., Lademann, J., Ribaud, C. and Roberts, M.S. Grey goo on the skin? Nan
technology, cosmetic and sunscreen safetiy. Rev. Toxgol. 37, 251277 (2007).

229. Newman, M.D., Stotland, M. and Ellis, J.I. The safety of nanosized particles in titanium
dioxide- and zinc oxidebased sunscreenks.Am. Acad. Dermatobl, 685692 (2009).

230. Smijs, T.G. and Pavel, S. Titanium dioxide and zinc or@®oparticles in sunscreens: f
cus on their safety and effectivenesanotechnol. Sci. Appd, 95112 (2011).

48



Photoprdection in changing times

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Gilbert, E., Pirot, F., Bertholle, V., Roussel, L., Falson, F. and Padois, K. Commonly used
UV filter toxicity on biological functions: revie of last decade studidst. J. Cosmet. Sci.

35, 208219 (2013).

Shukla, R.K., Sharma, V., Pandey, A.K., Singh, S., Sultana, S. and Dhawan, A. ROS
mediated genotoxicity induced by titanium dioxide nanoparticles in human epidermal cells.
Toxicol. In Vitro25, 231241 (2011).

Buchalska, M., Kras, G., Oszajca, M.a- Gasoc
tion in the presence of titanium dioxide materials used as sunscreens in suntanllotions.
Photochem. Photobiol. 213, 158163 (2010).

Sharma, V., Shukla, R.K., Saxem, Parmar, D., Das, M. and Dhawan, A. DNA dagma

ing potential of zinc oxide nanoparticles in human epidermal dadldcol. Lett.185, 211

218 (2009).

Wang, C.C., Wang, S., Xia, Q., He, W., Yin, J.J., Fu, P.P. and Li, J.H. Phototoxicity of zinc
oxide nangatrticles in HaCaT keratinocytgeneration of oxidative DNA damage during

UVA and visible light irradiationJ. Nanosci. Nanotechndl3, 38863888 (2013).

Pan, Z., Lee, W., Slutsky, L., Clark, R.A., Pernodet, N. and Rafailovich, M.H. Adverse e
fects of ttanium dioxide nanoparticles on human dermal fibroblasts and how to protect
cells.Small5, 511520 (2009).

Jeng, H.A. and Swanson, J. Toxicity of metal oxide nanoparticles in mammaliad cells
Environ. Sci. Health A Tox. Hazard Subst. Environ. Brig26992711 (2006).

Tiano, L., Armeni, T., Venditti, E., Barucca, G., Mincarelli, L. and Damiani, E. Modified
TiO(2) particles differentially affect human skin fibroblasts exposed to UVA liglee

Radic. Biol. Med49, 408415 (2010).

Sayes C.M., Wahi, R, Kurian, P.Aet al. Correlating nanoscale titania structure witk-to

icity: a cytotoxicity and inflammatory response study with human dermal fibroblasts and
human lung epithelial cell3.oxicol. Sci92, 17485 (2006).

Xue, C., Wu, J., Lan, F., Liu, WY,ang, X., Zeng, F. and Xu, H. Nano titanium dioxide i
duces the generation of ROS and potential damage in HaCaT cells under UVA irradiation.
J. Nanosci. Nanotechndl0, 850688507 (2010).

Jaroenworaluck, A., Sunsaneeyametha, W., Kosachan, N. and Stev€hsy#&tteristics

of silicarcoated TiO2 and its UV absorption for sunscreen cosmetic applicaSiorisin-

terface Anal38, 473477 (2006).

Serpone, N., Salinaro, A., Horikoshi, S. and Hidaka, H. Beneficial effects of-jizatio/e
titanium dioxide speanens on plasmid DNA, human cells and yeast cells exposed to
UVA/UVB simulated sunlightJ. Photochem. Photobiol. 279, 200212 (2006).

49



Photoprdection in changing times

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Siddiquey, I.A., Ukaji, E., Furusawa, T., Sato, M. and Suzuki, N. The effects of organic
surface treatment by methacrgygropyltrimethoxysilane on the photostability of TiO2.
Mater. Chem. Phy4.05, 162168 (2007).

Lademann, J., Weigmann, H., Schafer, H., Muller, G. and Sterry, W. Investigation of the
stability of coated titanium microparticles used in sunscregia. Phamacol. Appl. Skin
Physiol.13, 258264 (2000).

Senzui, M., Tamura, T., Miura, K., lkarashi, Y., Watanabe, Y. and Fujii, M. Study @ pen
tration of titanium dioxide (TiO(2)) nanoparticles into intact and damaged skin indzitro.
Toxicol. Sci35, 107113(2010).

Zvyagin, A.\V., Zhao, X., Gierden, A., Sanchez, W., Ross, J.A. and Roberts,M.S. Imaging
of zinc oxide nanoparticle penetration in human skin in vitroiamilvo. J. Biomed. Opt.

13, 064031 (2008).

Lademann, J., Weigmann, H., Rickmeyer, C., Bartkslmhl., Schaefer, H., Mueller, G.

and Sterry, W. Penetration of titanium dioxide microparticles in a sunscreen formulation
into the horny layer and the follicular orificekin Pharmacol. Appl. Skin PhysiaR, 247

256 (1999).

Mavon, A., Miquel, C., Lejene, O., Payre, B. and Moretto, P. In vitro percutanebus a
sorption andn vivo stratum corneum distribution of an organic and a mineral sunscreen.
Skin Pharmacol. Physio20, 1620 (2007).

Cevc, G. and Vierl, U. Nanotechnology and the transdermal roug&té of the art review
and critical appraisall. Control Releas&41, 277299 (2010).

Williams, A.C. and Barry, B.W. Penetration enhancadsy. Drug Deliv. Re\56, 603618
(2004).

Kezic, S. and Nielsen, J.B. Absorption of chemicals through comprosksednt. Arch.
Occup. Environ. HealtB2, 677688 (2009).

Jiang, S.J., Chu, AW, Lu, Z.F., Pan, M.H., Che, D.F. and Zhou, X.J. Ultraviolet B
induced alterations of the skin barrier and epidermal calcium graBigmtDermatol16,
985992 (2007).

Filipe, P., Silva, J.N., Silva, Rt al. Stratum corneum is an effective barrier to TiO2 and
ZnO nanoparticle percutaneous absorptisiin Pharmacol. PhysioP2, 266275 (2009).
Adachi, K., Yamada, N., Yoshida, Y. and Yamamoto, O. Subchronic exposurnairit
dioxide nanoparticles to hairless rat skixp. Dermatol22, 278283 (2013).

Sadrieh, N Wokovich, A.M., Gopee, N.\&t al.Lack of significant dermal penetration of
titanium dioxide from sunscreen formulations containing rand submicrosize TiO2
particles.Toxicol. Scil115, 156166 (2010).

50



Photoprdection in changing times

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

2609.

Gontier, E., Ynsa, M.D., Biro,.Tet al.Is there penetration of titania nanoparticles in-su
screens through skin? A comparative electron and ion microscopy Namiytoxicol .2,
218231 (2008).

Monteiro-Riviere, N.A., Wiench, K., Landsiedel, R., Schulte, S., Inman, A.O. and Riviere,
J.E. Safety evaluation of sunscreen formulations containing titanium dioxide and-=zinc o
ide nanoparticles in UVB sunburned skin: an in vitro endvo study.Toxicol. Scil23,
264280 (2011).

Lin, L.L., Grice, J.E., Butler, M.Ket al. Time-correlated single photon counting for simu
taneous monitoring of zinc oxide nanoparticles and NAD(P)H in intact and barrier
disrupted volunteer skiitharm. Res28, 29262930 (2011).

MiguekJeanjean, C., Crepel, F., Raufast, V., Payre, B., Datas, L., B€saysg, S. and
Duplan, H. Penetration study of formulated nanosized titanium dioxide in modelsiof da
aged and suirradiated skinsPhotochem. Photobiof8, 15131521 (2012).

SamonthaA., Shiowatana, J. and Siripinyanond, A. Particle size characterization of titan
um dioxide in sunscreen products using sedimentationffimidfractionatiorinductively
coupled plasmanass spectrometninal. Bioanal. Chen899, 973978 (2011).

Schulz,J., Hohenberg, H., Pflicker, Et al. Distribution of sunscreens on skixdv. Drug
Deliv. Rev54, 157163 (2002).

French,R.A., Jacobson,A.R., Kim,B., Isley,S.L., Penn,R.L. and Baveye,P.C. Influence of
ionic strength, pH, and cation valence on aggregdioetics of titanium dioxide nanopa
ticles.Environ. Sci. Techno#t3, 13541359 (2009).

Baveye, P. and Laba, M. Aggregation and toxicology of titanium dioxide nanoparticles.
Environ. Health Perspecl16, 152153 (2008).

Bens, G. Sunscreens. $unlight Vitamin D and Skin CancéReichrathJ.,ed.), pp. 137
161 SpringerVerlag, Berlin (2008).

Schauder, S. Lichtkrank durch Lichtschubreutsches Arztebla®2, 20082009 (1995).
Bryden, A.M., Moseley, H., IbbotsoB.H. et al. Photopatch testing of 115f@tients: e-

sults of the U.K. multicentre photopatch study grddp.J. Dermatol 155, 737747

(2006).

Kerr, A.C., Ferguson, J., Haylett, A.let al. A european multicentre photopatch test study.
Br. J. Dermatol 166, 10021009 (2012).

Mturi, G.J. and Mdincigh, B.S. Photostability of the sunscreening agetérdbutyl-4 -Nj
methoxydibenzoylmethane (avobenzone) in solvents of different polarity and proticity.
Photochem. Photobiol. 200, 416420 (2008).

Sayre, R.M., Dowdy, J.C., Gerwig, A.J., Shields, Vird Lloyd, R.V. Unexpected ph
tolysis of the sunscreen octinoxate in the presence of the sunscreen avoliénabne.
chem. Photobiol81, 452456 (2005).

51



Photoprdection in changing times

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

Karlsson, 1., Hillerstrom, L., Stenfeldt, A.L., Martensson, J. and Borje, A. Photodegrad
tion of dibenzoylmethanes: potential cause of photocontact allergy to sunscinams.

Res. Toxicol22, 18811892 (2009).

Herzog, B., Wehrle, M. and Quass, K. (2009) Photostability of UV absorber systems in
sunscreeng?hotochem. Photobio85, 869878 (2009).

LhiaubetVallet, V., Marin, M., Jimenez, O., Gorchs, O., Trullas, C. and Miranda, M.A.
Filter-filter interactions. Photostabilization, triplet quenching and reactivity with singlet
oxygen.Photochem. Photobiol. S@, 552558 (2010).

Scalia, S. and Mezzena, Wcorporation in lipid microparticles of the UVA filter, butyl
methoxydibenzoylmethane combined with the UVB filter, octocrylene: effect on paotost
bility. AAPS PharmSciTecl0, 384390 (2009).

Hanno, ., Anselmi, C. and Bouchemal, K. Polyamide nanotepaimd nan@mulsions
containing Parsol® MCX and Parsol® 1789: in vitro release, ex vivo skin penetration and
photostability studiesPharm. Res29, 559573 (2012).

Liu, Y., Ying, G., Shareef, A. and Kookana, R.S. Photostability of the UV filter berzoph
none3 and its effect on the photodegradation of benzotriazole in vizateir. Chems3,

581-:588 (2011).

Vanquerp, V., Rodriguez, C., Coiffard, C., Coiffard, L.J. and De Reétmtkzhauer, Y.
High-performance liquid chromatographic method for the compadéohe photostability

of five sunscreen agents. Chromatogr. 832, 273277 (1999).

Liao, C. and Kannan, K. Widespread Occurrence of BenzophéngreeUV Light Filters

in Personal Care Products from China and the United States: An Assessment of Human
Exposure Environ. Sci. Techno#i8, 41034109 (2014).

Pfaendner, R. How will additives shape the future of plasBo@n. Degrad. Stabib1,
22492256 (2006).

Gustavsson Gonzalez, H., Farbrot, A.and Larkd, O. Percutaneous absorption of @enzoph
none3, acommon component of topical sunscredtig. Exp. Dermatol27, 691694

(2002).

Janjua, N.R., Kongshoj, B., Andersson, A.M. and Wulf H.C. Sunscreens in human plasma
and urine after repeated whdiedy topical applicationl. Eur. Acad. Dermatol. Venereol

22, 456461 (2008).

Gonzalez, H., Farbrot, A., Larkd, O. and Wennberg, A.M. Percutaneous absorption of the
sunscreen benzophenedeafter repeated wholeody applications, with and without wdtr
violet irradiation.Br. J. Dermatol 154, 337340 (2006).

Scdhlumpf, M., Cotton, B., Conscience, M., Haller, V., Steinmann, B. and Lichtensteiger,
W. In vitro andin vivo estrogenicity of UV screens. Envirddealth Perspectl09, 239

244 (2001).

52



Photoprdection in changing times

283.

284.

285.

286.

287.

288.

2809.

290.

291.

292.

293.

294.

295.

296.

297.

298.

Krause, M.KIlit, A., Blomberg Jensen, Met al. Sunscreens: are thégneficial for health?

An overview of endocrine disrupting properties of fikers. Int. J. Androl.35, 424436
(2012).

Kunz, P.Y., Galicia, H.F. and Fent, K. Comparison of in vitro iandvo estrogenic activ

ty of UV filters in fish. Toxicol. Sci90,349-361 (2006).

Pigato, P.D., Guzzi, G., Schena, &t.al.Photopatch test: an Italian multicentre study from
20042006.Contact Dermatiti9, 103108 (2008).

Rodriguez, E., Valbuena, M., Rey, M. and Porras de Quintana, L. (2006) Causal agents of
photoalergic contact dermatitis diagnosed in the national institute of dermatology-of C
lombia.Photoderm. Photoimmunol. Photom&&, 189192 (2006).

Hughes, T.M. and Stone, N.M. Benzophenone 4: an emerging allergen in cosmetics and
toiletries?Contact Dermatis 56, 153156 (2007).

Heurung, A.R., Raju, S.I. and Warshaw, E.M. Benzophen@ersatitis25, 310 (2014).
Mackie, B.S. and Mackie, L.E. The PABA stoAustralas. J. Dermato#0, 5£53 (1999).
Waters, A.J., Sandhu, D.R., Lowe, G. and Ferguson, Jo&imihact allergy to PABA in
sunscreens: the need for continued vigila@mntact Dermatitis0, 172173 (2009).
Greenspoon, J., Ahluwalia, R., Juma, N. and Rosen, C.F. Allergic and photoallergic contact
dermatitis: a 1§/ear experiencddermatitis24, 2932 (2013).

AvenelAudran, M. Sunscreen products: finding the allergé&ur. J. Dermatol20, 161

166 (2010).

Wong, T. and Orton, D. Sunscreen allergy and its investigadfiim. Dermatol.29, 306

310 (2011).

JiménezDiaz, I, MolinaMolina, J.M., ZafraGomez, A.et al. Simultaneous determination

of the U\Afilters benzyl salicylate, phenyl salicylate, octyl salicylate, homosalgte, 3
methylbenzylidene) camphor anéb8nzylidene camphor in human placental tissue by LC
MS/MS. Assessment of their in vitrem@ocrine activityJ. Chromatogr. B Analyt. Technol.
Biomed. Life Sci936, 8087 (2013).

Morohoshi, K., Yamamoto, H., Kamata, R, Shiraishi, F., Koda, T. and Morita, M-Estr
genic activity of 37 components of commercial sunscreen lotions evaluated by igsvi
says.Toxicol. In Vitro19, 457469 (2005).

Chatelain, E., Gabard, B. and Surber C. Skin penetration and sun protection factor of five
UV filters: effect of the vehicleSkin Pharmacol. Appl. Skin Physitb, 2835 (2003).
Deflandre, A and Lang, Ghotostability assessment of sunscreBeszylidene camphor

and dibenzoylmethane derivativéist. J. Cosmet. Scl0, 5362 (1988).

Schauder, S., Schrader, A. and Ippen, H. Géttinger Liste 198dnenschutzkosmetik in
Deutschland, 3rd edition, pp. -3 Blackwell Wissenschaftgerlag, Berlin (1994).

53



Photoprdection in changing times

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

3009.

310.

311.

Schlumpf, M., Kypke, K., Wittassek, Mt al. Exposure patterns of UV filters, fragrances,
parabens, phthalates, organochlor pesticides, PBDEs, and PCBs in human milk: correlation
of UV filters with use otcosmeticsChemospher81, 11711183 (2010).

Séite, S., Moyal, D., Richard, S., de Rigal, J., Lévéque, J.L., Hourseau, C. and Fourtanier,
A. Mexoryl SX: a broad absorption UVA filter protects human skin from the effeces of r
peated suberythemal doses of AIM. Photochem. Photobiol. 84, 6376 (1998).

Fourtanier, A., Moyal, D. and Seité, S. Sunscreens containing thegpeattum UVA &a-
sorber, Mexoryl SX, prevent the cutaneous detrimental effects of UV exposure: a review of
clinical study results?hotodematol. Photoimmunol. Photome2#, 164174 (2008).

Moyal, D. Prevention of ultraviolehduced skin pigmentatio®hotodermatol. Photai-

munol. Photome®0, 243247 (2004).

BenechKieffer, F., Meuling, W.J., Leclerc, C., Roza, L., Leclaire, J. and Nohy@eRe-
cutaneous absorption of Mexoryl SX in human volunteers: comparison with in vitro data.
Skin Pharmacol. Appl. Skin Physitb, 343355 (2003).

Pattanaargson, S. and Limphong, P. Stability of octyl methoxycinnamate and identification
of its photedegradation producint. J. Cosmet. Sc23, 153160 (2001).

MacManusSpencer, L.A., Tse, M.L,, Klein, J.L. and Kracunas, A.E. Aqueous photolysis

of the organic ultraviolet filter chemical octyl methoxycinnamgteviron. Sci. Technol

45, 39313937 (2011).

Trotta, V., Goios, F., Monteiro, H., Almeida, |.F. and Scalia, S. Influence of lipid micropa
ticle encapsulation on in vitro efficacy, photostability and water resistance of the sunscreen
agents, octyl methoxycinnamate and butyl methoxydibenzoylmetBang. Dev. Ind.
Pharm.40, 12331239 (2014).

Perugini, P., Simeoni, S., Scalia, S., Genta, I., Modena, T., Conti, B.and Pavandtto, F. E
fect of nanoparticle encapsulation on the photostability of the sunscreen agent, 2
ethylhexytp-methoxycinnamatdnt. J. Pharm.246, 3745 (2002).

Axelstad,M., Boberg, J., Hougaard, K.8t al. Effects of preand postnatal exposure to the

UV filter octyl methoxycinnamate (OMC) on the reproductive, auditory and neurological
development of rat offspring.oxicol. Appl. Phamacol.250, 278290 (2011).

Janjua, N.R., Mogensen, B., Andersson, A.M., Petersen, J.H., Henriksen, M., Skakkebaek,
N.E. and Wulf, H.C. Systemic absorption of the sunscreens benzopHgnoeigh
methoxycinnamate, and(d-methylbenzylidene) camphor afterthole-body topical app

cation and reproductive hormone levels in humanBivest. Dermatoll23, 5761 (2004).
Gaspar, L.R. and Maia Campos, P.M. Evaluation of the photostability of different UV filter
combinations in a sunscrednt. J. Pharm307, 23-128 (2006).

AvenelAudran,M., Dutartre, H., Goossens, At al. Octocrylene, an emerging photoalle
gen.Arch. Dermatol146, 753757 (2010).

54



Photoprdection in changing times

312.

313.

314.

315.

316.

317.

318.

3109.

320.

321.

322.

323.

324.

325.

Karlsson, I., Vanden Broecke, K., Martensson, J., Goossens, A. and Borje A. (20i1) Clin
cal and experimentaligdies of octocrylene's allergenic potenCpntact Dermatiti4,
343352.

Travassos, A.R., Claes, L., Boey, L., Drieghe, J. and Goossens A. (20trahiamce b
lergens in specific cosmetic produdBontact Dermatiti$s, 276285.

Gongalo, M, FergusonJ., Bonevalle, Aet al.(2013) Photopatch testing: recommand

tions for a European photopatch test baseline s&wgact Dermatiti$sg, 239-243.
Chatelain, E. and Gabard, B. Photostabilization of butyl methoxydibenzoylmethame (Av
benzone) and ethylhgkmethoxycinnamate by bisthylhexyloxyphenol methoxyphenyl
triazine (Tinosorb S), a new UV broadband filfehotochem. Photobio¥V4, 401406

(2011).

L'alloret, F., Candau, D., Seité, &.al. New combination of ultraviolet absorbers in an oily
emollient increases sunscreen efficacy and photostatiiliéymatol. Ther. (Heidelb2, 4
(2012).

Couteau, C., Chauvet, C., Paparis, E. and Coiffard, L. UV filters, ingredients withga reco
nized antinflammatory effectPLOS One7, e46187 (2012).

Durand L., Habran, N., Henschel, V. and Amighi, K. In vitro evaluation of the cutaneous
penetration of sprayable sunscreen emulsions with high concentrations of UVifittels.
Cosmet. Sci31, 279292 (2009).

Shaw, T., Simpson, B., Wilson, B., Oostman, H., Raileygnd Storrs F. True photoale

gy to sunscreens is rare despite popular bédefmatitis21, 185198 (2010).

Moyal, D. Prevention of ultraviolehduced skin pigmentatiofiPhotodermatol. Photai-
munol. Photome®0, 243-247 (2004)

Herzog, B., MongiatS., Deshayes, C., Neuhaus, M., Sommer, K. and Mantlén,\Avo

and in vitro assessment of UVA protection by sunscreen formulations containing aither b
tyl methoxy dibenzoyl methane, methylene-lb&nzotriazolyl tetramethylbutylphenol, or
microfine ZnO.Int. J. Cosmet. Sc24, 170185 (2002).

Hojerova, J., Medovcikova, A. and Mikula, M. Photoprotective efficacy and photostability
of fifteen sunscreen products having the same label SPF subjected to natural danlight.
J. Pharm 408, 2738 (2011).

Cardso, J., Canelas, M. Gongalo, M. and Figueiredo, A. Photopatch testing with an e
tended series of photoallergens:-gear studyContact Dermatitis0, 314319 (2009).

Orton, D.l and Willis, C.M. Contact Dermatitis. Allergy and Allergic Diseasg¥ay,

A.B., Kaplan, A.P.Bousquet,]. andHolt, P.G.,eds.), pp. 1831852. John Wiley & Sons,
Chichester, UK (2008).

Lepoittevin, J.P. Metabolism versus chemical transformation envpreus prehaptens?
Contact Dermatiti4, 7374 (2006).

55



Photoprdection in changing times

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

Karlberg, A.T, Boije, A., Duus Johansen, ek al. Activation of nonsensitizing or low
sensitizing fragrance substances into potent sensitipeehaptens and prohapte@an-
tact Dermatitis69, 323334 (2013).

Divkovic, M., Peasel, C.K., Gerberick, G.F. and Basketteh, Blapteri protein binding:
from theory to practical application in the in vitro prediction of skin sensitizafiontact
Dermatitis53, 189 200 (2005).

Nishibu, A., Ward, B.R., Boes, M. and Takashima, A. Roles far 8nd TNFalpha in ¢-
namic behavioralesponses of Langerhans cells to topical hapten applicatiDermatol.
Sci.45, 2330 (2007).

Natsch A. The NrfZKeapXTARE toxicity pathway as a cellular sensor for skin sensitizers
functional relevance and a hypothesis on innate reactions to skitizeessI oxicol. Sci.
113, 284292 (2010).

Tkachev, V.O., Menshchikova, E.B. and Zenkov, N.K. Mechanism of the
Nrf2/Keapl/ARE signaling systerBiochemistry (Moscy6, 407422 (2011).

Kwak, M.K., Wakabayashi, N. and Kensler, T.W. Chemoprevention thrdwegKdapi
Nrf2 signaling pathway by phase 2 enzyme induddrgat. Res555, 133148 (2004).
Dinkova-Kostova, A.T., Holtzclaw, W.D., Cole, R.Mt al. Direct evidence that sulfhydryl
groups of Keapl are the sensors regulating induction of phase 2 enbgina®tect
against carcinogens and oxidarmsoc. Natl Acad. ScUUSA 99, 1190811913 (2002).
Migdal, C., Botton J., El Ali, Z.et al. Reactivity of chemical sensitizers toward amike a
ids in cellulo plays a role in the activation of the NARE pathvway in human monocyte
dendritic cells and the THIP cell line.Toxicol. Sci133, 259274 (2013).

Hennen, J., Aeby, P., Goebel, C., Schettgen, T., Oberli, A., Kalmes, M. and Blomeke, B.
Cross talk between keratinocytes and dendritic cells: impact on ttietie of sensitia-
tion. Toxicol. Scil23, 501510 (2011).

Kerr, A. and Ferguson, J. Photoallergic contact derméagitiestodermatol. Photoimmunol.
Photomed26, 5665 (2010).

Karlberg, A.T., Bergstrom, M.A., Borje, A., Luthman, K. and Nilsson, J.L.rgltecontact
dermatitis-formation, structural requirements, and reactivity of skin sensitiZéesm.

Res. Toxicol21, 5369 (2008).

Basketter, D.A. Skin immunology and sensitizationPtinciples and Practice of Skin
Toxicology (Chilcott, R. andPrice,S.,eds.), pp. 15168. John Wiley & Sons, Chichester
(2008).

Thyssen, J.P., Linneberg, A., Menné, T. and Johansen, J.D. The epidemiology of contact
allergy in the general populatieprevalence and main findingSontact Dermatitis57,
287-299 (2007).

Bieber, T. Atopic dermatitidN. Engl. J. Med358, 14831494 (2008).

56



Photoprdection in changing times

340.

341.

342.

343.

344.

345.

346.

347.

348.

The European Parliament and the Council of the European Union. Regulation (EC) No
1907/2006 of the European Parliament and of the Council of 18 December 200é€oncer
ing the RegistratiorEvaluation, Authorisation and Restriction of Chemicals (REACH}), e
tablishing a European Chemicals Agency, amending Directive 1999/45/EC and repealing
Council Regulation (EEC) No 793/93 and Commission Regulation (EC) No 1488/94 as
well as Council Directivg6/769/EEC and Commission Directives 91/155/EEC,
93/67/EEC, 93/105/EC and 2000/21/EwWf. J. Eur. Union L136, 317. Available at
http://eurlex.europa.eu/legal
content/EN/TXT/PDF/?uri=CELEX:32006R1907&qid=1410618098058&from=&N
cessed 13 September 201

OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 406: Skin $ensitis
tion, adopted 17th July 199&vailable at http://www.oecdilibrary.org/environment/test
no-406-skin-sensitisation_97892640706@0, accessed 13 September 2014.

OECD Quidelines for the Testing of Chemicals, Section 4, Test No. 442A: Skin Sansitiz
tion - Local Lymph Node Assay, adopted 23th July 20%0¢rilable at http://www.oecd
ilibrary.org/environment/testo-442askin-sensitization_97892640909-¢n, accessed 13
Sepember 2014.

OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 442B: Skin Sensitiz
tion - Local Lymph Node Assay: BrdELISA, adopted 23th July 2018vailable at
http://www.oecdilibrary.org/environment/testo-442b-skin-

sensitization_97886409099€en, accessed 13 September 2014

OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 429: Skin Sensitisation
- Local Lymph Node Assay, adopted 23th July 20%¢ailable at http://www.oecd
ilibrary.org/environment/tesio-429-skin-sensitisation_97892640711a¢h, accessed 13
September 2014.

Kimber, 1. and Basketter, D.A. The murine local lymph node assay: a commentaity on co
laborative trials and new directiorfSood Chem. ToxicoB0, 165169 (1992).

Rovida, C., Ryan, C., Cinelli, Basketter, D., Dearman, R. and Kimber, I. The local
lymph node assay (LLNAYXurr. Protoc. ToxicolChapter 20, Unit 20.7 (2012).

Buehler, E.V. Delayed contact hypersensitivity in the guineafpich. Dermatol91, 171

177 (1965).

Magnusson, B. and Klignma A.M. The identification of contact allgrens by animals

say. The guinea pig maximization tektinvest. Dermatob2, 268276 (1969).

57



Photoprdection in changing times

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

Regulation (EC) No 440/2008 of 30 May 2008 laying down test methods pursuanuto Reg
lation (EC) No 1907/2006 ohe European Parliament and of the Council on the Ragistr
tion, Evaluation, Authorisation and Restriction of Chemicals (REACH). Official Journal of
the European Union L 142;739. Available at http://eur
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L.:2008:142:0001:0739:en&idEssed

13 September 2014.

Weltzien, H., Corsini, E., Gibbs, 8t al. Safe cosmetics without animal testir@@ntribu-

tions of theEU Project Seng-iv. J. fur VerbrauchLebensm4, 4148 (2009).

Luanpitpong, S. and Rojanasakul, Y. Transdermal Drug Deliverdsic Physical
Pharmacy(Ma, J.K.H.andHadzija,B., eds.), pp. 36882. Jones & Bartlett LearninguB
lington, (2012).

Bartosova, L and Bajgar, J. Transdermal drug delivery in vitro using diffusionCetis.

Med. Chem19, 46714677 (2012).

Vandebriel, R.J.and van Loveren, H. Namimal sensitization testing: staiéthe-art. Crit.
Rev. Toxicol40, 389404 (2010).

Adler, S., Basketter, D., Creton, & al. Alternative (noranimal) methods for cosmetics
testing: current status and future prosp@€&t$0.Arch. Toxicol .85, 367485 (2011).

Uchino, T., Takezawa, T. and lkarashi, Y. Reconstruction of {threensional humaskin

model composed of dendritic cells, keratinocytes and fibroblasts utilizing a handy scaffold
of collagen vitrigel membran&oxicol. In Vitro23,333-337 (2009).

OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 431: In vitro skin co
rosion: reconstructed human epidermis (RHE) test method, adopted 26th Julp24iit3.
able at http://www.oecdilibrary.org/environment/testo-431-in-vitro-skin-corrosion
humanskin-modettest 978926407114@n, accessed 13 Septembéi4.

OECD Guidelinesdr the Testing of Chemicals, Section 4, Test No. 439: In Vitro SKin Irr
tation- Reconstructed Human Epidermis Test Method, adopted 26th JulyRible

at http://'www.oecdilibrary.org/environment/testo-43%in-vitro-skin-irritation-
reconstructeghumanepidermistestmethod_978926420388h, accessed 13 September
2014.

Schreber, S., Mahmoud, A., Vuia, At al. Reconstructed epidermis versus human amd a
imal skin in skin absorption studieBoxicol. In Vitro19, 813822 (2005).

SchaferKorting, M.,Bock, U., Diembeck, Wet al. The use of reconstructed humarep
dermis for skin absorption testing: Results of the validation stdtrn. Lab. Anim36,
161-187 (2008).

Hikima, T., Kaneda, N., Matsuo, K. and Tojo, K. Prediction of percutaneous abaamtio
human using thredimensional human cultured epidermis LabCyte-ERIDEL. Biol.

Pharm. Bull.35, 362368 (2012).

58


http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:142:0001:0739:en:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:142:0001:0739:en:PDF

Photoprdection in changing times

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

Van Gele, M., Geusens, B., Brochez, L., Speeckaert, R. and Lambert, Jdirheesional
skin models as tools for transdermal drug dejivehallenges and limitationExpert Opin.
Drug Deliv.8, 705720 (2011).

Kichler, S., Struver, K. and Friess, W. Reconstructed skin models as emerging tools for
drug absorption studieBxpert Opin. Drug Metab. Toxicd), 12551263 (2013).

Roberts, D.Wand Aptula, A.O. Determinants of skin sensitisation poterdighppl. Tok

col. 28, 377387 (2008).

Chipinda, 1., Hettick, J.M. and Siegel, P.D. Haptenation: chemical reactivity and protein
binding.J. Allergy (Cairo)2011, 839682 (2011).

Dimitrov, SD., Low, L.K., Patlewicz, G.Yet al. Skin sensitization: modeling based on
skin metabolism simulation and formation of protein conjugdt¢s]. Toxicol.24, 189

204 (2005).

Maxwell, G., MacKay, C.Cubberley, Ret al. Applying the skin sensitisation aglse ot
come pathway (AOP) to quantitative risk assessmiendicol. In Vitra 28, 812(2014).

OECD Environment, Health and Safety PublicatioBgries on Testing and Assessment,
No. 168: The adverse outcome pathway for skin sensitization initiated bienbbinding

to proteins, Part 1: Scientific Evidence, ENV/JM/MONO(2012)10/PART1, May 2012.
Available at
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono%2
82012%2910/partl&doclanguage=en, accessed 13 September 2014.

Aptula, A.O. and Roberts, D.W. Mechanistic applicability domains for nonarasdd
prediction of toxicological end points: general principles and application to reactivie toxic
ty. Chem. Res. Toxicadl9, 10971105 (2006).

Enoch, S.J., Madden, J.C. and CroiiaT. Identification of mechanisms of toxic action

for skin sensitisation using a SMARTS pattern based appr84dR.QSAR Environ. Res.

19, 555578 (2008).

Fedorowicz, A., Singh, H., Soderholm, S. and Demchuk, E. Struattingty models for
contact sengitation.Chem. Res. Toxicdl8, 954969 (2005).

Teubner, W., Mehling, A., Schuster, Pet al. Computer models versus reality: how well
do in silico models currently predict the sensitization potential of a subsRagel. Tok

col. Pharmacol67, 468485 (2013).

Gerberick, G.F., Vassallo, J.D., Bailey, R.E., Chaney, J.G., Morrall, S.W. and Lepoittevin,
J.P. Development of a peptide reactivity assay for screening contact all@rgensl. Sci.

81, 332343 (2004).

Gerberick, G.F., Vassallo, J.D., Feat, L.M., Price, B.B., Chaney, J.G. and Lepoittevin,
J.P. Quantification of chemical peptide reactivity for screening contact allergens: a-classif
cation tree model approachoxicol. Sci97, 417427 (2007).

59



Photoprdection in changing times

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

Gerberick, G.F., Troutman, J.A., Foertsth. et al. Investigation of peptide reactivity of
pro-hapten skin sensitizers using a peroxigasexide oxidation systerioxicol. Sci 112,
164-174 (2009).

Chipinda, 1., Ajibola, R.O., Morakinyo, M.K., Ruwona, T.B., Simoyi, R.H. and Siegel,
P.D. Rapid andimple kinetics screening assay for electrophilic dermal sensitizers using
nitrobenzenethiolChem. Res. Toxicd3, 918925 (2010).

Cho, S.A., Jeong, Y.H., Kim, J.Ht al. Method for detecting the reactivity of chemicals
towards peptides as an alteimattest method for assessing skin sensitization potential.
Toxicol. Lett.225, 185191 (2014).

Troutman, J.A., Foertsch, L.M., Kern, Peég al. The incorporation of lysine into theep
roxidase peptide reactivity assay for skin sensitization assessihexitol. Scil22, 422
436 (2011).

Joint Research Centre (JRC) of the European CommidsidRL ECVAM recommend-
tion on the Direct Peptide Reactivity Assay (DPRA) for Skin Sensitisation Testing, N
vember 2013Available at http://ihcp.jrc.ec.europa.eu/odabs/eudecvam/eudecvam
recommendations/filedpra/EURL_ECVAM_Recommendation_ DPRA 2013.pdf, a
cessed 13 September 2014.

Aleksic, M., Thain, E., Roger, Bt al. Reactivity profiling: covalent modification ofrsi

gle nucleophile peptides for skin seimition risk assessmeritoxicol. Scil08, 401411
(2009).

Natsch, A. and Gfeller, H. L&S-based characterization of the peptide reactivity ofrehe
icals to improve the in vitro prediction of the skin sensitization poteifitedicol. Sci106,
464478 (D08).

Naik, SM., Cannon, G., Burbach, Gek al. Human keratinocytes constitutively express
interleukinl8 and secrete biologically active interleuti® after treatment with pro
inflammatory mediators and dinitrochlorobenzehdnvest. Dermatoll13,766-772

(1999).

Smith Pease, C.K., Basketter, D.A. and Patlewicz, G.Y. Contact allergy: the role of skin
chemistry and metabolisr@lin. Exp. Dermatol28, 177183 (2003).

Van Och, F.M., Van Loveren, H., Van Wolfswinkel, J.C., Machielsen, A.J. and Va
debrel, R.J. Assessment of potency of allergenic activity of low molecular weigtt co
pounds based on {lalpha and IE18 production by a murine and human keratinocyte cell
line. Toxicology210, 95109 (2005).

Corsini, E., Mitjans, M., Galbiati, V., Lucchi, LGalli, C.L. and Marinovich, M. (2009)
Use of IL-18 production in a human keratinocyte cell line to discriminate contact gensiti
ers from irritants and low molecular weight respiratory allergéasicol. In Vitro23, 789
796.

60



Photoprdection in changing times

385.

386.

387.

388.

3809.

390.

391.

392.

393.

394.

395.

396.

Galbiati, V. and Corsini, EThe NCTC 2544 |18 assay for the in vitro identification of
contact allergengCurr. Protoc. ToxicolChapter 20, Unit 20.8 (2012).

Galbiati, V., Martinez, V., Bianchi, S., Mitjans, M. and Corsini E. Establishment of an in
vitro photoallergy test using NKC2544 cells and H18 productionToxicol. In Vitro27,
103110 (2013).

Gibbs, S, Corsini, E., Spiekstra, S.\Wt al. An epidermal equivalent assay for identfic

tion and ranking potency of contact sensitiz&xicol. Appl. PharmacoR72, 529541
(2013).

Teuwnis, M., Corsini, E., Smits, Met al. Transfer of a twdiered keratinocyte assay:-l18
production by NCTC2544 to determine the skin sensitizing capacity and epidermal-equiv
lent assay to determine sensitizer potefoxicol. In Vitro27, 11351150 (2013).

Galbiati, V., Bianchi, S., Martinez, V., Mitjans, M. and Corsini E. NCTC 2544 a+kBIL
production: a tool for the in vitro identification of photoallergersxicol. In Vitro28, 13

17 (2014).

Teissier, S., Tourneix, F., Del Bufalo, A., Gont&s Groux, H. and Meunier, J.R. Evalu
tion of SENSIS®, an Episkin® based model for Identifying Chemical Sensitizers. Poster
presentation on the 51st annual meeting of the Society of Toxicology (SOT), SaisFranci
co, March 1115 (2012).

McKim, J.M.J., Kelle Ill, D.J. and Gorski, J.R. A new in vitro method for identifying
chemical sensitizers combining peptide binding with ARE/Epitigliated gene expression
in human skin cellsCutan. Ocul. Toxicol29, 171192 (2010).

McKim, J.M., Keller, D.J. 3rd and Gorskl.R. An in vitro method for detecting chemical
sensitization using human reconstructed skin models and its applicability to cosmetic,
pharmaceutical and medical device safety tes@ugan. Ocul. Toxicol31, 292305

(2012).

Natsch, A. and Emter, R. $ksensitizers induce antioxidant response element dependent
genes: application to the in vitro testing of the sensitization potential of cherifigsilsol.
Sci.102, 116119(2008).

Natsch, A. The Keratinosens Assay: A hitinoughput screening assay &sass chemical
skin sensitization. Iidigh-Throughput Screening Methods in Toxicity Tes{Biginberg,
P.,ed.), 159175. John Wiley & Sons, Chichester, UK (2013).

Bauch C., Kolle, S.N., Ramirez, et al. Putting the parts together: Combining in vitro
methods to test for skin sensitizing potenti&sg. Tox. Pharmacob3, 489504 (2012).
Emter, R., Ellis, G. and Natsch, A. Performance of a novel keratirbeged reporter cell

line to screen skin sensitizers in vitiaxicol. Appl. PharmacoRk45, 28-290 (2010).

61



Photoprdection in changing times

397. Joint Research Centre (JRC) of the European Commission. JRC Scientific and Belicy R
ports:EURL ECVAM Recommendation on the KeratinoSehassay for skin sensitisation
testing, February 2014wvailable at: http://ihcp.jrc.ec.europa.eu/oabs/eurdecvam/euH
ecvamrecommendations/filkerati/JRC_SPR_Keratinosens_Rec_17 02_2014.pdf, a
cessed 13 September 2014.

398. Ryan, C.A.Gerberick, G.F., Gildea, L.Aet al.Interactions of contact allergens withnde
dritic cells: opportunities and challendes the development of novel approaches to hazard
assessment.oxicol. Sci88, 411 (2005).

399. Ryan, C.A., Kimber, I., Basketter, D.A., Pallardy, M., Gildea, L.A. and Gerberick, G.F.
Dendritic cells and skin sensitization: biological roles and uses inchagattification.

Toxicol. Appl. PharmacoR21, 384394 (2007).

400. Dos Santos, G.G., Reinders, J., OuwehandRlstemeyer, T., Scheper, R.J. and Gibbs, S.
Progress on the development of human in vitro dendritic cell based assays for assessment
of the sendizing potential of a compoundoxicol. Appl. PharmacoR36, 372382 (2009).

401. Ovigne, J.M., MartinozzTeissier, S., Verda, D., Abdou, D. Piroird, C., Ade, N. andsRou
set, F. The MUSST for in vitro skin sensitization prediction: Applicability domains and
complementary protocols to adapt to the physicemical diversity of chemical$oxicol.

Lett. 180 (Suppl.) 216 (2008).

402. Python, F., Goebel, C. and Aeby, P. Assessment of the U937 cell line for the detection of
contact allergensloxicol. Appl. PharmacoR20, 113124 (2007).

403. Sakaguchi, H., Ashikaga, T., Miyazawa, & al. The relationship between CD86/CD54
expression and THR cell viability in an in vitro skin sensitization testuman cell line e
tivation test (RCLAT). Cell Biol. Toxicol.25, 109126 009).

404. Ashikag, T., Sakaguchi, H., Sono,&.al. A comparative evaluation of in vitro skin séns
tisation tests: the human céhe activation test GCLAT) versus the local lymph nods-a
say (LLNA). Altern. Lab. Anim38, 275284 (2010).

405. Hooyberghs, JSchoeters, E., Lambrechts, N., Nelissen, 1., Witters, H., Schoeters, G. and
Van Den Heuvel, R. A celbased in vitro alternative to identify skin sensitizers by gene
expressionToxicol. Appl. Pharmacok31, 103111 (2008).

406. LambrechtsN., Vanheel, H., Mlissen, let al. Assessment of chemical sk&ensitizing
potency by an in vitro assay based on human dendritic €eltecol. Scill6, 122129
(2010).

407. Johansson, H., Albrekt, A.S., Borrebaeck, C.A. and Lindstedt, M. The GARD assay for a
sessment of clmaical skin sensitizerd.oxicol. In Vitro27, 11631169 (2013).

408. Hitzler, M., Bergert, A., Luch, A. and Peiser, M. Evaluation of selected biomarkers for the
detection of chemical sensitization in human skin: a comparative study applyirg, THP
MUTZ-3 and pmary dendritic cells in culturd oxicol. In Vitro27, 16591669 (2013).

62



Photoprdection in changing times

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

Mitjans, M., Galbiati, V., Lucchi, L., Viviani, B., Marinovich, M., Galli, C.L. and Corsini,
E. Use of I1-8 release and p38 MAPK activation in THRells to identify allergens and t
assess their potency in vitfboxicol. In Vitro24, 18031809 (2010).

Martinez, V., Galbiati, V., Corsini, E., MartiMenegas, R., Vinardell, M.P. and Mitjans,

M. Establishment of an in vitro photoassay using THgells and IE8 to discriminate pb-
toirritants from photoallergen3oxicol. In Vitro27, 19201927 (2013).

Guironnet, G., Dalbiegauthier, C., Rousset, F., Schmitt, D. and Péiiastarro, J. In

vitro human T cell sensitization to haptens by moncdgieved dendritic cellsToxicol. In
Vitro 14, 517522 (2000).

Rougier, N., Redziniak, G., Mougin, D., Schmitt, D. and Vincent, C. In vitro evaluation of
the sensitization potential of weak contact allergens using Langdikauaendritic cells

and autologous T cell3oxicologyl45, 7382 (2000).

Peiser, M., Hitzler, M. and Luch, A. On the role ofintibitory molecules in dendritic

cell: T helper cell coculture assays aimed to detect cheimidated contact allerg§EXS

104, 115135 (2014).

Vocanson, M., CluzeTailhardat, M., Poye G. et al. Depletion of human peripheral blood
lymphocytes in CD25+ cells allows for the sensitive in vitro screening of contact allergens.
J. Invest. Dermatoll28, 21192122 (2008).

Vocan®n, M., Achachi, A., Mutez, Vet al. Human T cell priming assay: depletiohpe-
ripheral blood lymphocytes in CD25(+) cells improves the in vitro detection of weak alle
genspecific T cellsEXS104, 89100 (2014).

Martin, SF., Esser, P.R., Schmucker,gsal. T-cell recognition of chemicals, proteiit a
lergens and drugs: towartlee development of in vitro assagell Mol. Life Sci67, 4171
4184 (2010).

Aeby, P., Ashikaga, T., Bessdiouya,S. et al.ldentifying and characterizing chemical
skin sensitizers without animal testing: Colipa's research and method developmrent pr
gram Toxicol. In Vitro24, 14651473 (2010).

Baud, C., Kolle, S.N., Fabian, Et al. Intralaboratory validation of four in vitro assays for
the prediction of the skin sensitizing potential of chemicadgicol. In Vitro25, 1162

1168 (2011).

OpenStax Collge, Anatomy & Physiology. OpenStax College, 25 April 2013.
http://cnx.org/content/col11496/latest/, accessed at 13 September 2014.

Langhals, H. and Fuchs, K. Sonnenstrahlung, Hautreaktionen und Sonnenschutzi{Sun rad
tion, skin reactions and sun protectioc@Bhemunserer Zeit39, 98112 (2004).

Slominski, A., Tobin, D.J., Shibahara, S. and Wortsman, J. Melanin pigmentation in

mammalian skin and its hormonal regulatiBhysiol. Rev84, 11551228 (2004).

63



Photoprdection in changing times

422. Hennino, A., Vocanson, M., Chavagnac, C., SMezad, P., Dubois, B., Kaiserlian, D.
and Nicolas, JF. Update on the pathophysiology with special emphasis on CD8 effector T
cells and CD4 regulatory T cell&n. Bras. Dermatol80, 335347 (2005).

64



Aim and structure of the work

Aim and structure of the work

Sunscreens play an importaote in protecting the skin against harmful UV radiatidhe efficacy
and tolerability of sun protection products mainly depend orstéiality and theprotection ability of
the included UV filters. Té letter can not only be influertdy photodegrad@in processes but also
by possibleaeactions of UV filters and their photoproducts with skin constityents proteins

Various previous studies have contributed to achieve a better understanding of the cellular @nd mole
ular mechanisms behind proteim8ing especially in the context skin sensitizationAccordingly, a

large number of substances were tested for their sensitizing potential and some of the undertying rea
tion processes were identifigtH6].

However, although UV filters are the main iicad photosensitizeng/-9], skin proteins as quantitativ

ly significant reaction partners were previously hardly and not extensively considered in this context
[10,117.

Therefore, the overall purpose of this thesis was it to gain more knowledge abuitateychemical
processes behind UV filtgaroteinreactions, using various model systems and appropriate analytical
tools to identify possible protein adducts and their influence orl¥eprotective ability As lysine
residues areeen as typical reacin sites in the contextf hapten binding12-14], reactions of cm-

mon UV filters with amine side chaii$ multiple reactantgvere the starting point dhisresearch.

First, it was the aim to develop a rapid and simple screening tool to estimate thdétyedacommon
UV filter substances towards amino structures under the conditions of slightly heatingioadlat
tion. As protein reactions play a central role in skin sensitization, the results of the screanaig

low first conclusiongbouta posgble allergc potential of the UV filters.

To identify theunderlyingchemicalmechanisms, the objective of the second pathe workwas to
investigate the reactivity of UV filtertowardghe amino acid aaloguesethanolamine and butylamine

at differert temperatureandunderadditional irradiation Products formed under the influence of heat
and/or UV irradiation should belentified by mass spectrometry (MSjourier transform infrared
spectroscopyFTIR), and ruclear magnetic resonanspectroscopyNMR). Changes of the respective

UV filter spectra during the reactions could give first evidence of the influence of amine reactions on

the protection ability of the UV filters.

The usage of further reaction partners with primary amino groups, e.gpr&ected lysine, lysine
containing peptides and more complex proteins like bovine serum albumin (BSA) should subsequently

substantiate the initial results.

Using appropriate extraction and determination metheds highperformance liquid chromage
raphy wth diode array detectio(HPLC-DAD) or matrix-assisted laser desorption/ionization tiofe

flight mass spectrometry (MALBTOFMS), the binding amounts of the UV filters to the reactants
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could be determined to compare the overall reactivity and therefereetisitization potential of the

used UV filters with the results of the initial screening.

In a next step, in order to reflect realistic application conditions, an elastic porcine gelatin layer may be
used asappropriateskin model using UV irradiation d initiate possible reactions between the UV
filters and the proteinA valid extraction method ohe usge of deuteriumlabeled U\filter ara-
loguesseens to be promisingo examine the actual binding amount of the UV filters to gelatin by
HPLC-DAD or isaoperatio mass spectromet(§RMS) and may also be applicable forther skin
models

At last, atempts should be made to examiteewhat extent the results of the model studigaade
with examinationon preparedresh porcineskin using various comercial sunscreen and day care
productswith integrated UV protectiarDifferences in theecoveries of th&JV filters from skin or
glass platesnay indicate the occurrence sKintypical reactionge.g. protein binding), which are

currently notcovered § existingin-vitro method.
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SYNOPSIS

OBJECTIVE: Most UV filters used in sunscreens and other cosmetic products contain carbonyl
groups, which generally are able to react with peptides or free amino acids of the human skin. To e
timate their reactivity, w studied different prominent UV filter substascectocrylene, ethylhexyl
salicylate, 4t-butyl-4 -Njethoxydibenzoylmethane, ethylhexyl methoxycinnamate, benzopheBpne
hydroxymethylbenzoyl sulphonic acid, octyldimethyhminobenzoic acid, -Benzylidene camphor,
4-methylbenzylidene camphor, diethykye butamido triazone and ethylhexyl triazone.

METHODS: A simple screening method using an amino HPTLC plate as protein model was esta
lished. The influence of different reaction conditions like heating and irradiation was determined.
RESULTS: The ketonedBP-3, HMBS and BMDBM revealed the highest binding rates after both
irradiation and heating. After 1 h of irradiation, 82%, 28% and 96%, respectively, were bonded to the
amino phase, while heating resulted in values of 52%, 36% and 16%. FaBPHMBS even sto-

age in the dark at room temperature resulted in a low binding. Contrarily, for the two camphepr deriv
tives 3BC and 4MBC, only irradiation led to a slightly turnover. UV filters with ester groups also
showed a different behaviour depending onrth®in skeleton. While OCR especially reacted under
heating with the amino phase, resulting in 36% of bound species after one hour, UV irradiatien parti
ularly encouraged a reaction of the other esters. After 1 h irradiation, 15% of EHMC, 38% of EHS and
48% of ODPABA were bonded to the amino groups of the HPTLC plate, whereas the reactivity of the
two triazones, EHT and DEBT, was comparatively low.

CONCLUSION: Especially the UV filters BB, BM-DBM, HMBS, EHMC or OCR, which are
commonly known to cause ciatt dermatitis, showed a high tendency to form adducts with the amino

layer. Thus, the amino plate seems to be a proper tool to screen for skin sensitizers.

RESUME

OBJECTIFS: La plupart des filtres UV utili®dans les émessolaires et autres produit®smeé-
tiques contiennent degoups carbonyle, qui sont galement capablesedréagir avec des peptides
ou des acides amisdibres de la peau humaine.

Pour estimedeur réactivité, nous avonstu@ié différentes substancemiéentsde filtre UV, ocb-
crylen e , | e s dhylhexyhe,| 4t-bugyl-4-ndéth@xy, hexyle méthoxycinnamate, la nbe
zophéwone3 | dhayadir dbex y me t h yiteb paminobgnioique bclyldintdyl, 3,4 ba-

zylidéne camphre camphreéhylbenzylicene, diethylhexybutamido triazone etléylhexyle triazone.
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METHODES: Une méhode de criblage simpkel 6 ai d e d 8RTh@ammécamme mode

de proéine a & éablie.L 6 i n f Hes diffécetes conditions deaction comme le chauffage et

[ 6i r r adeéidéetminge.n

RESULTATS: Les atones BP 3, HMBS et BM DBM ontvélé destaux de liaison les pludevés

aprs deux irradiation et le chauffageprés 1 heur e déirradiatiomnt 82, 2
été liésa la phase amieg tandis que le chauffage a ab@uies valeurs dB2, 36 et 16%. Pour HMBS

BP-3, méme le stockage a n s | é aatam@ature ambiante a entéadune faibleliaison. Au

contraire, pour les dewédvés du camphre-BC et4-MBC, seul ement | @iunmer adi at
légére déivatisation..Les filtresUV avec des groupes ester ogafement moné& un comportenent

différent en fonction de leur squelette principall o r s géagd Su€drta chaud avec la phase
aminée,entrdé n a nt 3 6206s lfkess aaus pbou't d 6 u n@V phrécuigreenentd-6i r r ad
courage uneéaction des autres estelprés une irradiation de 1 heure, 15% des EHMC, 38% des

EHS, et48% des OEPABA ont éé liés aux groupes aneéa de la plaquelPTLC, alors que la e&tiv-

ité des deux triazones, ISE et DEBTétéarelativenent faible.

CONCLUSION: En particulier, les filtres UV BB, BM-DBM, HMBS, EHMC, ou OCR, qui sont
communénent connus pour provoqueées dermatites de contact, ont ménine forte tendancafor-

merdes adduits avec la couche aminée. Ainsi, la plague amémébleétre un bon outil pour é@pister

des sensibilisants cutén

KEYWORDS: amino phase, HPTLC, protein binding, screening method, UV filters, UV irradiance

INTRODUCTION

Consumers increasingly are aware of the negative effects that intensive suattidtave on theth

man skin. Acute injuries like sunburn, photodermatosis or photoallergic contact eczema are highly
visible [1, 2], induced by UVB radiation penetrating mainly into the superficial layers of the-epide
mis. Nowadays, however, the major atientis paid to chronic effects of intensive sun exposures like
skin pigmentation [3, 4], skin ageing [5, 6] and at worst skin can¢&i0]7 Particularly, UVA radi-

tion (320 400 nm) reaches deeper skin layers (corium and subcutis) and induces the foohatio
reactive oxygen species (ROS) [11, 12], responsible for biological damages [13]. As sun protection
formerly concentrated on the category of sunscreen products, actually a variety of daily personal care
products like lipsticks, vanishing creams or ewliampoos claim UV protection properties that are
achieved by the addition of UV filters [L#6]. The increased application of such products results in

an accumulated contact time of UV filters with the human skin during the whole year and can quite be
corsidered as critical. Not only the fate of UV filters in the environment is questioned [17, 18], but
also reactions of filter substances and their photodegradation products with human tissues. Thus, it is
known that some UV filters can penetrate the hunkém [497 22], whereas others show a certaih a

sorption tendency [23, 24].
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This behaviour is the basis to consider the reaction potential of UV filters or their photodegradation
products with components of the human skin. Many of the UV filters approvedrop& provide
reactive carbonyl groups, which are possible reaction partners for amino groups of peptides or free
amino acids. The formation of protein adducts with different electrophilic agents is multiply described
[251 29], but UV filters as reaction paers previously were rarely considered [30]. Recent corssider
tions conclude that such interactions with the human skin may possibly be associated with the fo
mation of contact allergies [3B3].

The aim of this study was to develop a rapid and simmpliro method to estimate the possibleaea

tivity of UV filter substances with amino groups of skin constituents. An HPTLC amino plate seemed
to be a promising model. Therefore, we applied the common UV filters, octocrylene (OCR),»ethylhe

yl methoxycinnama (EHMC), benzophenor® (BP-3), hydroxymethylbenzoyl sulphonic acid
(HMBS), ethylhexyl salicylate (EHS)4butyl-4 -Njethoxydibenzoylmethane (BRBM), octyldime-

thyl p-aminobenzoic acid (OIPABA), 3-benzylidene camphor {BC), 4methylbenzylidene camphor
(4-MBC), diethylhexyl butamido triazone (DEBT) and ethylhexyl triazone (EHT), onto an HPTLC
plate and initialized the reactions both by UV irradiation and by slight heating. Thus, we took into
account that the usage of UV filters is not limited to sunscpeducts but also includes daily care
products. For these products, which are also regularly used without necessarily being in the sun, the
energy for a possible reaction primarily is provided by the natural warmth of the skin and additionally
by artificial and natural UV sources. Finally, the HPTLC plate was developed, and the still migrating,
nontbonded UV filters were quantified by a TLC scanner, whereas bound species remained at the start

zones.

MATERIALS AND METHODS

4-t-Butyl-4 -Njethoxydibenzoyl méane (BMDBM, Eusolex 9020), ethylhexyl methoxycinnamate

(EHMC, Eusolex 2292), benzophenerde(BP-3, Eusolex 4360), octyldimethylgminobenzoic acid

(OD-PABA, Eusolex 6007), octocrylene (OCR, Eusolex OCRinethylbenzylidene camphor -(4

MBC, Eusolex 630p , toluene (098%),i60pCe p.a)chdemetnanct (HRLEr (bp
grade) were obtained from Merck (Darmstadt, Germany). Hydroxymethylbenzoyl sulphonic acid

( HMBS, Uvi nul MS 40) , triethyl amine ( 09-8. 5%) ,
methypenzal dehyde (096 %) we rUm, Geomary). Dimathyl Sulpboride F | u k a
(DMSO) (HPLC grade), -heetxhaanneo | ( Q9C99%). 84 d pa caet)i,c nac
purchased from Carl Roth (Karlsruhe, GermanyEtRylhexyl salicylate (EHS)tert-butyl methyl

ether (099.8%), acetamphoirl d OQ09%Y . We) eMddricth t AL ne d
(Steinheim, Germany). Magnesium chloride hexahydratel(@%, p.a.) was purchased from VWR
International (Bruchsal, Germany). Ethylhexyl toae (EHT, Uvinul T 150) was kindly provided by

BASF (Ludwigshafen, Germany) and diethylhexyl butamido triazone (DEBT) by 3V Sigmaa(Berg

mo, Italy). All solvents used for planar chromatography were at least HPLC grade or distilled prior to
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use. HPTLC glasplates silica gel 604k 20 x 10 cm, HPTLC glass plates aming,F10 x 10 cm,
and HPTLC glass plates RRVF,s4 10 x 10 cm, all with a layer thickness of 200 um, were obtained
from Merck. They generally were prewashed by development with methareal, airit00°C for 30
min, wrapped into aluminium foil and stored in a proper TLC chamber until use to prevent caatamin

tion.

Synthesis of 4methylbenzylidene camphor (4MBC)

As 4MBC was no longer commercially available, it was synthesized according &viaysly pup-

lished method [34]. Briefly, camphor (9.13 g, 60 mmol) andethylbenzaldehyde (7.21 g, 60 mmol)
were suspended in 100 mL DMSO, and finely ground potassium hydroxide (3.4 g, 60 mmolyiwas ad
ed by degrees. The reaction mixture was stirred foaid then stored overnight. Pure water (100 mL)
was added, and the formed precipitate was vacuum filtered througbhmds funnel, washed with

100 mL of ethanol and dried for 6 h at 80°C (yield 45%). Melting point (68°C) andEHIOMS data

were compare with those of a residue of a commercial Eusolex 6300 sample (Merck) and proved the

identity of the synthesized product.

Standard solutions

For the preparation of standard solutions, 15 mg of[BBM, BP-3, OCR, EHS, EHMC, OBPABA,
DEBT, 3BC and 4MBC were individually dissolved in 10 mL acetonitrile and diluted to a final-co
centration of 150 mg't HMBS (15 mg) was dissolved in 10 mL methanol, EHT (15 mg) in a mixture
of ethanol/acetonitrile/ toluene (40/40/20). Both solutions were also dilutednialadincentration of
150 mg L.

High performance thin-layer chromatography (HPTLC)

Sample application was performed with an Automatic TLC Sampler 4 (ATS4) (CAMAG, Muttenz,
Switzerland). Heating of the TLC plates was performed with a TLC plate heater AGAMPlate
images were documented by a DigiStore 2 Documentation System (CAMAG) consisting ofaHumin
tor Reprostar 3 with digital camera Baumer optronic DXA252. Densitometry was performed by a TLC
Scanner 3 (CAMAG) with a slit dimension 0fx40.3 mnf. The data obtained were processed with
WINCATS software, version 1.4.2 (CAMAG). Mobile phase was generally petroleumtethbutyl

methyt ether/methanol 70/20/10 (viy/+ 1% triethylamine. In case of HMBS, methanol/acetic acid
90/10 (v/v) was used.
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Irra diation
Solar simulator

Irradiations were performed with a Suntest CPS+ from Atlas Material Testing Technolagy (Li
sengericht, Germany) equipped with a xenon lamp and a filter combination of coated quartz glass with
UV special glass (simulation of solamogkl radiation outdoors at daylight, Atlas) using the following
settings irradiation intensity 350 W i ventilation temperature 33°C. A custenade, watercooled

base plate was held at 20°C.
Natural sunlight

Irradiation under natural sunlight was perfexdnat different days in May and June 2010 between 10
a.m. and 4 p.m. in Stuttgaflohenheim, Germany. Irradiation was performed under cloudless cond
tions. Average temperatures at the test days were between 26 and 33°C. The average irradiation inte
sity was 512 W .

Reactions of UV filters on the HPTLC plates

For each UV filter, three bands (4 mm width, 8 mm distance from lower edge, 10 mm distance from
left edge, 8 mm distance between tracks) of the standard solutjdr) (Zere applied on a X 5 cnf

HPTLC glass plate amino. Thereafter, the plates were immediately developed to determine recoveries
or differently treated up to 120 min: stored in the dark at ambient temperature, heated at 33°C on a
plate heater protected from light and irradiated withlight or under the Suntest CPS+. The eerr
sponding light doses for 1 h of irradiation were 1260 K)(4n4 kJ/HPTLC plate) for the sun sirasl

tor and on average 1843 kF1(6.5 kJ/HPTLCplate) under natural sunlight.

Afterwards, a series of the respgetistandard solutions (0.2.9 L) was applied on the same plate

for calibration purposes. The chromatography was carried out in drtwigh chamber to a migration
distance of 48 mm; thereafter, the plates were dried in a stream of cold air for 2 mamainet of

the UV filter bonded to the sorbent layer at the starting zone £ was calculated by quantifying

the migrated amount at the corresponding Y¥tue (BR3: 67, BMDBM: 51, EHMC: 81, OCR: 69,

HMBS: 33, EHS: 72, OEBPABA: 75, 3BC: 77, 4MBC: 81, EHT: 29, DEBT: 58) by densitometry at

254 nm. Additionally, plate images were documented undaniiiation by UV light (254 nm).

As a negative control, samples of each UV filter were applied 8 €nf HPTLC silica gel 60 and

RP 18 plates and weneated under the same conditions as described for the amino plates.

RESULTS AND DISCUSSION
Concept of the study

An HPTLC amino plate never was used as a simple protein model layer to study the reactivity of i

gredients of cosmetics towards main skin dtuneits. However, the sorbent consists of propylamine

73



Rapid HPTLC screening

chains covalently attached to a silica gel surface, which like proteins generally are able to react with
carbonyl groups. The studied UV filter substances3BPAMBS, BMDBM, 3-BC, 4MBC, EHMC,

OCR, EH5, ODPABA, EHT and DEBT (Fig. 1), provide ketone or ester groups, which may undergo
condensation reactions with primary amines, yielding &bms or amides, respectively.

Ketones
o} o] o] OH
HO OCH, HO OCH, HyCJ OCH,
BP-3 HMBS BM-DBM
o] o]
\ \
4-MBC 3-BC

Esters

EHS DEBT OD-PABA

Figure 1 Structure formulas of the studied UV filter substances.

Therefore, stadard solutions of UV filters were applied bandwise onto an HPTLC amino glass plate,
followed by different treatments to induce a possible reaction. During each series of experiments, one
HPTLC plate was developed immediately after the application of @tdsdo determine recoveries,

which generally were between 97% and 102% (data not shown); thus, systematic losses viere not o
served. Slightly heating at 33°C should respect the temperature of the epidermis [35], whereas a dark
control at ambient temperagg should show, if even such conditions result in reactions of the UV
filters with the amino plate. UV irradiation both under a sun simulator and in natural sunlight could
reveal, if excited states especially support reactions with amino groups of skiitusanis. After each
experiment on the plate, calibration standards were applied, the plate was developed, and the migrated
UV filters, not bonded at the start zones, were quantified by densitometry as exemplarily shown in
Figs 2 5. For BR3, BM-DBM and CCR, the bonded part of the UV filter substances at the start zones

is clearly detectable, both on the plate images and from the corresponding scans. Accordingly, the
peak areas at the respective-WBlues of the chromatographed UV filters decreased.ldishoue for

heat treatments and UV irradiations, and exceptBBM (Fig. 3) even for the dark control exper

ments at ambient temperatuieh e s h a r-pe adkdsobu bdte t he st ar't zones

application, as a strongly eluting solvent wagd for the prepatian of the standard solutions.

74



Rapid HPTLC screening

LI

5
< 150 |
g_uo‘ M1
s
€

250 e
A
200
=)
< 150
E 1
2
% 100
€
0
%5 e 7
250 f
200
=Y
<
> 150
2
E 100
50

Figure 2 HPTLC results for the example of a ketone {BFimages of plates stored for 60 min in the dark at
ambient temperature (a), heated at 33°C for 60 (iirand irradiated for 60 min at 350 W?nfc); associated
scans of the densitometric evaluatan254 nm (ef). Track 1 3: 2 L of BP-3 standard solutiof50 mg L),
appliedbefore treatment, Tracki 4: 0.21 2.9 L of the BR3 standard solution, applied after treatment for- cal
bration.
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Figure 3 HPTLC results for the example of a dibenzoylmethane {BBM), images of plates stored for 60 min
in the dark at ambient temperature (a), heat&B4E for 60 min (b) and irradiated for 60 min at 350 W (t);
associated scans of the densitometricwatadn at 254 nm (d). Track I 3: 2L of BM-DBM standard solution
(150 mg L), applied beforéreatment, Tracki47: 0.2 2.9 W of the BM-DBM standard solution, applied after
treatment for calibration.
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Figure 5HPTLC results for the example of a triazone (DEBT), images of plates stored for 60 min in the dark at
ambient temperature (a), heated at 33°C@6rmin (b) and irradiated for 60 min at 350 W ift); associated
scans of the densitometric evaluation at 254 riif) (@rack 1i 3: 2 1L of DEBT standardsolution (150 mg L),

applied before treatment, Track# 0.2/ 2.9 uL of the DEBT standard solution, applied after treatment far cal

76



Rapid HPTLC screening

In contrast to the former examples, the triazone DEBT was rather reestistant on the amino

plate; just UV irradiation slightly afforded bonded species at the staet (f6g9. 5). Generally, also a
second development of the amino plates with a strong polar solvent (methanol) or a very lipophilic
solvent (rRhexane) did not show a change of the obtained and presented figures, which supports that a
covalent bond to the anorgroups of the start zones was formed. However, to additionally prove that
the amino groups are responsible for the covalent retardation instead of other reactions to be assumed
like oxidations, polymerizations or even reactions with free silanol gréb@sxperiments weref

peated on HPTLC silica gel 60 and RP18 plates. In any case, bound UV filter species could not be
detected at the start zones, exemplarily shown feB8 B Fig. 6. Only the amino plate was able to

react with BP3 forming adducts ahe start zone during UV irradiation.
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Migration distance (m:?) 45 Tracks Migration distance (

Figure 6 Comparison of the reactivity of B® on different HPTLC plates after irradiation for 60 min at
350W m™ and subsequent development: platages of silica amino (a), normal phase silica (b) and silica RP
18 (c); associated scans of the densitometric evaluation at 254 -imTick I 3: 2 uL of a BP-3 standard

solution (150 mg L), applied before treatment, Track7 0.2 2.9 pL of the BR3 standard solution applied
after treatment for calibration.

Ketonesand diketones (BR3, HMBS, BM-DBM, 3-BC, 4-MBC)

Among the UV filter substances under study, the group of ketamésliketoneslmost revealed the
highest reactivity with the amino plate under the conditions used. Clear linear correlations were found
plotting the absolute amount of plateund UV filters against the time of the respective treatments
(Fig. 7a). As the aminopropyl groups were present in high excess as compared to the applied UV fi
ters (generally 300 ng), the kinetics may be understoodeagipBrst order. For BF3 and HMBS,

even one hour storage in the dark at ambient temperature significantly leddaariagon of adducts
(Table I).
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Figure 7 Decrease in the recovered amounts of the UV filter ketoneen¢hesters (b) from the HPTL@n&o
plate, exemplarily shown after differeintadiation times in the Suntest CPS+ system followed by platel-deve
opment.

Table | Amounts of UV filter substances, ketones (a) and esters (b), bonded to an HPTLC amino plate after
different treatments for &

bonded to the amino plate (%) + SD?

€) 3-BC 4-MBC HMBS BP-3 BM-DBM

dark storage 0.2+ 0.01 0.6+0.02 151+0.11 12.6+0.20 1.0+£0.01

heating (33°C) 0.7+0.04 0.8+001 359%+031 519+0.81 15.6+0.31

sunlight 4.5 £ 0.07 6.0+0.10 20.1+£0.32 63.3+1.64 69.8%+2.20

Suntest CPS+ 74+016 94+018 283+040 823+1.60 95.6+3.55

LOD? 34 26 11 11 31

(b) EHT DEBT EHMC EHS OCR OD-PABA
dark storage n.d. n.d. 0.8+0.01 3.2+0.13 8.6 £0.28 2.1+0.09
heating (33°C) 0.3+0.01 0.4+£001 100x0.16 6.6+£0.20 356+£0.20 3.3+x0.17
sunlight 5.6 £ 0.08 6.6 £ 0.18 11.5+0.26 30.8+0.74 9.8+0.74 31.0+£1.05
Suntest CPS+ 8.8 £0.33 105+£0.09 14.7+£063 376+152 11.8+152 48.0+x4.42
LOD? 11 7 34 45 33 62

Standard deviation (n = 3).
ALimit of detection in ng/zone.
n.d., not detectable (below LOD).
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Slightly heating at 33°C strongly increased the turnover feBBRd HMBS, but only moderately for
BM-DBM. Irradiation under natural sunlight or in the sun simulator especially affect&daBg BM

DBM, last of which was nearly completely bautito the amino phase after one hour in the suntest
system. Owing to the steady radiation energy and the enclosed test chamber, the suntest system resul
ed in most distinct reactions.

Regarding the high photoinstability of BMIBM [36, 37], one could arguthat also photodegradation

on the plate may be responsible for losses, but zones of compounds other than treopldreot be
detected (Fig. 3).

Additionally, photofragmentation of BNDBM is not to be expected in the polar environment of a
silica aminoplate [36]. In contrast, after 60 min irradiation on the RP18 plate, we could separate four
photodegradation products with 31%, 32%, 74% and 93% of the area of HxBBMpeak. As ca-

pared to the two benzophenones and the dibenzoylmethane, the two caenvetives 3BC and
4-MBC significantly showed a lower reactivity, which was solely initiated by UV irradiation. Steric

hindrance of the cyclic ketones might give an explanation.

Esters (EHMC, EHS, OCR, ODPABA, EHT, DEBT)

The studied UV filters with est groups not only generally revealed the same reaction kinetics as
found for the ketones, but also quite different reactivities (Fig. 7b). Storage in the dark and stight hea
ing almost did not generate adducts with the amino plate (Table ). After héatioige hour, signif

cant amounts of bound species were only found for EHMC, whereas UV irradiation resulted in very
similar reactivities. However, OCR remarkably reacted with the amino plate after heating, even during
dark storage at ambient temperatiige versa, only about 10% of the applied OCR was bound to the
amino plate after a one hour treatment by UV irradiation, which may be in accordance with the high
photostability of OCR [38, 39]. Contrarily, highest binding rates after UV irradiation dmuldite-

mined for EHS and OPABA, both under natural sunlight and in the sun simulator (Table I), whereas
heating only played a minor role for the binding of both esters to the amino plate. Additionally; a hig

ly fluorescence quenching substance zoneRat@9, thus slightly more polar, was detected on the
irradiated and developed plate of (IABA. By TLC-MS experiments, we could identify two known
OD-PABA photodegradation products,ddmethylamine(2/3)-methylbenzoic acid -2thylhexyl ester

and 4monometlylaminobenzoic acid-2thylhexyl ester [39]. These products were also formed on the
silica gel 60 and the RP18 plates, where they clearly could be separated and assigned. Although the
peak at the start zone, that is, bound-PEBA had a relatively large p& area, the formation of the
additional photoproducts (together approximately the same peak area as the migrdédB&D
certainly pretends a higher binding rate that was just calculated from the recovefRAB3D Both
triazones, EHT and DEBT, generalbere least reactive, although they are alsonnobenzoates like

OD-PABA and &en present three ester groups.
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Just UV irradiation led to the formation of adducts with the amino plate in the range of approximately
6i 10% (Table I). The welknown photostabty of EHT and DEBT [40] possiblycan again explain
the findings.

Comparison with dermatological data

As the formation of protein adducts is known as a central mechanism in the development of allergies
[41i 43], an important question was whether bindioghe amino plate can provide a first indication

for an allergic potential of the studied UV filters. Therefore, the obtained results were compared with
recently published patch and photopatch daté49# The top five UV filters (BF3, HMBS, OCR,
BMDBM and EHMC) identified as allergens during patch tests (Table IlI) also showed the highest
binding rates on the amino plate under the conditions of slight heating. Binding under irradiating co
ditions additionally well correlate with photopatch test data i@ Hh The most reactive UV filters on

the amino plate (BMDBM, BB, HMBS, EHMC and OCR) also were the most common allergens in
photopatch tests, whereas for the likewise reactive EHS, the available dermatological data are very
limited. In the case of OIPABA, however, the additional formation of photodegradation products on

the amino plate pretends a greater amount of binding than actually occurred.

Table Il Summary of patch (a) and photopatch (b) test results for the observed UV filters orderedalsnpesv

of skin reactions

(a) Bryden et al.[44] Kerr et al. [45] Pigatto et al. [46] Total (%)
OCR n.o. 7/1031 (0.7) 9/1082 (0.8) 16/2113 (0.8)
BP-3 9/1155 (0.8) 6/1031 (0.6) 6/1082 (0.6) 21/3268 (0.6)
HMBS 9/1155 (0.8) n.o. 1/1082 (0.1) 10/2237 (0.4)
BMDBM 10/1155 (0.9 3/1031 (0.3) 4/1082 (0.4) 17/3268 (04)
EHMC 5/1155(0.4) 2/1031 (0.2) 2/1082 (0.2) 9/3268 (0.3)
OD-PABA 7/1155 (0.6) n.o. 0/1082 (0) 712237 (0.3)
4-MBC 6/1155 (0.5) 4/1031 (0.4) 0/1082 (0) 10/3268 (0.3)
EHT 3/1155 (0.3) n.o. 1/1082 (0.1) 4/2237 (0.2)
EHS n.o. 1/1031 (0.1) n.o. 1/1031 (0.1)
DEBT n.o. 0/1031 n.o. 0/1031 (9
(b) Bryden et al. Kerr et Rodriguezet Pigattoetal. Cardosoet Victor et Total (%)
[44] al. [45] al. [47] [46] al. [48] al. [49]

OCR n.o. 41/1031 (4) n.o. 23/1082 (2.1) n.o. n.o. 64/2113 (3.0)
BP-3 27/1155 (2.3) 37/1031 (3.6) 22/82 (26.8) 15/1082 (1.4) 3/83(3.6) 3/76 (3.9) 107/3509 ()
HMBS 5/1155 (0.4)  3/1031 (0.3) 2/82 (2.4) 3/1082 (0.3) 3/83(3.6) 3/76(3.9) 19/3509 (0.5)
BMDBM 22/1155 (1.9) 18/1031 (1.7) 0/82 (0) 9/10& (0.8) 1/82 (1.2) 3/76 (2.6) 53/3509 (1.5)
EHMC 8/1155(0.7) 7/1031 (0.7) 8/82 (9.8) 13/1082 (1.2) 1/83 (1.2) n.o. 37/3433 (1.1)
OD-PABA  3/1155 (0.3) n.o. 1/82 (1.2)  1/1082 (0.1) n.o. 2/76 (2.6) 712395 (0.3)
4-MBC 4/1155 (0.3)  3/1031 (0.3) 1/82 (1.2) 1/1082 (0.1) 1/83(1.2) n.o. 10/3433 (0.3)
EHT 2/1155 (0.2)  3/1031 (0.3) n.o. 2/1082 (0.2) n.o. n.o. 713268 (0.2)
EHS n.o. 2/1031 (0.2) n.o. n.o. n.o. n.o. 2/1031 (0.2)
DEBT n.o. 0/1031 (0) n.o. n.o. n.o. n.o. 0/1031 (9

n.o.,not observed
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CONCLUSION

The present study showed that amino HPTLC plates are a suitable screening tool to determine the
binding potential of different common UV filters to peptides of the human skin. It could be shown that
there are great defences between the studied UV filters concerning the formation of adducts with the
amino plates. Obviously, no simple rules could be derived, if, for example, ketones or benzbates pre
erably react with amino groups under heating or UV irradiation. Howé&wemn photostability f@-
sumably prevented UV filters also from photoaddition to the HPTLC amino plate. Nevertheless, it is
highly interesting that especially the UV filters like BPBM-DBM, HMBS, EHMC or OCR, which

are commonly known to cause contaetrdatitis, showed a high tendency to form adducts with the
amino layer. This supports the assumption that there is a direct correlation between the formation of
protein adducts and contact or photoallergic contact dermatitis. Thus, the amino plate deeras to
proper tooko screen for skin sensitizers.

During the ongoing studies, the focus will especially be laid on which reaction mechanisras are r
sponsible for the formation of UV filter protein adducts and if the results of the present first screening

are also transferable to more complex protein e®dnd other substance groups.
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ABSTRACT

As most UV filter substances approved for usagsunscreens have reactive carbonylugs) the
possibility of their reaction with amino groupsmbteins or free amino acids of the human slam-
not be precluded. An initial screening on hggrformance thin layer chromatography (HPTlaD)-
no plates showed that benzophenonesdimehzoylnethanes were strongly bound to #rino phase
after heating and/or UV irradiatiomhile camphor derivatives were less reactive.ufiderstand the
underlying mechanisms and tdentify reaction products, the reactions of benzophe3o(&P-3),
dibenzoylm¢hane (DBM), 4-t-butyl-4 @nethoxydibenzoylmethane (BI2BM), hydroxymethylbe-
zoyl sulfonic acid (HMBS),3-benzylidene camphor {BC), and 4methylbenzylidenecamphor
(4-MBC) in the presence dfutyl amine or ethanolamine as protein modaedse studied. Heatg the
reaction batchesransformed BFB and HMBS into benzophenonmines with high yields, while
DBM andBM-DBM af f or ded e n a-cevayesacetapimedone addubenzamioe deriv
tives. Anadditional UV irradiation of the reaction batclegfecied the product distribution in the cases
of BM-DBM and DBM, but not for BB andHMBS. The amine reactions generally had giefit-
ence on the UV absorption spectra. For [®f#h3 and HMBS, a significant bathochromic shdget-
er with increased absorbas was observedhus an increased UVA protection, while tibenod-
ylmethanes clearly lost UVA efficiencyAccording to the slight binding to the HPTL&nino layer,
3-BC and 4MBC did not yield anyeaction product with butylamine or ethanolamine.

KEYWOR DS: UV filters, UV irradiance, proteibinding, ketoneamineadducts, mass spectrometry,
NMR, UV absorbance

INTRODUCTION

Moderate exposure to direct sunlight has varjpesitive effects on skin f5] and the humapsyche
[6-9], mostly associated with thgeenerationof vitamin D3. Besides these positive effeasferent
undesirable consequences such as sunpuemature skin aging or wrinkle formation atescribed
and attributed to extensive exposurestmlight [1013]. Of particular importance amgrious long
term effects of extensive sun exposuilee skin cancer or irreversible eye damagekich become
manifest only after several yedds}-18].To avoid such negative consequencesnagarly stage, there
are currently 27 UV filtesubstances pertted for usage in cosmetproducts in the European Union

[19]; only abalanced combination of several UV filters offerdoroad protection against UVA and
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UVB radiationby a sunscreen [2B2]. Therefore in 2006, theuropean Commission issued a meeo
menddion on the efficacy of sunscreen products, includimgt the level of UVA protection provided
by aproduct should be at least 1/3 ratio of its puotection factor (SPF) [23]. However, the usafje
these UV filters is not limited to special sunscreerducts. A variety of daily care products litace
creams, lipsticks etc. often include tworoore UV filters to claim a particular UV and antiaging-
tection [24, 25].

Although most of the UV filter substances are kobwn to be common contact allergerthere are
various case reports and patch test study resudisthe last few years, which suspect UV fikeb-
stances becoming more and more responatbkeiggers for allergies [282]. This is certainly aesult
of the steadily increasing usageWV¥ filters in daily care products, leading to a loz@ntact time of
UV filters with the skin. Thdormation of protein adducts is seen as onportant step in the imc
dence of allergic skimeactions [33, 34]. Therefore, the identificationtgbical reative groups &-
sponsible for theeaction of a substance with proteins anduhderlying reaction processes were the
subject ofseveral publications [389]. Thus, it could beonfirmed that both UV radiation as well as
heating can initiate or acceleratereaction withproteins due to the formation of reactive groups.
However, UV filter substances as possit#action partners of proteins have hardly beensidered
previously [4642].

To get a first evaluation of the overall reactivitydifferent UV filter substances towards proteing
developed a fast and simple screening metigidg an HPTLC amino plate as protein magigdtem
[43]. The screening results showed thatghealied UV filters significantly differ in theireaction jo-
tential and theiresponse to differemeaction initiators such as heating or UV irradiation.

The aim of the present study was to furtbeplore the underlying reaction processes follildilters
benzophenon8 (BP-3), hydroxylmethylbenzoylsulfonic acid (HMBS), @henzyldene camphor
(3-BC), 4methylbenzylideneamphor (4MBC), 4-t-butyl-4 inethoxydibenzoylmetharM-DBM),
and the unsubstitutedibenzoylmethane (DBM), all providing keto diketo groups. As reaction par
ners and simplenodels for amino acids or proteirtgjo primaryamines, ethanolamine and buatyl
mine, wereselected. The obtained reaction products foromeder different conditions were identified

andexamined for their influence on the UV spectrahaf UV filters.

MATERIALS AND METHODS

4-t-Butyl-4 -@Gnetfoxydibenzoylmethane (BNDBM, Eusolex 9020), 1;8iphenylproparl,3-dion

( 09 8(&enzoylmethane, DBM), benzopheneéhgBP-3, Eusolex 4360) and methanol (HPLC
grade) wereobtained from Merck (Darmstadt, German$)Benzylidene camphor {BC) was ®-
tainedfrom Chemos GmbH (Regenstauf, Germaryydroxymethylbenzoyl sulfonic acid (HMBS,
Uvinul MS 40), et howenedisafomic acel monCGh9ddaté ~9%oh wievbtained
from Fluka (NedUlm, Germany)Acetonitrile (HPLC grade) and dimethyl sulfoxi@MSO) (HPLC
grade) were purchased frabarl Roth (Karlsruhe, Germany).
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Butyl amine( 09 9. 5 %) , di fkedmmyniumfsourlnfactxei d(e09 9 .-cblésformra nd d et
(CDCl;) were purchased from Aldrich (Steinheim, Germang}Methylbenzylidene camphor
(4-MBC) wassynthesized according to a previously publishedhod [43].

High-performance liquid chromatography (HPLC)

HPLC analyses were performed on an 1100 ligthcomatograph (Agilent, Waldbronn, Germany),
consisting of a degasser (G 1315A), a quatgrhi@L.C pump (G 1311A), an autosampler (G 1313A),
a column oven (G 1316A) set to 30 °C, andi@de array detector (G 1315B). DAD detectivave-
lengths were 275 nm, 313 nm and 360 ¢spectral bandwidth (SBW) 8 nm), while theference
wavelength was 500 niggBW 8 nm).Data processing was performed by Agil@ftemStation sof
ware (rev. A.04.02). As stationaphase, a Eurospher :80C 18 HPLC column250 mm x 3 mm
(Knauer, Berlin, Germany) wassed. The mobile phase (0.5 mL/min) consistetilolmM ammonium
formate buffer pH 4.0 (A) andcetonitrile (B). Gradient % A (t(min)): 40 (0)40 (4)7 25 (9)1 25
(13)71 10 (17)i 24 (40)i 26 (40).The injectionvolumevas 10 ¢ L.

HPLC-Electrospray ionization massspectrometry (LC/ESI-MS)

The LC/MS system consisted of an identiégilent 1100 chromatograph as described abowvapled
to a G1956B MSD singtquadrupolanass spectrometer (Agilent) equipped withetactraspray iofi
zation (ESI) interface, operatedhder the following conditions: capillary voltagekV, skimmer vatk
age 35V, source temperatur@0 °C, nebulizer gas pressure 20 psig, dryingtg@aperature 300 °C,
drying gas flow rate 10 L/mih fragmentor wltage 80 V, gain 1, threshold 10&ep size 0.1. Data
processing for MS measurememtas carried out with ChemsStation software (AgileMass spectra
were recorded in the positive andgative (for HMBS) full scan moden(z 50-1000). Column and
gradientwere as described undszction HPLC.

Spectroscopy

Infrared (IR) spectra were recorded between 4880500 crii on a diamond crystal of a DuBem-
pler SMART ATR installed at the Avatar 3ET-IR-Spectrometer (Thermo Nicolet, Madis@SA).

A minimum of 32 scans was signalaverageith a resolution of 2 cth UV spectrawere measured
with a PerkinElmer Lambda ZUberlingen, Germany).

¥c and™H nuclear magnetic resonance (NM#ectra were recorded on a Varian Unity InG08
spectrometer (Varian, Darnastt, Germanyjat 300 MHz tH) and 75 MHz {°C). The samplesvere
dissolved in CDG| or DMSOds. The signalassignments were based on chemical shifts related
tetramethylsilane (TMS) and-H and CGH correlation data; s = singlet, d = dublet, t = tripbpts

guartet, and m = multiplet.
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Thermal reaction of UV filters with amines

The respective UV filter (0.5 mmol) was weighiedo a 10mL screwcapped glass tube (SCHOTT
AG, Mainz, Germany) and suspendedaicetonitrile (5 mL). Toluend-sulfonic acidmonotlydrate
(Img, 5 e mol ) aamie (10 nmbl) oo08 mh of etlyaholamifi® mmol) were added.
After heating the mixturéor 3 h at 40 or 80 °C, the reaction was stoppeddmnling the tubes under
running tap waterAdditionally, a reaction batcivas stored in thdark at ambient temperature.

To determine if the amount of amine hasrapact on the reaction, different amountstifanolamine
were used (equimolar, 2féld, and 5-fold excess for BB and HMBS, and %old, 10-fold, and
20-fold excessor BM-DBM andDBM).

Photoreaction of UV filters in the presence of amines

The respective UV filter (2 mmol) was weighgdo a 560mL quartz beaker (diameter 38 mii.
Geyer, Renningen, Germany) and suspendeatetonitrile (20 mL). Toluené-sulfonic acid moro-
hydrate (3.8 mg, 2 8mine on @thanolamined(40 enmal) hwere adtied]tthe |
beaker was covered by a teflon cap amadiated for 3 h. To maintain a constant temperat20e°C
or 60 °C), the beaker was placed ioleamber of gartz glass, which was flushed witater provided
by a chiller (Model RML 6, Laudaermany). Irradiation was performed by a modifseth simulator
SOL 500 with a metal halide lam@30 W) (Dr. Hohnle, Gréfelfing, Germanyyhe modification
consisted of th replacement of thfeont filter glass by an aluminum plate with tgaps (each 16 cn
to hold WG 295 glass filteréSchott, Mainz, Germany). The irradiation intensitgs 0.55 mwW/cfin
the UVB and 12.5 mW/cfrin the UVA range. The corresponding lighasgisfor 3 hours of irradiation
were 1410 kJ/m(2.3 kd/quartz beaker). The solutions were stiméith a magnetic stirrer, Variomag
Micro (ThermoScientific). To distinguish between the effect of tAdiation or heat on the reaction, a
seconddentical ba&ch was prepared in another qudreaker, which was completely covereddby-
minum foil and placed aside the irradiasainple.

Isolation of reaction products

The reaction solutions were evaporated tgmaperature of 35 °C to dryness in a LABCONQGQ@n-
sas City, USA) CentriVap concentratequipped with a CentriVap cold trap. For HMB&d BR3, the
obtained residues could be directiyed for NMR spectroscopy. For the DBMtches, the residues
were taken up in 5 mimethanol, and 1 mL of the methanolicig@n was subjected to preparative
HPLC (five injections). The HPLC system consisted oKm@nlab (Sinsheim, Germany) HD-ZD0
HPLC pump, a Variable Wavelength Monitor (Knau@&erlin, Germany), a €(R3A Chromatopac
integrator (Shimadzu), and a YMC (Dinstak Germany) HPLC column (ODS& , RP 18,
20mm x 25 cm). The eluent was acetonitrile/wg&h/40) for 14 min followed by flushing theol-

umn with pure acetonitrile for 3 min. The floate was 8 mL/min, the detection waveleng@® nm.
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Reaction products isolated from batches at 80 °C for three hours
BP-3

2-[(2) -[(2-Hydroxyethyl)imino](phenyl)methyl] -5-methoxyphenol.133 mg (98% yield) of puréa

were obtained as yellow, viscous liquid. UV/\{isme t h a(onm) o | og U)@B&p2 (4.1
IR (ATR)  3™): 838GR050 (M), 307%w), 29402850 (w), 2860 (W), 1589 (s), 1535 (MH¥85 (m),

1464 (m), 1343 (w), 1261 (w), 1232 (4113 (m), 1076 (w), 1031 (w), 972 (w), 831 (Y2 (m),

698 (m). LGMS (ESI) (tz = 6.07)m/z (relative intensity) = 5432MH*, 10), 272 (MH, 100), 106
(55).'H-NMR (CDCl;, 300 MH z15.144NH( bs,d)) 7.51 (m, 3] = 2.88 Hz), 7.2Tm,

2H, %) = 3.45 Hz), 6.62 (d, 1H) = 9.2 Hz)6.32 (d, 1H2J = 2.5 Hz), 6.07 (dd,H, %J = 9.0,2.3 Hz),

3.82 (t, 2H2) = 5.4 Hy, 3.78 (s, 3H), 3.4%, 2H,3) = 5.37 Hz)"*C-NMR (CDClL, 300 MHz)ii ( p p m)

174.6, 172.3, 164.9, 133.2, 132.5, 12929.4, 128.7, 127.7, 105.8, 102.2, 61.6, 55.2, 50.9.

2-[(2) -(Butylimino)(phenyl)methyl] -5-methoxyphenol. 139 mg (98% yield) of purdb were ®-
tainedas yellow, very viscous liquid. UV/Vis (methan@h., (nm) (logQ 302 (4.12), 385 (3.94). IR
(ATR) 3 (cm?): 3338 (w), 3077 (w), 2953 (m), 2931 (N2864 (w), 1595 (s), 1535 (m), 1490 (w),
1434 (w),1343 (w), 1268 (m), 1209 (m), 1165 (m),1BI(m), 1076 (w), 1031 (m), 968 (w), 842 (w),
804 (w), 775 (w), 708 (m). L&eMS (ESI) (tz = 14.72)m/z(relative intensity) = 589 (2MH 10), 284
(MH?*, 100), 106 (50)*H-NMR (CDCl, 300 MHz)U (ppm) 7.50 (m, 3H), 7.26 (m, 2H), 6.65 (dd, 1H,
3J=9.1, 2.42), 6.37 (d, 1H3J = 2.4 Hz), 6.11dd, 1H,%33 = 9.1, 2.4 Hz), 3.78 (s, 3H), 3.272H, 3]

= 6.8 Hz), 1.61 (m, 2H), 1.39 (m, 2H), 0.883H,3J = 7.3 Hz)*C-NMR (CDCl, 300 MHz)ui (ppm)
173.4, 173.1, 165.0, 133.2, 132.9, 129.29.6, 128.9, 127.8105.8, 102.5, 55.5, 48.3, 32.20.5,
13.9.

HMBS

4-Hydroxy -5[(Z2)-[(2-hydroxyethyl)imino](phenyl)methyl] -2-methoxybenzenesulfonic acid.

170mg (97% yield) of pure2a were obtained as light el | ow, fine powdedk. uv/ Vv
(mMm)( 1 og U)) 30384 4( .58 5 )"):3450350((), 283D (Wl 2871dwi), 1578 (s),

1534 (m), 1491 (w), 1430 (w), 1415 (w), 13@9), 1219 (s), 1176 (s), 1078 (s), 1014 (s), 834 R

(w), 749 (w), 687 (m), 601 (m). LMS (ESI) (tr = 2.56)m/z(relative inensity) = 350 (M 100).'H-

NMR (DMSOd;, 300 MHz) U 3H),B2r(n, 2M), 7518 (s, (L), 6.20 (s, 1H), 3(E2

3H), 3.38 (t, 2HJ = 5.4 Hz), 3.55 (t, 2HJ = 5.4 Hz);*C-NMR (DMSOd;, 300 (dgiy ) U
174.5, 174.0, 162.2, 133.0, 132.4, 13029.5, 128.3, 125.5, 109.7, 101.9, 60.9, 56.0, 51.1.

5[(Z)-(Butylimino)(phenyl)methyl] -4-hydroxy-2-methoxybenzenesulfonic acid 178 mg (98%

yield) of pure2b were obtained as yellow, fine o wd e r . UV/ Vins( n(nme t hlaom® | §) &
(4.08),383(38) . | R ( A:T3#5p3420(w), 2987 (m), 2925 (m), 2871 (w), 1578 (s), 1520

(m), 1486 (w), 1472 (w), 1420 (w), 1225 (s), 118}, 1078 (s), 1013 (s), 921 (w), 825 (w), 774 (w),

745 (w), 686 (w), 604 (w).
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LC-MS (ESI) (hR: = 2.96)m/z(relative intasity) = 362 (M, 100).’"H-NMR (DMSO-ds, 300 MHz)
(ppm) 7.59 (M3H), 7.32 (m, 2H), 7.13 (s, 1H), 6.20 (s, 1H), 3(833H), 3.21 (t, 2H3J = 6.7 Hz),

1.51 (m, 2H),1.30 (m, 2H), 0.84 (t, 3HJ = 7.3 Hz);°C-NMR (DMSO-ds, 300 MHz) U ( pp m)
1740,162.2, 132.9, 132.2, 130.4, 129.6, 128.1, 12H08,6, 102.0, 56.1, 47.8, 29.7, 20.2, 14.1.

DBM

N-(2-Hydroxyethyl)benzamide 45 mg (54 mol%)of pure 3a were obtained as lighirown, very
viscous |liquid. Jdkhm\Vilso g( iUs)q p2r2deiRa(ndoahIFRC8160 (K),c m

3057 (w), 2938 (w), 2872 (w), 2360 (w), 16@9, 1536 (s), 1491 (m), 1425 (w), 1306 (m), 1247,

1068 (m), 801 (w), 712 (w), 690 (w). LIS (ESI) (tz = 2.72)m/z(relative intensity) = 3582MNa’,

10), 166 (MH, 100) 106 (5).'H-NMR (DMSOd;, 300 MHz) U (Clp=B@mHz), 88141 (t ,
(m, 2H), 7.47 (m, 3H), 4.8@, 1H), 3.50 (m, 2H), 3.32 (m, 2H).

N-Butylbenzamide. 23 mg (26 mol%) of pure8b were obtained as datkown, viscous liquid.

UV/ Vis (isgbnmpahboy BR @A&BRY3350I2E0)(m), 3061 (W), 2957

(m), 2935 (m), 2868 (m), 2364 (w), 1636 (332 (s), 1494 (w), 1464 (w), 1310 (m), 1146 (2080

(w), 1028 (w), 849 (w), 805 (w), 694 (m)C-MS (ESI) (tr = 4.47) m/z (relative intensity) = 355

(2MH*, 10), 178 (MH, 100), 106 (55)'H-NMR (DMSO-ds, 300 MHz) U 2H),p/gdn) 7. 7F
(m, 3H), 6.20 (2, 1H), 3.40 (q, 2H) = 13.1, 6.3 Hz), 1.59 (m, 2H), 1.42 (m, 2H), 0(B53H, °J =

7.3Hz); *C-NMR (CDCl, 300 MHz)i  ( p p r8) 135116181.5, 128.8, 127.1, 403R.0, 20.4,

14.0.

(22)-3-[(2-Hydroxyethyl)amino]-1,3-diphenylprop-2-en-1-one 49 mg (36 mol%) of pur8a were

obtained as brown, very viscous liqudlV / Vi s (i sy,gp@mn mp aflo@.§9), BeR (327,4

342 (4 42) . | R ) 38I0BIBO (9), 3q54 (m), 2928 (W), 2876 (V@B64 (w), 1591 (s), 1569

(s), 1480 (m), 1435 (w324 (m), 1295 (m), 1228 (w), 1153 (w), 1086), 1030 (w), 887 (w), 746

(w), 694 (w); LGMS (ESI) (tr = 6.27)m/z(relative intensity}= 268(MH"*, 100), 106 (50)*H-NMR

(DMSO-d;, 300 MHz) U4 (ppm) 11.743(m,3Hd),7.4Q(kh)2H), 7739 @n83HY, m, 2 F
5.78(s, 1H), 3.74 (t, 2H3) = 5.3 Hz), 3.38 (q, 2HJ = 11,2, 5.6 Hz)**C-NMR (CDCL) U ( pp m)
188.8,167.6, 140.5, 133, 131.1, 129.8, 128.8, 12888.1, 127.4, 94.3, 62.3, 47.2.

(22)-3-(Butylamino)-1,3-diphenylprop-2-en1-one. 50 mg (36 mol%) of pur®b were obtained as

orange, very viscous liquid. UV/Vis (isopropanall,( nm) (1l og U) 243 (43 09), ¢
(cm) 3065 (m), 2953 (m), 2924 (m), 2872 (n@B60 (s), 1588 (s), 1573 (s), 1477 (m), 1328 (m),

1298 (m), 1217 (m), 1143 (s), 1054 (s), 10341602 (s), 927 (s), 742 (M), 690 (M), 616 (P-MS

(ESI (tr = 14.51)m/z (relative intensity)= 280 (MH, 100), 106 (10)H-NMR (DMSO-ds, 500

MHz) U (ppm) 11. 43=(¢.8Hz), 144 m, 3HJ, 7.408m, {H)) 7.422Hl), 7.38

(m, 2H), 5.74 (s, 1H), 3.21 (q, 2H) = 13.0, 6.6 Hz), 1.56 (m, 2H), 1.37 (m, 2BIB7 (t, 3H ) =7.2
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Hz); ®*C-NMR (CDCL, 500 MHz) U (ppm) 1881318,129186128.86128.41 40 . 5,
127.9, 127.3, 93.444.7, 33.1, 20.2, 13.9.

1-Phenylethanone (acetophenone0 mg (59 mol%pand 15 mg (25 mol%) of puewere obtained
ascoloAvailable aess viscousduid from the reaction witlethanolamine and butylamine, respegtiv

ly. UV/Vis (i sopr gpannm)l )( leeg U) 2.€-MS ES) (k3 1.70)B8V/z(Relatiel . 7 ) .
intensity) = 241 (2MH, 3), 121 (MH, 100), 106 (6). IR AT R) ™)s3600 twin332 (w), 3090

2870(m), 1685 (s), 1601 (s), 1588 (m), 1451 (s), 1432, 1362 (s), 1315 (m), 1270 (s), 1182 (m),

1080(m), 967 (m), 762 (s), 691 (s), 589 (H-NMR (CDCl;, 300 MHz) U (ppm) 7. 92
7.36 (m, 3H), 2.55 (s, 3H}’C-NMR (CDCk, 300MHz) & (ppm) 196. 11284136. 7,
24.9.

By-products assigned by mass spectrometry:

2-{[(1LE)-1-Phenylethylidene]amino}ethanol (12a)LC-MS (ESI) (tz = 4.71)m/z(relative intensity)
= 327 (2MH, 4), 164 (MH, 100), 148 (5).

N-[(1E)-1-Phenylghylidene]butan-1-amine (12b).LC-MS (ESI) (tz = 5.96)m/z(relative intensity)
=351 (2MH, 3), 176 (MH, 100), 106 (50).

BM-DBM

N-(2-Hydroxyethyl) -4-methoxybenzamide (4a)LC-MS (ESI) (tr = 1.56),m/z(relative intensity) =
391 (2MH', 14), 196 (MH, 100), 135 (5), 106 (3).

N-Butyl-4-methoxybenzamide (4b)LC-MS (ESI) (tr = 4.46),m/z(relative intensity) = 415 (2MH
17), 208 (MH, 100), 135 (4), 106 (3).

1-(4-tert-Butylphenyl)ethanone (6).LC-MS (ESI) (tg = 2.11),m/z(relative intensity) = 353 (2MH
81), 177 (MH, 100), 106 (2).

4-tert-Butyl -N-(2-hydroxyethyl)benzamide (7a) LC-MS (ESI) (g = 17.86),m/z(relative intensity)
= 443 (2MH, 48), 222 (MH, 100), 106 (2).

N-Butyl-4-tert-butylbenzamide (7b).LC-MS (ESI) (tz = 8.27),m/z(relative intesity) = 467 (2MH,
35), 234 (MH, 100), 106 (2).

1-(4-Methoxyphenyl)ethanone (8)LC-MS (ESI) (tz = 1.96),m/z(relative intensity) = 301 (2MH
75), 151 (MH, 100), 106 (4).

(22)-3-[(2-Hydroxyethyl)amino] - 1-(4-tert-butylphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one
(10a).LC-MS (ESI) (tr = 4.62),m/z(relative intensity) = 707 (2MH 46), 354 (MH, 100).
(22)-3-(2-Butylamino)-1-(4-tert-butylphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (10b).LC-MS
(ESI) (tg = 20.66),m/z(relative intensity) = 7312MH", 43), 366 (MH', 100).
(22)-3-[(2-Hydroxyethyl)amino] -3-(4-tert-butylphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one
(11a).LC-MS (ESI) (tg = 5.41),m/z(relativeintensity) = 707 (2MH, 76), 354 (MH, 100).
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272)-3-(2-Butylamino)-3-(4-tert-butylphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (11b).LC-MS
(ESI) (tz = 21.82),m/z(relative intensity) = 73{12MH", 82), 366 (MH, 100).
2-{[(1LE)-1-(4-tert-Butylphenyl)ethylidene]amino}ethanol (13a)LC-MS (ESI) (tg = 20.58),m/z
(relative intensity) = 439 (2MH 20), 220 (MH,100).
N-[(1E)-1-(4-tert-Butylphenyl)ethylidene]butan-1-amine (13b).LC-MS (ESI) (tr = 22.20),m/z
(relativeintensity) = 463 (2MH, 18), 232 (MH, 100).
2-{[(1LE)-1-(4-Methoxyphenyl)ethylidene]amino}ethanol (14a)LC-MS (ESI) (tg = 5.38),m/z(rela-
tive intensity) = 387 (2MH 26), 194 (MH, 100).
N-[(1E)-1-(4-Methoxyphenyl)ethylidene]butan-1-amine (14b).LC-MS (ESI) (tz = 1.82),m/z(rela-
tive intensity) = 411 (2MH 22), 206 (MH, 100).

RESULTS AND DISCUSSION

During the reactions of the selected UVdik (Table 1) with butylamine or ethanolamine, different
temperatures (20, 40, 60, and 80 °C) were selettasl higher temperatures should enforcertree-
tions and increase the yield of products, whlile lower temperatures should assure that reaciisns
took place at moderate terms, which camdached on the skin surface in direct summitday sun-
light within 15 20 min [44]. Comparinghe two primary amines, it generally was obseryed etha-
olamine was clearly more reactive thautylamine (Figire 1), which is difficult teexplain, but might
be attributable to the inductiedfect of the hydroxyl group.

Table 1.UV filter substances under study

Name (shortcut) Chemical structure

(o]
Benzophenon& (BR-3)
HO OCH;§
o
Hydroxymethylbenzoy! dfonic ‘)‘\/‘,\S%H
acid (HMBS) O O
HO OCH;,

4-t-butyl-4 Gnethoxydibenzoyl

~
methane (BMDBM) O O
HeC; OCH,
OH
Dibenzoylmethane (DBM) O & O

3-benzylidene camphor {BC)

(4-MBC)

o
\
4-methylbenzylidene ecaphor %
\
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BP-3 and HMBS showed the highest reactiates with both amines (Figure 2). Already 60 rain
80°C led to a nearly complete conversion watthanolamine (Figure 2A).

With butylamine, thesame conversion was achieved only after 2 h(iiggire 2B). In the presence of
ethanolamine, theame results were also obtained after 3 h at 4@rftCeven at roonemperature
(Figure 1B), while irthe presence of butylamine at room temperatwenaersion of only about 40%
(Figure 1A) wasobtained. As compared to benzophenones,re¢aetion rates of the dibenzoydm
thanes were clearlpwer (Figure 2). Additionallythere was n@pparent spontaneous conversion at
room temperature, but heating to 40 °C significantigreased the turnover in the presence of both
ethanolamine and butylamine (Figure 1A/B).

100 @mRT
BRT+UV
<8 @ 40 °C
= m 60 °C
.g 60 & 60 °C +UV
E, @ 80 °C
2 40
[«]
)
20
0 L
O
Q
%
B
100 @RT
BRT+UV
9 80 @40 °C
‘c’ m 60 °C
G 60 @ 60 °C+UV
(7]
i 80 °C
2 40
=
S
20
0 k
<
Q
>

Figure 1. Conversion rates for the reactions of gtedied UVfilter substances with butylamine (A) etharo-
lamine (B) after 3 hours under different conditioR3; (room temperature), UV (UV irradiation).

As should be expected, the amount of amine digethe reaction strongly influenced the reaatio
rates; the m@ amine, the faster the reactidtiter 1 hour heating at 40 °C in the presenceafino-
lar amounts of ethanolamine, nearly 30%@P-3 was transformed (Figure.3)Vith a 2.5fold or a 5
fold excess of ethanolamine, the reactimmversion doubled or evdripled. For HMBS the results
were nearly the same (Figure 3).clse of the dibenzoylmethanes, howeverxaess of amines only

had a minor effect on theonversions (Figure 3), which is in agreemaith the generally lower rea
tivity.

94



Model studies of ketones with primaaynines

100
A
__ 80
X
S 60
]
g
c 40
) .
o - % BP-3
20 . o --HMBS
- ~+-DBM
e -0 BMDBM
0 L' L 1 L 1 L J
0 60 120 180
Heating time (min)
100
B .
80
S— ’.
S 60 T
S -4 BP-3
- % -
§ 40 - --HMBS
o - -+-DBM
_» -0 BMDBM
20 ras
/,« e —-0
0 M o Kl ‘9—- N N . y
0 60 120 180

Heating time (min)

Figure 2. Reactions rates of the studied UV filtsubstances in the presence of ethanolamine (Autdamine
(B) at 80 °C.

An additional UV irradiation of the reactidmtches had no influence on the reactions of3B#d
HMBS (Figure 1). For the dibenzoylmethanadditional radiation led to a slightly increasashve-
sion of up to 5% and 6% for DBM arBM-DBM, respectively, both at room temperatared at 60
°C, when the difference was mgmnounced at ambient temperature (Figure 1).

In contrast to the highlyeactive benzophenoneble two camphor derivativesBC and 4MBC (both
also ketones) did not afford detectat#action products under the used conditions Wwath amines.
HPLC analyses resulted in recovertés-98%o0f the UV filters in any case.

Thedifferences in the reaction behaviour obvious#pend on sterical hindrance or on the cyclic keto
group. During the former HPTLC screeningB8 and 4MBC also showed only a slight binding to
the amino phase [43].

HPLC analyses resulted in recover@@s>98% of the UV filters in any case. Tldifferences in the
reaction behaviour obviouslgepend on sterical hindrance or on the cyclic lgtmip. During the

former HPTLC screening,-BC and 4MBC also showed only a slight binding the amino phase
[43].
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Figure 3.Conversion rates of the studied UV filrbstances in the presence of ethanolamine at differaliar
ratios after 1 hour at 40 °C (BPand HMBS)and at 80 °C (BMDBM and DBM).

Reaction products

The reaction of BB and HMBS with both aminesnly led to the respective imineksa/b and 2a/b
(Figure 4). Any byproducts could not be detecteahd an additional UV irradiation had also no unfl
enceon the reactions of both Band HMBS.

R2 R R?
o R N~ Rt BP-3 H -
2 16 H C.H,OH
O O H,N—R O O 1b H CsHs
HO ocH, HO Gahy UMBS Boill -
2a SO;H C,H,OH
BP-3/HMBS 1alb, 2a/b 2b SOsH  C4Hs

Figure 4. Reaction products of BB and HMBS with butylamineral ethanolamine.

BM-DBM, however, afforded a multiplicity afeaction products (Figure 5), which were assigbgd
LC-MS. The benzamides with both methaMa/b) and tbutyl substituents8a/b), the corresponding
acetophenone derivative6 &nd 7), and theconstitution isomers of the enaming8a/b and 11a/b
were detected. In the presenceaof amine excess, two iminek3@/b and 14a/b) were additionally
identified, resulting from a furtheeaction of product§ and7 with the amines.

For an easier prepdige isolation of the differenteaction products and clear confirmation MWIR
spectroscopy, the unsubstituted DBM veat®sen. The two amidéa/b, the cleavag@roduct acet-
phenone}), and the enamineXa/b unequivocally could be identified (Figure 3he additional imine
by-productsl2a/b wereassigned by LEMS. As for the imine formation of BB and HVMBSthe fa-
mation of the dibenzoylmethane enamigeserally was depending on temperature andéehetion
time. Accordingly, after 3 hours at rodemperature, enamines were not detectable (Figurel&X-
ing at 60 °C yielded the respective enamiagsnain products, while an additional UV irradiatiad
no significant influence on their amou@ontrarily, both temperature and irradiation affedtesifor-

mation of the amide products (Figure 6).
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Figure 5. Reaction products of DBM and BBM with butylamine and ethanolamine.

At 20 °C, irradiation of the ethanolamine reacttmatch yielded 10 and 7 mol% amides from DBM
and BM-DBM, respectively. Also a60 °C, theadditional UV irradiation resulted in slightigcreased
amide formation (Figure 1).

mAU

260 a:60°C

4 5 2 3all3b

b:20°C

o . N

c:20°C + UV

; 4 5 2
¢ N S u——
. .

10 15 ) 25

Figure 6. HPLC chromatograms of reaction batches of-BEBM with butylamine after (a) heatinfigr 3 hours
at 60 °C under light protection, (b) 3 hours storagthe dark at 20 °C, and (c) Ufadiation at 20 °C. Dete
tion wavelength: 250 nm; measured concentrations: 0.7 mmol/L.

1: BM-DBM keto-enol form 2: BM-DBM diketo form 3a /3b: enamine$0b and11b; 4: 4-Methoxybenzamide
(4b); 5. 4-t-Butylbenzamidegb)

Contrary to previous assumptions [45, 46] that the diketo form oW arises only underradiation, it was
already detectable in untreated standard solutions at the appropriate wavelength.
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Influence of amine reactions on the UV spectra

For BR3 and HMBS, the bonded amines participétethe resonance delocalisation process, which
resulted in strong bathochromic shifts (FigureA strong increase of absorbance in the UVA range
was calculated for both the butylamine attanolamine reaction batches,igfhwas at theexpense
of UVB absorption, but neverthelesssulted in an increased absorption of approximéi@®p for the

whole UVA+B range (Table 2).

The isolatedenamine®a/9b showed only a small bathochronshift and a slightly reduced abber

ancelog U = 4.46 at 359 namdistincthdintse,case di the berzdphermones.w a s
Obviously, the enamines provide a nearly identcdtabmophore as the ketmol forms of dibenz-
ylmethanesThe amides3a/3b, however, completelipst the dilenzoylmethane chromophore, leading

to a strong spectrum change. The absorptiarimum was located at 225 nm and 226 reapectie-

ly, and the absorption coefficiedte cr eased consi der ab thgbutylamnéang U 4.

ethanolamine derivates,respectively.

Therefore, the spectra of the reactimiches of both DBM and BNdBM with ethanolamine showed
a strong decrease absorbance over the whole UVA+B range bya®di 59%, respectively. Acabr

ing to the lowerconversion rates, the decreaseabsorbance waalso lower for the reaction batches

with butylamine (Table 2).
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Figure 7. UV spectra of the respective UV filter standard solutions (i) and of reaction batchdsutyidamine
(ii) and ethanolamine (iii) after 3 hours heating at 80 °@abured concentrations: about 5 mg/L.
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Table 2. UV absorbance characteristics of the pure UV filter substances and the reactions mixtuetisanih
amine (EA) or butylamine (BA) after heating for 3 hours at 80 °C, measured at concentrattongtf and
calculated as area under the curve (AUC).

UV-A range UV-B range UV-A and UV-B
AUC Percentage AUC Percentage AUC Percentage
change change change
BP-3 13.3 20.6 34.0
+EA 178 +34% 17.9 -13% 35.8 +5%
+BA 20.8 +56% 18.9 -8% 39.7 +17%
HMBS 9.1 125 21.6
+EA 121 +18% 247 -11 % 23.2 +7%
+BA 13.0 +43% 11.6 -7T% 24.7 +14 %
DBM 83.8 28.1 111.9
+EA 121 -82 % 2.2 -89 % 14.3 -84 %
+BA 67.1 -20 % 19.7 -30 % 86.8 -22%
BM-DBM  39.0 8.1 46.8
+EA 1438 -62 % 4.3 -47 % 19.0 -59%
+BA 36.3 -7T% 7.2 -11% 43.2 -8%

CONCLUSION

The present study shows that the UV fikabstances BB, HMBS, DBM, and BMDBM (all with a
functional carbonyl group) indeed weable to react with primary amines. Undleeinfluence of heat
and/or UV irradiation, thgeneration of different reaction products likeines, amides, and enamines
could be detectedyhich are also to be expected in the presenskiofproteins. With a molar excess
of amine(corresponding tohie conditions after applicatiaon the skin), the reaction rates increased
significantly.

Reactions with primary amines clearly affect Ui spectra. In the case of DBM and BMBM, reec-
tions are associated with a significaleicrease of absorption stremgind a loss of theJVA protec-
tion. On the contrary, for BB andHMBS the conversions lead to bathochromsinifts and hence to
approved UVA protection.

The observation that the camphor derivati8¢3C and 4MBC did not form detectable reactiqnod-
ucts wth amines under the conditions usetlects the results of our previous HPTLC screenings.
Further studies with proteins and skin models /e to show, if the results obtained in this study
are transferable to more complex skin maettems. In addin, experiments with further Ufilters,

e. g. with ester structures, will show, whetlilee already developed fast screening actualligws
direct conclusions about the reactivitysainscreen filter substances with proteins. Ide#ily,scree-

ing is dso suitable for a first assessmaiftother cosmetic ingredients having moietieactive -

wards proteins.
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IV Reactions of cosmetic UV filters with skin proteins: model studies of esters
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ABSTRACT

Cosmetic UV filter substances are known triggfens contact or photocontact allergies. UV filters
contain reactive carbonyl groups, which possble reaction partners for free amino acidpmmteins
from human skin, through which thean act as haptens. Prior screening using pégformance thin
layer chromatography (HPTL@mino phase showed that commonly usedfllters with responsive
estergroups were able toind covalently to the amino side chaingtud plate after heating and/or UV
irradiation. Theaim of the study presented here was to investitj@einderlying reaction mechanisms
and toassign possible reaction products for the filter substances octocrylene (OCR), ethylhexyl
methoxycinnamate (EHMC), ethylhexyl salicylatlEHS), octyldimethyp-aminobenzoic acid
(OD-PABA), and ethylhexyl triazone (EHTWsing two primary amines, namely ethanolamamel
butylamine, as reaction partseHeating othe reaction batches completely transformed Q@&its
corresponding benzophenone imingkjle for EHS, EHT, and EHMC, ester aminolygiginly yield-

ed their respective amides. In the caseEHMC, a Michaelype addition reaction alsoccured,
which resulted in addition of thgrimary amines to the conjugated double bdnatther UV irrada-
tion of the reaction batcheatightly affected the product distribution of OGRd of EHMC, but not of
EHS and EHT. Thebserved reactions generally hgictat influence®n the absorption spectra. For
EHS, a significanbathochromic shift and an increased absorbavere observed, while for EHMC,
and especialljor OCR, UVA+B efficiency was clearly lost. lcontrast, for OBPABA, no reaction

productscould be generated under the conditions used.

KEYWORDS: UV filters, UV irradiance, proteiinding, esteamine adducts, mass spectrometry,
NMR, OCR, EHMC, UV absorbance

INTRODUCTION

Various case reports, patch test and photogatttdata published in reteyears suggest thaynthe-

ic UV filter substances are often the cao$allergic and photoallergic contact reactionghad skin
[1-8]. This certainly is, among oth#ings, attributed to the increasing use of filiérs in a variety of
cosmetic prodcts, includingspecific sun protection products and also in maaNy body care prd-

ucts such as hand and faweam, hair spray and make products. Thesgroducts advertise UV pr

tection to prevent earlsigns of skin aging triggered by daily sexposire [9, 10].
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UV filters are important cosmetic ingredientiowever, their extended usage with increasldd can-
tact time challenges their behavior astdbility, including photostability, and hence thpiotection
capability [1213]. As a result, theiprotection capability could be quite different e skin than in a
comparablen vitro test [14].

Indeed, reactions of UV filters and th@hotodegradation products with skin proteins tarde e-
pected. The formation of protein adduistisissociated wh a certain hapten activity arnide incidence
of contact allergic skin reactiorf$5-17]. Several publications have focused on itentification of
reactive groups and elucidatiai possible underlying reaction mechanisfh8-20]. However, the
reactionpotential of cosmetitJV filter substances with proteins has not beatensively examined
[21-23].

Recently, we developed a fast and singdeeening method using an HPTLC amino plata psotein
model layer to get an initial evaluatiof the reactivityof different UV filter substancemwards ar
no groups of skin constituents [24]he tested UV filters were either ketonesesters, and theyer
vealed a different degree ofactivity after heating or irradiation. To furthexamine the underlying
reacton mechanisms, wapplied two primary amines as reaction partfiershe common UV filters
butylmethoxydibenzoylmethang BM-DBM), benzophenon8 (BP-3), 3benzylidene camphor
(3-BC), 4-methylbenzylidene camphor -MBC), and hydroxy-4-methoxybenzophenorigsulfonic
acid (HMBS), all of which provide reactive keto diketo groups. Different reaction products and
conversion rates could be identified, whidpended on the UV filter skeletons and risaction co-
ditions [25].

Therefore, the aim of the presestidy was textend these studies to UV filter substanoastaining
ester groups, such as ethylherythoxycinnamate (EHMC), octocrylene (OCBhylhexylsalicylate
(EHS), octyldimethylpaminobenzoi@cid (OBDPABA), and ethylhexytriazone (EHT). Usindputyi-
amine and ethanolamiress reaction partners and simple models for araicids or proteins of the
skin, reaction product®rmed under the conditions of UV irradiatiand/or under slight heating were
isolated anddentified. Finally, the UV spectra okactionbatches were recorded to determine the

effects ofreaction products on the UVA and UVB absorbance.

MATERIALS AND METHODS

Ethylhexyl methoxycinnamate (EHMC, Eusole2292), octyldimethyp-aminobenzoic acid

(OD-PABA, Eusolex 6007), octocrylene (BCEusolex OCR) and methanol (HPLC grade) walye

tained from Merck (Darmstadt, Germanypluene4-sulfonic acid monohydrate (~99%) aatharo-

l amine (099%) wer ¢NewUm Germamy)d Acétanitrile (HPUC iladwe)as pu-

chased from Carl RottKarlsruhe,Germany).2-Ethylhexyl salicylate (EHSh ut yl ami ne ( 099 .
ammoni um f or dmaethy sulfodded @YSO-ds, 99.96 atom% D)D,O (99.99 atom %

D), acetoneds (99.9 atom% Dpand deuterahloroform (CDC}, 99.8 atom% Dyvere purchaseddm
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Aldrich (Steinheim, Germany)thylhexyl triazone (EHT, Uvinul T 150) was kindly provided by
BASF (LudwigshafenGermany).

High-performance liquid chromatography (HPLC)

HPLC measurements were carried out on a 1it@d chromatograph (Agilent, Waldbnn, Gerna-
ny), using a quaternary HPLC pur((® 1311A), a degasser (G 1315A), an autosan{@et313A), a
column oven set to 30 °C (G 1316A9nd a diode array detector (G 1315B) with DABtection
wawelength of 275 nm, 313 nm, ai3$0 nm (spectral bandwhil{SBW) 8 mm). Theeference was-
length was 500 nm (SBW 8 mnfjor data processing, the HP ChemStation soft{i@e A.04.02)
was used. The stationary phase wdaurospher 168 C 18 HPLC column, 250 mm3mm (Knauer,
Berlin, Germany). The mobilphase(0.5 mL/min) consisted of acetonitrile (And 10 mM amman
um formate buffer set to pK4.0 (B). For EHT, isocratic elution (90% A / 10B) was used. For the
other UV filters the gradienvas % B (t(min)): 40 (G%0 (4)25 (9)25 (13}10 (17)24 (40}26 (40.

The injection volumewas 0 ¢ L .

HPLC -electrospray ionization masspectrometry (LC/ESI-MS)

LC/MS measurements were performed onidentical Agilent 1100 chromatograph as described
above, coupled with an MSD singigiadrupolemass spectrometer (G19568gilent) equippedvith

an electrospray ionization (ESI) interfaddass spectra were generally recorded in the fESltive

full scan moder(i/z50-1200), and in thease of OCR reactions, additionally in the BSgative full
scan modeni/z50-800) usingthe following settings: capillary voltage 4 kV, skimmeoltage 35 V,
nebulizer gas pressure 20 psigurce temperature 100 °C, drying gas temper&Q@e°C, drying gas
flow rate 10 L/min, fragmentatarltage 80 V, gain 1, threshold 100, and stize 01. For data -
cessing, ChemsStation softwgisgilent) was used.

Spectroscopy

Infrared (IR) spectra were recorded on a DBampler SMART ATR installed at the Avatar 320-
IR-Spectrometer (Thermo Nicolet, MadisddSA). The samples were applied on anaiad crystal
and were recorded between 4000 &0 cm'. A minimum of 32 scans was signalaveragéth a
resolution of 2 cril.

UV spectra were measured using a PeBdimer Lambda 2 (Uberlingen, GermanyjC and'H nucle-
ar magnetic resonance (NMR) spacivererecorded at 300 MHZ'K) and 75 MHz ¥C) on avarian
Unity Inova300 spectrometer (Variabarmstadt, Germany). The samples weissolved in CDG|
DMSO-ds, D,O, or acetoneals. The signal assignments were made basechemical shifts related to
tetramethylsilane(TMS) and HH and GH correlation datas = singlet, d = doublet, t = triplet, q =

guartet andn = multiplet.

104



Model studies of esters with primary amines

Thermal reaction of UV filters with amines

Each UV filter (0.5 mmol) was weighed intol@ mL screwcapped glass tube (SchdWlainz, Ger-
many) and suspended in acetonitrile (5 neéx¢ept for EHT, which was suspended in 5 adetori
trile/toluene (80/20). Butylamine (1 miLp mmol) or 0.6 mL of ethanolamine (10 mmai)d toluene
4-sulfonic acid monohydrate (1 m§, € mol ) wEhe mixtumedwa e lebated f8rh at 40 or

80 °C. Afterwards, the reaction watopped by cooling the tubes under runningwager. As controls,
reaction batches were storiedhe dark, at an ambient temperatur@mbroximately 20 °C.

To determine the ipact of the quantity of aminen the reaction, different amounts of ethanolamine
were used (equimolar; &nd 5fold excess foOCR, 5, 10- and 26fold excess for EHS andHMC,
and 10, 20- and 306fold excess for EHT).

Photoreaction of UV filters in the presence ofamines

Each UV filter (2 mmol) was weighed into5® mL quartz beaker with a diameter of 38 r{irh.
Geyer, Renningen, Germany) and suspendextetonitrile (20 mL), except for EHT, wheaeetotir
trile/toluene (80/20, 20 mL) was usdgither buylamine or ethanolamine (40 mmol) ataluene4-
sulfonic acid monohydrate (3.8 mg,0 € mol ) wer e add e dclosed hyea tefloma a k e r
cap and irradiated for 3 h. Tmaintain a consistent temperature (20 °G60r°C), the beaker was
placed insie a quartglass flow chamber, which was connected thiler (Model RML 6, Lauda,
Germany). Foiirradiation, a modified sun simulator SOL 50@h a 430 W metal halide lamp (Dr.
Hoéhnle, Gréafelfing, Germany) was used. The modificatiomolved the frontfilter glass being e-
placed by armluminum plate with two 16 chgaps to hold twaVG 295 glass filters (Schott, Mainz,
Germany).The irradiation intensities were 12.5 mW/cim the UVA and 0.55 mW/cfin the UVB
range.For 3 hours of irradiation, the cosmonding lightdoses were 1410 kJr(2.3 kJ/quartz bda
er). Thesolutions were stirred continuously using/ariomag Micro stirrer (Thermo Scientific). To
distinguish between the effects of heat or tddiation on the reaction, a second batch praparedn
another quartz beaker in the samanner, but was completely covered by alumirfaihand placed

aside the irradiated sample.

Isolation of the reaction products

The reaction solutions were evaporated to dryireasLabconco (Kansas City, USA) Centaycon-
centrator equipped with a CentriVap cold teatpa temperature of 35 °C. For OCR, the obtanesd
dues could be directly used for NMiRectroscopy. For the reaction batches of the atiilters, the
residues were dissolved in 5 nmhethanol. To islate the reaction products, 1 nof the methanolic
solution (five injections) wasubjected to a preparative Kronlab HPLC sys{&msheim, Germany)
consisting of a HD 200HPLC pump, a €R3A Chromatopac Integrat¢himadzu), and a Variable

Wavelength Mnitor (Knauer, Berlin, Germany).
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For separation, ¥MC (Dinslaken, Germany) HPLC colun{®DSA , RP 18, 5 &m, 20 m
was usedFor the first 14 min elution was performed wahetonitrile/water (60/40), followed by a

3 min flushing of the column wih pure acetonitrile. Thdetection wavelength was 275 nm and the

flow rate 8 mL/min. The respective fractions weotlected, the solvent was evaporated and¢ge

due dried over phosphorus pentoxide. Phaty of the products was examinediBLC/DAD.

Reaction products isolated from the respectiveatches after 3 hours at 80 °C
EHS

N-(2-Hydroxyethyl) -2-methoxybenzamide 90 mg (99 mol%)f purewas obtained as reddishbrown,
highly viscous oOink(nmV/ ¥ieg (et Babol):)B3583a70. | R (
(m), 3055 (w), 2932 (m), 2862 (M), 1608, 1554 (2), 1448 (m), 1322 (m), 1243 (w), 1144, 1070

(m), 1030 (m), 853 (w), 766 (w), 7Q). LC-MS (ESI) (tz = 2.77)m/z (relative intensity) = 182

(MH+, 100), 147 (22), 121 (105,06 (21)'HNMR (DO, 300 MHz) UGIH| p.3Lfm, 7. 82
1H), 6.77 (m,1H), 6.65 (m,1H), 3.77 (t, 2H3J = 5.6 Hz), 3.55 (t, 2H) = 5.6 Hz)*C NMR (D.O,

300 MHz) 1712, 16%8p 184.0, 129.7, 122.2, 118.4, 1187, 41.3.

N-Butyl-2-methoxybenzamide 87 mg (90 mol%)pf purelb was obtained as yellorown viscous

oil . UV/ Vi s ((mme)t h@n®® ) 8®) 317 R?Y: B5AF3RTD (M3, 3065win

2956 (s),2929 (m), 2870 (m), 1633 (s), 1595), 1538 (s), 1498 (m), 1456 (m), 1365 (w), 13086,

1227 (m), 1144 (w), 1034 (w), 865 (w), 7&#), 699 (w). LGMS (ESI) (tg = 4.69)m/z(relative -

tensity) = 194 (MH, 100), 147 (22)121 (3), 106 (32)*H NMR (acebneds, 300 MHz) U (ppn
(m, 1H), 7.37 (m,1H), 6.89 (m,1H), 6.81 (IH, m), 3.41 (2H, t3J = 7.0 Hz), 1.61 (2H, m), 1.39 (2H,

m), 0.93(3H, t,%) = 7.3).°C NMR (acetonals, 300 MHz) U (ppm) 170.4, 16:
118.6,115.9, 39.6, 32.2, 2D, 14.0.

EHMC

(2E)-N-(2-Hydroxyethyl) -3-(4-methoxyphenyl)prop-2-enamide 21.6 mg (20 mol%) of pur@a
was obtained as yellow, very viscous liqudlvV/ Vi s ( mgi( hapol() oad @4 291 (
(4.21). | R"): B3RABREY (s)293Q (@)n286 (m), 2355 (w), 1649 (m), 1595), 1551
(m), 1508 (s), 1247 (m), 1225 (m), 11(f), 1062 (w), 1030 (w), 976 (w), 824 (m). LGS (ESI) (tr
= 3.21) m/z (relative intensity) =465 (2MN4, 35), 244 (MN3, 5), 222 (MH, 100), 161 (20%)H
NMR (DMSO-ds, 300MHz) U ( p p m) 8% =055 Hg)t7,51 (in,F2HY.36 (d, 1H.2] = 15.8
Hz), 6.96 (m, 2H), 6.51 (d,H, %) = 15.8 Hz), 3.77 (s, 3H), 3.46 (t, 2H,= 5.9 Hz), 3.24 (m, 2H}*C
NMR (DMSOds, 300 MHz) 4 (ppm) 1685885K120.2 615,606, 56.0,3203. 3, 12
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(2E)-N-Butyl-3-(4-methoxyphenyl}prop-2-enamide 8.2 mg (7 mol%) of pur@b was obtaineds

light-brown, very viscous liquid. UV/VIi{ met haf@©mm) a(l og U) BBH.0OR (4. 29)
( ATR) 332908210 (m), 3074w), 2952(m), 2930 (m), 2865 (W), 2344 (W)649 (m), 1595

(s), 1551 (m), 1508 (s), 1453 (W)301 (w), 1286 (w), 1247 (m), 1225 (m), 11(rd), 1029 (w), 976

(w), 824 (w). LGMS (ESI) (tr = 5.43)m/z (relative intensity) = 467 (2MH 20), 234 (MH, 100),

161 (3%) 'H NMR (CDCEL, 300 MHz ) U ( p p m)° 155 Fz)74d4 (m, 2H}6.68 (m,

2H), 5.55 (t, 1H>J = 6.1 Hz), 6.25 (d, 1H) = 15.5 Hz), 3.83 (M8H), 3.39 (m, 2H), 1.55 (m, 2H),

1.40 (m, 2H),0.95 (t, 3H,%J = 7.2 Hz):"*C NMR (CDCL, 300MHz) & (ppm) 1666. 4, 1
129.5, 127.9118.7, 114.5, 55.6, 39.7, 32.1, 20.4, 14.0.

N-(2-Hydroxyethyl) -3-[(2-hydroxyethyl)-amino]-3-(4-methoxyphenyl)propanamide. 14.4 mg(10
mol%) of pureda was obtained as lightbrowsery viscous liquid. UV/Vis (methanody.x (nm) (log
U) 6(@.27), 201 (4.37). IR (ATR)  (")c 38903280 (s), 2953 (m), 2920 (m), 2868), 1716 (W),
1632 (m), 1594 (s), 1545 (m), 1508, 1453 (w), 1306 (w), 1247 (m), 1225 (m), 1@, 1057 (w),
1029 (w), 975 (w), 823 (w). LCMEESI) (tr = 4.12)m/z (relative intensity) =283 (MH', 100), 222
(5%).

N-Butyl-3-(butylamino)-3-(4-methoxyphenyl}propanamide. 6.3 mg (4 mol%) of purdb wasob-

tained as bright yellow, fine powder. UV/Visme t h an(odm) o 1 og U)(@d®BRMR (4. 23
( ATR) ™MB32996mn 2952 (m),2919 (m), 2865 (W), 1714 (m), 1627 (m), 15@d), 1540 (w),

1508 (s), 1453 (w), 1440 (w), 124m), 1160 (m), 1030 (w), 824 (w). RIS (ESI) (tr = 10.21)m/z

(relative intensity) = 307 (MH 100), 234 (5%)*H NMR (CDCk, 3 0 0 (pbrhg 721 (ih, 2H),

6.88 (m, 2H), 3.79 (2, 3HR.89 (m, 1H), 3.22 (m, 2H), 2.48 (m, 2H), 248, 2H), 1.42 (m, 4H), 1.31

(m, 4H), 0.89 (mpH); *CNMR (CDCk, 300 MHz) 159.(,A36R,)1278,7114.2759.7,
55.5,47.0,44.439.1, 32.5, 31.9, 20.7024, 14.2, 14.0.

By-products (identified by mass spectrometry):

2-Ethylhexyl 3-[(2-hydroxyethyl)amino]-3-(4-methoxyphenyl)propionate (3a)LC-MS (ESI)

(tz = 5.16)m/z(relative intensity) = 352 (MH 100).

2-Ethylhexyl 3-(butylamino)-3-(4-methoxyphenyl)propionate (3b).LC-MS (ESI) (tg = 16.20)m/z
(relative intensity) = 364 (MH 100).

OCR

2-[(Diphenylmethylene)imino]ethanol. 111 mg(98 mol%) of pureba was obtained as yellohighly
viscous oil . UXOmy{lsog mé haéabd | | 4 51330p3250I(n, 38 T R) 3
3010 (m), 2919 (m), 2872 (m), 16%§), 1620 (s), 1593 (m), 1573 (m), 1442 (s), 181, 1271 (s),

1068 (w), 1024 (w), 941 (w), 762v), 695 (s), 69 (w). LG-MS (ESI) (tr = 4.08)m/z(relative intens

ty) = 226 (MH, 100), 106 (4)'H NMR (CDCL, 300 MHz) U 4H),7.BOMN8 (A, 6H),1 ( m,
3.84 (t, 2H) =5.3 Hz)3.49 (2H,t3J =53 Hz)®CNMR (CDCL, 300 MHz) U (ppm) 168
130.2,128.3,127.7, 62.9, 55.5.
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N-Butyl-1,1-diphenylmethanimine. 115 mg(97 mol%) of puresb was obtained as yellowighly
viscous oil. UWMNHnY(lsog mé)Y haea o | | 4 $133003200I(vR, 3G8A T R)
3015 (w), 2961 (s), 2921 (s), 2859,(H59 (M), 1617 (s), 1593 (m), 1576 (m), 1442 (211 (w),

1278 (m), 1070 (w), 1029 (w), 780 ()64 (m), 694 (s), 637 (W). LMS (ESI) (tr = 14.46)m/z
(relative intensity) = 238 (MH 100),106 (3)."H NMR (CDCk,, 300 MH z?759 @n, 4Hp p m)
7.31:7.49 (m, 6H), 3.37 (2H, £J = 7.0 Hz), 1.65 (2H, m), 1.34 (2H, m), 0.&H, m). **C NMR
(CDCl, 300 MHZ67.7,037(1p1p9)128.4, 127.9, 53.6, 33.4, ARA),

By-products (identified by mass spectrometry):

2-Ethylhexyl cyanoacetate (6)LC-MS (ESI) (tgr = 4.19)m/z(relative intensity) = 196 ([MH], 100).
2-Cyano-N-(2-hydroxyethyl)acetamide(7a)C-MS (ESI) (tr = 3.12) m/z (relative intensity) = 127
([M-HJ", 100).

N-Butyl-2-cyanoacetamide(7b).LC-MS (ESI) (tg = 3.38) m/z (relative intensif) = 139 ([M-H],
100).

By-products formed under additional UV irradiation (identified by mass spectrometry):
2-Hydroxyethyl-2-cyano-3,3-diphenyl-2-propenamide (8a).LC-MS (ESI) (tz = 2.86)m/z(relative
intensity) = 293 (MH, 100), 315 (MN3 5).

2-Butyl-2-cyano-3,3-diphenyl-2-propenamide (8b).LC-MS (ESI) (tr = 12.68)m/z(relative intens
ty) = 305 (MH', 100), 327 (MN34 6), 631 (2MN3, 30).

EHT

4-[[4,6-Bis[[4-(2-ethylhexoxy-oxomethyl)}phenyllamino]-1,3,5triazin -2-ylJamino]benzoic acid 2
hydroxyethyl amide. 20.3 mg (5 mol%) of pur@ was obtained as colorless powder. UV/{fizetha-
nolnx(@mm) (1 og U) 3B3 (Yc360E20p (s), 2958 (nf),2I2R |s), 2845),
2360 (s), 2341 (m), 1693 (w), 1609 (m), 148%), 1414 (m), 1310 (w), 1278 (m), 1248 (w), 11W3,
1111 (w), 851 (w), 768 (w), 668 (w). RIS (ESI') (tr = 17.91) m/z(relative intensity) = 754MH",
100), 308 (10)H NMR (CDCL, 300 MHz) U ( p ¥ mb.518H2),07BIm( 2H), 7.74 H ,
7.66 (m, 10H), 4.25 (m, 4H), 3.88 2H, %) = 5.4 Hz), 3.66 (t, 2HJ = 5.4 Hz), 1.73m, 2H), 1.45
1.20 (m, 16H), ®6 (m, 6H), 0.9¢m, 6H)."*C NMR (CDC}k, 300 MHz)ui (ppm) 167.8, 166.3, 164.2,
150.5, 142.4, 130.7, 129.828.0, 125.2, 119.9, 119.4, 67.8, 62.6, 42.9, 38%, 28.9, 24.0, 23.1,
14.0, 11.1.

108

3



Model studies of esters with primary amines

RESULTS AND DISCUSSION

The reactions of the UV filter sutasices thatvere analyzed (Table 1) with the amino aciddels
butylamine and ethanolamine werenducted at different temperature levels: 20,660,and 80 °C.
The moderate temperatures wet®sen to reflect standard environmemtahditions such as nasl

warming of the skin imlirect summer sunlight within 20 min [26].

Table 1.UV filter substances under study.

Name (shortcut) Structure
O _OCgH,;

: Z ScN

Octocrylene (OCR)
(0]
Ethylhexyl -
methoxycinnamate OCgHq7
(EHMC)
H,CO

(o]
Ethylhexyl salicylate
(EHS) OCgH,7
OH
Octyl dimethyl PABA HsC 0
(OD-PABA) /N4@—(
HaC OCgH,;
0
OCH,,
Ethylhexyl triazone
oc HN oc

(EHT) Ho H
N%klN (o]
Sy

(o}

The higher temperatures should acceleraterédaetions and increase the yield of the productseto
isolated and elucidated. To observe thi#uence of UV radiation on the reactions, thatches at
20°C and 60 °C were additionallyradiated, and the results compared to theinaadiatedsamples.
As already observed duriripe experiments with ketones [25], ethanolamiras significantly rore
reactive towards estetisan butylamine (Figure 1).

Among the selected UV filters, OCR and Ekt®wed the highest reaction rates with dmitylamine
and ethanolamine (Figure 2), whichinsgood agreement with the results obtaidadng the previous
amino HPTLC screening [24After only 10 min at 80 °C, OCR completalyacted with ethanolamine

(Figure 2B), while withbutylamine the conversion was complete witbthmin (Figure 2A).
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Figure 1. Conversion rates of the studied UV filterdlire presece of a 2émolar excess of butylamine (A) or
ethanolamine (B) under different conditions after 8%;(UV irradiation), RT (room temperature)
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Figure 2. Reaction kinetics for the
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conversion of teidied UV filters in the presence of a-2@lar excessf

ethanolamine (A) or butylamine (B) at 80 °C.
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Even at room temperaturehah conversion of >70% or >50% was obserirethe presence of eth
nolamine and butylamineespectively, after a reaction time of 3 h (FigureEES showed the same
tendency a©CR, but aroverall lower reactivity. At room temperature, 3%%d 12% of the initial
EHS reacted with ethanolamirsd butylamine, respectively, within 3 h. As @R, heatingn-
creased the conversion significanfiigure 1). In the presence of ethamoiae, acomplete conve
sion of EHS was achieved aft@¢® min, while it took >180 min with butylamirn{&igure 2). Compared
to OCR and EHS, reactiaates of EHMC were clearly lower (Figure 2). /lom temperature, no
spontaneous conversiaould be observedut even marginal heating 4® °C or 60 °C increased the
conversion in thepresence of both butylamine and ethanolamifiégure 1). The two
p-aminobenzoates, EHT at@D-PABA, showed the lowest reactivity generally no reactivity (G-
ure 1). For EHT, my reactivity was limited to the reactions wigthanolamine at high temperatures,
only leadingto a low conversion of up to 6%. In the presentdutylamine, EHT was completely
recoveredgeven after 3 h at 80 °C. Reaction product©8FPABA could not bddentified under the
conditions used, neither with butylamine math ethanolamine. HPLC analyses resultedeicoveries
of >99% for ODPABA. During theformer HPTLC screening, OBPABA seemed tghow a moderate
binding to the amino phase, htiwas alredy suspected that the additiofi@mation of two phat-
degradation products ahe plate overestimated the determined bindate [24]. Obviously, good
resonance stabilizatigprevents the ester moieties of EHT and-BBBA from nucleophilic attacks
including aminolysisOtherwise, an intermolecular selfminolysis of ateast OBPABA, resulting in

a polyamide, had tbe expected in cosmetic formulations.

As expected, a higher amine/UV filter ratocelerated the reactions and increasecctimersions
(Figure 3).After 60 min at 40 °Gvith an equimolar amount of ethanolamiapproximately 40% of
the provided OCR wasansformed. With dold and 5fold excess okthanolamine, the conversion
rate nearly doublednd tripled, respectively. For the other Ulltelr substances, an excess of amine
increased theonversions, but due to the overall lower reactivity, effect was less pronounced; e
pecially forEHMC and EHT (Figure 3).

100
’ @®0CR
, AEHS
Q 80 / A XEHMC
= : SEHT
S 60 é e
tol)
> o )
5 A
© 20 e
............. X
0 e Xerer X ————%
0 5 10 15 20 25 30
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Figure 3. Conversion rates of the studied UV filtersthre presence of ethalamine at different molar ratios
after 1 h at 40 °C (OCR) and at 80 °C (EHS, EH&I@ EHT).
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Additional UV irradiation of the reaction batcheith EHS, EHMC, and EHT partly affected thesc-
tion rates, but did not create new reactmoducts, except theespective Asomers ofEHMC and
2a/bdue to the knowphotoisomerization [27]. This corresponds toltedavior of the ketones during
the former study25]. For OCR, however, two additional reactigroducts 8a/b) were formed under
UV irradiation(Figure4).

UV irradiation resulted in a slightly increaseoinversion of up to 8% for EHS, and 4% @E€R, both
at room temperature and at 60 (figure 1). Corresponding to the overall loweactivity, the infu-
ence of UV irradiation on theonversion of EHMGand EHT was concurrentlpwer. At 20 °C, ira-
diation of the ethanolamineaction batches only increased the conversabes to 0.3% and 3% for
EHT and EHMC respectively (Figure 1). At 60 °C, the effectaditional UV irradiation was also
insignificart. UV irradiation also could not activate GBABA in terms of reactions with primary

amines.

Reaction products

The reaction of EHS with both ethanolamine dndylamine only generated the respective amides
la/bin high yields (Figure 4). Further byprodscbuld not be detected, and an additido®lirradia-
tion had an influence on the ratecainversion, but not on the kind of products.

EHMC reacted by both ester aminolysis aviithaeltype addition. As main products, tlnides
2a/b and the productda/b, which resultedrom a twofold reaction with the primary aminesuld be
isolated. The pure Michael addu8a/b could only be detected by LC/MS as-fosoductsin relatively
low amounts. The kinetic data suggebtst the productda/b were mainly formedrom 2a/b (data not
shown). The formation of thamines3a/b was solely dependent on temperataral reaction time.
Additional UV irradiation didnot significantly influence their yields (approximatehe same peak
areas were observed). On ttentrary, loth temperature and irradiation affectbe formation of the
amide products and theminated amides. Irradiation of the ethanolamme&ction batch at 20 °C
yielded 2 mol% of theamide2a and its Zisomer (calculated as-i&omer)and 1 mol% of the aminate
amide4a, while under dark conditions no conversion occurred6@t’C the additional irradiation led
to an increasetbrmation of2aand its Zisomer (calculated &s-isomer) by about 8% as compared to
the nonirradiatedbatch. This was partly at thegense ofla, which decreased by 5%.

For OCR, the benzophenone imirkes/b were theonly reaction products under dark conditions, in
terms of conversion influenced by reactiemperature and time (Figure 2). With additiobd irra-
diation at 20 °C a smasimount of thexmide byproducts8a/bwas detectable. At high&emperatures,
however, the formation of the iminés/b predominated and the amides were fooined. Regarding
the surprising formation dda/b, a Michaeltype addition of the primary amimaug first be assumed,

followed by eliminatiorof ethylhexyl cyanoacetaté)( which could bedentified by LC/MS.
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Regarding the reaction typi,is comparable to a retradol cleavage. In thpresence of an amine
excess, the amide&/b were additionally dentified, resulting from durther reaction of produdd
with the amines.

0 o
-R2 2
d“a”” HoNRZ d"” 1a cj,,orl
OH OH 1b  C4He
EHS 1a/b
/©/\JL°°3”W H2NR? NH—R?
ochs EHMC BCHS 2alb R
HoNR2 ngNRZ 2a C,H,OH
2b C4Ho
3a CgH40H
3b C4H
H2NR?2 49
OCgHi7 — — NH—R2 4a C,H,OH
4b C4Ho
OCH3 3alb OCH3 4a/b
(o] 0OCsH17
‘ / O o R2
"C\J\ocanw 5a C,H,OH
O (I 5b  C4H,
H,NR? 7a C,H,0OH
OCR 5a/b
0 7b C4H9
0 NH—R? NCJ\NH—RZ 8a CH,0H
O 7alb 8b  CiHo
8a/b
o o R=C,H,OH

Figure 4. Overview of the reaction products of EHS, EHMC, OCR and EHT litlflamine and ethanolamine.

While there was no reaction between EHT bhatylamine, in the presence @hanolamine EHTWas
only transformed into the amid®Figure 4),after only one ester group had reacted. Fdbitmation,
temperature and irradiation playedote. However, temperature had a much greatpeact (Figure 1).
Reactions at the two othavailable ester groups of EHT could notdizserved, even in the presence
of a high excess ofethanolamine. Evidently, the findings aaigri@ement with the high (photo) stabi
ity of EHT.
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Influence of amine reactions on the UV spectra

As expected, the lbmled amines participate in thesonance delocalization process of EHS, resulting
in a significant bathochromic shift (Figure 5). Hmrth amine reaction batches, a strong increase of
absorbance in the UVA range of about 200% wlaserved, which was partat the expense &iVB
absorption. However, over the whdld/A+B range, an increase of the absorptsirength of nearly
30% was calculated (Table 2).

In contrast to EHS, noticeable shifts of absorptaxima could not be detected for the reaction
batchesof EHMC with both amines. Howevetlepending on the percentage of conversiosigaifi-
cant decrease of the absorption strerytr the whole UVA+B range could be calculaf&dble 2).
Since for OCR, the benzophenone imibagb were the main reaction @uucts resulting in losef
conjugation, the spectral changes of thaction batches directly correlated with tercentageof
conversion (data not shown).

The absorption maxima of the benzophenone imivese at 245 nm; accordingly, the spectra of the
reaction batches with both ethanolamine antylamine showed a strong absorbance decreese

the whole UVA+B range by nearly 100%.
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Figure 5. UV spectra of standard solutions of the studied UV filters (i) and @h@Mr reaction batches with
butylamine(ii) and ethanolamine (iii) after 3 h at 80 °C; concentrations about 5 mg/L relating to the UV filter.

Due to the rather low conversion of EHT, ttleange in the UV spectrum of the reaction batetes
insignificant. After the reaction witethanolaminethere was only a marginalathochromic shift of

the spectrum to aadsorption maximum at 316 nm, and a srdalirease of absorbance in the UVA+B

range ofabout 2% (Table 2).
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Table 2.UV absorbance characteristics of the studied UV filter substancebeanebiction mixtures with an
20-molar excess of ethanolamine (EA) or butylamine (BA) after heating for 3 h at 80 °C, calculateduas area
der the curve (AUC), measured at concentrations of 5 mg/L.

UVA range UVB range UVA and UVB
AUC Percentage AUC Percentage Percentage
change change change

EHS 1.4 4.4 5.8

+EA 3.8 +171% 3.5 - 20% 7.3 + 26%

+BA 4.2 +200% 3.3 - 25% 7.5 +29%
EHMC 10.3 22.8 33.1

+EA 7.0 -32% 154 -32% 22.4 -32%

+BA 8.6 -17% 19.8 -13% 28.4 -14%
OCR 6.0 9.5 154

+EA 0.1 - 98% 0.3 -97% 0.4 -97%

+BA 0.7 - 88% 0.9 -91% 1.6 -90%
EHT 5.6 18.9 245

+EA 53 -5% 18.7 -1% 24.0 -2%

+BA 55 -2% 18.9 + 0% 24.4 -0.4%

CONCLUSION

The study presented here shows that the UV fitdastances EH®)CR, EHMC and EHT (whiclall
contain a functional ester group), but @D-PABA, were able to react with primaamines. Under
the influence of UV radiatioand/or heat, different reaction products couldssigned. They primiar
ly resulted from esteamirolysis and, in the cases of EHMC and O@Rm Michaeltype additions,
when OCRsurprisingly lost the cyanoacetate moiety. Tdentified reactions generally are alsameo
ceivablein the presence of proteins. The reaction rateseased significantly aftexpplying a molar
excess of amines corresponding to the condifionskin applications.

The timedependent conversions led tdathochromic shift of the respective UV specaspecially
for EHS, whereas for OCR laypsochromic shift and a nearly compldboss ofUVA+B protection
were observed. For EHS, tlhine reactions led to an improved U\potection, while the conve
sions were associategith a decrease of the absorbance strengtBHIC and to some extent of
EHT.

The results of this study and opirevious studywith common UV filters with keto or diketgroups
confirm that the recently developed fasteening HPTLC method allows direct conclusiabsut the
reactivity of sunscreen substances witbtein structures, and consequently about thessible alle-
gic potential. It is still unclear if theesults obtained in this study are likétgnsferable to more oo
plex skin model systentsut further studies using proteins and skin analog®nfirm this are planned

for the future.
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V  Reactivity of cosmetic UV filters towards skin proteins: Model studies with
Boc-lysine, BocGly-PheGly-Lys-OH, BSA and gelatin
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SYNOPSIS

OBJECTIVE: Organic UV filters are used as active ingredients in most sunscreens and alsd-in a var
ety of daily care products. Their good (phottgldity is of special interest to guarantee protective
function and to prevent interactions with the human skin. Due to the mostly electrophilic character of
the UV filters, reactions with nucleophilic protein moieties like lysine side chains are cdieeiva
Prior studies showed that the UV filters octocrylene (OCR), butyl methoxydibenzoylmethane (BM
DBM), ethylhexyl salicylate (EHS), ethylhexyl methoxycinnamate (EHMC), benzopheh@BE-3),
ethylhexyl triazone (EHT) and dibenzoylmethane (DBM) were #@bleovalently bind to an HPTLC
amino phase and the amino acid models ethanolamine and butylamine after slightly heating and/or
radiation.

METHODS: Boc-protected lysine, the tetrapeptide Baty-PheGly- Lys-OH, bovine serum aib

min (BSA) and porcine gelatiwere used as more complex models to determine the reactivity of the
mentioned UV filters towards skin proteins under theérondJV irradiation conditions.

RESULTS: After gentle heating at 37°C, benzophenone imines were identified as reaction products of
BP-3 and OCR with Botysine and the tetrapeptide, whereas DBM and-BBM yielded enamines.

For EHMC, a Michaetype reaction occurred, which resulted in addition of-Bsie or the tetrage

tide to the conjugated double bond. Ester aminolysis of EHSE& mainly afforded the coer
spording amides. Reactions of the UV filters with BSA changed the UV spectrum of BSA, generally
associated with an increase of the absorption strength in the UVA or UVB range. For all pratein mo
els, the UV filters showed andreasing reactivity in the order EHT < EHMC < EHS <BR OCR <

DBM < BM-DBM.

CONCLUSION: Especially the UV absorbers BMBM, OCR and BF3, which are seen as common
allergens or photoallergens, showed a high reactivity towards the different skin protls m\s the
formation of protein adducts is recognized as important key element in the induction of skinasensitiz
tion, the results of this study can contribute to a better understanding of the underlying chemical

mechanisms of such reactions.

RESUME

OBJECTIF: Les filtres UV organiques sont utilisés comme ingredients actifs dans la plupart des
écrans solaires et également dans une vargtgraduits de soins quotidierniseur bonne(photo)

stabi |l it ®é& pastituliedpdur garamtinla fenctiode pr ot ecti on et do®vit
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avec la peau humaine. En raison du caractlectrophile de la plupart des filtres UV, des réactions

avec des fragments protéiques nucléophiles tels que desshaérales de lysine sont envisageables.

Des étides antérieures ont montré que le filtre UV octocrylene (OCR), butyl methoxydiberzoylm

thane (BM-DBM), éthylhexyle salicylate (EHS), éthylhexyle méthoxycinnamate (EHMC), l& be
zophénone (BP-3), éthylhexyle triazone (EHT), et dibenzoyimane (DBM) sontapables de se lier

de manére covalentéaune phase CCNHP d o6 ami ned et d & a @i ehlgtbaadaiine

et la butylamine, ags un Eger chauffage et/ ou la radiéthpie.

METHODES: la lysine pr@gée par Boc, leétrapeptide de BoGly-PheGly-Lys-OH , | 6al bumi ne
sérum bovin (BSA) et de laédgtine de porc ongté utilisés comme des metes plus complexes afin

de déterminer la éactivité des filtres UV mentiongs vers les prétnesde la peau sous des conditions
thermiques ou UV irradiation.

RESULTATS: Apres un Eger chauffageéi 37°C, des benzoghoniminesont été identifiés en tant que

produits de éaction de 3BP etOCR avec Bodysine et le étrapeptide, tandis que DBM et BEMIBM

ont donm desénamines. Pour EHMC, unéaction de type Michels 6 e st pr o d uiinée , ce

| 6addi t ilysime ouleétrapeptile de la double liaison conjégu. L6 ami ndoblEyHsSe d 6 e
et EHT a principalement dogrles amides correspondantss €actions des filtres UV avec de la

BSA ont chang le pectreUV de BSA, gnéralement assoéeaune augment atéden de |
| 6absorption dans | a g¢gammmodieede pridines, lesfitresuVBnt Pour
monti€ une Eactivité croissantal ans | 6 ordre EHT <EHMC <EBBM <BP 3 <
CONCLUSION: Surtout les absorbeurs UV comme -BBM, OCR, et BR3, qui sont consi@és

comme des alledes ou photoallergem®mmuns, ont monérune forte éactivité al éyard des dif-
rentsmodtles de pradines de la peau. Comme la formationptedu i t s d 6 a d dineteston de
reconnue commélémentcéi mpor t ant dans | 6i nducti onrésultads | a s e
de cetteétude peuvent contribuex une meilleurecompéhension des &tanismes chimiques seus

jacentes de casactions.

KEYWORDS: chemical analysis, safety testing, skin sensitization, spectipssmp protection, UV
absorbers

INTRODUCTION

For more than 80 years, sunscreens are available on the market. The efficacy and safety ofithese pro
ucts depend on the kind and ambahactive ingredients, especially the used UV filters and the ove

all formulation of the products [B]. Most sunscreens act through a combined chemical and physical
UV protection and should meet particular requirements like, for example balanced UV Altdws-

tion, good water resistance, high stability and good tolerabilit§][4r herefore, studies on the phet
chemical behaviour of different UV filter substances are an important part of sunscreen development
[719]. Through interaction with sunlight ortdicial light sources it may come to photodegradation of

the UV filters, resulting in decreased protection ability and the formation of new products with poss

119



Reactivity of cosmetic UV filters towards skin proteins

bly different properties [@14]. In addition, most UV filters approved within the EU contaiectb-

philic carbonyl groups, which may react with nucleophilic groups of free amino acids or proteins of
the skin [1517]. In this case, not only photochemistry, but also thermal chemistry may influence the
reactivity of UV filters on the skin. This may lo¢ particular interest when using personal carelpro

ucts with integrated UV protection, since during a normal working day, the skin is hardly exposed to
direct UV light [18,19]. As the formation of protein adducts is understood as the key step inthe fo
mation of contact allergies [2@2], the widespread usage of UV filters in a variety of cosmetics and
consumer products [23hould be examined critically.

First studies with common UV filters either on an hmgrformance thidayer chromatography
(HPTLC) amino layer [24] or in the presence of butylamine and ethanolamine [25,26] confirmed that
the UV filters octocrylene (OCR), ethylhexyl salicylate (EHS), ethylhexyl methoxycinnamate
(EHMC), benzophenonr@ (BR 3), butyl methoxydibenzoylmethane (BRBM), ethylhexyl triazone

(EHT) and dibenzoylmethane (DBM) were generally able to react with primary amines under UV
radiation and/or gentle heating. Imines, amides or amines could be identified as possible reaction
products. Depending on the type of reaction, tipamtly was a strong influence on the respective UV
filter spectra. The aim of this study was to explore, if the identified reactions could also be observed in
the presence of peptides and complex proteins. ThereforgyrBtacted lysine, #htetrapeptid®oc-
Gly-PheGly-Lys-OH (BocGFGK), bovine serum albumin (BSA) and porcine gelatin were applied as
reaction partners for OCR, B\DBM, EHMC, BR 3, EHS and EHT. After gentle heating or UV irad

ation, the covalently bound UV filters were quantified and reastyoducts identified

MATERIALS AND METHODS

4-t-Butyl-40-methoxydibenzoyl methane (BMBM, Eusolex 9020), 1;8iphenylproparil,3-dion

(098%) (DBM), ethylhexyl methoxyci nmgBRadim- ( EHMC,
solex 4360), octocrylenéOC, Eusolex OCR), sodiuntert-butoxide (~98%), Pethylhexyl acetate

(099 %), si |ii0e mm)gBendesiBPIA (4010m), B-teexane (HPLC grade), toluene (99%),

et hanol (099. 5%) , met hanol (HPLC grade), di chl o
acid (9597%), hydrochloric acid (37%) and sodium hydroxide (pearls, 97 %) were obtained from

VWR (Darmstadt, Germany). Cartridges with Teflon frits (ID 2 cm, volume 25 nilgth¥lhexyl
salicylate (EHS), bovine serumadlebmom %) Bi onRe@Pa
phosphate (099%), di sodium hydrogen phosphate (
perchl or atUBoc-I0P9ivne HOUIB)Mi cL aciisud O®Dés) 6-O DY +5 %)
dium sul phate ( O9 9 %hased fnoth Sigmadédech (Steibheim;, Sermany). T ¢
rahydrofuran (099. 9%) was obtained from Carl Ro
was purchased from J.T. Baker (Deventer, Netherlands), acetopk&8¢h8,6ds (99 atom% D) and
benzaldehyde,3,4,5,6ds (99 atom% D) from ISOTEC (Miamisburg, OH, U.S.A.). The&cdB

protected tetrapeptide (B&&FGK) was obtained from Bachem (Heidelberg, Germany), gelatin (food

guality, water content 12%) from Ruf Lebensmittel KG (QuakécikyrGermany). Ethylhexytiazone
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(EHT, Uvinul T 150) was kindly provided by BASF. HPTLC plates silica 8, ROx 10 cm (layer
thickness 20@um) were obtained from Merck.

Solar simulator

Irradiations wereperformed with a Suntest CPS+ from Atlas Material Testing Technologies (L
sengericht, Germany) equipped with a xenon lamp and a filter combination of coated quartz glass with
UV special glass (simulation of solar global radiation outdoors at daylight, Atlas) using the following
settings: irradiation intensity 350 Wnventilation temperature 33°C. A custemade, watercooled

base plate was held at 20°C.

Accelerated solvent extraction

Accelerated solvent extraction was performed on an Accelerated solvent extraction (ASE) 200 from
Dionex (ldstein, Germany) under the followingndlitions: preheat time 0 min, heating time 5 min,
static time 5 min, flushing volume 11 mL (100% of the extraction cell), purge time 60 s (nhitrogen),

number of cycles 1, solvent methanol, pressure 35 bar and temperature 40°C.

Freezer mill

Grinding of gehtin samples was accomplished by a cryogenic mill with aceelfainer liquid nito-

gen bath (6800 Freezer Mill) from SPEX CertiPrep (Metuchen, New Jersey, U.S.A.). Each of the four
cylindrical grinding vials (internal volume 25 mL) consisted of a polysaale centre tube, a magne

ic impactor and two end plugs of stainless steel. The magnetic bar was introduced into the polyca
bonate tube with a sample mass of approximately 0.5 g. The tubes were closed and after 15 min pre
cooling of the sampling vials, wth were immersed in liquid nitrogen, the alternating magnetic field
was applied. The grinding was carried out in four cycles of 2 min using a grinding frequency of 10 Hz.
After each grinding cycle, the magnetic field was turned off for 1 min to alles@akng of the sm-

ples.

High-performance liquid chromatography-diode array detection

High-performance liquid chromatography measurements were performed on an 1100 liquid@hromat
graph (Agilent, Waldbronn, Germany), consisting of a degasser (G 1315A)eangug HPLC pump

(G 1311A), an autosampler (G 1313A), a column oven (G 1316A) set to 30°C and a diode atray dete
tor (G 1315B) with detection wavelengths of 275 nm, 315 nm and 360 nm (spectral bandwidth 8 nm)
and a reference wavelength of 500 nm. Datagssing was performed by Agilent ChemStation-sof
ware (rev. A.04.02). As stationary phase, an XTerra MyS @m HPLC column, 25& 3 mm, (\a-

ters, Milford, NE, U.S.A.) was use@he mobile phase (0.5 mL rifinconsisted of 10 mM ammonium
formate pH 4.0 (Apnd acetonitrile (B). Gradient: % A (t(min)): 40i{G)0 (4) 30 (9) 30 (13) 10

(17)i 10 (26) 40 (28) 40 (33). Injection volume was 10..
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Liguid chromatographyi mass spectrometry

The Liquid chromatograpliynass spectrometry (L®IS) system consisted of an i&al Agilent

1100 chromatograph as described above, coupled to a MSD-girggleupole mass spectrometer (G
1956B, Agilent) equipped with an electrospray ionization interface (ESI), operated under tive follo

ing conditions: capillary voltage 3 kV, skimmeoltage 35 V, source temperature 100°C, nebulizer

gas pressure 40 psig, drying gas temperature 3@D$@g gas flow rate 8 L mih fragmentator vat

age 80 V, gain 1, threshold 100 and step size 0.1. Data processing for MS measurements was carried
out with ChemStation software (Agilent). Mass spectra were recorded in the positive full scan mode
(m/z80-1300). Column and gradient were as described above.

High-performance thin-layer chromatography

Sample application was performed with an Automatic TLC Bamd (ATS4) (CAMAG, Muttenz,
Switzerland), followed by plate development in a ttfirough chamber (18 10 cm) with 8 mL &
chloromethane/cyclohexane (50 : 50, v/v). Plate images were documented by a DigiStore 2nBocume
tation System (CAMAG) consisting dfuminator Reprostar 3 with digital camera Baumer optronic
DXA252.

Gas chromatography

Gas chromatography (GC) measurements were carried out on an AutoSystem XL gas chromatograph
(PerkinElmer, Rodgau, Germany), equipped with a flame ionization detewoa &B5 (30 mx
0.25mmx 0.25um) capillary column (Agilent). The carrier gas hydrogen wasacsat¢onstant flow

of 2.0 mL min*. The oven was programmed as follows: 80°C (1 min), at 40°C tiB00T, 15 min

at 300°C. Samples (1L were manually ifected into the injection port heated at 270°C. Data pr
cessing was performed by PerkinElmer Turbochrom Navigator software.

Matrix -assisted laser desorption/ionization tim@f-flight mass spectrometry

Mass spectra were acquired on an orthogonal Brukesfleutlll MALDI -TOFTOF-system (Bruker
Daltonics, Bremen, Germany) equipped with a nitrogen laser (337 nm, 3 ns pulse width) in the mass
range 10140 kDa in the positive reflector mode using an accelerating voltage of 21 kV ancheombi
ing at least 600 lasahots per sample. Data processing was performed using flex analysis 3.0-and bio

tools 3.0 software (Bruker Daltonics).

Isotope-ratio mass spectrometry

For *°H/*H isotope ratio measurements, a Deltaf{@sisotoperatio mass spectrometer (Thermd-Sc
entific, Bremen, Germany) was coupled to a Euro EA 3000 elemental analyser (Hekatech, Wegberg,

Germany)hrough a Conflo Il interface.
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The pyrolysis reactor tube (Hekatech) comprised of an outer ceramic tube, and an inner graphite tube
filled with glassy carbomand nickel coated carbon. Reactor temperature was set to 1400°C. The carrier
gas helium (10 kPa) was set to a constant flow of 120 mL*.mia working reference gas, hydrogen

(5 kPa) was used, which was calibrated against the international calibratienamsSMOW
(PHvswow = 0& , IAEA, Vienna, Austria). For data acquisition and processing, Thermo Electron Is

dat NT software, version 2.0, was used.

Synthesis of d-dibenzoylmethane

Sodiumtert-butoxide (2 g, 20 mmol) was weighed into arBl roundbottomed flask andissolved

in 20 mL of THF. Ethyl benzoate (2.5 g, 17 mmol) was added in 0.5 g portions under congfant ma
netic stirring. After further stirring for 5 min, a solution of 1 mL (8 mmol) acetopherire 5 mL of

THF was added dropwise under ice cooling. Thetume was stirred for 10 min at room temperature,
followed by heating under reflux for 90 min. Afterwards, the cooled reaction mixture was poured into
ice water (25 mL), acidified with 20% sulphuric acid to pH 6, and extracted three times with 15
n-hexane. The combined organic phases were dried over sodium sulphate and poured imioLa 150
glass beaker. The-hexane evaporated from the beaker in a fume hood overnight. The residue was
taken up in 2 mln-hexane, poured on a silica gel cartridge (8 g ailigl 60) and eluted with
n-hexane. Fractions of 2 mL were checked by HPTLC against a DBM standard. Fractions containing
ds-dibenzoylmethane (DBM) were combined and rotary evaporated to dryness. The crystalline res
due was redissolved in 2 mL nhexand @oured on a cartridge packed with Bond@SlA (7 g). The
cartridge was eluted with-hexane, and fractions of 2 mL were again checked by HPTLC. 4BM
positive fractions were combined, the solvent was rotary evaporated and the remaining resigiue recry
tallized from methanol/water (80 : 20, v/v). Therefore, the yellowcoloured solid was dissolved in a
minimum amount of methanol while heating under reflux for 10 min. To this solution, 2 mL hot water
was added and the reaction mixture was slowly cooled dowmoim temperature, while crystalsepr
cipitated.Precipitation was completed €0°C in a freezer. The crystals were filtered, washed with
water/methanol (20 : 80, v/v) and dried over phosphorus pentoxide. PuredD®k obtained as

light yellow-colouredcrystals (yield: 1.1 g (60%), purity: 99%). Purity and identity of the product was
confirmed by full scan LAMS(ESI): tg = 10.2 minm/z230 (MH", 100%), 106 (10%).

Synthesis of @-ethylhexyl cinnamate

Sodiumtert-butoxide (2.4 g, 25 mmol) was weighedd a 56mL Erlenmeyer flask and dissolved in
25 mL THF. 2Ethylhexyl acetate (4 mL, 20 mmol) was added-mll portions under magnetic ssti
ring. After further stirring for 5 min, benzaldehyde (1 mL, 10 mmol) was added dropwise under
stirring. The rea®n mixture was stirred for 1 h, then poured on ice water (25 mL), acidified with

20% sulphuric acid to pH 6 and extracted three times with 15néxane.
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The combined organic phases were dried over sodium sulphate and poured intmla hd
bottomedflask. Then-hexane evaporated from tfiask in a fume hood overnight.

Afterwards, the residue was vacuum distilled at 0.05 mbar and 90°C to remove excefisytiiexyl
acetate. The remaining residue was dissolved in 2whéxane, poured on a silicalgcartridge (8 g
silica gel 60) and eluted witlhexane. Fractions of 2 mL were checked by GC, and fractions gontai
ing d-ethylhexyl cinnamate (EH@s) were combined and evaporated to dryness. HH®as ®-
tained as slightly yellow viscous liquid (yield.3 g (51%), purity: 98%). Identity and purity of the
product was confirmed by full scan LGS (ESI): tr = 23.8 minm/z266 (MH'", 100%), 154 (39%).

Reactions with Boelysine

The respective UV filters (15 mg) and Blysine (8 mg) were weighed interil screwcapped glass
vials and suspended with a mixture of 1980 ethanol and 5QuL sodium hydroxide solution
(3.5umoal). The mixtures were incubated for up to three days in a BD 53 cell culture incubatbr (Bin
er, TuttingenGermany) at 37°C. Aliquots (4uL) were taken after 0, 8, 2#hd 72 h, were diluted to
1500 L with ethanol, filteredthrough a syringe filter (0.2m) and analysed by higherformance
liquid chromatography diode array detection (HPL-DAD) to quantify the residual UV filters.

LC-MS analyses were performed to identify UV filtBoclysine adducts.

Reactions with BoeGFGK

The respective UV filters (5 mg) and the tetrapeptide-B6GK (5 mg) were weighed into-rAL
screwcapped vials and suspended with {20ethanol, 30uL water and 5QuL sodium hydroxide
soluion (3.5 pmol). The mixtures were incubated in a BD 53 cell culture incubator (Binder) at 37°C
for up to 3 days. For HPLCDAD and EKAS determination, aliquots (80Lj of the mixtures, which
were incubated for 0, 8, 2da 72 h, wereadjusted to 1500 luwith ethanol and filtered through a
syringe filter (0.2um) to determine the turnover of the UV filters and to identify UV fifieptide
adducts, respectively.

Reactions with BSA

Individual standard solutions (5 mg r'ﬁ)_of BMi DBM, BPi 3, OCR, EHS, DBM and EHMC were
prepared in ethanol/tween 20 (4 : 1, v/v). EHT (25 mg) was dissolved in 5 mL of ethanol/toluene/
tween 20 (2 : 2 : 1, v/viv). Bovine serum albumin (25 mg) was weighed intend_1€trewcapped

glass tube and dissolved imi_ phosphate buffer (25 mg KRAQ, and 140 mg NaPQO,2H,0). Af-
terwards, 80QUL of the respective UV filter standard solution was added, and the mixtures were inc
bated for up to three days on a rocking platform shaker (5 rpm) in a BD 53 cell culturetancuba
(Binder) at 37°C. After 0, 8, 24 and 72 h, aliquots of the samplesyBP®ere mixed with 700 u

acetonitrile in a plastic centrifuge tube, resultingrecipitation of the protein.
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The tube was placed for 5 min into an ultrasonic bath, followetkhyifugation for 5 min at 7800 g.

The supernatant was passed through a syringe filtep(@2nd analysed by HPL-DAD.

The protein pellets were lyophilized using a Lyovac GT2 (Leybold Heraguth,Hsermany) freeze
dryer, extracted by ASE to removecess UV filters, and afterwards desalted and washed free of
tween 20 by dialysis against M) water (1000 mL) using an pressurized (compressed air at 2 bar)
stirred cell (type 8050) from Amicon (Witten, Germany) with a 10 kDaofuPBMC membrane (B
omax-10, Millipore, Billerica, MA, U.S.A.) connected to an auxiliary reservoir. Afterwards, thg-dial
satewas lyophilized and stored &0°C until MALDI-TOF analyses.

For MALDI-TOF analyses, approximately 1.5 mg BSX filter conjugate was reconstituted InmL

0.1% trifluoroacetic acid (TFA). An aliquot of 0L was desalted using C18 ZipTips (Millipore,
Schwal bach, Ger many) according to the manufact.
ZipTips directly onto a stainless steel target usind-®f a U-cyane4-hydroxy-cinnamic acid matrix
solution (5 ng mL™" in acetonitrile/0.1% TFA, 50 : 50, v/v) and were allowed to dry and crystallize at
room temperature. For UV/VIS spectroscopy, approximately 1.5 mg of the lyophilized dialysate was
dissolved in 10 m of water. Spectra were recorded on a PeBtimer Lambda 2 (Werlingen, Ge

many).

Reactions with gelatin

For the reaction with gelatin, 160 mg of BI¥BM, BP-3, OCR, EHSand EHMC were individually
dissolved in 10 mL of a 4 : 1 (v/whixture of ethanol ahtween 20. EHT (160 mg) was dissolvedin
mixture of ethanol/toluene/tween 20 (2 : 2 : 1, vivIv).

Leaf gelatin (0.8 g) was soaked in 10 mL of cold watedfbmin. Afterwards, the mixture was heated
to 80°C to melt theelatin and transferred into a gtapetri dish (diameter 6 cm). Thespective UV
filter solution (150uL) was added and thoroughigixed with the gelatin with a spatula to obtain a
homogeneouslistribution. After 30 min solidification of the layer (final thicknestsout 1.5 mm) at
6°C inthe fridge, the samples were irradiat&éd.avoid drying out, the dishes were cooled by a water
cooled baseplate (20°C) and covered by a thin lalensity polyethylene (LDPEpil. The core-
spording light doses for 1 h of irradiation wel@60kJ m? (3.6 kJ/petri dish)After irradiation, the
gelatin gelwas transferred into a 0L centrifuge tube and melted by addit@ mL of 80°C hot \a-

ter. When the temperature reached approxim&@hZ, acetonitrile (30 mL) was added to precipitate
proteinsand to ekact excess UV filters. As internal stamd, 25 |L of a DBM standard solution in
ethanol (80 mg mt) was added.

The mixture was shaken vigorously for 1 min and placed into an ultraatic (Sonorex RK 106;
Bandelin, Berlin, Germany) for 5 mat 35 kHz. After centrifugation (10 min at 2500 g), the supern
tantwas filteredthrough a syringe filter (0.2m) and analysed byPLC-DAD.

To take into account a possible depletion of the UV filters sokalged by photodegradation, samples

of 10 mL water spike with the UV filter solutions were irradiated and treated as descabede.
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Possible photodegradation of the UV filters was also deterninétPLCGDAD based on the compa
ison of the irradiatedamples with the respective samples before irradiation.

For isotoperatio mass spectrometry (IRMS) studies, 228 mg Esi@thesized according to EHgg,
but using undeuterated benzaldehgdpPBM and 12 mg EH&ls or DBM-ds were dissolved i10 mL
ethanol/tween 20 (4 : 1, v/v). Preparation and irradiatitimee gehtin was carried out agescribed
above, but only 10Qu of the EHC/EHCds or DBM/DBM-ds solutions, respectively, weeslded, and
no internal standard was used. After centrifugation,pifeeipitated protein was washed twice with
20 mL of acetonitrileand {ophilized to dryness. The dry gelatin was finely groundsidg a freezer
mill, washed twice with 20 mL of TBME, lyophilizednd stored over phosphorus pentoxide until
IRMS analysis. Fopyrolysis, approximately 0.8 mg of the milled gelatin sampleb@standard Sor
stances (sucrose and glutamic acid) were weightedsilver capsules (3.5 5 mm, Hekatech). One
test series consistedd 5 8 samples, which were run in replicates of four, preceaedfollowed by a

set of three standard runs.

RESULTS AND DISCUSSION

Boc-lysine, the tetrapeptide BdsFGK, and BSA presenting abouti®% accessible lysine residues
were chosen as reaction partners for the common UV filtersBW, OCR, EHMC, EHS, BP3

and EHT. Reactions were carried out at a moderate tempecdt8réC to include reactions, which

are just initiated by the natural skin temperature on a warm day [27]. Afterwards, we used athin gel
tin gel layer as further skin model system, when the influence of UV radiation and heat on thie reactiv
ty of UV filters towards gelatin was examined to come close to the natural conditions during sunscreen

application and usage.

Reactions with Boelysine and BoeGFGK

Boclysine and Bog€GFGK were chosen to measure the ability of the selected UV filters to react with
nucleophilic lysine side chains of proteins and thus to screen their possible potential of sensitization.
Therefore, the UV filters were incubated with the Bwotected amino acid or the tetrapeptide at 37°C

for up to 3 days. Samples were analysed beforenthubation as reference and after 8, 24 and 72 h by
HPLCDAD t o monitor the depletion of the respecti:
(without the addition of Botysine and Bo€5FGK) recoveries of 98.01% were observed, the depl

tion of the UV filters during incubation allowed an assessment of the amount of the respective UV
filter bound to the protein models. Among the studied UV filters, OCR and®BW showed the
strongest depletion, thus the highest reactivity towardslgice and Bo€GFGK. Already after 8 h,

which corresponds to a normal working day, 54 and 34 mg of OCR were bound to 1 g of Boclysine
and the tetrapeptide, respectively (Fig. 1). For-BBM, 22 and 17 mg §were reached after 8 h. As

to be expected, extension of theaté@n time also increased the conversion rates. Compared to 8 h, the

loss of OCR was about thréald after 3 days at 37° the presence of both models.
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BMiDBM even showed a stronger increase in depletion after 3 days of incubation witysiBec

and tre tetrapeptide. BB, DBM and EHS generally revealed a comparable reactivity, whereas the
two esters EHMC and EHT showed a comparatively low reactivity, which is in accordance with the
results of our previous screening [24]. Only 30 and 24 mg of EHMC arahd 8 mg of EHT were
bond to Boelysine or the tetrapeptidster 3 days at 37°C (Fig. 1).
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Figure 1 Depletion of the UV filters after different times of incubation at 37°C with-Beme and Bo6GFGK.
Error bars represent the SB= 3).

At first glance, it seemed that the UV filters showed a higher reactivity towardd¢yBioe than ¢-
wards the tetrapeptide. However, taking into account that both reaction partners have one lysine bin
ing site but a different molecular weight and, therefore, calagldtie result on a molar base, tee r

sults were quite comparable, but tending to a slightly higlaetivéty for BocGFGK (Fig. 2).
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Figure 2 Depletion of the UV filters after 72 h incubation at 37°C in the presence elfyBime, BocGFGK and
bovine semm albumin (BSA), expressed amlar ratios. Error bars represent the 83 3).
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Concerning the different chemical structures of the UV filters, respective reaction products were ide
tified by LC-MS regarding our former experiences [25,26] (Table I). EA8 EHT afforded theer

spective amides, which is in accordance with the results of our previous studies with butylamine and
ethanolanine [26].

For OCR, the respective benzophenone imines were the only reaction products of a-tyjiehadilt

tion followed by elimination of ethylhexyl cyanoacetate. AlsoiBPonly afforded the respective
imines. EHMC underwent Micha¢ype additions at the conjugated double bond and yieldedethe r
spective amines, but amides as products of ester aminolysis could not béllehtiis is contrary to

the previous results of the reactions with ethanolamine und butylamine, when the respective amides
were the main products, and the amines onhpimgucts [26]. However, under the conditiores d
scribed above, Michael addition watpreferred reaction mechanism for EHMC, in the presence of
both Boelysine and Boe GFGK. BMi DBM and DBM yielded the respective enamines (Table |),
whereas cleavage of the diketo group could not be observed, which occurred during the former studies

in thepresence of butyl amine and ethanolamine under the influence of UV irradiation or heat [25].

Table | Reaction products of UV filters after incubation (37°C) with Bggine and BoeGFGK, and the coe-
sponding mass to charge ratio¥'? of the protonatemolecules determined by KIS

OCH
3 HyCO EHMC /Q)L _R!

d *@

BM-DEM / DBM

BMDBM: R?=C,H, R3=0CH;  R'=Boc-Lysine/Boc-GFGK
DBM: R2=H R¥=H
OCR | BP-3 | EHMC | BM-DEM | DBM | EHS | EHT

Boc-Lysine-UV filter adduct [M+H]* | 411 457 537 539 453 367 939

Boc-GFGK-UV filter adduct [M+H]* | 672 718 798 800 714 628 | 1200

Reactions with BSA

To extent the studies to a more complex and real protein, bovine serum albumin (BSA) was chosen as
further reaction partner. BSA has a total of 59 lysine residu@&853ff which are sterically accessible

for conjugation [28]. In addition, BSA contains 35 cysteine residues, which could be seen as second
important binding site in the context of sensitization. However, as 34 of these cysteine residues form
17 stable disulphide bonds, this reaction pathwaegigible in the following context.

Due to the large number of lysine residues as possible binding sites, BSA was incubate with an a
proximately 35fold molar excess of the respective UV filter substances at 37°C for up to 3 days. To
follow the turnoveraliquots were taken at the beginning (reference) and after an incubation time of 8,

24 and 72 h. BSA was precipitated by acetonitrile, and the supernatant was analysed HYAIPLC

128



Reactivity of cosmetic UV filters towards skin proteins

Recovery rates samples incubated without BSA were between 98 and 99%hethlepletion of the
UV filters could again be used to indirectly determine the UV filters bound ta BSA
As for the simpler models, the UV filters showed a tuependent turnover in the presence of BSA,
when OCR, BMDBM, BP-3, DBM and EHS showed compalalhigh reactivity (Fig. 3). In good
accordance with the Bdgsine and Bog€5FGK experiments, EHMC was clearly low reactive towards
BSA, whereas EHT again was the most stable UV filter. As compared tty8ine and BoeGFGK,
the obtained values expressedng UV filter per gram BSA, ranging 119 mg ¢" after 72 h incub-
tion for the five most reactive UV filter&ig. 3), seem to be rather low.
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Figure 3 Depletion of the UV filters after different times of incubation at 37°C with bovine serum albumin
(BSA). For dibenzoylmethane (DBM) and ethylhexylethoxycinnamate (EHMC), (A) and (B) indicate the
determination with higiperformance liquid chromatograpljode array detection (HPI-DAD) and matrix-
assisted laser desorption/ionization tiofeflight mass pectrometry (MALDITOFMS), respectively. Error bars
represent the SDh 3).

When, however, the BShound UV filters are calculated on a molar basis regarding the maximum
number of accessible lysine residues (35), the results became well comparabB®. (Fa further
assess the reactivity of UV filters towards BSA, maassisted laser desorption/ionization tiofe

flight mass spectrometry (MALBTOFMS) was employed to determine the increase in molecular
mass of BSA after incubation with DBM and EHME examples in comparison to a blank sample of
BSA treated in the same manner. After 24 h of incubation, mean mass increggaexifraately 570

and 220 g molwere determined for the DBM and EHMC experiment, respectively. Tlataedre-

spond to 8.6 m@PBM g™ BSA and 3.3 mg EHM@™ BSA. Thus, the MS results were highly ident

cal to them calculated from the depletion of the two UV filters and only differed by about 1% and 2%
for DBM and EHMC, respectively (Fig. 3). This confirmed that the fast and siHPILGDAD
method, analysing the residual Aimansformed UV filters, was quite suitable to indirectly determine
the BSAbound UV filters.

The covalent binding of the UV filters to BSA had influence on the UV spectrum of BSA and of the
bound UV filters (Fg. 4). As to be expected, a longer incubation time increased the changes of the
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BSA spectrum in the UVA and/or UVB range (data not shown). For the BSA adducts of DBM and
BM-DBM, a further absorption maximum at 349 and 359 nm, respectively, could be ahSenrey
correspond to the UVA maxima of BBM and DBM, which were not affected by the enamine fo
mation. The two ethylhexyl esters EHMC and EHT also maintained the UV absorption characteristics
after the reaction with BSA. Due to the minimal reactivityg¢fT, the changes of the BSAHT ad-

duct spectrum were correspondingly low. BBdund BRP3 and EHS provided a bathochromic shift
compared to the UV filter spectra (Fig. 4), which is well in accordance with our previous observations
for the reactions of thedUV filters with butylamine or edinolamine [25,26].
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Figure 4 UV spectra of the studiedV filters (i) (about 8 mg L[* in acetonitrile), bovine serum albumin (BSA)
(i), and the respective BSAV filter adductsiii) (each 150 mg L[* in water), isolatea@fter incubation of 72 h at

37°C. Absorbance of (i) and (ii) is shown on the left axis, of (iii) on the right axis.
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The UV spectrum of the BS®CR adduct showed an increase of the absorption strength mainly b
tween 240 and 265 nm together with the losshefcharacteristic absorption maximum (303 nm) of
OCR (Fig. 4). This observation reasonably allowed the assumption that, as for the reaction with Boc
lysine and Bo&GFGK, OCR was covalently bound to BSA through Michael addition followed by the
eliminationof ethylhexyl cyanoacetate. The UV protective properties of[8M, EHMC and EHT

will obviously not be influenced by the formation of protein adducts. Protein bound EHS aBd BP
moved their absorption to greater wavelength, increasing UVA protection ®f0EBR3, respectie-

ly. OCR, however, completely lose its UV protective function, if a reaction with lysine side chains of

proteins occur.

Reactions with gelatin

Porcine gelatin containing approximately 4% lysine [29] was used as further model systamsand
chosen to represent connective tissue. In addition, gelatin contains only traces of cysteineg-thus rea
tions with these nucleophilic side chains could be neglected. Furthermore, gelatin forms a stable, ela
tic gel and was therefore well suited as difigal skin model. The studied UV filters were homogen

ously dispersed within the gelatin gel layer, and after solidification, the gel was irradiated using a Su
test CPS+ sun simulator to simulate #éfal application conditions. The amount of the UVdil used

was adapted to the requirements of the ISO 24444:2010 for e determination of the sun prate

tion factor (2 mg sunscreen ¢mskin area). Binding of the UV filters to gelatin was first indirectly
determined from the recovered UV filtergeafextraction of the irradiated protein layer using HPLC
DAD. Samples were analysed directly and after 0.5, 1, 2 and 4 h of irradiation, using DBM as internal
standard. To take a possible photodegradation of the UV filters into account, the photoaegradati
measured with the corresponding blank samples without gelatin was subtracted from the depletion
examined for the samples with gelatin. However, significant photodegradation in the water phase
could only be observed for BNDBM (about 6.5% after 4 h) ar@HMC (about 4% after 4 h). The
other UV filters were rather photostable, so that the results were hardly affected. All studied UV filters
showed a tima@lependent binding to the gelatin layer, but revealed partly large differences in reactivity
(Fig. 5). Asin the presence of the previously used models (lysine, tetrapeptide, BSA), OCR was the
most reactive UV filter towards gelatin. Aftérh of irradiation, about 740guOCR was bond to 1 g

dry gelatin. For the other UV filters, the reactivity decreasetienorder BF3 > EHS > BMDBM >

EHMC > EHT (Fig. 5). Due to the high excess of gelatin, the covalent binding of the UV filters to the
gelatin may be understood as reaction of psdisiborder. To further directly assess the binding of

UV filters to gelatn, isotope ratio mass spectrometry (IRMS) was used to follow changes of the
H/*H isotope ratio fH) of gelatin incubated with synthetized, deuterilatelled UV filters. Due to

their simpler chemical structure and therefore easier synthesis;daBNd EHCds were used as UV

filter analogues to examine the general reaction behaviour of dibenzogimsthnd cinnamates-t

wards gelatin.
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Figure 5 Reaction kinetics of the studied UV filters to gelatin geispressed as dry mass) during irradiation
with 350 W n?; means of triplicatesind error bars represent the SD.

After 2 and 4 h of irradiatiorthe originali’H value of approximately75a for gelatin clearly i-
creased, especially for the reaction witikDBBM, indicating binding of the UV filters to gelatin (Table

I). The changes in the isotope ratio allowed direct calculation of the amount of UV filtersvidand

were very well in agreement with the indirect HRD@D results (Table Il). Only minor deviations of
approximately P4% again confirmed that the fast and simple indirect extraction method were well
suitable to determine the binding of UV filterstte gelatin layer, which also may be used for further

skin models.

Table Il Amounts of UV filters bound to gelatin, determined by extraction of the excess UV filters and HPLC
DAD analyses ad by IRMS (H values) measureents of the extracted gelatin, irradiations at 350 W m

. UV filter bound (mg g* dry gelatin)

. . . UH (@) —
Sample (irradiation time) (+SD, n=3) IRMS HPLC-DAD | Deviation

(+SD, n=3) (+SD, n=3) (%)

Gelatin (2 i -77.0 (1.2) - - -

Gelatin @ h) -74.4 (0.8) - - -
GelatinDBM-ds (2 h) 1,7 (1.7) 0.71 (0.02) 0.74 (0.03) 3.2
GelatinDBM-ds (4 h) 7.1 (1.1) 0.89 (0.01) 0.90 (0.01) 1.8
GelatinEHC-ds (2 h) -60.9 (0.7) 0.17 (0.01) 0.17 (0.01) 2.4
GelatinEHC-ds (4 h) -55.5 (1.9) 0.27 (0.02) 0.28(0.01) 3.7

HPLC-DAD, high-performance liquid chromatograpigjode array detection; IRMS$sotoperatio mass spe
trometry; DBMds, ds-dibenzoylmethane; EH@s, ds-ethylhexylcinnamate.
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CONCLUSION

The present study confirmed that the common UV filtekéi BBM, OCR, EHS, EHMC, BP3 and

EHT were able to react with lysine side chains of proteins under slightly heating or UV irradiation.
The studied UV filters showed great differences in their reactivity in the decreasing order OCR > BM
DBM > DBM > BPFi 3 > EHS> EHMC > EHT. This gradation is in accordance with the recermly d
veloped fast screening HPTLC method, indicating a different cealiecgic potential of the UV H

ters. Depending on the functional groups of the UV filters, that is ketonedikgt®nes and esters,
imines, enamines and amides were the products of reactions with lysine residues. As shown for BSA
adducts, binding to proteins did not affect the UV absorption properties of dibenzoylmethanes, EHMC
and EHT, but gave rise to a more or leshbaliromic shift in the cases of BPand EHS. For OCR,
however, a strong hypsochromic shift and a nearly complete loss of UVA + B protectionbwere o
served. The application of stableotope labelled UV filter analogues combined with IRMS analyses
was show a reliable tool to quantify adduct formation in proteins, which should be applicable to e
cised skin samples, even from volunteers. Further studies are ongoing to test, if the results obtained in

this study are transferable to real skin experiments usimgnercial sunscreen products.
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ABSTRACT

Previous studies showed that the common UV fitdostances benzopheneéhéBR 3), butyl meh-
oxydibenzoylmethangBM1 DBM), octocrylene (OCR), ethylhexymethoxycinnamate (EHMC),
ethylhexyl salicylat§ EHS) and ethylhexyl triazone (EHT) were able to react aithino side chains

of different proteingn vitro. To transfetthe results to mammalian skin conditions, sunscreen products
were applied on both prepared fresh porcine skin and glass, followed by UV irradiation and the
determination oflepletion of the respective UV filters. Significantly lawecoveries of the UV filters
extracted from skin samples thiom glass plates indicated the additional reaction of thefiltArs
with skin constituents, when proteins will be the mogiortant reactants. Among the products tested,
BP-3 showed the gigest differences in recoveries betwedass and skin samples of about 13% and
24% after 2 and! h of irradiation, respectively, followed by EHS > BMDBMOCR > EHMC >
EHT. The obtained results raifee question, whether the commionvitro evaluations bsunscreens,
using inert substrate materials like roughened quartmolymethyl methacrylate (PMMA) plates are
really suitableo fully replacein vivo methods, as they cannot incluslén-typical reactions.

INTRODUCTION

The usage of sunscreen produstth adequate broadband Wfotection can be an effective way to
protect the skin against ttarmful effects of UV radiation (B). Their efficacy is claimedty differ-
ent indicators, i.e. a high sun protection factor (SPRyel-balanced UVA/UVB proteadn and a
high photostability othe used UV filters (4,5). Originally, the application of UV filsrbstances was
mainly concentrated on sunscreen produdtsvever, UV filters nowadays are also important ingred
ents ofpersonal care products to avoiddesirable shortand longtermeffects of direct sun exposure
as early as possible (6,7).

As part of the legally required safety evaluation of cosm@ticlucts, the efficacy and safety of sun
protection products musie proven by eithen vivotests onlte skin of human volunteeos alterra-
tively in vitro using roughened quartz or polymetiyéthacrylate plates as test substratéd@p As

in vitro tests avoidhe ethical concerns associated withvivo procedures, providesproducible e-
sults, and areomparatively fast and cesfficient, they are often used in practice. However, as the
results ofin vitro determinations can be influenced by various parameterthitadiation source, the
exact application amount, the substnatt@terial and the digbution of the sample, it complicates the
implementation of the test systems and comparability of the rg&dit$4). In addition, as the usage

of inert substrate materials carver exactly represent the natural skin conditions, the transferability
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of the results tén vivo conditions may be limited. Especiallgactions and processes that are attribu
ed to different skirtonstituents (e.g. proteins) are not taken into account. Thissigeofal interest, as
previous studies with different protein arkdnsmodels confirmed that the common UV filters mct
crylene (OCR),butyl methoxydibenzoylmethane (BMdBM), benzophenon8 (BPi 3), ethylhexyl
salicylate (EHS), ethylhexyl methoxycinnam@#iMC) and ethylhexyl triazone (EHT) were gerera
ly ableto react wih amino side chains of proteins under thermal and#diation conditions (1519).
Depending on the reaction produfitsmed, a strong influence on the respective UV filter spectra was
partly observed, confirming the importance of such reactionséatetermination of efficacy.
Furthermore, as the formation of protein adducts is seen aspantant key element of sensitization
processes (4@2), theobserved reactions may also be interesting in the contesdfefy testing and
may challenge the incrsiagly widespreadisage of UV filters in nearly all types of cosmeticgro
ucts.

The aim of this study was to explore, if the identified proteactions also play a role during the a

plication of sunscreepr oduct s under fr e alrefdrg difierencanmerdallyt i on s

available sunscreens and skin care products wtdgrated UV protection were applied onto both
prepared fresiporcine skin and glass plates, afterward irradiated, and extractitermine theer
coveries of the UV filtersDifferences in thalepletion of the UV filters extracted from skin or glass

samplesndicate additional reactions of the UV filters, attributed to naskial constituents.

MATERIALS AND METHODS

4-t-Butyl-46methoxydibenzoylmethane (BMBM, Eusolex 902)) 1,3diphenylproparil,3-dion
(098%) (DBM), et hyl HEHNMGE, Eusotes 2282), henzopheniBa(BPa3t -
solex 4360) andctocrylene (OCR, Eusolex OCR) were obtained from VWR (Darms&attnany).
Tween 20, Rethylhexyl salicylate (EHS), ammmum formate( > 9 9 %) , di met hyl S
and et hanol ( O 9 9rom8 Sigma Mldrich ¢StemheimcGeanangthylhexyl triazone
(EHT, Uvinul T 150) was kindly provided by BASF (Ludwigshafere r ma ny ) . Cetyl

was obtained fronCarl Roth (KarlsruheGermany). Tegomuls was purchased from Spinnrad (Bad

SegebergGer many), acetonitril e ( O9 Betherknds).fGCiCgakyld . T .

benzoate and caprylic/capric triglycerid@gdiglyol 812) were kindly provided bysasol (Hamburg,
Germany). Samplesf commercial products (15 sunscreens, 7 personal care progrectspurchased
from German drugstores and supermarkets. Porcinewssaies freshly obtained from a local butcher

(Gerlingen, Germany).

Standard solutions

Stock solutions (1 g 1) of BMiDBM, BPi 3, OCR, EHS and EHMC were prepared in ethanol, of
EHT in acetonitrile,and stored at 6°C. For calibration purposes, working standard sol#idis

140mg L") were prepared by appropriate dilution with ethanaa®bnitrile, respectively.
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For standard mixture 1, BNDBM (60 mg), OCR (150 mg) and EH80 mg) were dissolved in 2 mL
of a 6:4 (v/v) mixture of capric/caprylitriglyceride and ethanol. For standard mixture 2-BP
(200mg), EHMC (90 mg) and EHT (40 mg) weyp@epared in 2 mL of the same solvemikture. As
internal standard, a solution of DBM (50 mg Mlwasprepared in acetonitrile.

Sunscreen test formulations

Capric/caprylic triglyceride (6 g), &5 alkyl benzoate (6 g), Tegomuls (2 g) and cetyl alc¢ddi g)
weremelted in a 50 mL glass beaker, not exceeding the temperature ot @ard, BR 3 (1.7 g),
EHT (1.2 g) and EHMC (2.8 g) (sunscreen fesmulation 1) or BMDBM (1.4 g), OCR (2.5 g) and
EHS (1.5 g) (sunscredrst formulation 2) were add and completely dissolved in thpid phase.
Hot water (80°C, 40 g) was added in 10 mL portions urdastant stirring. After the complete &dd
tion of water the mixture wastirred vigorously for further 2 min. The resulting emulsion was cooled

to roomtemperature under occasional stirring and stored at 6°Cusatije.

Solar simulator

Irradiations were performed with a Suntest CH&m Atlas Material Testing Technology (i
sengericht, Germangquipped with a xenon lamp and a filter combination efted quartglass with
UV special glass (simulation of solar global radiation outdabidaylight, Atlas) using the following
settings: irradiance set 850 W n¥, ventilation temperature to 33°C. A custonade, watercooled
base plate was held at 20°Cotal UV irradiance (28000 nm)in the test chamber was measured
with a Dr. Hbhnle UV meter (Gifelfing, Germany) and was determined to 43 . m

High-performance liquid chromatography

High-performance liquichromatography (HPLC) measurements were peworon a liquicchroma-
tography (Agilent, Waldbronn, Germany), using a quatert#?y.C pump (G 1311A), a degasser
(G 1315A), an autosamplét 1313A), a column oven (G 1316A) set to 30°C and a diode detay

tor (G 1315B) with DAD detection wavelength 80 nm and350 nm (spectral bandwidth (SBW)

8 nm). As reference wavelengB®0 nm was chosen (SBW 8 nm). Data processing was performed by
Agilent ChemStation software (Agilent) (rev. A.04.02). As statiomdrgse, an XterraMS C 18 HPLC
column (5um, 250x 3 mm) (Waters, Milford, MA) was used. The injection volume wasul0 The
mobile phase (0.3 mL mif) consisted of 10 mM ammonium formateffer set to pH 4.0 (A) and
acetonitrile (B). Isocratic elutio(il0% A/90% B) was used. For the determination ofUh&filters
BMiDBM, OCR, EHS, BP3 and EHMC a run time of 14 min wasfficient, whereas for samples
with EHT an extension of the run tinbe 30 min was necessary. For the separation of the UV filters, it

wastaken into account that EHMC (E isomer) forms #dditional Z isomeduring irradiation.
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Determinaion of UV filters by HPLC

To determine the precision tie HPLC method used, three aliquots (8 mg) of the sunscreenrtest fo
mulations1 and 2 were accurately weighed into 15 mL secew glassvials, 10uL of the internal
standard solution were added and the extrastias performed with 10 mL acetonitrile under ison
cation (5 min) at35 kHz (Sonorex RK 106; Branson, Teltow, Germany). After centrifugdton
5min at 2500 g, the clear supernatant waeri#ld through a syringdter (0.2 um), and analyzed by
HPLC to calculate the means asindard deviations. To examine the accuracy of the method, the
resultsof the triplicate measurements were compared to the theoretically calcaiageohts of the
regective UV filters in the sunscreen test formulati(regovery test).

Samples of commercial sunscreens and skin care products (approxib@atedy were weighed into a
50 mL centrifuge tubes, and 10 naf acetonitrile and 1QL of the internal standard kion were
added.Samples were extracted under 10 min sonication (Sonorex RKBi&@son) and centrifuged
for 5 min at 2500 g. The clear supernatant waalyzed by HPLC after filterinthrough a syringe
filter (0.2 pm).

Preparation of porcine skin

Excised fullthickness porcine ear skimas used. For the experiments, only ears without macrisscop
cally visible damages or other changes (e.g. a peeling of the skin or rashes)sedreEars were
washed with cold water, dried with paper towels, amde carfully shaven to remove any visible
hairs or bristles. Afterwardhe outer skin membrane (dermis and epidermis) was carefully removed
from the cartilage with a scalpel. The skin was cut into piec@xdf cnf. As it has been shown that
freezing and stoge at subzerdéemperatures does not influence the permeability properties and the
guality of the skin (23), the prepared skin samples were stor@D 4L in afreezer until use.

Extraction tests for porcine skin samples

The sunscreen test formulatidnand 2 (approximately 8 mg) were individually applied on the- pr
paredporcine skin and evenly spread with a small spatula. After 30mtire dark, skin samples were
transferred into 50 mL centrifuge tub&$,uL of the internal standard solution and 20 oflacetom

trile, ethanoldimethyl sulfoxide or a mixture of water and ethanol (1:1 v/v) veelded. The samples
were shaken vigorously for 1 min and extractetler sonication (Sonorex RK 106, Branson) for
10min. After centrifugation(5 min at 2500 g),he clear supernatant was filtered through a syringe
filter (0.2 um) and analyzed by HPLC to determine the recovaridhe UV filters from the skin in

comparison to the directly extractsdnscreen test formulations.
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Comparison between porcine skin ataisg plates

The two standarcdhixtures (20 |iL) were evenly spread onto the prepared porcine skin saipeim
parallel on glass plates cut to the same size. Samples of comrsansateens and skin care products
(approximately 8 mg) weneniformly distributed on the skin and the glass plates with a small spatula.
A set of the respective samples was placed into a petri dish (digretgrand covered by a thin lew
density polyethylene (LDPE) cling filnAfter 30 min, the samples were irradiated for ugltb. The
correspondingdight doses for 1 h of irradiation were 153 ki (62 J per samplepfter 0, 0.5, 1, 2
and 4 h of irradiation, the samples were transferredS@tolL centrifuge tubes, 10Lpof the internal
standard solution weradded and extraoih was conducted with 10 mL of acetonitrile unden-
cation (10 min), followed by centrifugation for 5 min at 2500 g. $iyeernatant was passiiough a
syringe filter (0.2 ) and measureldy HPLC. Differences in the recoveries for each UV filter were

assessedy ANOVA analysis

RESULTS AND DISCUSSION
Analysis of UV filters

Chromatography

To determine the recoveries of the UV filteasy appropriate HPLC method was used, allowing the
simultaneousletermination of the UV filters under study. Typical @iatogram®f a standard

ture and the sunscreen sample Bl@re shown in Figure S1. It was taken into account that EHMC,
which is mainly found in its E form under dark conditions, igduilibrium with the respective Zads

mer under UV irradiationreaulting in an additional peak (Fig. S1). The ratio of absorb&eteeen

the Z and E isomer at 300 nm was 0.59, which goiod accordance with data found in literature (24).
As the stableéE/Z ratio already developed after 10 min of irradiation amd stale over the whole
irradiation time, the peak area 6fEHMC was multiplied by the factor 1.7 and was added tg#zk
area of EEHMC for the evaluation of the irradiated sampl€ke linearity of the used HPL-DAD
method was determindaly a sixpoint calbration. Regression equations werdgtained by lineare-
gression analysis, using the peak area (aample to internal standard) as a function of concentration.
Linear calibration curves for BNDBM, BPi 3, EHMC, EHS,0OCR and EHT were obtained in the
coneentration range 2i340 mg L. All correlation coefficients were greater or eqtifan 0.995
(Fig. S2). The calculated limits of quantitati¢hOQ), defined as 10 times the sigitelnoise ratio
(SIN = 10), were between 2.7 and 5.2 my the calculatedimits of detection (LOD), defined as
SIN= 3, between 0.and 1.6 mg L* (Table 1). The accuracy (recoveries) of thethod was found to

be 99.4100.3% for all UV filters in thesunscreen test formulations (Table 1). The precision of the

method (repeataliies) was expressed as relative standtdation (% RSDn = 3) of the recoveries

and was determingdo O1. 5% for all six UV filters (Tabl e
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Table 1.Analytical parameters for the validation of the HRDBD determination.

LOD/LOQ Accuracy Repeatability

(mg LY (% Recovery) (% RSD,n=3)
BP-3 1.2/3.9 99.7+0.03 1.12
EHMC 1.6/5.2 99.7+ 0.05 1.13
BM-DBM 1.1/35 99.4+0.01 0.86
OCR 0.8/2.7 99.6+ 0.05 1.10
EHS 1.0/34 100.3+ 0.02 1.49
EHT 1.3/4.4 99.7+ 0.04 0.42

LOD/LOQ = Limit of detection/quantificatigrRSD = Relative standard
deviation "Related to the sunscreen test foratidns

Extraction of the UV filters from porcine skin

To determine thenost suitable solvent, which ensures a complete extraction ohbwind UV filters
from the porcine skin, sunscreen test formulatiwage extracted from the skin with different ses
after 30 min, which corresponds to the usually recommended waditimggbefore sun exposure (25).
Considering all six UV filterainder study, acetonitrile was the most suitable solvent, shdvigig
recovery rates and low standard deviations (TabléhBsconfirming the good applicability and acc
racy of the extractiomethod.

Table 2.Recovery rates for the application and extraction of the sunscreen test formulations from porcine skin
using different solvents.

Recovey of the studied UV filters (% SD)’
BP-3 OCR BM-DBM EHMC EHS EHT
H,O/Ethanol 1:1 (v/v) 91.2+1.0 598+27 467120 602+15 588+25 33730
Dimethyl sulfoxide 98.3+26 864+06 99.1+15 985+11 99.2+12 949109
Acetonitrile 97.7+16 99.2+09 98.2+0.7 99.6+1.1 1009+06 97.3+23
Ethanol 92.7+36 97.0+17 804+11 951+36 98.1+16 90.1+3.3

* Standard deviatiomg3)
Determination of the UV filters in commercial products

The UV filter content of commercial sunscreens and skire gaoductsvas determined by external
calibration, using internal standaedrrection. The UV filter combinations and the SPF of the samples
tested are shown in Table 3. The most frequently detébefilters were BM DBM and OCR, in 21
(95%) and 16 (73%)f the products tested. EHMC was only present in two oéXaenined skin care
products (Table 3). All samples containedeaist one organic UV filter, however, some products co
tainedup to five different UV filter substances. The determined concemtregnges of the UV filters

in the products were 0.2.1%, 1.4i10.1%, 2.24.3%, 1.12.7%, 2.35.5% and 0.75.9% for
BM-DBM, OCR, EHS, EHT, EHMC and BB, respectivelyTable 3). The UV filter content of the
products generally compliedith the maximum allowed concentration of the EQosmetics Regat

tion (26).
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Irradiation on glass or porcine skin

In former studies (1519) it could be shown that the commbWV filters BMi DBM, OCR, EHMC,
EHS, BR 3 and EHTwere able to react with different proteins akthanodels undelV irradiation
(Fig. 1). To assess, whether those reactions gky a role during the irradiation of the UV filters on
the skin,different commercially available sunscreens and UV filter contaipgrgonal care products
were applied ot prepared fresporcine skin. Porcine skin was frequently used as surrogateifor
man skin in research due to its similar histological and biochemiogkrties and structure (27,28).
The sunscreeamounts used were adapted to the requirements of th248@1:2010 for thén vivo
determination of the SPF (2 nsgnscreen pecm” skin area) (29). In parallel, the respectbamples
were applied onto glass plates and treated in the szaneer, to take possible side effects inte a

count, particularlyphotadegradation processes not influenced by the preserséengfroteins.

OJNH @*H
|

Figure 1. Schematic representation of possible reactions between skin proteins and UV filters with (A) diketo
(e.g. BMDBM), (B) benzophenone (e.g. BR, (C) ester (e.g. EHS), and)Binnamate structure (e.g. EHMC);
according to the results of (18).

Photostability of the UV filters

Regarding the recoveries of th® filters from glass plates after UV irradiation, an estimatibtheir
photostability was possible. For EHT, OCR angBarelatively good photostability with meae-r
coveries of >85%after 4 h irradiation could be observed (Table 4). In contéds§, BM-DBM and
EHMC showed a comparatively highphotodegradation trend. However, in the case of EHS, this
degradatiormay have limited influence on the overall UVB protectiahility, as EHS is mostly used
in the combination witlother UVB filters. Because it is well known that the combinatdiEHMC
with the UVA filter BMi DBM has a negativenpact on the photostability of HoUV filters (30,31),
it is not surprisingly that for the 2 day care products (sample Nar2D21) combining EHMC and
BMi DBM, a high photodegradatiasf both UV filters could be observed (Table 4). E6tiMC, mean
recoveries of 69 and 48% were determidigr 2 and 4 h of irradiation for the two samples, when
also therecoveries bBMi DBM were strongly reduced.
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Phdostability of UV filters on mammalian skin

After 2 h, onlyabout 15% of the initially applied BMDBM could be recovereffom the glass, and
after 4 h of irradiation, the degraaa of BMi DBM was complete (Table 4). The observed phagede
radationof both UV filters may have a great influence on théA and UVB protection ability of the
day care products, particulanlyith regard to their longerm protection. Also for théwo prodicts
containing a combination of BMDBM and EHT (sample No. 9 and 17), recoveries of only 26 and
43% couldbe observed for BWMDBM after an irradiation time of 4 (Similarly, the personatare
product (sample No. 18) that containBt-DBM and EHS only reva@ed 26% of the initiaBMi
DBM after 4 h of irradiation (Table 4). These results sugtiestnot only the combination of BM
DBM and EHMC,but also combinations of BMDBM with EHS or EHT have a@ather negativeni-
pact on the UVA protection performancetbé products. In contrast, for all products containingiBM
BDM in combination with OCR, a good photostability of the U¥iker was observed, which is in
good accordance with the existiliigrature (32).

Differences between porcine skin and glass plates

After irradiationof the samples and extraction of the UV filters, differenoethe depletion of the
respective UV filters on both substrafekin and glass) allowed first conclusions about the reactivity
of the different UV filters toward the skin.

In a first step, the two standard mixtures were applieduanifdrmly distributed on either porcine skin
or the glass plate® exclude possible side effects caused by interactions with furblseretic inge-
dients. The standard solutions were alloweedry andthe samples were irradiated for up to 4 hrafte
ward. The different UV filters showed an individual binding tendetmyard the skin, to be derived
from the different recoveries fadhe extraction from glass or skin (Fig. 2). EHS showedbst sg-
nificant difference between glass and skin, followedy3 > BMi BDM > EHMC > OCR > EHT.

Standard mixture 1 Standard mixture 2
100 41 g9
6.8 6.6 i Il Glass 2h
. ] 175 Skin 2h
90 - 1 [ Glass 4h
—_ : E= Skin 4h
e g 16.9
~ 80 -
-
2
O 70
o
[
x
60 -
50 -

BM-DBM OCR EHS BP-3

Figure 2. Recoveries of the UV filters applied as two standard mixtures from glass and porcine skin after 2 h and
4 h of irradiation at 43 W i Error bars represent tistandard deviatiomg3), adjacent bars show the respe
tive difference between glass and skin.
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In a second step, 22 commercial products were exantmedptained results are summarized & T

ble 4. Figure 3 exemplarilghows the different recoveriesrfthe UV filtersOCR, BM DBM and BR

3 of sunscreen sample No. Ektracted from the skin and the glass plates after 2 and 4rfadif-

tion. Significant differences between the recoveries frome s ki n sampl es and gl a
determined byANOV A anal ysi s;=4@2%,pQCR/.1%)PBRITDB M ( R.0%,
PRh=11.2%), and for BRB ( qpR= 11.0%,0R = 20.9%), the letter showing the highesactivity

(Fig. 3).

BP-3

— B Glass
ey Skin

2 4 2 4
Irradiation time (h)

Figure 3. Recoveries of the UV filters from glass and porcine skier& h and 4 h of irradiation at 43 W3
exemplary shown for sunscreen sample No.11. Error bars represent the standard dev@)iddafa that are
not significantly different (N.S.; > 0.05) and data that are significant (* p < 0.05, ** p < 0.0p ¥9.001) are
marked accordingly

There was no statistically significant differenoetween the recoveries from the glass plates after 2
and 4 h irradiation for OCR, confirming its good photostabiligr BMi DBM and BHR 3, however,

there was a certaijphotodegradation of approximately 5% and 12% after 24ahdf irradiation, e-
spectively. The results obtained with {hersonal care products are exemplarily discussed for product
No. 17, containing the UV filters BMDBM and EHT. EHTwas very photostabland less reactive

( R=2.5%,pR,=4.9%), whereas BMDBM showed a significant reactivify pR= 8 . 6%, ®©®R
= 11.5%) but especially a higthotodegradation of approximately 75% after 4 h irradiaffég. 4).

The example illustrates that a high degation tendencynder UV exposure was generally associated
withadecreased di fference bet werdn htahtee phomdegradationy r e s
competes with proteiadductformations. However, from this study design it cannoekeuded that
products of photodegradation also react with gkioteins and possibly result in skin sensitization
(33).
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BM-DBM

B Glass
3 Skin

Irradiation time (h)

Figure 4. Recoveries of the UV filters from glass and porcine skin &tand 4 h of irradiation at 43 W™m
exemplary shown for faceeamNo.17. Error bars represent the standard deviatien3). Data that arsignifi-
cant (**P < 0.01, **P < 0.001) are marked accordingly.

For all UV filters, a timedependent nearly linear increasegfR was observabl e, when
all samples were averag€eig. 5), indicating the occurrence of certain skjpical reaction, e.g. @-

teinradduct formation initiated by UV irradiatigffrig. 1). However, comparing the different UV-fi

ters, partlylarge differences in their reactivity were observed, which wemparable to the previous

results from the application of standawlutions. Considering the arithmetic mean of UV filecos-

eries for the different commercial samples examined,3B®viously showed the largest differences

between the recoverieslculated from the glass plates and the skin, followed by &tdSBM DBM

(Fig. 5).

30
XBP-3
AEHS

,5 | ©BM-DBM
©OCR
-EHMC

XEHT

Difference in depletion between
glass and skin (%)

Irradiation time (h)

Figure 5. Mean differences in the depletion of UV filters for the commercial samples under study on glass and
porcine skin after different irradiation times (43 W?mError bars represent the standard deviation, fo3BP
(n=2), EHS 6=7), BM-DBM (n=19, sample 20 and 21 excluded due to extreme photodegradation) n&I&y, (
EHMC (n=2), and EHT 1(=2).
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However, ashere were only two sample®ntaining BRP3, its reactivity cannot be conclusivedg-
sessed. EHMC and EHT were the two UV filters with the loweattivity toward the porcine skin,
which is in good accordanedth the results of our developed HPTLC scregrn(il5).

The same applied for OCR; its moderate reactivity correspalsadswell to the HPTLC screening
under UV radiation conditionglthough in further studies with the amino acid models ethanolamine
and butylamine (17), BSA and gelatine (18), O®&s dentified as highly reactive binding partner.
The differencen the reactivity of OCR toward the various substrates was suiipgising, but presén

ly is difficult to explain. It is noticeabléhat the different recoveries from glass and skin were sample
dependent for each UV filter. After 4 h of irradiation, OCRdox a mp | e s howe d13%pR val u
for all sunscreen samplesider study. For BMDBM, a larger margin of iR25% wasdetermined o-

der the same conditions (Table 4). It is likely ttegt differen UV filter combinations, the photostébi

ity and theoverall composition of the products may influence the respeeisdts.

As the differences between the recoveries determinaxkiogiction from the glass plates and the skin
were mostly significanandnot only UV filter but also product dependent, it raitdes question, how
suitable the existingn vitro methods are toeflectin vivo conditions. Due to the usage of quartz or
PMMA plates to determine the SPF, the UVA protection ability andobiwtosability, skintypical
reactions, which may have a direofluence on the accuracy of the results, are not covered by the

existingin vitro methods.

CONCLUSION

This study shows that for tle@mmon UV filter substances B3 BMi DBM, EHS, OCR, EHMC and
EHT, differences in theirecoveries could be observed when sunscreen samples were irradiated
either glass plates or porcine skin. The taependenincreasing differences between the recoveries
from glass and skiimdicate the occurrence of certain skypical reactions, as thfermation of po-

tein adducts. The studied UV filters showetharkable differences in their reactivity toward the skin,
listed in decreased order as follows:iBP> EHS > BMDBM > OCR > EHMC > EHT. This grad

tion is in goodaccordace with the results of the recently developed HPBE@ening method, ind
cating a different photocontact allergempictential of the UV filters. Which impact a binding of the
UV filters to the skin may have on the respective UV spectra @gpked pralucts cannot be derived
directly, as also the boundpnextractable UV filters or their cleavage products may hasertain
absorption potential. Recent methods, which are usedamine the sunscreen performairceitro,
cannot take sucskin-typical reactions into account. Therefore, the validityhaise testing results for
the practical usage needs to be questioned.

Especially for some of the studied day care products, a pagthyphotodegradation of the included
UV filters was observedlhis raise the question, if such products are really effectiveifaids nec-
essary that also for day care products advertising Whthprotection, certain minimum requirements

for the stability otthe used UV filters should apply.
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SUPPORTING INFORMATION
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Figure S1HPLC chromatogram of a standard mixture (50 rifyand exemplarily of the extracted UV filters of
sunscreen sample No. 9, detected at 30Gancth350 nm. 1: BP 3, 2: DBM (ISTD), 3: OCR, 4: BM DBM, 5:
EHMC, 6: EHS, and 7: EHT. Enlarged section (A) after 1 h irradiation &V 432 showing the two isomers
Z-EHMC (5a) andE-EHMC (5b).
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Summary

VIl Summary

Undoubtedly, the usage of sunscreens is ortkenfost important ways to protect the skin against the
harmful effects of UV radiation. To secure their safety and efficacy, sun protection productsanust pr
vide, inter alia, a weltbalanced UVA/UVB protection, a high photostablity of the used UV filtamd,

a good tolerability.

Some properties like the sun protection factor (SPF), the UVA protection ghiipPF) and the
photostability can be determined eitlievivo, on human skin, oin vitro by using roughened quartz
or polymethylmethacrylate (PMM#plates as recommended substrate materiain Agro techniques
show a good reproducibility, are comparatively cheay can refrain from the use of human wslu
teers, they are often the method of choice in practice. However, as the used substcitesiast
inert and have a completely different structure than human skin, they cannot takecotmt ay
reactions, which may be attributed to natural skin structure and its constituents.

For the determination of a possible sensitizing potential ofsaetic ingredient, however, exactly

such interactions between the substances applied and the skin play a crucial role. In particular, the
binding of electrophilic reactants to nucleophilic amino groups of skin proteins (haptenization) plays a
key role in he development of allergic and photoallergic reactions.

Although UV filters are important, widespread used cosmetic ingredients, their reaction podential t
wards skin proteins has hardly been studied so fatefore, he aim of tle present thesis w#s con-
tribute clodng this gap of knowledge ithe field of basic research and to investigate the reactivity of
widespread UV filter substancesmardsskin proteinsFor this purposdancreasingly compleprotein

or skinmodel systemsvere applied teexaminethe underlying chemical mechanisms by means of

different analytical techniques.

At first, the development of a rapldgh-performance thisiayer chromatographiddPTLC) screening
method on an amino phase as protein model provided an easy and rapidestaypate the reactivity

of different common UV filtes, namely benzophenotg (BP-3), hydroxymethoxybenzoyl sulfonic
acid (HMBS), butyl methoxydibenzoylmethane (HMBM), 3-benzylidene camphor {BC),
4-methylbenzylidene camphor (4 BMC), octocrylene (OGR)ylhexyl methoxycinnamate (EHMC),
ethylhexyl salicylate (EHS), diethylhexyl butamido triazone (DEBT), ethylhexyl triazone (EHT), and
octyldimethy p-aminobenzoic acid (OIPABA) towards amino groups or skin proteins under thermal
and/or irradiation condiins. A direct comparison of the results of the screening with patch aad ph
topatch test data of the dermatological practice showed that especially the UV filt8rsHRIBS,
OCR, BM-DBM, and DBM, which are known to be common triggers for allergic an phetgic
reactions, showed the highest tendency to bind to the amino phaséditagesthat the screening

may be well suited to identifgossible skin sensitizeas part of a multistage testing strategy
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Summary

The observation that the reactivity of théfelient UV filters used can be influenced by both heat and
UV irradiationwas verified during theubsequent studies withe amino acid modelsutylamine and
ethanolamine.The UV filters showed individual, partly very different, timand temperature
depandent reactivities towards the two amines. An additional irradiation resulted only in arsmall i
crease of the respective conversions and in a slightly different distribution of the amine adducts, e
cept in the case of OCR, for which the respective amideldisonal byproduct was detectable.
Benzophenone imines, enamines, and amides were identified as typical reaction products by means of
electrospray ionizatiomass spectrometnEGFMS), Fouriertransforminfrared ETIR), and nuclear
magnetic resonanc@NMR) spectroscopyBP-3, HMBS, the dibenzoylmethanes, OCR, and EHS
showed by far the highest reactivity what was in good correlation with the previous screeto#y

ing a different contaeallergic potential of the UV filterszor BR3, HMBS, and OCRalready room
temperature was sufficient to initiate the conversion. In contrasgstes EHMC and EHT showed a
significantly lower reactivityand for the UV filters BC, 4MBC, and ODPABA no convesion was
observable at all.

The formation of the redion products had partly big influence on the respective UV filter spectra. In
the case of BB, HMBS, and EHSthe conversions led to a strong bathochromic shift and hence to
approved UVA protection. In contrary, in the case of DBM and-BBM, a breakag®f the diketo
structure was observed, resulting in a significant decrease of the respective absorption(apangth

80 and 6®%) and a loss of UVA protection. The most significant difference was apparent in the case
of OCR, whichwas converted to thespective benzophenone imines associated withléaeage of

its cyanoacetate moiety, resulting in a nearly complete loss@¥iBsprotection ability.

The same reaction tendencies could also be obsemmsh using Bogrotected lysine, the tetrgpe
tide Boc-Gly-PheGly-Lys-OH (BocGFGK), andbovine serum albumin (BSA) ascreasinglycom-
plex protein or skin model#\s seen for the ethanolamine and butylam®€R and BMDBM con-
firmed to be most reactivewards the lysine side chains of the mentionedehsgstemsfollowed by
DBM > BP 3 > EHS > EHMC > EHT in decreasing order. The determination of the convessions
rather the binding amount of the UV filtensas performed by analyzing themraining unbound UV
filters by highperformance liquid chromatagphy coupled to diodarray detection (HPLDAD).
Adducts formed with Botysine and Boe€GFGK were determined by EMS.

In contrast to the previous reactions witle amines, for BMDBM and DBM enamines were the only
detectable reaction products with Blgsine and Bo€GFGK, whereas no cleavage thfe dikete
structure occurred. Also EHMC showed some differences: divkctiaeltype additions at the camj
gated double bond the respective amiwvese formedwhereas no ester aminolysis was obserired.

the cae of EHS, EHT and OCR, the same reaction products were identified.

156



Summary

To determine the covalent binding of the UV filters to the protein BSA, beside the extraction of the
unbound UV filtersthe increase of the molar mass of the formed B84ucts wasddtionally ex-
emplarily determined for EHMC and DBM by matassisted laser desorption/ionization tinfe

flight mass spectrometry (MALBTOFMS). The mass increase allowedigectconclusion about the
binding amount of the respective UV filters. Tresultsof the MALDI determinationswere highy
identical to the results calculated from the depletion of the two UV filters, confirming that the fast
HPLC-DAD method was quite suitable to determineah®unts of the UV filters bound to BSA.

As the formation othe enamines and amines only had small influence on the UV characteristics of the
respective UV filters, theibding to BSA did not affect the UV absorption propertieBM-DBM,
EHMC, and EHT, but led to a bathwomic shift in the cases of Band EHSBinding to BSA led

again to atsong hypsochromic shift and a nearly complete loss of UVA+B proteitidine case of

OCR

To better reflect the usual application conditions, in a next step, a thin gelatine layelnosasas

skin model. The UV filter amants applied were adapted according to the existing ISO norm for the
determination of the SPF. Afterwards, UV irradiation was performed. Beside the determination of the
binding amounts by extraction of the unbound UV filtdvap specially synthetizedsteble-isotope
labelled UV filter analoguedEHC-ds and DBM-ds) were used to additionally determine the binding of
the UV filters byisotoperatio mass spectrometry (IRM8ie to the changes of tfig/*H isotoperatio

((*H). T he r?dgluds tfiernhgursiof irradiation65.58 a n dd 7a.gldVienma $tad-

ard Mean Ocean Water (VSMOWjvere significantly enriched ifH compared to pure gelatin
(7448 against VSMOW), conf i r milabged BV filtarsn Agaim the o f
results of thdRMS measurements showed a good correlation to the results of the extractiom-and su
sequent HPLEDAD determination. In contrast to the esters EHMC and EHT, which showed @mpar
tively small binding amounts, for the other UV filters (OCR,-BFEHS, and BMDBM) significant

reaction tendencies towards gelatin were observed.

Finally, it was observetb what extent the results of the model studigaaide with observations on
freshskin. For this purpose, variogemmercial sunscreens and personal care preaitit integrated

UV protectionwere applied on either preparedrgineskin or glass plates, followed by UV irradi

tion. Significant differences were observed for the amounts of UV filters extracted from glass and
skin. The lower recoveries in the caseloé porcineskin indicatedsome additional reaction of the UV
filters towards the skin sampld3ue to theprevious studiesit can be suggestdtat proteinbinding

may be mainly responsible for the observed discrepancy. Also in the case of the sk, filters
differed in their reactivity, whereas B¥Pshowed the highest discrepancy betwibenrecoveries from

glass andskin of an average of 1% and 24% after 2 and 4 irradiation followed by EHS >
BM-DBM > OCR > EHMC > EHT in decreasing order.
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Summary

Whereas for nearly all sun protection produicisluded in the studw relatively high photostability
was observed, some of the studied day care products showed a high photodegradation teneency, esp
cially in the case athe combination oBM-DBM and EHMC.

The present dissertation shedthat cosmeticUV filters were able to react with amino structures of
different proteins under thermal and irradiation conditions. As the formation of protein adducts is seen
as key event in the development of allergic andt@dlergic reactions, the results indicate a specific

skin sensitization potential of tHdV filters. Thisis confirmed by the experience of dermatological
practice. Since such reactions hgagtly strongnfluence on the respective UV filter spectrae -

isting in vitro methods using PMMA plates or quartz glass as substrates have to be questioned, since
those nethods cannot capture such skjpical reactions.

Since this work investigated basic chemical processes of protein reactions, the resisltwarktimay

also be helpful for the assessment of further chemical ingredients. Existing structural similarities can
give information on possible reactions occurring and may help to estimate a possible sensitization

potential of different chemical substasc
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VIIl  Zusammenfassung

Ohne Zweifel ist die Verwendung von Sonnencremes eine der wichtigsten Mdglichkeiten, die Haut
vor dennegativen Auswirkungen UbermaRiger {Sfahlung zu schitzen. Um ihre Sicherheit und
Wirksankeit zu gevahrleisten, missen Sonnenscapubdukte unter anderem einen ausggeven
UVA- und UVB-Schutz ausweisen, solltenqibstabile UVFiltersubstanzen enthalten und eine gute
Vertraglichkeit zeigen.

Einige Paramatewie der Sonnenschutzfakt¢6PF), de UVA-Schutzleistung undie Photostabiitat

der Produkte&kdnnen sowohin vivo, heildt auf menschlicher Hautderin vitro auf geeigneten ft
dellsystemen, z.B. Methacrylabder Quarzplattcherhestimmt werdenDa in vitro Methoden gut
reproduzierbare Ergebnisse liefeimyielen Fallenverglechsweise gunstig sind und ohne den Einsatz
von menschlichen Probanden auskommen, werden diese in der lRakgbevorzug. Da das im

Test verwendetdlattenmaterial jedoch chemisch inert ist und vollig anders aufgebaut ist als die
menschliche Haut, komem jegliche Reaktionen, die auf die natirliche Hautstruktur zurtickzufiihren
sind, nicht erfasst werden

Bei der Bestimmung eines moglichen sensibilisierenden Potentials eines chemischen Stoffes spielen
hingegen genau solche Wechselwirkungen zwischen degelanaichten Substanzen und der Haut eine
entscheidende Rolle. So stellt insbesondere die Bindung elektrophiler Reaktionspartner an nukleophile
Aminogruppen von Hautproteinen (Haptenisierung) eine Schliisselrolle bei der Entstehurig allerg

scher und photoallgischer Reaktionen dar.

Obwohl UV-Filter wichtige und vielfach verwendet@smetische Inhaltsstoffe sind, wurde ihr Rea
tionsvemdgen gegenlber Hautproteinen bidkearmuntersuchtDas Ziel deworliegend@ Doktora-

beit war es daher, dazu beizutragen,sdidVissensliicke im Bereich der Grundlagenforschung zu
schlieBerund die Reaktivitat weit verbreiteter UlItersubstanzen gegenihdautproteinen zu
tersuchenHierfur wurden unterschiedliche, komplexer werdeRdateirr und Hautmodellderang-
zogen undlie zugrundeliegenden chemischen Mechanismen mit Hilfe geeigneter analytischer Meth

den untersucht.

Im ersten Schrittvurde eine schnellbochleistungsdinnschichtchromatographisddBTLC) Scree-
ning-Methode auf Basis einer Aminophase als Proteinmodedliekelt. Durch die Bestimmung des
Bindungsvermégenn der U\ Filtersubstanzen  Benzopih@t3  (BP-3),  2Hydroxy-4-
methoxypenzopheno®-sulfonsaure (HMBS), Octocrilen (OCR), Butylmethoxydibenzoylmethan
(BM-DBM), Dibenzoylmethan (DBM), Ethylhexydicylsaure (EH$ 3-Benzylidencampher (BC),
4-Methylbenzylidencampher {¥IBC), Ethylhexylmethoxyzimtsaure (EHMC), Diethylhexylbua-
midotriazon(DEBT), Ethylhexyltriazon (EHT) und Octyldimethyp-aminobenzoeséure (GBABA)

an die Aminoschicht konnte die generelle Reatéivder U\tFilter gegeniber Proteinstrukturen unter

dem Einfluss von Wéarme undV-Bestrahlung bestimmt werden.
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Ein direkter Vergleich der Ergebnisse des Screenmi Patch und PhotopatchstDaten aus der
dermatologischen Praxi®igte, dass insbesdare die UVfFilter BR-3, HMBS, OCR, BMDBM und
DBM, die als typische Ausltser allergischer bphotoallergischer Reaktionen gelten, auch auf der
Aminophase die gro3te Bindungstendenz zeigten. IBgidie Vermutung nahelass das entwickelte
Screening & Teil einer Testbatteridazu beitragekann, mdgliche sensibilisierende Stoffe zu ident

fizieren.

Die Beobachtung, dass die Reaktivitdt der untersuchtesfrili®f gegeniber Aminstrukturesowohl
durchWarmeeinwirkung sowi®)V-Bestrahlung beeinflusst werd kannwurde bei den folgenddn
vitro Untersuchungen mit deAminosauremodellerButylamin und Ethanofain Uberprift Die
UV-Filter zeigten eine individuell sehr unterschiedliche,-zgitd temperaturabhangige Reaktivitét
gegenlber den beiden Aminenn&izusétzliche Bestrahlung mit thicht duRerte sich fir fast alle
UV-Filter lediglich in einer geringen Erhéhung des Umsatzes und einer geringfligig unterschiedlichen
Mengenverteilung der Aminaddukte. Eine Ausnahme bildete hier lediglich OCR, fur weahes-d
sprechende Amid als weiteres Nebenprodukt nach Bestrahlung detektierbistitteds Elektrospray
lonisatiors-Massenspektrometrige SFMS), Infrarotspektroskopie (IR) und Kernspinresonanzspektr
skopie (NMR) konnten Benzopheriatine, Enamine und Amidals typische Realdnsprodukte ide-
tifiziert werden.Ahnlich dem vorangegangenen Screening zei§@®B8, HMBS, die beiden Dibre
zoylmethane, OCR und EHS bei weitem die gro3te ReaktiltdEall von BR3, HMBS und OCR
waren bereits bei Raumtemperatur dlelié Reaktionsumséatze feststellbBie beiden Ester EHMC
und EHT hingegen zeigten eine deutlich geriedgReaktivitdt und fur diebeiden Campferderivate
3-BC und 4-MBC undfir OD-PABA konnte unter den angewandten Bedingunganétlei Umsatz
mit den Amiren detektieriverden.Wie bereits fir das Screening erwahnt, lasstuditerschiedliche
Reaktivitat der einzelnen U¥ilter erste Rickschliisse auf Unterschiedesensibilisierungspotential
der Substanzenu.

Die Bildung der unterschiedlichen Reaktionsprkig fiihrte zum Teil zu stieen Verdnderungen im
Absorptonsspektrum der jeweiligen UNilter. Im Falle von BP3, HMBS und EHS wurde eirgeu-
liche bathochrome Verschiebung der Spektren und damit eine erhdhteSdhiétzwirkung fester
stellt. Im Gegensatz da war im Falle von DBM und BNDBM ein Bruch der Diketostruktur fes
stellbar, was zu einem deutlichen Verlust der Absorptionsstikezu 80% bzw. 60%) und damit
auch der UVASchutzleistung fuhrte. iB gré3tenUnterschied waren im Falle vorOCR feststllbar.
Durch die Bildung des entsprechenden Benzophenonimins, einhergehend miVektust der
CyanoacetaSeitenkettezeigte der UVFilter eiren fast vollstindigen Verlust seiner Schutzleistung
im UVB-Bereich.

Ahnliche Reaktionstendeen der einzelnen \-Filter waren auch firr die komplexer werdendee-R
aktionspartner Bod.ysin, das Tetrapeptid BeGly-PheGly-Lys-OH (BocGFGK) undRinderserm-

albumin (BSA) feststellbar, die als weitere Protéirw. Hautmodelle dienten
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Wie in den vorangegangenen Versuclmigten OCR und BMDBM auch gegeniber den Lysin
Seitenketten degenannteModellsystene die grof3te Reaktivitagefolgt von den UVWFiltern DBM >
BP 3 > EHS > EHMC > EH in abnehmender Reihenfolge. DB2ndungsmenge dejeweiligen
UV-Filter wurde anhandat verbleibenden, nit umgesetzten UFilter mittels Hochleistungsfh
sigkeitschromatographie, gekoppelt niliodenarrayDetektor (HPLC-DAD), bestimmt. Mit Boc-
Lysin und BoeGFGK gebildete Addukte wurden mitsdtSI-MS identifiziert.

Im Gegensatz zu denovangegangenen Amiaaktionen wareim Falle vonDBM und BM-DBM die
jeweiligen Enamine die einzigen detektierbaren Reaktionsproduki®awiysin und dem Tetrage
tid. Die zuvor beobachtie Spaltung der Diketostruktuwvar nicht feststellbarAuch im Fallevon
EHMC waren Unterschied zu den vorherigeiergebnissererkennba Durch eine MichaelAddition
der Aminogruppe an die freie Doppelbindung des Zimtsaureesters wurde ddigé¢eumiin gebildet,
eine Aminolyse des Esters fand dagegen nicht statt. Im WalheEHS, EHT und OCR waren diése
ben Reaktionsprodukte wieei den vorangegangenen Aminversuchen identifizierbar.

Um die kovalente Bindung der UWNilter an das Protein BSA festzustellen, wurdsatzlichzur Ex-
traktion der ungebundenen WNilter die Veranderungder molaren Masse des Proteins beispielhaft fir
die Reaktion mit dem EstdEHMC und dem DiketonDBM mittels Matrixunterstitrer Laser
Desorption/lonisatioMALDI -TOFMS) bestimmt Aus der Massemnmahmekonnte direktauf die
Mengean gebundena UV-Filter geschlossen werdeBie Ergebnisse der M_DI-Messungen zg
ten eine sehgute Ubereinstimmung mit den Ergebnissen, die nstiPLC-DAD bestimmt wurden
und bestatigten die gute Anwendbarkeit der Extraktionsmethode zur Bestimmung e€tddV
Bindungan das Protein.

Da sich durch die Enaminund Aminbildungdie UV-Absorptionscharakteristika der jeweiligen
UV-Filter nur geringfligig anderterkonnten fir die Bindungvon BM-DBM, EHMC und EHTan
BSA keine deutlichen Unterschied in den U\(Spektrerfestgestllt werden. Wiebereits im Falle von
Butyl- und Ethana@minbeobachtetwar hingegen bdtHS und BP3 einebathochrome Verschiebung
der urspriinglichen Absorptionsspektren der-Eilfer zu beobachten. Fir OCR fiihrte die Bindung an
BSA erneut zu einer deighenhypsochrome Verschiebungles UV Spektrums und damit zu einem
fast vollstandige Verlust der UVBSchutzwirkungdes U\tFilters

Um im né&chsten Schritt die realen Anwendungsbedingungen noch besser abbilden zu kénnen, wurde

eine dunneselatineschicht alHauimodellverwendet. Die Menge der aufgetragenen-ElNer wurde

entsprechend der bestehend8®-Norm zur Bestimmung des Lichtschutzfaktors (LSF) angepasst.

AnschlieRend erfolgte die Bestrahlung unter Simulation natirlicher Sonnenstrahlung. Neben der B

stimmung der Bindungsmenge mittels Extraktion der ungebundenéhiltdy wurde mithilfe zweier
eigens synthetisientestabilsotopermarkierte UV -Filteranalogg EHC-ds und DBM-ds) die Bindung
der beiden UVFilter an das Protein mittels Isotopenverh@iiiassenspektrometrie (IRM$nhand
der Anderungen de#i/'H-Isotopenverhéltnissg$’H) bestimmt.Die resultierende”H-Werte nach

vierstindiger Bestrahlung-55.5a anda 7gédagen Vienna Standard
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(VSMOW)) zeigtenim Gegensatz zu rein&elatine {74.4a gegenVSMOW) eine deutliche Aniie
cherung andH, was die Bindungler deuterierten U¥Filter bestatigte Die Ergebnisse der IRMS
Messungen zeigtearneuteine gute Ubereinstimmung mit de Ergebnissen der Extraktion und-a
schlieRendeiPLC-DAD Bestimmung. Im Gegensatz zu den beiden Estern EHMC und EHT, fir die
eher gering Bindungsmengen festgestellt wurden, zeigten die Ubrigeirilldf (OCR, BR3, EHS

und BM-DBM) eine deutliche Bindungstendenz gegenuber der Gelatineschicht.

AbschlieRend wurde untersucht, inwieweit sich die ErgebnissdulehgefuhrterModellstudien mit
Beobachtungerauf Echthaut decken. Dafir wurden unterschiedlibla@delsiiblicheSonnencreme-
produkteund Pflegepraparate mit integriertem {®éhutz auf prapariert8Schweinehastiickesowie
Glasplattchen aufgetgen und anschlfend bestrahlt. Bei der sicmszhlieRenden Extraktion der
UV-Filter wurden signifikante Unterschiedsvischen derjeweils ermitteltenUV -Filtergehalte fes-
gestellt. Die geringereWiederfindungnim Falle der Schweinehalasserauf eine zusétzliche Rea
tion derUV-Filter auf cer Hau schlieRen, wobei die vausgegangenen Ergebnisse vermuten lassen,
dass Proteinreakti®@n hier von entscheidender Bedeutung sidth im Falle de Reaktionspartners
Haut zeigten die untersucht&fV/-Filter unterschiedliche Reaktivitaten, wobei flr die amtichten
Proben im Falle voiBP-3 der deutlichste Unterschieter Wiederfindungzwischen Glas und Haut
(13% bzw. 24% nach 2und 4stindiger Bestrahlundgsstellbar war gefolgt von EHS > BVDBM

> OCR > EHMC > EHT in absteigender Reihegfal

Im Fallederuntersuchtefsonnenschutzpdukte konnte flr nahezu alle Proleine gute Photostabil
tat der verwendeterUV-Filter gezeigt werden. Fur einige déagespflegeprodukiear hingegen ein
teils deutlicher Photoabbau feststellbar, inshdsoe bei der Konibation der beiden U\Filter BM-
DBM und EHMC.

Mit der vorliegenden Dissertation konnte gezeigt werden, dass kosmetigeRéter unter dem Hi-

fluss vonWarmeund UV-Licht in der Lage sind, mit Aminostrukturen unterschiedlicheitéine zu
reagieren. Daid Bildung von Proteinaddukten als entscheidender Schritt bei der Ausbildung von
Allergien und Photo#trgiengilt, lassen die Ergebnisse ein mogliches Sensibilisierungspotemtial di
ser losmetischen Inhaltsstoffe verten. Dies wird durch die Erfahrungensader dermatologischen
Praxis bestatigt. Da sich derartige Reaktionen teils stark auf dispg¥tren der jeweiligedV-Filter

und damit auch deren Schutzleistuagswirken, sollten die existierendenvitro Methodenzur Be-
stimmung der Wirksamkeit von 8pnenschutzproduktekritisch hinterfragt werden, daeim Einsatz
inerter Substratmaterialien wie PMMA oder Quarzglas der Einfhegspezifischer Reaktionericht
berlcksichtigt wird.

Da im Zuge dieser Arbeit grundlegende chemische Prozesse von Prét@nerauntersucht wurden,
kénnen die Ergebnisse auch bei der Bewertung weiterer kosmetischer Inhaltsstoffe hilfreicin-sein. A
hand vorhandener Strukturdhnlichkeiten kdnnen Ruckschlisse auf mdgliche ablaufende Reaktionen

und damit auclaufein gewisses Seitdlisierungspotentibder Substanzen gezogen werden.
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