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. Introduction

1. Definition
According to the main European Regulation on cosmetic products (EC) 1223/2009,
“a cosmetic products means any substance or mixture intended to be placed in contact
with the external parts of the human body (epidermis, hair system, nails, lips and
external genital organs) or with the teeth and the mucous membranes of the oral cavity
with a view exclusively or mainly to cleaning them, perfuming them, changing their
appearance, protecting them, keeping them in good condition or correcting body odors”
[1].

2. Safety and regulation of cosmetic products
2.1. Regulation (EC) No 1223/2009
The regulation (EC) 1223/2009 provides the framework of requirements for cosmetic
products on the market in the European Union. Requirements thus are harmonized for
all European member states with the general aim to achieve an internal market and a
high health protection level when cosmetics are used normal or reasonably foreseeable.
Stating that commercially available cosmetics shall be safe for human health, chapter II
article 3 is of special importance in that respect. As manufacturers are to designate a
person ensuring the safety of cosmetic products (Chapter III article 10), the
responsibilities are further clearly settled. Besides, the regulation requires a safety
assessment for every cosmetic product to be performed and documented in a report [1].
For safety reasons, chapter IV is important covering restrictions for certain substance
categories like dyes, UV filters or preservatives. Nanomaterials and substances
classified as carcinogenic, mutagenic or toxic for reproduction (CMR) are also
regulated in this chapter. For the same reason, cosmetics further shall not contain any
substance listed in annex II, as for instance hexachloroethane, nitroglycerine and
ethylene oxide [1]. Annex III lists substances with application specific restrictions. One
example is given by the allergenic fragrances like limonene, linalool and coumarin [1].
1

2.2. Scientific committee on consumer safety
As an independent risk assessment body of the European Committee, the Scientific
Committee on Consumer Safety (SCCS) is entrusted with evaluating safety aspects of
non-food products like cosmetics and their ingredients.
Based on different studies, the SCCS regularly publishes opinions on risks of cosmetic
ingredients [2]. Manufacturers of cosmetics should consider these recommendations for
safety assessments.

2.3. Safety of cosmetic fragrances
The fragrance industry established a self-regulated system to ensure the safety of
fragrances. The system is based on the Research Institute of Fragrance Materials
(RIFM) and the International Fragrance Association (IFRA) [3]. RIFM generates and
evaluates data on toxicological aspects of fragrances including acute oral toxicity, acute
dermal toxicity, skin irritation, mucous membrane irritation, skin sensitization and
elicitation, photosensitization, toxicokinetics, reproductive toxicity, genotoxicity,
carcinogenicity and repeated dose toxicity [3]. Based on these results, the IFRA
establishes guidelines. Cosmetic manufacturers should consider these guidelines when
evaluating the safety of their cosmetic products [3].

3. Absorption of cosmetic ingredients
Absorption generally is a term for the transport of a compound into the systemic
circulation. The absorption of compounds into the human body is successfully exploited
by the pharmaceutical industry in treating disorders with drugs. On the other side, the
absorption of hazardous compounds has to be taken into account.

3.1. Dermal absorption
Dermal absorption describes the transport of chemicals through the skin into the inner
body. Dermal absorption of unwanted compounds therefore can be relevant for
cosmetics applied on the skin.

2

Cosmetics generally are grouped into “leave-on” and “rinse-off” products. As their
name suggests, leave-on cosmetics like creams are meant to stay on the skin whereas
rinse-off cosmetics such as shower gels and shampoos are washed off the skin shortly
after application. Due to the longer contact with the skin, dermal absorption of
compounds is more relevant for leave-on cosmetics.
To understand which compounds undergo dermal absorption, the structure and function
of the skin need to be discussed in more detail: With a surface of two square meters, the
skin is the largest human organ [4]. The skin is mainly made up of three layers being,
from top to bottom the epidermis, the dermis and the subcutis [4, 5]. The three layers
are further divided in several sublayers [4]. Being the barrier between the body and the
environment, the skin has a number of protective functions: The skin protects the inner
body from microbiological, physical and chemical harm [4, 5]. The transmission of
stimulus after mechanical or thermal stress is assured by several sensory receptors on
the surface of the skin [5]. The skin also protects the body from losing heat and vital
substances such as water and minerals [4, 5]. When exposed to sunlight, the skin forms
melanin as a protection against excessive solar radiation [6]. Although being the
protective barrier between the human body and the environment, the skin is not
completely impenetrable.
The skin absorption particularly depends on the permeability of a compound through
the epidermis, or, more precisely, the outer sublayer of the epidermis, the stratum
corneum (SC). The SC consists of keratin-rich corneocytes, which are embedded in a
lipid bilayer consisting of hydrophobic molecules with hydrophilic head groups. As
most substances permeate the SC via the lipid bilayer (intercellular) (Fig. 1),
absorption requires compounds to be lipophilic [7]. Due to the hydrophilic head groups
of the lipid bilayer, however, diffusion of extremely apolar molecules still is impeded
[7]. The SCCS, therefore, concluded that charge and lipophilicity of a given compound
correlate with its skin penetration capability. A low molecular weight further enhances
dermal absorption [7]. Other less significant absorption routes are transcellular where
absorption occurs via skin cells (Fig. 1) [8, 9] or via sweat glands/hair follicle openings
where water soluble substances may penetrate [8].

3

intercellular

transcellular

Fig. 1 Penetration of compounds via the stratum corneum skin

3.2. Oral absorption
Oral absorption describes the transport of compounds via mouth into the inner body.
This can happen for cosmetics, either when residues of an applied product are
involuntarily swallowed, or when the product is meant to come into contact with the
mucous tissue of the mouth (e.g. mouthwashes). Lip care products are the best-known
examples for involuntary ingestion. The SCCS estimated the average daily application
amount of lip care products to be 0.057 g per person with an oral uptake of up to 100 %
in the worst case [10]. Another example involving a potentially high oral uptake amount
is nipple ointments. Their leaflets often state that it is not necessary to remove the
applied ointment before nursing. This leads to an increased oral uptake by infants.

4. Skin sensitization and Photosensitization
4.1. Skin Sensitization
Skin sensitization (also known as allergic contact dermatitis) is an immune response
occurring as eczema after the repeated contact of a sensitizing compound (allergen) with
the skin [11, 12].
As the biochemical processes behind allergic contact dermatitis are located in the
epidermis, only compounds capable to penetrate stratum corneum are potential
sensitizers. Mentioned biochemical processes are grouped into two phases [13]. In the
induction phase, the allergen first reacts with epidermal protein [11, 13]. The so formed
antigen is then processed from the Langerhans cells in the epidermis [11]. As a result,
4

the Langerhans cells circulate to the lymph cells where the antigens come into contact
with the T-cells [12, 11]. Thereby stimulated T-cells then proliferate and circulate
through the body, which is when the induction phase is over [11]. In the following
elicitation phase, subsequent exposure of the skin with the compound provokes the
allergic response [13]. The substance again binds on epidermal protein and the formed
antigen is repeatedly processed and presented from the Langerhans cells [11]. The
antigen, however, is then recognized by circulating T-cells, which finally activate
cellular and biochemical processes resulting in the immunological response [11].
The assessment of the skin sensitization potential of compounds is performed with
animal tests like local lymph node assay and guinea pig testing [11, 13] since there are
no regulatory accepted non-animal alternatives [13].

4.2. Photosensitization
After application of cosmetics on the skin, the ingredients are exposed to sunlight. As a
result to that solar radiation, adverse biological reactions due to phototoxicity or
photoallergy may occur [14]. The general term for both is photosensitization [14].
Photosensitization should also be considered for the safety evaluation of cosmetics for
skin use.
From the chemical point of view, the initiation step for a molecule’s phototoxic and/or
photoallergic response is the transition of the molecule into its excited state by
absorbing energy from a UV light photon [15, 12]. It is therefore not surprising that
only molecules absorbing in the UV range of natural light (290-700 nm) are considered
to potentially cause phototoxic or photoallergic response.
A photoallergic reaction occurs as an allergic contact dermatitis similar to processes
described in the chapter “skin sensitization”. The difference is that not the compound
itself, but the excited species binds to the skin protein, thereby inducing the mentioned
biochemical and immunological processes.
A phototoxic response in contrast to photoallergic response occurs after a single
exposure and is characterized by an irritation similar to an intense sunburn [15, 16].
This is either induced, when the excited molecule reacts with an endogenous compound
leading to a cytotoxic compound (direct), or, when the emittance of the surplus energy
of the excited molecule induces the formation of reactive oxygen species and radicals as
5

secondary reaction products, which then react with endogenous molecules, leading to
the mentioned cytotoxic effects (indirect) [19, 15]. An often-reported example for
indirect phototoxicity is the formation of highly cytotoxic singlet oxygen as a secondary
reaction product [15, 17, 18]. Such an example is given by polycyclic aromatic
hydrocarbons (PAHs). PAHs absorb UV light, transferring them to their excited state.
Returning to their ground state, the molecules donate surplus energy to ambient oxygen
(triplet state) forming reactive singlet oxygen and other oxidizing molecules [19].

4.3. Patch-Test
The (photo) patch-test is a commonly used method to establish whether a certain
compound induces phototoxic/photoallergic response or skin sensitization when applied
on the skin of an individual person. The exact test procedure varies from laboratory to
laboratory.
The

procedure

of

a

German,

Austrian

and

Swiss

photopatch-test

(photoallergic/phototoxic response) group is exemplarily described [20]. The test
substances are applied on two aluminum disks, which are then fixed on the skin of the
test person’s back using an adhesive stripe. One patch serves as a control and remains
on the skin. After 24 hours, the other patch is removed from the skin, when the
uncovered skin area is irradiated with artificial sunlight in the range of 320-420 nm with
an intensity of 5-10 J/m2. After irradiation, the patch is refixed on the test person´s
back. Irradiation is repeated up to three times each after time intervals of 24 hours.
Reddened

irradiated

skin

together

with

a

negative

control

reveals

a

phototoxic/photoallergic response.
The procedure of the patch-test (skin sensitization) is similar to that of the photopatchtest, with the difference that the test substances are not irradiated. A control patch
therefore is not needed and test substances are only once fixed on the test persons back.
The patch also is removed from the skin in time intervals of 24 hours up to three times,
when reddened skin reveals a contact response.
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5. Oxidation of cosmetic ingredients
5.1. General introduction
The European regulation for cosmetics requires the labelling of an expiration date up to
which a cosmetic product shall be safe for human health [1]. Microbial infestation,
physical change or chemical reaction may cause the deterioration of product quality
over time. An example for a chemical reaction is the oxidation of allylic compounds,
which is the issue of this work.
The oxidation of allylic compounds with atmospheric oxygen is spin forbidden as the
outstanding electron arrangement of atmospheric triplet oxygen does not allow for a
direct reaction with the substrate being in singlet condition [21, 22]. Atmospheric triplet
oxygen has two unpaired electrons therefore behaving like a biradical [23]. The singlet
substrate, however, has an opposite spin direction causing the spin barrier [23].

5.2. Autoxidation
Autoxidation describes a radical chain reaction of allylic compounds with oxygen.
In the initiation period of the reaction, either peroxy (ROO·), alkoxy (RO·) or alkyl (R·)
radicals are formed [21]. Presumably not only sunlight (chapter 5.3.), but also heat,
enzymatic processes as well as the presence of heavy metals play a major role during
this initial formation of radicals [21].
In the following propagation phase, R· reacts with oxygen forming ROO·, and ROO·
and RO· abstract a hydrogen atom of an allylic substrate thereby forming an organic
hydroperoxide (ROOH) and an alcohol (ROH), respectively. Due to the lowest reaction
rate, the formation of ROOH is the rate-limiting step [23]. As the hydrogen abstraction,
however, occurs selective on the most weakly bonded hydrogen atom, and the thereby
formed radical is stabilized over neighboring carbon atoms, a specific hydroperoxide
spectrum is the result (Fig. 2) [21].
In the branching phase, ROOH break down into RO·, ROO· and hydroxy radicals. In
the chain termination phase, the combination of two radicals lead to stabile reaction
products such as peroxy compounds, oligomers or polymers [21]. The overall
mechanism [24] of oxidation is demonstrated in Fig. 3.
7

5.3. Photooxidation
Photoinduced oxidation (Photooxidation) not only requires the presence of the substrate
(allylic compound) and sunlight, but also a sensitizer being capable of absorbing
sunlight. For example, pigments/dyes can serve as sensitizers.
The sensitizer first absorbs sunlight, transferring it into an excited triplet state [21, 22,
23]. The energy can then be transferred onto oxygen, leading to the formation of
reactive singlet oxygen, which directly reacts with the double bond of the substrate
(type II sensitizer) [21, 22]. The resulting products are hydroperoxides of the substrate
formed by an “ene” addition mechanism [23] (Fig. 2). In a second pathway, the excited
sensitizer reacts with the substrate abstracting hydrogen and leading to the formation of
substrate radicals (R·), which then follow the mechanisms of autoxidation (type I
sensitizer) (3.2.) [21]. The hydroperoxides formed by autoxidation differ from those of
the type II photooxidation in respect to the position of the hydroperoxide group (Fig. 2).

A

B

Fig. 2 Hydroperoxide patterns formed after autoxidation (A) and photooxidation with
type II sensitizer (B)
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Fig. 3 Mechanism of oxidation. R is an unspecific term for any allylic rest

5.4. Enzymatic oxidation
Lipoxygenase is an enzyme, which selectively catalyzes the oxidation of certain
unsaturated fatty acids, namely those with a 1-cis-4-cis pentadiene group [21]. This
catalysis has its greatest effect on the oxidation of linoleic and linolenic acid in plant, as
well as arachidonic acid in animal material [21]. Similar to autoxidation and
photooxidation, enzymatically formed oxidation products are hydroperoxides.
Enzymatic oxidation, however, is substrate specific, selective and depends on the pH
value and temperature [21].

6. Analytical methods for monitoring the degree of sample
oxidation
As there is no widely applicable method to determine the extent of oxidation, different
analytical methods are used. Some of them are chemical, while others have a
chromatographic origin. The methods in general rely on either the determination of
primary (peroxides) and secondary (aldehydes etc.) oxidation products, or on tracking
declining levels of oxidation sensitive ingredients.
9

6.1. Chemical methods
6.1.1. Peroxide value
An often-used scale for assessing the degree of oxidation is the so called peroxide value.
The peroxide value relies on the determination of the primary formed oxidation
products being peroxides. The peroxide value is defined as the amount of peroxide,
expressed as milliequivalents of peroxide oxygen, present in one kilogram of sample
[25]. An increased level of peroxides may indicate an advanced oxidation state.
According to the autoxidation mechanism, the peroxide level is low in the induction
period when only radicals but no primary oxidation products are formed. With
advancing oxidation (propagation phase), the peroxide value strongly increases due to
the peroxides being continuously formed. In the branching and termination phase,
however, the peroxide values decrease due to hydroperoxides reacting to secondary
oxidation products and/or forming stable products like oligomers and polymers. The
peroxide value as a function of the time is shown in Fig. 4. Monitoring of the peroxide
value gives a plot showing how and up to which phase oxidation has progressed.

Fig. 4 The peroxide value as a function of time

The peroxide value is determined by titration, when an acidic solution of potassium
iodide is first added in excess to the sample solution. The peroxides then oxidize iodide
to iodine [26] (Fig. 5). After a starch solution is added, the iodine is back-titrated with a
thiosulfate solution (Fig. 5). The starch is the titration indicator, because its amylose
forms a blue complex even with traces of iodine. The peroxide value is calculated by
the amount of reacted iodide.
10

ROOH + 2I- + 2H+

ROH + H2O + I2

R1OOR2 + 2I- + 2H+

R1OH + R2OH + I2

I2 + amylose + 2Na2S2O3

2NaI + amylose + Na2S4O6

(blue)

(colorless)

Fig. 5 Peroxide value titration

6.1.2. Conductivity value
The determination of the conductivity value is less known, but has also been
successfully used to assess the oxidative stability of specific cosmetic ingredients. The
conductivity value is determined after polar oxidation products are extracted with water
[27, 28].
In an essential oil study, observation showed that an increasing conductivity value
directly is linked to an advanced oxidation state [27, 28]. Whereas nonpolar educts are
not soluble in water, it is assumed that oxygenated compounds are partly soluble in
water, therefore inducing conductivity. The formation of hydrogen bonds is considered
to be a possible reason for this [27]. As not only labile primary, but also stable
secondary oxidation products are thought to provoke conductivity, the conductivity
value continuously increases during the oxidation process [28]. This is in contrast to the
peroxide value, which decreases after reaching a maximum value.

6.2. Chromatographic methods
6.2.1. Gas chromatography
Oxidation-induced changes can be detected by gas chromatography (GC) [27], when the
content of an oxidable compound is monitored over time. A decreasing content after a
storage period, for example, may indicate the compound’s oxidation. Additionally, the
detection of newly formed peaks may indicate the formation of oxidation products due
to the advanced extent of lipid oxidation.
The GC determination of specific oxidation products also is frequently used to assess
the oxidation degree. The determination of secondary oxidation products of unsaturated
fatty acids of plant oils is an example for this [29]. The omega-6 (n-6) and omega 3
(n-3) polyunsaturated fatty acids, first oxidize to hydroperoxides of fatty acids, which
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break down into volatile aldehydes, which are finally determined with GC. This
breakdown usually occurs prior to the maximum peroxide value [24]. Best known is the
oxidation of linoleic acid into different hydroperoxide isomers of linoleic acid as
primary oxidation products. One is 13-hydroperoxyoctadeca-9,11-dienoic acid, which
subsequently breaks down into hexanal [30] (Fig 6). Hexanal is a frequently determined
marker for lipid oxidation in vegetable oils.

Fig. 6 Breakdown of 13-hydroperoxyoctadeca-9,11-dienoic acid into hexanal and
further oxidation products

6.2.2. High-performance liquid chromatography
In cases when the oxidation products are not GC amenable, high-performance liquid
chromatography (HPLC) can provide a solution. This is successfully applied for
essential oils when HPLC combined with mass spectrometry (MS) is used for the
determination of fragrance hydroperoxides [27]. HPLC-MS also has been used for the
identification of oxidized triglycerides in lipids [31].
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7. Aims of the studies
Cosmetics are consumer products of daily use and therefore should not be detrimental to
human health. The evaluation of cosmetics safety mainly is based on adverse health
effects potentially arising from individual ingredients used, with a focus set on certain
product categories like preservatives, dyes and on avoiding any substances classified as
CMR. However, less consideration is given to unwanted compounds formed by
reactions for example during manufacturing or storage of the cosmetic product or after
its application on the skin.
An example for such a reaction is the oxidation of an allylic compound. Thereby formed
oxidation products are well studied in the food sector, with the result that many of them
are considered to pose a potential health hazard [32, 33, 34]. For cosmetics, there also
have been some reports on oxidized ingredients having unwanted effects. The bestknown examples are terpenes, used as fragrances, which upon oxidation lead to contact
allergens [35]. In spite of its wide range, the matter has only received little attention.
The oxidation of specific cosmetic ingredients in terms of consumer safety therefore
defined the key issue of this work.
The major part is about the oxidation of sterols, a class of non-polar lipids, which are
found in fat of plant and animal origin. As some of the sterols contain at least one
unsaturated double bond, they are prone to react with oxygen resulting in the formation
of sterol oxidation products (SOPs) [36]. Being linked to several diseases such as
arteriosclerosis [37], their occurrence in fat rich food has been the subject of many
studies [38]. Their content in cosmetics, however, never has been addressed. This is
especially surprising as a widely used ingredient, lanolin, is known to contain unusually
high precursor levels. Being also used in lip care products and ointments for nursing
women, oral ingestion may represent a relevant uptake path.
The focus of the second part of this work is set on fragrances as only terpenes have
received sufficient attention [35, 39, 40]. 1-(1,2,3,4,5,6,7,8-octahydro-2,3,8,8tetramethyl-2-naphthalenyl)ethanone (OTNE) is the compound chosen for this work, as
it is commonly used for cosmetics and contains an allylic double bond.
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7.1. Oxidation of sterols in lanolin
7.1.1. Lanolin/ wool wax
Wool wax represents purified, water-free sebaceous gland fat of sheep [41, 42].
Lanolin, however, means a mixture of wool wax (65-75 %), water (20-25 %) and
mineral or vegetable oil (5-10 %) [42].
The wool fat protects the sheep from external influences like sun, wind, rain or cold
[41]. Assuming that lanolin may also be capable of protecting the human skin from
external influences, its frequent use in cosmetics is conceivable. The usage of lanolin in
lip care products is further widespread due to its consistency improving properties.
As lanolin is the only known commercially used product obtained from sebaceous
glands fat, it has a characteristic composition.
7.1.2. Manufacturing of lanolin
Containing of up to 15 % wool fat, sheep wool is the basic substance for the production
of lanolin [42].The sheep wool fat is obtained from the wool either by liquid extraction
with a suitable solvent and subsequent distillation [41], or more often as a by-product of
the wool scouring process used in the textile industry [41]. The fat then accumulates in
the soapy washing water, from where it is separated either by centrifugation or by
acidification with sulfuric acid and subsequent smashing (“acid cracking”) [41]. In the
case of centrifugation, the obtained raw sheep wool fat is neutralized with an alkaline
solution, then extracted with aqueous alcohol, and finally purified by discoloration. In
the case of “acid cracking”, the wool fat is extracted from the wool sludge with a
suitable solvent. The obtained extract then is purified with an alkaline solution, after
which the solvent is removed by distillation. In a final step, the raw wool fat is purified
by discoloration [41].
7.1.3. Composition of lanolin
Lanolin is a highly complex mixture of esters, di-esters and hydroxyl esters [43], which
are condensates of long-chain alcohols with long-chain acids [41]. The long-chain fatty
acids either contain a hydroxy group or not [41]. The majority of the alcohol fraction
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consists of sterols (about 74 %) with cholesterol being the major compound [~38%],
followed by lanosterol [~15 %] and dihydrolanosterol [~10 %] (Fig. 7) [41,43,44].
Other alcohols have a typical acyclic aliphatic framework with sometimes even two
hydroxy groups. Whereas other oils and fats contain sterols as minor compounds,
lanolin contains unparalleled high sterol levels.
Depending on the geographic location, the sheep breed, the method of fat extraction and
the purification level, the chemical composition of lanolin strongly fluctuates [43].

Fig. 7 Structural formula of the most abundant sterols present in lanolin

7.1.4. Allergic contact dermatitis from lanolin
Allergic contact dermatitis from lanolin and its derivatives have previously been
reported [43]. Since several decades, researchers have looked for potentially allergenic
compounds in lanolin and its derivatives [43] without yet finding any specific
compound.
Many studies indicated that the alcoholic fraction of hydrolyzed lanolin contains the
allergens [43]. One study indicated that sterols are most important for the allergic
potential of lanolin [45]. A further study from Denmark tested 20 lanolin sensitive
patients twice, with freshly produced and with old lanolin. Whereas about 50 percent
reacted to fresh lanolin, all patients reacted to the old one, giving evidence that
oxidation products are allergens [46].
7.1.5. Analytical methods for the determination of sterol oxidation products
The oxidation of sterols leads to the formation of SOPs, which were frequently studied
in food. Structural formulas of the most abundant cholesterol oxidation products are
exemplarily shown Fig. 8.
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Fig. 8 Structural formula of the most abundant cholesterol oxidation products
Most published methods for the determination of SOPs are based on GC. In a first step,
the SOPs are either hydrolyzed under alkaline conditions or a transesterification step
sets them free. In a clean-up step, oxysterols are separated from sterols and other
accompanying matrix compounds, mostly by solid phase extraction on a silica cartridge.
After derivatization of the oxysterols to the trimethylsilyl ethers, separation and
detection of the congeners are performed with GC coupled to flame ionization detection
or MS.
Some researchers used liquid-chromatography instead of GC. As oxysterols do not have
a significant absorption in the ultraviolet range, MS is the detection method of choice in
that case. [47]

7.2. Oxidation of the fragrance 1-(1,2,3,4,5,6,7,8-octahydro-2,3,8,8tetramethyl-2-naphthalenyl)ethanone (OTNE) in perfumes
7.2.1. Perfume: Definition and functioning
A perfume is a mixture of fragrance compounds, which is mostly diluted in a waterethanol solution. The compounds are either of natural or synthetic origin. Directly after
application of a perfume, the most volatile compounds are perceived, which gives the
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so-called top note [48]. The so-called heart is perceivable after five to twenty minutes
and lasts for two to four hours [48]. Perception after that time is due to the so-called dry
out, which gradually disappears after time [48].
7.2.2. Fragrance oxidation: State of science
Fragrances with a carbon-carbon double bond generally should be considered as
oxidable. However, only terpene oxidation has received distinct attention with
autoxidation considered to be the major mechanism [49,35]. Some of the terpenes`
oxidation products, especially the hydroperoxides, are suspected to be allergic [49, 35].
Probably the best studied terpene oxidation products are those of limonene [50] (Fig. 9).
Besides, the oxidation of geraniol [51], linalool [39] and β-caryophyllen [52] has been
the topic of some studies.

Fig. 9 Structural formulae of limonene (A) and its main primary oxidation products
cis/trans limonene 2-hydroperoxide (B) and cis/trans limonene 1-hydroperoxide (C),
respectively secondary oxidation products carvone (D), cis/trans limonene epoxide (E)
and cis/trans carveol (F)

7.2.3. 1-(1,2,3,4,5,6,7,8-octahydro-2,3,8,8-tetramethyl-2-naphthalenyl)ethanone
OTNE is a synthetic fragrance obtained as a mixture of at least three isomers (Fig. 10).
As OTNE frequently is used in cosmetics for personal care, it finds its way into waste
water and, therefore, traces are also found in surface water, where it can be either
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persistent, or degraded. Besides photodegradation, digestion by microbes is a potential
degradation pathway. The photodegradation potential of OTNE on the model of soil
surface has been investigated in a previous study [53] showing that OTNE decomposes
under the influence of sunlight, probably due to photooxidation. As a result, the
oxidation of OTNE in cosmetic products or after the cosmetics application on the skin
seems to be obvious. Due to stabilizing effects like a large organic rest and a highly
substituted hydroperoxide bearing carbon atom, potentially formed hydroperoxides at
least in theory, might be stable.

Fig. 10 Structural formulae of 1-(1,2,3,4,5,6,7,8-octahydro-2,3,8,8-tetramethyl-2naphthalenyl)ethanone (OTNE)
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. Discussion
Considering the widespread use of cosmetics and the negative effects, which are known
to arise from certain cosmetic ingredients, the safety of cosmetic products is of special
importance. This is why the Regulation (EC) No. 1223/2009 provides that the
manufacturer of a cosmetic product is obliged to assess the safety of their cosmetic
products in a safety report. As the requirements in this regulation reflect the current
scientific knowledge with just a few studies reporting on negative effects of cosmetic
ingredients in the past few years, there is a need for more research in this field. This is
in contrast to the food sector, where numerous studies have been published on food
ingredients of concern. The overriding objective of this work, therefore, was to
contribute knowledge to the safety aspects of cosmetic ingredients by investigating the
oxidation of certain frequently used cosmetic ingredients. A focus was set on the
formation of potentially critical compounds and the development of analytical methods.
The oxidation of allylic compounds to potentially hazardous compounds has received
less attention in cosmetics, although cosmetic products contain unsaturated organic
compounds, for example in the form of fatty acids or aroma compounds. The lack of
analytical methods suitable for determining the oxidation state might be a reason for the
few studies. As the peroxide content increases in the early state of a compound’s
oxidation, this parameter is often used to assess the oxidation state. The peroxide value,
however, has its limits, which is due to a decreasing peroxide content in an advanced
oxidation state. As a result, the oxidation of a compound needs to be considered
individually by determining, for example, specific oxidation products or decreasing
levels of the oxidable compound.
The oxidation of cholesterol into cholesterol oxidation products (COPs) formed the first
part of this work. As COPs are thought to induce several disorders, their levels have
been reported for different types of fatty food. Cosmetics, however, have never been
addressed up to this date. By adapting a method from the food sector, COPs were
determined in cosmetics (chapter II, 1). The analytical method included a
transesterification step for setting free esterified alcohols (also COPs). The following
SPE procedure was used for sample preparation. COPs were then derivatized to
trimethylsilyl ethers, which were separated by gas chromatography. Detection of
silylated COPs was performed by either flame ionization detection or mass
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spectrometry. Quantification was performed by internal calibration using reference
substances. Spiking with 25-HC as a control standard at the beginning of preparation,
allowed for the supervision of the whole process.
The method was used for lanolin containing cosmetic products, namely lip care
products, nipple ointments for nursing women and fatty creams, due to the lanolins´
extraordinary content of the precursor cholesterol. Analysis revealed six COP congeners
(7α-HC, 7β-HC, CT, β-CE, α-CE and 7-KC), which were also the most often reported
COPs in food samples. These congeners are known to be formed by autoxidation
reactions involving radicals. Total COPs content (sum of the congeners) was in the low
percent range: for lip care products and creams between 0.2 and 0.9 % and for nipple
ointments between 1 and 3 %. The higher COPs levels in nipple ointments were due to
lanolin being the only ingredient for most ointments. Compared to levels found in food,
COPs levels were several orders of magnitude higher (102 to 104). The application note
of the ointments for nursing women "does not have to be washed off before nursing"
also makes it clear that the absorption route is oral just like lip care products. As a
consequence, lanolin containing cosmetics, in addition to food, represent a further
uptake source for COPs. As some oxidized compounds are known contact allergens,
and COPs can come in contact with the skin, tests should therefore be performed to
elucidate, if COPs can provoke allergies. Some published studies indeed reported on
allergenic properties of the lanolin alcohol fraction.
The second part of this work was about the determination of oxidized congeners of
other sterols (Chapter II, 2), as properties similar to those of COPs are to be expected.
For this purpose, a new analytical method had to be developed, as the method described
in Chapter II 1- especially the SPE clean-up procedure- was not suitable in this case.
COPs were first extracted using dichloromethane. A dye serving as a marker and 25-HC
serving as a recovery standard were added to the sample solution. COPs were then
released with transesterification. The transesterified extract was cleaned up with planar
solid phase extraction (pSPE). After applying an aliquot onto the silica plate,
chromatography first was performed with n-hexane and, after air drying, with nhexane:diethyl ether (1:2,v:v). Nonpolar interfering matrix compounds thereby migrated
from the start zone towards the upper plate edge, while the polar oxidized sterols and
the marker compound remained on the start zone. The plate was then developed with
acetone, which caused the marker compound and the oxidized sterols to migrate out of
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the start zone. The oxidized sterols were focused into one zone, made visible by the
marker (disperse orange 3) compound. The marker proved to be suitable by migrating
above the oxidized and slightly below the unoxidized sterols. The target analytes were
then extracted from the plate using an automatic elution instrument (TLC-MS
interface). To check clean-up efficacy, the plate was visualized using a suitable
documentation system (Reprostar3). With this, clean-up efficacy of every sample
analyzed was directly assessed. After evaporation of the extraction solvent (acetone),
the oxidized sterols were derivatized and then determined by GC-MS. A great
advantage of this method is due to the nature of thin-layer plates being disposable
articles: the stationary phase does not have to be reconditioned and larger sample
quantities can be applied. The limit of determination can furthermore be greatly reduced
by multiple application of the sample solution. Quantification was based on COPs, as no
reference standards of the other oxidized sterols were available. As matrix constituents
interfered with quantification, a correction factor was used. Sample preparation was
checked with the recovery standard 25-HC. Recoveries were between 86 % and 113 %,
depending on the congener. Limits of detection were between 0.003 and 0.250 mg kg-1,
also depending on the congener.
The method was then applied to various fat containing cosmetics. In addition to COPs
in lanolin containing cosmetics, oxidized congeners of plant sterols (POPs) were found
in cosmetics containing plant oils or phytosterols. Identification of peaks was based on
comparison of obtained mass spectra and retention times of peaks with those found in
literature. POPs contents were in the low ppm range. Lanosterol and dihydrolanosterol
(besides cholesterol) are main components of the ingredient lanolin. A study on the
potential formation of oxidation products of these sterols was performed. As no data on
mass spectra of congeners were available, thermooxidation was applied for an in-house
generation of reference standards. Lanolin containing samples were then screened for
the peaks found in the thermooxidized reference standards. Only peaks in common
underwent structural elucidation with high- performance thin-layer chromatography
(HPTLC) and liquid chromatography coupled to high resolution mass spectrometry
(LC-HRMS). Full scan spectra of formed oxidation products of dihydrolanosterol and
lanosterol were identical, with the exception that m/z differed by 2. This is not
surprising,

as

the

monoisotopic

masses

of

the

precursors

lanosterol

and

dihydrolanosterol also differ by the same amount, which is due to lanosterol having one
additional double bond on C24/C25. The oxidation of lanosterol therefore probably
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occurred not on the C24/C25 double bond. As the thermoinduced formation of LOPs
was more tricky, DOPs were used as model compounds for identifying LOPs and
DOPs. For identification, LOPs and DOPs were first separated with HPTLC. The
separated congeners were scrapped off from the plate, followed by a triple analysis with
a) gas chromatography, b) gas chromatography after derivatization to trimethylsilyl
ethers and c) LC-HRMS. Based on the exact monoisotopic mass, results of LC-HRMS
allowed for a conclusion on the molecular formulae of the congeners. The gas
chromatographic analysis confirmed the monoisotopic mass. As the derivatization
converted hydroxy to trimethylsilyl ether groups, the monoisotopic mass thereby
increased by 72 for each converted hydroxy group. The comparison of the monoisotopic
masses of the derivatized and nonderivatized oxysterol revealed the number of hydroxy
groups present in the molecule. In this way, four LOPs congeners and four DOPs
congeners were identified for the first time in cosmetic products. Levels reached up to
0.3 %. As COPs are thought to cause various health disorders, similar properties of
POPs, DOPs and LOPs need to be considered.
The oxidation of fragrances was studied in the third part of this work (Chapter II, 3).
The subject is not new as the oxidation of terpenes into known contact allergens has
been studied before. However, the oxidation of other fragrances was hardly
investigated, although all fragrances with a double bond are oxidable in theory. In order
to extend our knowledge in this field, the oxidation of a synthetic fragrance frequently
used in perfumes/aftershaves, octahydro tetramethyl naphthalenyl ethanone (OTNE),
was studied. OTNE commonly is used in rather high concentrations. A study reported a
high photodegradation rate of OTNE in soil surface, probably due to photooxidation.
Based on this, photooxidation of OTNE into potentially hazardous compounds in
analogy to terpene oxidation products was considered in perfumes/aftershaves.
For this, OTNE was thrice diluted in a perfume matrix (water: ethanol mixture). Rose
bengale (photosensitizer) was added to one, methylene blue (photosensitizer) in another
trial. In the third trial no sensitizer was added. Photooxidation was induced by
irradiation in an artificial sunlight simulator. The irradiated solutions were analyzed
with liquid chromatography coupled to diode array detection (LC-DAD). Whereas
OTNE with no photosensitizer added was rather photostable, OTNE strongly degraded
about 40 % in the presence of a photosensitizer. Chromatograms showed three newly
formed peaks attributable to oxidation products of OTNE. Twelve OTNE containing
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perfumes/aftershaves then were irradiated with no sensitizer added. OTNE degradation
reached 30 % even though no sensitizer was added. The same OTNE oxidation products
(two of the three) as formed in the reference with the sensitizers were found. These
results showed that OTNE photooxidation can occur in real samples. Formed OTNE
oxidation products were then characterized with LC-HRMS. Obtained exact
monoisotopic masses of the protonated oxidation products indicated the formation of
hydroperoxides of OTNE. In addition, selective derivatization methods after separation
with HPTLC were developed. Titanium ethoxide was adapted from a standard
photometric test for peroxides and used for the first time as a derivatizing agent after
HPTLC. Derivatization after HPTLC additionally was performed with nitrobenzyl
pyridine (NBP), which is actually used for the detection of alkylating agents. The
suitability of NBP for the detection of some peroxides has been determined with several
reference compounds. Both derivatization methods supported the assumption that
peroxides of OTNE were formed through photooxidation. This was further supported by
the determination of peroxides using a peroxide test strip.
An in-vivo test further showed that OTNE photooxidation even occurs after the
application of the OTNE containing perfume on the skin. Three OTNE containing
perfumes were applied twice on the skin of a test person. One trial served as a reference
and was immediately extracted from the skin. The other trial was extracted from the
skin after exposure to sunlight indoors and outdoors (each 1 h). Analysis with LC-DAD
revealed OTNE oxidation products to be present in the irradiated trials, but not in the
non-irradiated reference.
A storage study further showed that OTNE oxidation products can also be formed
indoors under normal storage conditions. For this, eight OTNE containing perfumes,
which had been stored in the dark, were transferred into clear glass vials. The samples
were left to stand for 5 days in a well-lit room. Subsequent analysis with LC-DAD
revealed OTNE oxidation products in these samples.
It could be shown on the basis of two examples, that the oxidation of cosmetic
ingredients is omnipresent. Negative health effects caused by the oxidation products
formed cannot be excluded, which is why this topic will be considered in further
studies. It is desirable in the long term that the oxidation of cosmetic ingredients
becomes a mandatory part of the safety assessment.
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IV. Summary
Cosmetic products are important consumer goods in the "non-food" sector. Shampoo,
shower gel and day cream are regularly used by consumers. In order to ensure the safety
of cosmetic products, their placing on the market is defined by legal provisions. In the
member states of the European Union the cosmetics Regulation (EC) No. 1223/2009
applies, in which, for example, the use of certain critical ingredients is generally
prohibited or application-related limited. Critical compounds, however, can also be
formed by secondary reactions of the cosmetic ingredients. An example for a secondary
reaction is the oxidation of an unsaturated organic compound. Thereby formed
oxidation products with potentially adverse properties are well known from the food
sector. As the oxidation of cosmetic ingredients, however, has less been studied, the
oxidation of selected cosmetic ingredients with respect to the formation of potentially
critical compounds was investigated within the framework of this thesis.
The oxidation of cholesterol to various cholesterol oxidation products (COPs) was
investigated in a first step. COPs are known from the food sector and are suspected of
causing certain diseases such as arteriosclerosis. Cosmetic products have not yet been
tested for COPs, although a versatile ingredient used only in cosmetic products, lanolin,
contains above-average levels of the cholesterol, which is the precursor. For the
detection, COPs were initially released by transesterification. This was followed by
sample preparation in the form of solid phase extraction (SPE), derivatization and
subsequently analysis by gas chromatography using either flame ionization detection or
mass spectrometry. Total COPs contents in cosmetics containing lanolin, namely lip
care products, fat creams and ointments for nursing women were in the low percent
range (up to 3 %) and were thus several orders of magnitudes higher than the contents
found in food.
The SPE procedure, however, reached its limits in certain matrices and was not suitable
for the determination of oxidized congeners of other sterols. The analytical procedure
therefore was adjusted in so far as SPE was replaced by planar solid phase extraction.
Using normal phase thin-layer chromatography, the oxidized sterols were first separated
from more non-polar matrix compounds. After, the target compounds were focused into
one zone. The zone was then extracted from the plate using an automatic elution
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instrument (TLC-MS interface), followed by evaporation of the extraction solvent.
Besides COPs, oxidized congeners of lanosterol (LOPS), dihydrolanosterol (DOPs) and
plant sterols (POPs) were thereby found in different cosmetics. POPs contents were in
the low ppm range and thus comparable to those in food. DOPs and LOPs are oxidation
products of lanosterol and dihydrolanosterol, which are specific sterols of lanolin, and,
in the framework of this thesis, have been detected for the first time in levels of up to
3000 ppm.
The oxidation of fragrances was studied in the second part of this work. The subject is
not new as the oxidation of terpenes to contact allergens has been studied in earlier
studies. The oxidation of other fragrances was hardly investigated. In order to extend
our knowledge in this field, the oxidation of a synthetic fragrance frequently used in
perfumes, octahydro tetramethyl naphthalenyl ethanone (OTNE) was studied. For this,
OTNE was dissolved in a perfume matrix (water-ethanol mixture) and a photosensitizer
(sens) was added. Photooxidation was then induced by irradiation in an artificial
sunlight simulator. Formed oxidation products were characterized by liquid
chromatography coupled to high resolution mass spectrometry and selective
derivatizations after separation with high-performance thin-layer chromatography
(HPTLC): Besides nitrobenzyl pyridine (NBP), titanium ethoxide was adapted from a
standard photometric test for peroxides and used for the first time as a derivatizing
agent after HPTLC. Obtained results indicated that peroxides of OTNE were formed
during oxidation. This was subsequently confirmed by the determination of peroxides
using

peroxide

test

strips.

In

irradiated

OTNE

containing

real

samples

(perfumes/aftershaves), OTNE oxidation products were even found without adding a
photosensitizer. It was found out that the OTNE oxidation even occurs, when perfumes
are stored indoors under normal temperature and light conditions. An in-vivo test
showed that OTNE oxidation can be expected on the skin after application of a perfume.
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V. Zusammenfassung
Kosmetische Produkte sind wichtige Konsumgüter des „Non-Food“ Sektors. Shampoo,
Duschgel und Tagescreme werden von Konsumenten regelmäßig verwendet. Um die
Sicherheit kosmetischer Mittel zu gewährleisten, wird deren Inverkehrbringen durch
rechtliche Bestimmungen festgelegt. In den Mitgliedsstaaten der Europäischen Union
gilt die Kosmetik Verordnung (EG) VO 1223/2009, in der beispielsweise der Einsatz
bestimmter kritischer Inhaltsstoffe generell verboten oder einsatzbezogen limitiert wird.
Kritische Verbindungen können jedoch auch durch Folgereaktionen aus kosmetischen
Inhaltsstoffen gebildet werden. Ein Beispiel für eine Folgereaktion ist die Oxidation
einer ungesättigten organischen Verbindung. Dabei gebildete Oxidationsprodukte mit
potentiell gesundheitsgefährdenden Eigenschaften sind aus dem Lebensmittelbereich
bekannt. Da die Oxidation von kosmetischen Inhaltsstoffen weniger untersucht ist,
wurde im Rahmen dieser Arbeit die Oxidation von ausgewählten kosmetischen
Inhaltsstoffen im Hinblick auf die Bildung potentiell kritischer Verbindungen
betrachtet.
Im ersten Schritt wurde die Oxidation von Cholesterin zu verschiedenen
Cholesterinoxidationsprodukten

(COPs)

untersucht.

COPs

sind

aus

dem

Lebensmittelbereich bekannt und stehen im Verdacht, bestimmte Krankheiten wie
Arteriosklerose hervorzurufen. Kosmetische Mittel wurden bisher nicht auf COPs
untersucht, obwohl ein nur in kosmetischen Produkten vielseitig eingesetzter
Inhaltsstoff, Lanolin, überdurchschnittlich hohe Gehalte am Vorläufer Cholesterin
enthält. Für den Nachweis wurden COPs zunächst durch Umesterung freigesetzt.
Danach folgte eine Probenaufbereitung in Form einer Festphasenextraktion (SPE), die
Derivatisierung und eine Analyse mit Gaschromatographie, gekoppelt an einen
Flammenionisationsdetektor oder Massenspektrometer. Gesamt COPs Gehalte in
kosmetischen Mitteln mit Lanolin, nämlich Lippenpflegeprodukte, Fettcremen und
Salben für stillende Frauen, waren im niedrigen Prozentbereich (bis 3 %) und lagen
damit um einige Größenordnungen über den in Lebensmitteln gefundenen Gehalten.
Die SPE Methode kam bei bestimmten Matrizes an ihre Grenzen und war zudem nicht
für die Bestimmung oxidierter Kongenere anderer Sterole geeignet. Die Methode wurde
deshalb angepasst, indem die SPE durch eine planare Festphasenextraktion ersetzt
wurde: Durch Normalphasen-Chromatographie wurden die oxidierten Sterole zunächst
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von unpolareren Matrixkomponenten abgetrennt. Danach wurden die Zielanalyten auf
einer Zone fokussiert. Die Zone wurde dann mit einem automatischen Elutionsgerät
(TLC-MS Interface) von der Platte extrahiert, und das Extraktionslösungsmittel wurde
abgedampft. Neben COPs wurden somit auch oxidierte Kongenere von Lanosterin
(LOPS), Dihydrolanosterin (DOPs) und pflanzlichen Sterinen (POPs) in verschiedenen
kosmetischen Mitteln gefunden. POPs Gehalte waren im niedrigen ppm Bereich, somit
vergleichbar

mit

den

Gehalten

in

Lebensmitteln.

DOPs

und

LOPs

sind

Oxidationsprodukte von den für Lanolin spezifischen Sterolen, Lanosterol und
Dihydrolanosterol. Sie wurden im Rahmen dieser Arbeit erstmals in Gehalten bis zu
3000 ppm nachgewiesen.
Im zweiten Teil der Arbeit wurde die Oxidation von Duftstoffen untersucht. Frühere
Studien thematisierten die Oxidation von Terpenen zu Kontaktallergenen. Die
Oxidation anderer Duftstoffe wurde kaum untersucht. Um die Kenntnis in diesem
Bereich zu erweitern, wurde die Oxidation eines häufig in Parfums eingesetzten,
synthetischen

Duftstoffes,

Octahydrotetramethylnaphthalenylethanon

(OTNE),

untersucht. Dazu wurde OTNE in einer Parfummatrix (Wasser-Ethanol Gemisch) gelöst
und ein Fotosensitiser hinzugefügt. Die Fotooxidation wurde dann durch Bestrahlung in
einem künstlichen Sonnenlichtsimulator induziert. Gebildete Oxidationsprodukte
wurden

mittels

Flüssigchromatographie,

Massenspektrometer,

und

selektive

Hochleistungsdünnschichtchromatographie

gekoppelt

an

ein

hochauflösendes

Derivatisierungsmethoden
(HPTLC)

charakterisiert.

nach
Neben

Nitrobenzylpyridin (NBP) wurde Titanethoxid von einem Standard-Fotometrietest für
Peroxide adaptiert und erstmals als Derivatisierungsmittel nach HPTLC verwendet.
Erhaltene Ergebnisse deuten darauf hin, dass bei der Oxidation Peroxide von OTNE
gebildet wurden. Dies wurde im Anschluss durch die Bestimmung von Peroxiden
mittels Peroxidteststreifen bekräftigt. OTNE Oxidationsprodukte wurden sogar in
bestrahlten, reellen Proben (Parfums/Aftershaves) gefunden, obwohl kein Sensitiser
hinzugefügt wurde. Dass die OTNE Oxidation bereits bei Lagerung der Parfums im
Innenraum unter normalen Temperatur- und Licht-Bedingungen erfolgt, wurde durch
einen Lagerungstest herausgefunden. Ein in-vivo Test zeigte zudem, dass mit der OTNE
Oxidation auf der Haut nach Anwendung eines Parfums zu rechnen ist.
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