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Zusammenfassung 

Während der alltäglichen Verwendung von verbrauchernahen Produkten aus 

polymerem Material denken die wenigsten Anwender an die damit verbundenen 

potentiellen gesundheitlichen Risiken durch entsprechende Inhaltsstoffe. Der 

Anwendungsbereich ist dabei ebenso vielseitig wie die 

Materialzusammensetzungen und umfasst beispielsweise Werkzeug, 

Lebensmittelkontaktmaterialien und Spielzeug. Umso wichtiger ist es, dass die für 

die Produkte eingesetzten Polymerformulierungen auf gesundheitlich 

unbedenklichen Ausgangsmaterialien beruhen und ihre Sicherheit während des 

gesamten Lebenszyklus unverändert bleibt. Dabei muss zwischen dem gezielten 

Einsatz von Polymeradditiven im Material (z.B. als Weichmacher oder 

Antioxidantien) und der Gruppe der nicht absichtlich zugesetzten Bestandteile 

(z.B. Kontaminanten, Abbau-/ Reaktionsprodukte) unterschieden werden. 

In der hier vorliegenden Arbeit wurden polymere Verbraucherprodukte untersucht, 

welche für den Hautkontakt vorgesehen sind. Der damit verbundene dermale 

Expositionspfad kann neben der oralen und inhalativen Exposition einen 

Hauptweg der Eintragung von Fremdstoffen in den Organismus darstellen. Dies ist 

besonders kritisch zu bewerten, wenn es sich um toxikologisch relevante 

Fremdstoffe handelt, wie z.B. Polyzyklische Aromatische Kohlenwasserstoffe 

(PAK), Aminobenzol- oder Kresol- Derivate. Für die acht als wahrscheinlich 

krebserregend für den Menschen eingestuften PAK (CLP-Verordnung) (1) in 

Erzeugnissen gilt seit 2015 eine EU-weit einheitliche Restriktion in Spielzeugen 

und Verbraucherprodukten mit vorhersehbarem längerfristigem oder wiederholtem 

kurzzeitigem Hautkontakt (REACH-Verordnung) (2, 3). Der festgelegte 

Gehaltsgrenzwert dieser acht PAK erlaubt jedoch keine Rückschlüsse auf die 

tatsächliche dermale Exposition des Verbrauchers. Für eine gesundheitliche 

Risikocharakterisierung ist es daher zwingend notwendig, geeignete Methoden zur 

Ermittlung der dermalen Exposition zu entwickeln. 

Im Rahmen dieser Arbeit wurden Expositions-Referenzwerte mit exzidierter 

Humanhaut im Franz-Zell-Assay für herauslösbare Komponenten von 

Elastomeren und Gummi generiert. Für die Gruppe der PAK wurde zusätzlich, 

orientierend an den mittels Franz-Zell-Assay  generierten Daten, ein alternatives 

Prüfverfahren für die Ermittlung der dermalen Exposition entwickelt, welches auf 
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der Migration von PAK in Simulanzlösung beruht. Daten zur 

Expositionsabschätzung, welche auf Migrationsdaten basieren, die mit diesem 

alternativen Prüfverfahren im Rahmen des nationalen Monitoringprogramms 2017 

erhoben wurden, sowie eine darauf basierende Risikobewertung, wurden der EU-

Kommission für die Überprüfung der Grenzwerte von PAK in 

Verbraucherprodukten und Spielzeug zur Verfügung gestellt. 

Die im Rahmen dieser Arbeit durchgeführte Visualisierung der Hautpenetration 

nach Kontakt zu einem N-Phenyl-2-naphthylamin-haltigen Polyolefin bestätigte am 

Beispiel dieses Prokarzinogens, dass zahlreiche weitere Additive mit zum Teil 

toxikologischer Relevanz bei Hautkontakt migrieren, die Hautbarriere überwinden 

und so zu einem potentiellen gesundheitlichen Risiko führen können. 

Eine detaillierte Charakterisierung polymeren Materials hinsichtlich der 

Zusammensetzung erfolgte durch den Einsatz instrumenteller Analytik. Die 

Entwicklung von Multi-Analyt-Methoden ermöglichte die Quantifizierung von 

21 Additiven, 5 Abbauprodukten und 28 PAK. Die Polymere wurden zudem 

anhand ihres Zerfallsmusters mittels online-Kopplung von Pyrolyse an 

Gaschromatographie mit massenspektrometrischer Detektion identifiziert. Zu 

Klärung der Frage, ob durch Alterungsprozesse aus Additiven toxikologisch 

relevante Abbauprodukte entstehen können, wurden Additive in verschiedenen 

Alterungsmodellen getestet. Unter Modellbedingungen wurde gezeigt, dass 

Kresol-Derivate aus phenolischen Antioxidantien entstehen können, sowie 

Phthalate aus einem Phthalat-Ersatzweichmacher. 

Die gewonnenen Daten können zur Verbesserung der Risikoidentifizierung und 

Priorisierung von Polymerbestandteilen für die Risikobewertung herangezogen 

werden. 



 

3 

Abstract 

Most people are not aware of the potential health risks associated with the 

ingredients of daily used polymeric consumer products. The application range is 

as diverse as the composition of the materials. Polymeric material is exemplarily 

used in tool handles, food contact materials and toys. It is thus even more 

important that the final product is harmless to health and ensures safe usage over 

the entire product life cycle. Analyzing the composition, intentionally added 

substances need to be distinguished from non-intentionally added substances. 

Unlike substances that were added for a defined purpose (e.g. plasticizers, 

antioxidants or processing aids), non-intentionally added substances are present 

as a result of material aging or inappropriate manufacturing processes (e.g. 

contaminants, decomposition or reaction products). 

In this thesis, the focus was on polymeric consumer products that are designated 

for skin contact. Besides the oral and inhalative route, the dermal path of exposure 

may pose a major route for xenobiotics to enter the organism. This is of special 

concern in case of toxicological relevant xenobiotics like polycyclic aromatic 

hydrocarbons (PAHs), aminobenzene- or cresol-derivatives. 

There is an EU-wide restriction on 8 PAHs that are classified as presumed to have 

carcinogenic potential to humans (1) in toys and consumer products effective 

since 2015 (REACH EG No. 1907/2006, EU No. 1272/2013) (2, 3). Articles shall 

not be placed on the market if any of their rubber or plastic components that come 

into direct as well as prolonged or short-term repetitive contact with the human 

skin contain more than 0.5 mg/kg or 1 mg/kg respectively. The limits set refer to 

the PAHs content in the material and do not mirror the actual dermal exposure of 

consumers. Therefore, it is crucial to study the real dermal PAH load in order to 

generate data for a reliable assessment of potential health risks. 

In this thesis, dermal exposure to leachables of rubber and elastomers was 

investigated consequently using excised human skin in the Franz diffusion cell 

(FDC)-assay. Basing on this reference data, an alternative testing method was 

developed for dermal exposure assessment of PAHs. It uses a simulant suitable 

for the lipophilic PAHs and it realistically mirrors the combined permeation and 

migration of PAHs. Exposure data basing on this method was provided for the 
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European Commission in order to review the limit values of PAHs in consumer 

products and toys. 

The skin permeation was visualized at the example of the procarcinogen N-

phenyl-2-naphthylamine. Human skin was exposed ex vivo to a polyolefin entailing 

this antioxidant and a depth profile generated applying ATR-FTIR-microscopy. It 

was shown by this very graphic evaluation, that numerous polymer additives with 

in part toxicological relevance might migrate, overcome the skin barrier and 

ultimately lead to a potential health risk. 

A detailed characterization of the polymeric material was conducted using broad 

analytics. The development of multi-analyte-methods allowed quantification of 

21 additives, 5 degradation products and 28 PAHs. The polymers were identified 

applying pyrolysis coupled online to gas chromatography and mass-spectrometric 

detection. Furthermore, additives were tested in different aging protocols to 

identify potential degradation products of toxicological relevance. It was shown, 

that cresol-derivatives are formed as a consequence of degradation of phenolic 

antioxidants and phthalates are formed by degradation of a phthalate substitute 

plasticizer. 

The results of this work can be useful to improve risk identification and to prioritize 

leachables of elastomers and rubber for risk assessment. 



 

5 

List of abbreviations 

The table below includes all abbreviations mentioned in the text, except for those 
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B[e]P    Benzo[e]pyrene 

B[g,h,i]Per   Benzo[g,h,i]perylene  

B[j]F   Benzo[j]fluoranthene 

B[k]F    Benzo[k]fluoranthene 

C[c,d]P   Cyclopenta[c,d]pyrene  
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CyCy    Bicyclohexyl 



LIST OF ABBREVIATIONS 

6 
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DB[a,i]P   Dibenzo[a,i]pyrene   

DB[a,l]P   Dibenzo[a,l]pyrene 

DEHP   Diethylhexylphthalate/ Bis(2-ethylhexyl)phthalate 
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1 Introduction 

A large number of dermal contact surfaces of everyday life consist of polymeric 

materials. During the manufacturing process, additives are added for influencing 

physicochemical properties but also for preservation or coloring purposes. To 

meet functional requirements like longevity, haptic properties and factory costs, 

different polymers are used as the raw material of choice and modified by a 

variable number of additives in the majority of commodities. Besides intended 

additives with a defined function such as plasticizers, stabilizers, colorants and 

vulcanization accelerators, non-intended contaminants as well as decomposition 

products or so-called non-intentionally added substances (NIAS) can be 

ingredients of the material. There are several components among these that are 

potentially harmful to health. They are not covalently bound to the polymer and the 

material potentially undergoes mechanical stress, polymer weathering and aging. 

This affects both, the integrity of the polymer and the stability of additives. 

Considering that, potential toxic additives and their degradation products might 

migrate from the polymer. Therefore, dermal exposure of consumers via polymeric 

articles with skin contact is possible. 

The human skin as a multilayered organ protects the body against dehydration 

and penetration of xenobiotics by a natural barrier, which is primarily formed by the 

stratum corneum (s.c.). It is the outermost layer of the epidermis and consists 

mainly of corneocytes, the terminally differentiated keratinocytes embedded in a 

lipid matrix in a “bricks and mortar manner” (4). Skin penetration must be 

distinguished from skin permeation in order to assess the bioavailability of a 

substance. As depicted in Figure 1, there are three pathways described as 

potential ways for xenobiotics to enter the viable epidermis (penetration: A) or to 

even pass it (permeation: B). A substance can overcome the s.c. i) intracellular, ii) 

intercellular or iii) follicular accordingly (5). The lipophilicity of chemicals is crucial 

for the permeability through the skin as well as the thickness of the s.c. and 

parameters like molecular weight and concentration of the substance (6). 
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Figure 1: Scheme of human skin. Profile with penetration (A), permeation 

pathway (B) and close-up view of migration processes within polymeric material 

(top left) and s.c. (top right). SSFL: skin surface film liquids (modified (7)). 

To study dermal distribution of chemicals, the Franz diffusion cell (FDC) is the 

most realistic in vitro tool. It can be operated with various test skins or skin models. 

When in vivo transdermal studies are ethically unacceptable because of the 

potential toxicity of the test substances, the FDC-assay with excised intact human 

skin is commonly used as reference for dermal exposure assessment (8). Once, 

the skin is mounted between the donor- and receptor-compartment, either 

formulations or solutions of analytes or whole discs of rubbers or elastomers can 

be applied onto the skin. The FDC-assay thereby allows investigation of human 

skin, which was directly exposed to consumer product specimens. 

The dermal exposure to components of polymeric consumer products is a 

combined migration and permeation- or penetration-process. The basis for dermal 

exposure is the movement of compounds to the material surface (diffusion, 
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migration: step 1, Figure 1), release into the skin surface film liquids (SSFL) and 

subsequent uptake into the upper epidermal layers (desorption/ distribution/ 

sorption followed by skin penetration: step 2, Figure 1). The rate limiting step in 

this case is the diffusion process. It depends on the diffusion coefficient, the 

mobility of the compounds within the polymer or matrix, the size of the migrating 

compounds and the temperature. This relationship is described by Fick´s 2nd law 

of diffusion, wherein the diffusivity D is expressed by the Arrhenius equation. 

2

2

x

c
D

t

c

∂

∂
=

∂

∂

 

Equation 1: Fick´s 2nd law of diffusion. 

c: concentration, t: time, D: diffusion coefficient, x: distance. 

  

RT

EA

eDD

−

⋅= 0  

Equation 2: Arrhenius Equation – Mass diffusivity in solids D [cm2 s-1]. 

D0: pre-exponential factor, EA: activation energy [J], R: universal gas constant 

[8.314 J mol-1 K-1], T: temperature [K]. 

The movement of ingredients within polymers is a key requirement in additivation 

of materials. It is exemplarily the basis for functional polymers like antistatic 

polymers. But with respect to dermal exposure the migration can result in a health 

risk for consumers to get exposed by skin contact to additives like plasticizers, 

stabilizers or processing aids. There is a lack of systematic knowledge yet about 

dermal exposure to numerous polymer additives like phenolic antioxidants, 

arylamines or to a comparatively new alternative trimellitic plasticizer. Therefore, 

suitable protocols were developed in this work to investigate a range of potentially 

harmful additives in the FDC-assay and to assess their dermal bioavailability from 

elastomers and polymers after skin contact. 

Consumer products with high contents of PAHs were repeatedly identified by 

official control laboratories. PAHs are present as contaminants in rubbers and 

elastomers of commodities due to the application of mineral oil ingredients or 

carbon black to the raw material. Mineral oil ingredients often contain highly 
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alkylated polycyclic aromatic compounds (PACs) in their aromatic fraction. They 

are utilized as plasticizers or lubricants while carbon black contains PACs of no or 

low alkylation degree and is added to the polymer for coloring and abrasion 

resistance purposes. Among PAHs, several compounds have been identified as 

genotoxic carcinogens. A study on global atmospheric emission of PAHs in 2004 

revealed consumer product usage (6.9%) after biofuel (56.7%) and wildfire 

(17.0%) as one of the major sources for discharge of the 16 PAHs listed as U.S. 

Environmental Protection Agency (U.S. EPA) priority pollutants (9). In terms of the 

associated health risk, 8 carcinogenic PAHs (Benzo[a]pyrene (B[a]P), 

Benzo[e]pyrene (B[e]P), Benzo[a]anthracene (B[a]A), Chrysene (Chr), 

Benzo[b]fluoranthene (B[b]F), Benzo[j]fluoranthene (B[j]F), Benzo[k]fluoranthene 

(B[k]F), Dibenzo[a,h]anthracene (DB[a,h]A) are classified as presumed to have 

carcinogenic potential to humans in the CLP Regulation (1) and restricted in 

consumer products with foreseeable skin contact and toys by Annex XVII of the 

REACH Regulation 1907/2006 (2) to 1.0 mg/kg and 0.5 mg/kg respectively in 2015 

(3). 

The dermal exposure assessment using data on migration of lipophilic PAHs from 

rubber or elastomers in commonly applied aqueous sweat simulant resulted in 

distinct underestimation as compared to the ex vivo human skin data. Therefore, 

there was a need to develop a suitable migration method that is adapted to the 

lipophilic properties of PAHs in skin contact. In this thesis, an appropriate ethanol-

based method for skin exposure data has been developed and used to generate 

realistic migration data. In 2017, this alternative testing method was used in the 

national German monitoring program (10). Furthermore, the Joint Research 

Centre (JRC) of the Commission had the mandate to further investigate PAH 

migration with this method as the basis: migration studies of PAHs from rubber 

and plastic into SSFL using an emulsion of artificial sebum in aqueous sweat 

simulant were performed in addition to migration studies into ethanolic simulant 

(11). The relative migration rates of PAHs into artificial SSFL were in agreement 

with the rates generated applying ethanolic simulant to rubber and plastic 

containing PAHs as it was developed in this thesis.  
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2 Objectives 

The presence of potentially harmful substances in consumer products does not 

intrinsically pose a risk. Factors like mobility of the substance within the material, 

ability to overcome the polymer-skin interface and ultimately the human skin 

barrier substantially have an impact on the associated health risk. 

Therefore, the aim of this thesis was to characterize consumer products 

designated for skin contact in detail and to assess the potential dermal exposure 

of consumers to polymer ingredients. Key aspects were the identification of 

compounds and the method development for determination of transepidermal 

exposure and of the distribution of compounds within the skin and skin models. 

FDC-assay and alternative migration testing on PAHs 

Up to now, aqueous sweat simulant is often utilized to assess dermal exposure to 

components present in consumer products like textiles or toys. In case of PAHs, 

specimens of PAH-containing commodities are placed into the simulant and stored 

under defined conditions for a certain time (12, 13). The resulting PAH-content in 

the aqueous simulant is determined afterwards and accounted as representative 

dermal PAH-load. But the comparability of aqueous sweat simulant to human skin 

is rather questionable at least for highly lipophilic components like PAHs. The 

potential accelerating effect of dermal lipids on skin penetration of lipophilic 

substances is not covered by this set-up, whereas lipids present on the skin 

surface get naturally into contact with the surface of consumer products during 

intended use. In this case, application of aqueous sweat simulant for migration 

studies results in a clear underestimation of dermal exposure. Because of this and 

of the carcinogenic properties of high molecular PAHs, one major aim of this work 

was to develop a more realistic exposure testing scenario. Therefore, a combined 

migration and skin penetration protocol was established using the FDC-assay with 

human skin. The FDC-assay provided reference values to establish a realistic 

alternative solvent-based migration testing method for PAHs with B[a]P as lead 

compound. The alternative simulant was ought to deliver similar results as 

compared to human skin, though it simplified the complexity of the multiphase skin 

system. Ethanol was used to adjust the lipophilicity of the aqueous simulant. Main 

practical aspects of this subproject that needed to be considered are listed below: 
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- Optimization of analytical evaluation utilizing tandem mass spectrometry 

coupled to gas chromatography (GC-MS/MS) 

- Adaption of FDC-assay to PAHs and optimization of extraction and clean-up 

procedure for individual compartments (aqueous wash and receptor 

compartment, tape strips entailing s.c. layers and the remaining epidermis) 

- Generation of reference data with human skin and consumer products in FDC-

assay, comparison to other skin models used in FDC-assay 

- Development of a suitable solvent-based migration simulant resulting in 

release of PAHs comparable to the human skin reference data 

Characterization of polymers in consumer products 

The composition of polymers used in consumer products is very diverse 

concerning additivation and polymeric raw material. Recipes need to meet 

continuously new requirements and keep therefore changing (14). For this reason, 

an analytical multi-analyte-method was not only established for PAHs, but also for 

several important classes of polymer additives and for NIAS. Screening 

techniques were applied to polymeric materials of consumer products to identify 

frequently used additives in polymeric material. Also toxicological aspects were 

considered compiling the analyte lists. Furthermore, polymers were characterized 

using complementary analytical techniques. For instance, commodities were not 

only analyzed via targeted analysis for their content on PAHs utilizing GC-MS/MS, 

but also with regard to its total amounts of PACs by means of liquid 

chromatography coupled online to gas chromatography equipped with flame 

ionization detector (online-LC-GC-FID). Because of the extremely high number of 

PACs in consumer products made of rubber or elastomers, online-LC-GC-FID 

should be preparatively used to analyze the overall amount of mineral oil aromatic 

hydrocarbons (MOAH). To separate distinct PAH ring systems and to reveal their 

degree of alkylation, two dimensional gas chromatography was applied. The 

following main aspects of polymer characterization had to be considered in the 

practical part of this subproject: 

- Ongoing addition of contaminants, additives and NIAS to the multi-analyte-

methods 
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- Validation and optimization of GC-MS/MS multiple reaction monitoring (MRM) 

multi-analyte-methods 

� Selectivity: optimization of ion transitions and collision energy 

� Limit of detection (LOD); Limit of Quantification (LOQ) 

� Linearity and range 

� Accuracy: analyses of standard reference material 

� Recovery: yield of sample clean-up including diverse matrices  

� Precision: repeatability and intermediate precision 

� Reproducibility in case of PAHs method: interlaboratory trial 

- Screening on frequently used polymer additives and contaminants in 

consumer products 

- Identification of polymers using pyrolysis coupled to GC-MS (Pyr-GC-MS) 

Dermal exposure assessment of polymer additives 

To expand the set of compounds in dermal exposure assessment by substances 

intentionally added to polymers, the FDC-assay was adapted to a range of 

polymer additives. In contrast to the structural homogenous class of PAHs the 

additives differed structurally and with respect to their field of application in 

polymers (Table 2, 3rd publication) (15). That posed certain additional analytical 

challenges:  

- Application of equally effective extraction techniques for 10 structurally very 

different additives ranging from the neurotoxic plasticizer 

N-butylbenzenesulfonamide (NBBS: log PO/W 2.0) to the phthalate substitute 

plasticizer trioctyltrimellitate (TOTM: log PO/W 8.8) 

- Development of a discrimination free sample clean-up procedure resulting in 

acceptable recoveries for all analyte-matrix combinations 

Degradation pattern of polymer additives and aging 

Polymers including their additives are subject to aging processes. Because 

degradation products of once applied additives might completely differ in physico-

chemical and toxicological properties, their occurrence in consumer products is of 

special concern. Up to now, little is known about aging products, its contribution to 
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consumer exposure and its toxicological relevance. Referring to this, additives 

included in this work were subject to aging protocols. The aim of this study was to 

generate degradation kinetics of additives under varying accelerated aging 

conditions and to compare the protocols with respect to resulting degradation 

products. In addition to the effect of accelerated aging on half-life times of the 

additives themselves, the stability of polymers with and without additivation should 

be investigated. Details on additive degradation analyses are listed below: 

- Choice of suitable degradation protocols, analytes and matrices 

- Optimization of extraction and evaluation techniques 

- Compilation of data on degradation products including the implementation of a 

corresponding mass-spectrometric library containing mass spectra of additives 

and their degradation products recorded in the BfR laboratory 

- Dermal exposure assessment of degradation products 

- Application of quantum-chemical calculations on additives to reconsider 

experimental degradation findings 
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3 Dermal exposure of consumers to polymer additives, 

contaminants and NIAS 

3.1 The Franz diffusion cell 

 

Figure 2: Scheme of Franz diffusion cell set-up (modified (16)). 

Skin penetration is an important factor for assessment of dermal exposure. The in 

vivo testing of human skin penetration for CMR (carcinogenic, mutagenic, toxic for 

reproduction) or other toxic substances is ethically not acceptable. Therefore, an in 

vitro/ ex vivo method was adapted to CMR substances in polymeric material. 

According to the OECD guideline 428 “for the testing of chemicals – skin 

absorption: in vitro method” static FDCs were utilized for dermal exposure 

assessment (Figure 2). Utilization of excised human skin in FDCs is recommended 

as gold standard by which alternative testing protocols are compared. The data 

generated by applying the FDC-assay serve as reference values for the reliability 

of other testing methods. The receptor compartment was filled with saline solution 

to meet analytical and biochemical requirements. It was maintained at 33 ± 1°C by 

a water jacket to simulate skin surface temperature. The application of test 

substances should be as realistic as possible (17). Therefore, a method to apply 

specimens of the original polymeric material of consumer products onto the skin 

was established. The distribution of PAHs and polymer additives into human skin 

and skin models was studied. This covered quantification of analytes in four 

compartments: 1) wash solution of donor compartment 2) tape strips with removed 

outermost s.c. layers 3) remaining epidermal layers 4) receptor solution. Tape 

stripping is a commonly used procedure to remove s.c. (18). 
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3.2 Skin models 

Permeability of pig skin is close to that of human skin. Porcine epidermis is 

therefore known as a suitable skin model for human dermal exposure assessment 

(6). Due to the limited availability of animal skin or excised human skin and ethical 

reasons there is an increasing demand for alternative skin models. Reconstructed 

human epidermis (RHE) models are appropriate alternatives to porcine and 

human skin for in vitro testing (19). This could be shown for aqueous application of 

substances of diverse physico-chemical properties. Next to these keratinocytes 

based models, a completely synthetic multi-layered membrane on the basis of 

polyethersulfone and polyolefin was launched recently, Strat-M® membrane 

(MerckMillipore, Darmstadt, Germany). It was designed for usage in FDC. A good 

correlation of Strat-M® to human cadaver skin in permeability has been shown 

especially for chemicals with a molecular weight of less than 288 Da (20). Within 

this thesis, both reference skins, porcine and excised human skin, the RHE model 

EpiDerm 606X (MatTek, Ashland, MA) and the Strat-M® membrane were adapted 

to direct exposure to polymeric material of consumer products. The predictivity of 

each system was evaluated with respect to the permeability of the lipophilic PAH 

compound B[a]P (log P = 6.40) (21). 

3.3 Transepidermal water loss - TEWL 

For proving the integrity of excised skin used in the FDC-assay, a test for 

transepidermal water loss was conducted utilizing the AquaFlux device AF200 

(Biox systems Ltd, London, UK). The principle of TEWL measurement bases on 

the flux of water diffusing from the viable epidermis through the s.c. towards the 

outer atmosphere in vivo. In case of the Franz cell set-up, it is the water diffusing 

from the receptor chamber through the skin specimen to the donor chamber. An 

increased TEWL is therefore indicative of damaged skin. To quantify this flux, the 

diffusing water is trapped as ice by a cold condenser coupled to the donor 

chamber. A humidity gradient appears and the water vapor flux density and TEWL 

can be detected by sensors (Figure 3). 
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Figure 3: Scheme of AF200 transepidermal water loss (TEWL) measurement 

(adapted from Biox systems (22)). 

3.4 Alternative migration testing and dermal exposure 

assessment 

When dermal exposure assessment needs to be performed routinely, skin or skin 

models are used comparatively rare for cost and availability reasons. The complex 

FDC-assay is not practicable in these cases albeit this system generates the most 

realistic data. Up to now, migration procedure using aqueous sweat simulant is 

often required in several European standards like DIN EN ISO 105-E04 (13), 

DIN EN 1811 (23) or DIN EN 71-10 (24, 25). But correlations of those results with 

data generated in the FDC-assay using excised viable skin are almost missing. 

Human sweat consists of 99.0–99.5% water and 0.5–1.0% solids (inorganic and 

organic in equal proportions). However, it does not represent the human SSFL 

much less the properties of the whole skin tissue (26). Averagely, the human 

SSFL are formed up to an amount of 50% by sebum. It is excreted by sebaceous 

glands. Main components are squalene, wax esters, triglycerides, free fatty acids, 

cholesterol esters, free cholesterol and vitamin E (26, 27). Thus, it is evident that 

artificial aqueous sweat solely is not sufficient to mimic dermal contacts of 

consumers to polymeric material. This is especially the case for lipophilic 

compounds for which the presence of lipids in the SSFL represents the driving 

force behind skin penetration. Hence this work revealed a significant 

underestimation of dermal B[a]P load after simulation of skin contact with 
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PAHs-containing consumer products when it was assessed utilizing artificial sweat 

compared to the results from excised human skin in FDC-assay. 

Pursuant to Commission Regulation (EU) No 10/2011 there is a list of simulants to 

be used for testing migration of constituents of plastic materials and articles 

intended to come into contact with foodstuffs (28). It could be shown that water as 

prescribed simulant for milk is not sufficient to mimic its physico-chemical 

properties. However, the migration results for styrene out of polymeric matrix into 

milk with varying fat levels were directly correlatable to aqueous ethanol as 

simulant with varying levels of ethanol (29). Accordingly, addition of ethanol is 

suitable to adjust the degree of lipophilicity in aqueous simulant-based migration 

studies. This fact was adapted within the current work to the development of a new 

simulant, which is of virtual constitution and lipophilicity against high molecular 

PAHs similar to skin. The amount of B[a]P that migrated into the simulant under 

defined conditions is supposed to mirror the sum of permeated and penetrated 

B[a]P in the FDC-assay with human skin. 

3.5 Visualization of skin penetration by PAHs and additives 

Most consumers are not aware of the dermal route of exposure to potentially 

harmful substances. Compared to oral exposure via food it is a more passive and 

unintentional way which contributes to the systemic exposure. Therefore, it is even 

more important to find a tool to clarify the relevance of the transdermal path. To 

illustrate the distribution of polymer additives and contaminants within the skin 

after contact, optical methods for non-destructive detection of fluorescent and non-

fluorescent signals were applied. Exemplarily, pyrene - a PAH congener - is one of 

the most widely spread fluorophores used in cell biology in the form of probes (30). 

The auto-fluorescence of PAHs in general results from the delocalized electron 

systems. In case of pyrene, it can be used to label proteins for investigations on 

conformation changes (31). 

In the present work, the auto-fluorescence of PAHs was used to analyze their 

percutaneous absorption. To investigate a depth profile of percutaneous PAH 

absorption, sections of the skin were performed perpendicular to the skin layers. 

The intensity of the fluorescent signal in inverted fluorescence microscopy was 

proportional to the amount of PAHs in the respective skin layers. 
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For non-fluorescent compounds migrating from polymers attenuated total 

reflectance - Fourier transform infrared (ATR-FTIR)-microscopy was applied as 

visualization tool to the skin sections alternatively. Distinct reference bands were 

assigned to the analytes of interest utilizing analytical standard substances. The 

skin sections were further divided in IR-spectrum grids using this technique. As a 

result heat maps were performed by displaying the intensity of the bands per grid 

point. These descriptive techniques impressively give an understanding of 

transdermal routes of exposure to potentially harmful polymer additives and also 

verify the analytical findings from FDC analyses. 
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4 Additives, contaminants and NIAS of toxicological 

relevance present in polymeric consumer products 

The majority of consumer products are made of a complex mixture of polymers 

and additives, which are intentionally added to modify the properties of polymers 

specifically. Beside additives also contaminants or NIAS are incorporated in 

polymers and might result into dermal exposure via skin contact. This chapter 

introduces substance classes of toxicological relevance and analytical techniques 

that can be used to reveal compositions of the tested material. 

4.1 Polycyclic aromatic hydrocarbons - PAHs 

PAHs are unsubstituted and fused polycyclic aromatic hydrocarbons. In general, 

PAHs are formed through incomplete combustion of organic matter (32). They are 

ubiquitously present in the environment and there are several sources of exposure 

like tobacco smoke, grilled food or industrial processes (33-35). Some of them are 

genotoxic carcinogens (1, 36). Their presence in consumer products is conditioned 

by the usage of extender oil as plasticizer oil and of carbon black in polymeric 

formulations. 

The 8 individual PAH compounds that are classified as presumed to have 

carcinogenic potential to humans category 1B are B[a]P, B[e]P, B[a]A, Chr, B[b]F, 

B[j]F, B[k]F and DB[a,h]A (1, 3). The main field of application of carbon black is in 

rubber for tires followed by non-tire applications as reinforcing agent (37). 

Furthermore, it is used as pigment, UV stabilizer and conductive additive in rubber, 

plastics, surface coatings and inks (37, 38). Because the dermal contact may 

contribute considerably to human exposure, the concentrations of these PAHs in 

consumer products made of polymers or rubber and with foreseeable direct 

prolonged or repeated short time skin contact are restricted to 1 mg/kg each, in 

toys the limit value is 0.5 mg/kg (2). Accordingly, in this thesis consumer products 

made of rubber or elastomers with black parts are particularly subject to exposure 

assessment of PAHs. 

The furnace black manufacturing process is the most common way to produce 

carbon black, it needs heavy aromatic oils as feedstock (39). The oil is partially 

combusted in a closed reactor under defined reducing conditions including 

temperature (1400-1800°C) and residence time (0.03-10.00 s) (40). The exiting 



Leachables of toxicological relevance present in polymeric consumer products 

23 

carbon black consists mainly of pure elemental carbon agglomerates. It is 

collected in a filter and undergoes drying and any number of further processing 

steps to remove impurities (41). Further techniques like acetylene black, channel 

black or lampblack process receded due to environmental and yield issues (40). 

Depending on the feedstock used and the conducted processing steps, carbon 

black is available in various nuances of purity and particle size. Generally, the 

amount of PAHs in processed carbon black should be less than 1% (39).  

The main focus is on long-term effects when it comes to the assessment of 

adverse health effects of PAHs. Depending on the route of exposure, the 

respective toxicity of the PAHs and the dose however, mixtures can cause eye or 

skin irritation, nausea and vomiting or inflammation (42). Long-term effects include 

various types of cancer, like lung, skin, bladder or gastrointestinal cancer. 

Interaction with deoxyribonucleic acid (DNA) and cardiopulmonary mortality are 

also reported as a consequence of chronic exposure to PAH (43).  

Consumers are commonly exposed to a multitude of PAHs in products (44). There 

are basically three approaches to assess the risk associated: The surrogate 

approach, the relative potency approach or the concept of toxicity equivalency 

factors (TEFs) (45). While the surrogate approach considers the toxicity of B[a]P 

representative for the whole mixture, the carcinogenic potency of the individual 

PAHs  can be differentiated by  the concept of TEFs. By assigning a TEF of 1 to 

the lead compound B[a]P, the TEFs of all other PAHs express their individual 

relative carcinogenic potency to that of B[a]P (46). The TEFs were assigned to 

distinct PAHs according to several studies including in vivo carcinogenesis of rats 

and mice after PAH application and in vitro formation of PAH-DNA adducts (46). A 

compilation of TEFs and analytical information on the GC-MS/MS multi-analyte-

method for PAHs is shown in Table 1. PAHs investigated in this work are either 

priority PAHs by U.S. EPA, by EFSA, by AfPS (German Product Safety 

Commission), classified by CLP Regulation as presumably carcinogenic for 

humans (carc. Cat. 1B) and restricted by Regulation (EC) No 1907/2006 (REACH) 

Annex XVII or are of interest because of their chemical structure (cf. Table 1). 

Also, a range of biological activity and physico-chemical properties was covered 

by the choice of PAH congeners. Previously reported studies showed a 

significantly higher carcinogenic potential of methylated PAH derivatives as 

compared to the unsubstituted parent compound or to the lead compound B[a]P. 
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For example 5-methylchrysene was found to be a stronger tumor initiator than the 

parent compound Chr and even B[a]P in mice and a potent carcinogen when 

tested on mice skin (47). 

Because skin contact to PAHs can induce skin cancer, great emphasis was placed 

on the bioavailability of PAHs as a consequence of dermal contact to PAHs-

containing consumer products in this thesis. The analytes were also applied 

without polymer matrix to human skin ex vivo in order to simplify this complex 

process of migration and penetration. 

The distribution of individual PAHs within the skin layers was correlated to their 

molecular weight despite an initially migration step from the polymer to the skin 

surface. According to Fick´s 2nd law of diffusion (cf. Equation 1) the mass diffusivity 

is proportional to the concentration gradient. As a consequence, the applied 

substances tend to migrate into the receptor solution which is free of PAHs in the 

beginning of the incubation period. As expected, the amount of PAHs in the 

receptor fluid is decreasing with increasing molecular size. Smaller PAHs 

consistently accumulated mainly in the receptor fluid. Nearly the entire initially 

applied amount of the smallest PAH naphthalene (Naph) was present in the 

receptor compartment after 24 hours indicating a high permeation rate through 

human epidermis (Figure 4). On the other hand, the five-ring PAHs (e.g. B[a]P) 

were mainly present in the s.c. and further epidermal layers but also permeated 

the epidermis to a lesser extent (10%). The six-ring dibenzopyrenes however did 

only occasionally enter the receptor fluid showing reservoir formation properties in 

the epidermis. In all cases a severe bioavailability needs to be considered. 



Leachables of toxicological relevance present in polymeric consumer products 

25 

 

Figure 4: Distribution of PAHs in human skin as a function of molecular 

weight. A mixture of PAHs (cf. Table 1: Naph, Acy, Flu, Ant, Phe, B[a]A, Chr, 

B[b]F, B[a]P, B[e]P, I[c,d]P, B[g,h,i]Per, DB[a,l]P, DB[a,e]P DB[a,i]P, DB[a,h]P) 

solved in acetonitrile has been applied to human skin ex vivo in the FDC for 24 h 

with an amount of 50 ng per PAH each and skin, biological duplicates, 

(unpublished data). 

The metabolism of B[a]P is well investigated. It has been the lead compound to 

study carcinogenic effects of PAHs for years after being isolated from coal tar in 

the early 1930s (48, 49). The metabolic activation of B[a]P by cytochrome P450-

dependent (CYP) monooxygenases is responsible for its carcinogenicity, more 

precisely the diol-epoxide pathway (50). B[a]P is initially epoxidized by CYP1A1 to 

B[a]P-7,8-oxide which is further transformed by epoxide hydrolase (EH) to B[a]P-

7,8-dihydrodiol (51, 52). Subsequently, this intermediate is oxidized in an 

additional CYP enzyme catalyzed process and the ultimate carcinogen B[a]P-

(7R,8S)-diol-(9S,10R)-epoxide arises which may covalently bind to DNA with high 

stereoselectivity (53). Detoxification can take place via non-enzymatic hydrolysis 

(Figure 5). It was demonstrated that the metabolic capacity of excised human skin 

and keratinocytes based skin models is sufficient to activate B[a]P and cause 

genotoxic stress which may contribute to skin cancer (54). 
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Figure 5: Metabolic activation of B[a]P via diol-epoxide pathway to the 

ultimate carcinogen B[a]P-(7R,8S)-diol-(9S,10R)-epoxide. CYP: cytochrome 

P450-dependent monooxygenases, EH: epoxide hydrolase, modified (50, 51). 

Investigations on the relation between PAH structure and carcinogenic potential 

revealed significant differences among PAH representatives. The bay and fjord 

region turned out to play an outstanding role in carcinogenesis of PAHs (55). 

These structures are exemplarily present in B[a]P (bay) or DB[a,l]P (fjord) and lead 

to metabolically formation of highly electrophilic diolepoxides that can interact with 

DNA bases (56, 57) (Figures 5, 6). An increased contribution to non-genotoxic 

steps of tumor promotion of methylated PAHs with bay-like structures as 

compared to the non-methylated parent PAH was described (58, 59). 

1-methylnaphthalene (bay-like), for example, inhibits the gap junction intercellular 

communication (GJIC) (60). The GJIC maintains the homeostatic control of 

neighboring cells. Inhibition can lead to clonal expansion of quiescent, initiated 

cells, constituting the tumor promotion phase (61). 
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Figure 6: Prominent chemical structures of PAHs involved in 

carcinogenesis. 

To understand the potential health risks associated with the transepidermal 

absorption of PAHs, it is important to follow up the skin integrity through several 

stages of exposure. The actual relevance of these studies was demonstrated by 

developing a comet-assay protocol (single-cell gel electrophoresis) for human skin 

ex vivo. The detailed procedure is described in Annex I. The influence of dermal 

exposure to consumer products entailing high PAH contents on DNA integrity in 

skin was investigated. 

The comet-assay is a tool to detect DNA strand breaks in eukaryotic cells. It bases 

on the isolation of single cells in agarose with subsequent lysis using a detergent 

and salt to form nucleoids (62). The electrophoresis under alkaline conditions 

results in structures resembling comets in case of initial DNA damage. These are 

evaluated applying fluorescence microscopy. The fluorescence intensity and 

length of the comet tail relative to the comet head reflects the amount of DNA 

breaks (63). 

The comet-assay has already been used on 3D reconstructed human epidermal 

skin models (64). In this thesis, it was applied to excised human skin immediately 

after abdominal plastic surgery to use a most realistic exposure model.  
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Figure 7: DNA damage in human skin ex vivo after incubation in FDC with a 

consumer product assessed applying the comet-assay. Combined evaluation 

of epidermis and dermis with biological duplicates; technical repetitions n=4; n=2 

in case of coal tar reference material. Student’s t-test was performed with α=0.05 

(*** p < 0.001; ** p < 0.01; * p < 0.05). Bars represent the standard error of the 

mean (unpublished data). 

The results of the comet-assay clearly indicated significant higher genotoxicity in 

situ after dermal exposure to a consumer product that entails high amounts of 

PAHs (Figure 7) compared to an additive- and contaminant-free low-density 

polyethylene (LDPE) sample. The genotoxic effect observed needs to be 

considered a combined event of all genotoxic leachables of the handle, some of 

which might still be unknown. 
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Table 1: Information on PAHs and validation parameters of the respective GC-MS/MS MRM multi-analyte-method. 

No. Compound Abbreviation CAS TEF Structure 
Nominal 
mass [Da] 

LOD 
[ng/ml] 

Precurs
or Ion 

Product 
Ion Quanti 

Product 
Ion Quali 

Rf 
[min] 

1 Naphthalenea, d Naph 91-20-3 0- 0.001  128 6.41 128 102 127; 77 6.77 

2 2-Methylnaphthalene 2-MN  91-57-6  -  142 2.58 142 142 141; 115 7.90 

3 1-Methylnaphthalene 1-MN  90-12-0  -  142 2.57 142 142 141; 115 8.21 

4 Acenaphthylenea, d Acy 208-96-8 0.001  152 1.10 152 151 150; 126 10.15 

5 Acenaphthenea, d Ace 83-32-9 0.001  154 1.94 154 153 152; 127 10.40 

6 Fluorenea, d Flu 86-73-7 
0.0005-
0.001  166 0.72 166 165 140 11.44 

7 Phenanthrenea, d Phe 85-01-8 0- <0.01  178 0.96 178 177 176; 152 13.75 

8 Anthracenea, d Ant 120-12-7 0- 0.01  178 1.18 178 177 176; 152 13.82 

9 Fluoranthenea, d Fluo 206-44-0 0.001- 0.08  202 0.61 202 201 200; 152 16.86 

10 Pyrenea, d Pyr 129-00-0 0- 0.001  202 2.19 202 201 200; 152 17.90 

11 Benzo[c]fluoreneb B[c]F 205-12-9 20  126 1.81 216 216 
215; 213; 
189 19.39 

12 Benz[a]anthracenea, b, c, d B[a]A 56-55-3 0.005- 0.2  228 0.88 228 228 226; 202 24.46 

13 Cyclopenta[c,d]pyreneb C[c,d]P 27208-37-3 0.012- 0.4  226 1.92 226 226 
225; 224; 
225; 200 25.00 
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14 Chrysenea, b, c, d Chr 218-01-9 0.01- 0.17  228 1.40 228 228 226; 202 

 
 
25.10 

15 5-Methylchryseneb 5-Me-Chr 3697-24-3 7  242 0.93 242 242 
241; 239; 
226 28.85 

16 Benzo[b]fluoranthenea, b, c, d B[b]F 205-99-2 0.1- 0.8  252 0.43 252 252 

250; 251; 
250; 226; 
248 35.06 

17 Benzo[k]fluoranthenea, b, c, d B[k]F 207-08-9 0.03- 0.1  252 0.40 252 252 

250; 251; 
250; 226; 
248 35.30 

18 Benzo[j]fluorantheneb, c, d B[j]F 205-82-3 0.045- 0.52  252 1.05 252 252 

250; 251; 
250; 226; 
248 35.56 

19 Benzo[e]pyrenec, d B[e]P 192-97-2  -  252 1.46 252 252 

250; 251; 
250; 226; 
248 38.16 

20 Benzo[a]pyrenea, b, c, d B[a]P 50-32-8 1  252 3.48 252 252 

250; 251; 
250; 226; 
248 38.57 

21 Perylene Per 198-55-0  -  252 4.77 252 252 

250; 251; 
250; 226; 
248 39.54 

22 Indeno[1,2,3-c,d]pyrenea, b, d I[c,d]P 193-39-5 0.067- 0.1  276 1.93 276 276 274; 250 45.80 

23 Dibenz[a,h]anthracenea, b, c DB[a,h]A 53-70-3 0.1- 10  278 2.73 278 278 
276; 274; 
252 45.90 

 
 
 
 
24 Benzo[g,h,i]perylenea, b, d B[g,h,i]Per 191-24-2 0.009- 0.03  276 4.25 276 276 274; 250 

 
 
 
 
47.87 
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25 Dibenzo[a,l]pyreneb DB[a,l]P 191-30-0 1- 100  302 16.22 302 302 301; 300 56.96 

26 Dibenzo[a,e]pyreneb DB[a,e]P 192-65-4 0.2- 1  302 15.26 302 302 300 59.46 

27 Dibenzo[a,i]pyreneb DB[a,i]P 189-55-9 0.1- 12  302 10.60 302 302 300 60.77 

28 Dibenzo[a,h]pyreneb, d DB[a,h]P 192-51-8 0.9- 11  302 15.67 302 302 300 61.50 

Internal standards (Istd)              
1 Naphthanlene-d8 Naph-d8 1146-65-2    136  136 134 108 6.73 
2 Acenaphthylene-d8 Acenaph-d8 93951-97-4    160  160 160 158; 156 10.11 
3 Phenanthrene-d10 Phe-d10 1517-22-2    188  188 184 160 13.69 
4 Fluoranthene-d10 Fluo-d10 93951-69-0    212  212 210 208; 160 16.79 
5 Pyrene-d10 Pyr-d10 1718-52-1    212  212 210 208; 160 17.82 
6 Chrysene-d12 Chr-d12 1719-03-5    240  240 238 236; 212 24.86 
7 Benzo[a]pyrene-d12 B[a]P-d12 63466-71-7    264  264 260 232 38.35 
8 Benzo[g,h,i]perylene-d12 B[g,h,i]Per-d12 93951-66-7    288  288 288 286 47.67 
9 Dibenzo[a,i]pyrene-d14 DB[a,i]P-d14 158776-07-9   316  316 314 312 60.48 

List of priority PAHs: a) 16 U.S. EPA priority PAHs, b) 16 EFSA priority PAH, c) 8 CLP Regulation carc. Cat. 1B d) 18 AfPS priority 

PAHs 
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4.2 Mineral oil hydrocarbons - MOSH/ MOAH 

Mineral oil is used as raw material in many applications such as printing oil, 

plasticizer oil in consumer products, technical lubricants or in cosmetics. It is 

principally refined and divided into fractions of different volatility by distillation of 

crude oil (65). Further physico-chemical processing steps like extractions are 

applied after distillation to isolate particular petroleum fractions as for example light 

and heavy naphtha. From a chemical perspective, mineral oil was processed by 

different steps from crude oil and consists of aliphatic compounds like paraffins 

(open chain alkanes) and naphthenes (hydrocarbons with at least one saturated 

ring) and aromatic compounds (66). Mineral oil saturated hydrocarbons (MOSH) 

and mineral oil aromatic hydrocarbons (MOAH) are typical constituents. Different 

from unsubstituted PAHs, the MOAH are predominantly highly alkylated polycyclic 

aromatic hydrocarbons (67). The final concentration of aromatic hydrocarbons in 

the product depends on the grade of the oil refining. The content of this portion in 

mineral oil vary and the particular composition is attributable to the respective 

feedstock used. Technical hydrocarbons usually entail a higher amount of MOAH 

up to 35 % while this fraction is minimized in so-called food grade white oils and 

waxes by further hydrogenation steps (68). 

Mineral oil hydrocarbons can be organized according to their carbon-number and 

maximum volatility region. An exposure to alkanes with a carbon-number of >C35 

is negligible with respect to missing absorption (68). A feeding study with Fischer 

344 rats revealed MOSH of C16 - C35 accumulating mainly in liver, adipose tissue 

and spleen (69). Oral administration of MOSH is of low acute toxicity in general. 

The accumulation in liver, however, caused formation of microgranulomas in rats 

associated with inflammatory responses (70). But its relevance for humans is 

unclear and still under discussion. In a study with 37 subjects, the distribution of 

mineral oil hydrocarbons in various human tissues was investigated. While MOAH 

did not accumulate, the MOSH varied in composition and amount between 

subjects and organs and highest amounts were found in mesenteric lymph nodes 

(71). 

Exposure to MOAH fraction is undesirable because it might contain carcinogenic 

aromatic compounds such as PAHs. Skin painting studies on rat skin demonstrate 

that mineral oils may induce skin cancer (72). But the carcinogenic potential of 
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mineral oil is closely linked with the purity, the composition and the amount of 

MOAH present in the final product (73). There is also evidence of mineral oils used 

in printing inks being endocrine disruptors and exposure might contribute to the 

estrogenic burden in humans (74). 

Recently, mineral oil components have been identified in human milk (75), tissues 

and organs (71). Thus, the need for research on routes of exposure was 

emphasized. The transfer of mineral oil components into food from packaging 

material was reported as a potential source for oral exposure (76). Especially food 

packaging made of recycled board is of concern because printing ink from 

newspapers as part of the recycling process is still present in the final product (77, 

78). Cosmetic products containing mineral oils, waxes or white oils might be an 

additional source of dermal exposure (79). But highly purified pharmaceutical 

grade products are used in cosmetics, so the risk of skin cancer is unlikely. In 

consumer products of polymeric material mineral oil is commonly used as 

plasticizer (80). A detailed profile of MOSH and MOAH was determined of several 

consumer products designated for skin contacts within this thesis (7) and identified 

as potential source of transepidermal exposure. 

4.2.1 Volatility dependent distribution of mineral oil components in 

human skin 

Mineral oils are used as plasticizer oils in consumer products of polymeric material 

and may result in dermal exposure. Usually, the purity of oils as well as their 

volatility, viscosity and range of carbon number are unknown. But these 

parameters may influence the biodistribution in and the kinetics on human skin 

and could be relevant for dermal exposure.  

To characterize these effects corresponding studies on biodistribution of mineral 

oil fractions in skin have been performed using the FDC-assay (unpublished data). 

The FDC protocol for dermal exposure assessment of liquid or paste-like mineral 

oil formulations is described in Annex I of this thesis. 

Two mineral oil products were chosen to cover different volatility regions reflecting 

different ranges of carbon-numbers with respect to real exposure scenarios and to 

adapt the FDC to diverse mineral oil components: oil used in printing ink 

(Gravex 913, (81)) and petrolatum (vaseline) (Figure 8). Both products were 

analyzed applying online-LC-GC-FID to determine the hydrocarbon composition. 
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While Gravex 913 is composed of hydrocarbons in the range of C13 - C27, vaseline 

entails higher molecular hydrocarbons in the range of C20 - C50. Also the amount of 

aromatic hydrocarbons within the formulation differs: Gravex is composed of 

approx. 25% aromatic hydrocarbons and vaseline entails only 2% of this aromatic 

fraction (Figure 8). The recovery of hydrocarbons was >96% in both cases as 

related to the weighed portion. The remaining part might entail additives in case of 

Gravex 913 or might result from discrimination of higher molecular hydrocarbons 

during sample clean-up or online-LC-GC-FID-analysis in case of vaseline. The 

MOAH content in vaseline might be present due to usage of slack wax or base oil 

in the formulation instead of pharmaceutical grade raw material only.  

Accordingly, the more volatile hydrocarbons of Gravex 913 (both, aromatic and 

saturated) showed significantly higher accumulation in the epidermal layers as 

compared to the low volatility fractions of vaseline. After 24 h of incubation, more 

than 70% of the total amount of applied Gravex 913 hydrocarbons entered the 

epidermis. However, less than 10% of the respective fractions of vaseline 

overcame the human skin barrier under equal conditions. No hydrocarbons were 

detectable in the receptor solution in all cases. The detailed results for MOSH and 

MOAH are illustrated in Figures 9 and 10. As a result, skin permeation of mineral 

oils clearly depends on volatility, viscosity and carbon numbers respectively. 

Mineral oils with lower carbon numbers amount to higher transepidermal 

exposure. The results are in excellent accordance with the size dependent 

distribution of PAHs reported in this work in chapter 4.1 (Figure 4). 

 

Figure 8: Composition of two mineral oil basing formulations. Printing ink oil 

(Gravex 913) and a vaseline sample were characterized with respect to their 

hydrocarbon composition and analytical recovery using online-LC-GC-FID (7). 
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Figure 9: Recovery and MOAH distribution within human epidermis after 

contact to mineral oil based products in FDC. Excised human skin was 

incubated for 24 h with either Gravex 913 (printing oil) or vaseline in FDC. 

Recovery refers to the originally applied portion of MOAH. Gravex: n=2, vaseline: 

n=3. Bars represent the standard error of the mean. 

 

Figure 10: Recovery and MOSH distribution within human epidermis after 

contact to mineral oil based products in FDC. Excised human skin was 

incubated for 24 h with either Gravex 913 (printing oil) or vaseline in FDC. 

Recovery refers to the originally applied portion of MOSH. Gravex: n=2, vaseline: 

n=3. Bars represent the standard error of the mean. 
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4.3 Additives 

Polymer additives are intentionally used to influence the haptic occurrence, 

technical properties and production costs of the final product. For stabilization and 

longevity of a product, phenolic and arylamine based stabilizers are commonly 

used, while phthalates and phthalate substitutes are used as plasticizers. Because 

of their toxicological properties the question needs to be addressed whether 

dermal exposure may occur. This issue has been investigated in this thesis for 

representative additives of the additive classes described in this chapter.   

Phenolic stabilizers 

Sterically hindered phenols are commonly used as stabilizers or antioxidants 

respectively in polymers and rubber. These can be classified according to the 

amount and regions of tert-butyl groups in 2, 4 or 6-position (82). The phenolic 

moieties are responsible for the actual stabilization process by acting as radical 

scavengers (Figure 11). Most stabilizers have an additional so called secondary 

structure which determines the physical behavior of the additive in the polymer 

matrix (83) (cf. Figure 11, R1 or R2). 

OH

R1

R2

O

R1

R2

+ R
O

O + R
O

OH

 

Figure 11: Initial reaction of the stabilization process of phenolic 

antioxidants. R1, R2: secondary structure residues of the antioxidant; R: residue 

specific to the respective polymer.  

From a toxicological point of view, the usage of phenolic antioxidants in consumer 

products is still under debate. Dermal exposure to phenol derivatives such as 

4-tert-butylphenol can lead to vitiligo and the substance was also proven to cause 

oxidative stress in melanocytes in this context (84). The interference of 

antioxidants used in rubber biomaterial with tumor promotion was investigated and 

increased tumor incidence for some phenolic additives determined (85).  

There are some regulations concerning the usage of phenolic stabilizers in food 

contact materials and further commodities. The amount of phenolic antioxidants 
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present in consumer products made of rubber is regulated in the BfR 

recommendation XXI. on commodities based on natural and synthetic rubber (86). 

Depending on the intended use of the product, mainly duration of food contact, 

different compositions of phenolic antioxidants are recommended with a combined 

maximum content of 1%. There is a special category of commodities according to 

§ 2 of the German food and feed act (German: Lebensmittel-, 

Bedarfsgegenstände- und Futtermittelgesetzbuch (LFGB)). This category entails 

commodities intended for use as eating utensils or that may be expected to be 

placed in the mouth (e.g. toys). In case of teething rings, pacifiers or baby bottle 

nipples only two antioxidants are recommended to be used for pre-stabilization 

purposes: 2,6-di-tert-butyl-4-methylphenol for synthetic rubber (max. 1%) 

and 2-tert-butyl-6-[(3-tert-butyl-2-hydroxy-5-methylphenyl)methyl]-4-methylphenol 

(Antioxidant 2246) for natural rubber matrix (max. 0.4%) (86). The latter was 

investigated in this thesis because of this precarious field of application to reveal 

potential risks associated with aging of this additive. 

The toxicological classification of several additives investigated in this thesis is still 

in progress. The U.S. EPA characterized the hazard associated with bridged 

alkylphenols some years ago and attributed moderate persistence and low 

bioaccumulation properties (87). 

The evaluation of the sulfur-bridged phenol 2-tert-butyl-4-(5-tert-butyl-4-hydroxy-2-

methylphenyl)sulfanyl-5-methylphenol (Santonox), however, needed to be 

regarded separately because of its different physico-chemical and toxicological 

properties compared to carbon-bridged phenols. It is currently on the Community 

rolling action plan (CoRAP) list of the European Chemicals Agency (ECHA) as 

suspected CMR, PBT (persistent, bioaccumulative, toxic)/ vPvB (very persistent, 

very bioaccumulative) substance, potential endocrine disruptor and sensitizer (88). 

The CoRAP is part of the REACH Regulation and indicates substances for 

evaluation by the Member States. A substance is subject to evaluation within three 

years after being listed. This process aims to clarify the initial concern of a 

potential risk to human health or the environment (89). Additionally, Santonox will 

be evaluated in the next years because of its wide dispersive use. It was 

demonstrated in this thesis that dermal contact to Santonox entailing polymers 

leads to reservoir formation of this additive in the s.c. (15). 
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Secondary arylamines used as stabilizers 

The polymer protective functionality of the secondary arylamines bases on a 

radical chain stopping mode of action by donating a hydrogen (90). 

N-phenylnaphthalen-2-amine (Neozon D) is a commonly used antioxidant. Its 

toxicity is attributed to the potential metabolic activation to the carcinogen 

2-naphthylamine (2-NA). Previously reported studies on Neozon D in humans and 

mammalian species revealed that 2-NA is excreted into urine to a slight extent 

after exposure to Neozon D and metabolically dephenylation of the substance of 

origin (91, 92). The exposure to 2-NA is of concern because it is classified to be a 

known carcinogen to humans (Cat. 1A) according to the European CLP Regulation 

(1) and the International Agency for Research on Cancer (IARC) (93). An 

increased risk of bladder cancer has been observed in workers exposed to 

Neozon D and 2-NA working in the rubber and dye industry, where 2-NA has been 

formerly used to synthesize azo dyes (94). Neozon D has also been identified as a 

major sediment contaminant and its environmental toxicity has been studied. 

There is evidence for Neozon D affecting the photosynthesis in algae by acting as 

an intracellular reactive compound leading to irreversible cumulative damage (95). 

The structural similarity between N-phenylnaphthalen-1-amine (Nonox A) and the 

procarcinogen Neozon D demands further risk evaluation. Currently, Nonox A is 

under discussion by the ECHA as a suspected PBT/ vPvB substance and the data 

are currently under review (96). It will therefore be decided in the next years if 

further risk management measures are required. In this work, both arylamines 

were found to enter the viable human epidermis ex vivo and the dermal route of 

exposure emphasized. 

Phthalates and other plasticizers 

The group of phthalates is commonly used as plasticizers in polyvinyl chloride 

(PVC). Phthalates and other plasticizers can be added to the material with a final 

concentration in the high percentage range. They are used in consumer products 

like children's toys, food packaging and medical devices (97). 

Phthalates are of research and regulative interest because of the associated 

toxicity. Developmental toxicity and the rat phthalate syndrome were identified as 

end points of major concern (98). It was demonstrated that exposure to phthalates 

with three to eight carbon atoms in the main side chain during gestation leads to 
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androgen deficiency in the male offspring, e.g. exposure to diethylhexylphthalate 

(DEHP) (99). The effects on the reproduction system are the most critical ones. 

Consequently, DEHP and further phthalates are classified presumed human 

reproductive toxicant (Cat. 1B) by the CLP Regulation (1). DEHP is listed in the 

Annex XIV of the REACH Regulation as substance of high concern and therefore 

subject to authorization. Furthermore, in Annex XVII of the REACH Regulation the 

use of 3 classified phthalates (DEHP, DBP, BBP) in toys and child care articles is 

restricted to a limit value of 0.1% by weight of the plasticized material (2). 

Therefore, the demand for phthalate substitutes as plasticizers steadily increased 

over the last years. TOTM is a commonly used DEHP substitute. It shows weaker 

hepatotoxicity than DEHP (100), low skin sensitization properties in a patch test 

(101) but estrogenic activity in estrogen receptor alpha and beta (102). It was 

found that the interactions between TOTM and polymer are temperature related 

either basing on TOTM aggregates or free TOTM (103).  

Not all of the possible plasticizer-matrix combinations provide equal flexibility. 

Exemplarily, the plasticization effects of dioctyl phthalate (DOP) in PVC decrease 

with increasing LDPE incorporations (104). To meet this matrix interactions, two 

different types of plasticizers are available: external and internal plasticizers (105). 

While TOTM and DEHP are external plasticizers embedded in the polymer by non-

covalent interactions of polar groups, NBBS is a plasticizer mainly used in the 

polymerization process of polyamide (PA), polyacetals and polycarbonates (106) 

and is a representative of internal plasticizers. It is a water-soluble neurotoxic 

polymer additive and often reported as an environmental contaminant (107-109).  

4.4 Polymer composition – an analytical point of view 

The selection of representative additives, contaminants, NIAS and degradation 

products of toxicological relevance investigating dermal exposure, was based on 

their occurrence in polymeric consumer products and consequently on their 

analytical detection. Different analytical methods have been developed, optimized 

and adapted to various analyte-matrix combinations.  

The motivation to choose the respective analytical techniques was to meet 

requirements of the analytes and to cover different substance classes of 

toxicological relevance. As target approach GC-MS/MS-technique was used to 

identify and quantify polymer additives, contaminants and degradation products as 
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a basis with high selectivity and sensitivity. Pseudo-transitions of the precursor-

ions in the developed multiple reaction monitoring (MRM) method for PAHs 

enabled matrix signal minimization with enhanced sensitivity (110, 111). 

The non-targeted approach using GCxGC-ToF-MS is commonly applied to identify 

petroleum metabolites in environmental samples from fuel release sites (112). 

Furthermore, it is used in oil spill forensics to determine fingerprint chromatograms 

in order to make the oil traceable to its origin (113). In this work, the two 

dimensional gas chromatography was used on extracts of polymeric material from 

consumer products to efficiently separate components in a complex mixture. 

Further, it was used to characterize single species of a group of structurally related 

substances. While the aromatic hydrocarbon components were quantified as total 

MOAH using online-LC-GC-FID, the degree of alkylation of particular PAHs has 

been characterized applying GCxGC-ToF-MS. Because PAH derivatives evidently 

have different biological modes of action, it is important to classify the exposure to 

PAHs from consumer products accordingly. Therefore, the degree of PAH 

alkylation was determined in addition to the PAH amount in complex mixtures like 

coal tar extracts and black polymers in this work. 

Online-LC-GC-FID became a versatilely applicable tool for the quantitative 

analysis of mineral oil. Furthermore, the normal phase LC is preparatively used to 

generate mineral oil fractions separated into MOSH and MOAH in this set-up in 

the field of edible oils, cosmetics and packaging material. One major advantage is 

that the whole LC-fraction can be transferred to the GC resulting in high sensitivity 

(114). The FID is suitable because it provides a linear response for a wide 

concentration range of organic compounds. An alternative method to investigate 

mineral oil hydrocarbons and PAHs is the quantitative nuclear magnetic resonance 

spectroscopy (qNMR). The NMR analysis of MOSH and MOAH bases on the 

different spectral regions of the signal of aromatic protons and protons of saturated 

compounds (115). Therefore, there is no need for fractionation prior to analyses in 

case of pure mineral oil samples without interfering matrix. 

Pyrolyzates of the polymeric material were used in this thesis to determine the 

material composition. Online-Pyr-GC-MS is mainly used for identification purposes 

in material science. Unique substances, or substance clusters, need to be 
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identified in the decomposition pattern and attributed to certain areas of the raw 

material for positive identification (116).  

The online-Pyr-GC-MS does not require extensive sample preparation. The 

thermal impact can directly be applied to the material of interest or chemical 

standard substances. This aspect allows investigations on matrix effects. 

Furthermore, this technique was used in this work to accelerate aging of material 

and additives and directly transfer resulting degradation products online to the 

GC-MS-system for separation and detection.  

ATR-FTIR spectroscopy is a technique commonly applied to polymers to reveal 

compositions, to determine the state of conservation and to monitor degradation 

processes (117). In this thesis, it was not only used to follow up the depletion of 

polymer additives within the material but also to visualize the skin penetration 

process by additives during contact to polymers. The coupling to microscopy using 

a germanium crystal allows non-invasive analysis of the sample and imaging. An 

advantage is that multiple analytical techniques can be applied to the same 

sample. That makes FTIR-microscopy applicable even to analyses of old master 

paintings (118). The special correlation of IR signal to certain structures of a 

sample is also very important for tissue analysis. The distribution of intrinsic 

factors (119) as well as of xenobiotics (15) can be traced in particular tissue 

structures. 
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5 Degradation of polymeric material – What comes after 

stabilization? 

In general, degradation products might be of concern in consumer products 

because of their diversity and unknown chemical structure. The amount and 

composition of degradation products that are formed during a product life cycle 

essentially depend on the thermal and mechanical load. Data on degradation 

products in polymers are rare. To cover this with respect to worst case scenarios 

and screening, accelerated aging needs to be employed in material research. 

The polymeric material loses its integrity during aging and effects like brittleness or 

color changing (e.g. yellowing) occur. Aging of polymeric material thus facilitates 

the release of once embedded or absorbed components, especially lipophilic ones 

(120).  

The aging of material is mainly triggered by the impact of oxygen, light or heat on 

the polymer (cf. Figure 12). The resulting homolytic cleavage causes radical 

formation leading to a radical cascade reaction. For example, the thermal 

decomposition of poly(dimethylsiloxane) (PDMS) causes formation of CH3 radicals 

by homolytic cleavage of the Si-CH3 bond and subsequent formation of methane 

by hydrogen abstraction (121). 

The progress of this cascade can be slowed down by addition of stabilizers to the 

material. Some of these show a higher affinity to interact with the radicals 

compared to the polymer itself, form less reactive intermediates and thereby stop 

further radical formation. The resulting reaction products are considered NIAS. 

5.1 Principles of polymer stabilization 

There are mainly three types of stabilizers used in polymers: 

a) Primary antioxidants – e.g. sterically hindered phenols, secondary aromatic 

amines 

b) Secondary antioxidants – e.g. sulfur-based hydroperoxide decomposers 

c) Multifunctional stabilizers – combined primary and secondary antioxidative 

functionalities. 
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Sterically hindered phenols and secondary aromatic amines belong to the basic 

stabilizers (122). In this thesis, mainly primary antioxidants were investigated as 

for example the hindered phenol Antioxidant 2246. Sulfur bridged hindered 

phenols were analyzed in addition like 2-tert-butyl-6-(3-tert-butyl-2-hydroxy-5-

methylphenyl)sulfanyl-4-methylphenol (Irganox 1081) and Santonox. The latter 

compounds are multifunctional stabilizers because they act as radical scavengers 

and hydroperoxide decomposer (Figure 12) (82). 

 

Figure 12: Scheme of degradation mechanisms (solid arrows) and 

stabilization options (dashed lines). R: residue specific to the respective 

polymer. 

Sterically hindered phenolic antioxidants act as radical scavengers (cf. Figure 11) 

and show higher stabilization properties as compared to the group of hindered 

amine stabilizers (HAS) (123). However, the consumption of the phenolic 

compounds can lead to discoloration of the material by formation of colored 

quinone compounds as a consequence of the initial radical reaction (124). 

The aryl amines investigated in this study (Nonox A, Neozon D) mainly act as 

hydroperoxide decomposers and also contribute to radical chain termination (125). 

The key transformation product of these components is the aminoxyl radical  
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(R2N-O·). It is formed and regenerated continuously while hydroperoxide is 

decomposed into the respective alcohol.  

Another group of stabilizers is of particular importance for the weatherability of 

polymers. Benzotriazole based stabilizers are added to the material in order to 

increase its UV resistance. Different to previously described antioxidants, 

2-(benzotriazol-2-yl)-4-methylphenol (Tinuvin P) stops radical formation prior to 

initialization of the radical cascade by quenching excited species and absorbing 

UV light (126). 
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6 Results 

6.1 Target analysis of polycyclic aromatic hydrocarbons 

(PAHs) in consumer products and total content of 

polycyclic aromatic compounds (PACs) 
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Abstract 

The fabrication of consumer products is tightly linked to the usage of polymeric materials. 

The application of mineral oil products as plasticizers or lubricants in this manufacture is 

very common and so is the addition of carbon black for coloring and abrasion resistance 

purposes. Whereas mineral oils often contain highly alkylated aromatic species, alkylation 

of polycyclic aromatic compounds (PACs) is rather low or even absent in the case of 

carbon black. Since they are broadly applied in various products, consumers might get 

exposed to PACs, for instance, via dermal contacts. Here, we characterized several 

commodities not only via the common way of targeted analysis for their contents on PAHs, 

but also with regard to its total amounts of unsubstituted and substituted aromatic 

hydrocarbons.  

The methods applied to analyze consumer products were as follows: (i) online coupling of 

liquid chromatography to gas chromatography with flame ionization detection (LC-GC-

FID) for quantification of total PAH and MOSH (mineral oil saturated hydrocarbon) 

contents; (ii) coupling of tandem mass spectrometry to gas chromatography (GC-MS/MS) 

to quantify occasionally occurring PAHs with high specificity; and (iii) 2D gas 

chromatography coupled to mass spectrometry (GCxGC-ToF-MS) to characterize the 

complex mixtures concerning analytes’ ring systems and degrees of alkylation. We found 

PAH contents in the range of parts per million (ppm) in consumer products while overall 

amounts of aromatics were in the percent range. 

Keywords: Consumer products; online-LC-GC; PAHs; total PAC content. 
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Introduction 

Mineral oils obtained from distillates of crude oil containing highly alkylated polycyclic 

aromatic compounds (PACs) are often used as plasticizers or lubricants in the manufacture 

of polymers. Since crude oil is a product of anaerobic decomposition of organic matter, it 

consists of hydrocarbons of various sizes and substitutions. Among PACs, several 

extremely potent carcinogens could be identified in crude samples1. As it could be shown 

that parts of mineral oil constituents are present in human tissues
2
, the source of exposure 

for mineral oil saturated hydrocarbons (MOSHs) and corresponding mineral oil aromatic 

hydrocarbons (MOAHs) is of particular interest. Similarly, carbon black that contains 

PACs of no or low alkylation degree might have also been added for the purpose of 

coloring and abrasion resistance. Hence, consumers might be exposed to PACs through a 

range of different PAC-containing products, for instance via dermal contacts (Figure 1). 

 

Figure 1. Schematic migration and penetration of PACs: from consumer products to body 

burden. 

Consumer products that will cause skin contacts to polymers during predictable usage have 

been evaluated with respect to PAC profiles of the polymer. Especially, black polymers 

have been tested due to their potential carbon black content. We characterized several 

commodities applying a commonly performed targeted analysis for their contents on 

PAHs. We also looked into the total amounts of unsubstituted and substituted aromatics as 

well as saturated hydrocarbons. The results of targeted and untargeted analyses of PACs 

were compared with respect to the total amount of MOAHs in relation to the amount of the 

eight “EU PAHs” addressed in the European REACH regulation and rated as carcinogens 

(CMR 1B). 

 



PAHs and total content of PACs in consumer products 

48 

Materials and methods  

PAH analysis using GC-EI-MS/MS 

The sample material was shredded into small pieces of about 2 x 2 x 1 mm using a scalpel. 

Subsequently, the extraction was performed at 60°C in toluene for 2.5 h using an ultrasonic 

bath according to the ZEK 01.4-08 method
3
. Aliquots were evaporated close to dryness 

and resolved in acetonitrile for analysis. PAH analyses were conducted by means of GC-

MS/MS (GC7890-MS7000A; Agilent, Waldbronn) using an Rxi-17SilMS column (30 

m/0.25 mm ID/0.25 µm df; Restek, Bad Homburg), as well as a pre-column (5 m x 0.25 

mm ID.; Phenomenex, Aschaffenburg, Germany). Helium was used as carrier gas (purity 

≥99.999%, Linde, Pullach, Germany).The instrument was utilized with a MultiPurpose 

Sampler MPS (Gerstel, Mülheim, Ruhr, Germany). Injection temperature program using a 

cooled injection system (PTV-type CIS; Gerstel) applying an injection volume of 1 µl was 

45°C, followed by a ramp of 12°C/s to 340°C. The following GC temperature program was 

used: 70°C for 0.5 min, structured ramp: 25°C/min to 110°C for 0.5 min, 12°C/min to 

250°C, 1°C/min to 270°C, 10°C/min to 280°C, 4°C/min to 320°C, then 4°C/min to 340°C. 

Tandem MS analysis was carried out in multiple reaction monitoring (MRM) mode. To 

ensure specificity, a pseudo fragmentation reaction was monitored in addition to at least 

two other fragmentations for each analyte. The MRM parameters for the eight PAHs that 

have been prioritized by the European Union were as follows: for analysis of chrysene 

(Chry) and benz[a]anthracene (B[a]A), m/z=228 has been selected as precursor and 

pseudo-transition ion at a collision energy (CE, collision gas: nitrogen 5.0, purity ≥ 

99.999%, Linde, Pullach, Germany) of 18 V and two further transitions to m/z=226 (26 V) 

and to m/z=202 (20 V). For  benzo[a]pyrene (B[a]P), benzo[e]pyrene (B[e]P) and 

benzo[b/k/j]fluoranthenes (B[b/k/j]F), m/z=252 has been selected as precursor and pseudo-

transition ion at CE of 35 V, as well as further transitions to m/z=251 (35 V), 250 (42 V), 

226 (35 V) and m/z=250 to 248 (40 V), respectively. For analysis of dibenz[a,h]anthracene 

(DB[a,h]A) one pseudo-transition ion of m/z=278 (35 V) has been evaluated, and ion 

transitions of m/z=278 to 276 (40 V) as well as m/z=278 to 274 (40 V) and to m/z=252 (30 

V) were selected as further product ions. To ensure a linear range of quantification, 

calibration stocks of standard solutions in acetonitrile were used in concentrations of 15 – 

1000 ng/ml or 30 – 2000 ng/ml. Data were acquired with Enhanced MassHunter B.06.00 

software (Agilent) and Maestro 1.4. software (Gerstel) with a dell workstation. 
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Mineral oil hydrocarbon analysis using LC-GC-FID and 

GCxGC-ToF-MS 

Polymeric material of consumer products was prepared similar as described in the section 

above (PAH analysis) but submerged in hexane. Extraction was performed at room 

temperature for 24 h. Subsequently, aliquots were either analyzed via LC-GC-FID 

(Phoenix 9000, K8880561; Brechbühler; Schlieren, CH and Thermo Scientific; Waltham, 

MA), or by means of GCxGC-ToF-MS (G3440A-7890A; Agilent) in scan mode.
4,5

 Online-

LC-GC-FID parameters
6
 were applied with the LC column LiChrospher Si 60 

(250 mm/2 mm ID/5 µm; Grace, Columbia, MD, USA), GC column ZB-1HT Inferno (15 

m/0.25 mm ID/0.10 µm df; Phenomenex) and base temperature of FID of 385°C. A sample 

volume of 50 µl was injected, for MOSHs transfer at 1.7 min for 3.2 min and backflush at 

6 min for 15 min was applied and for MOAHs at 4 min for 5.5 min with backflush at 6 min 

for 15 min. Data were acquired using ExaChrom (version 4.6; Brechbühler) and Phoenix 

software (LC-GC 9000; Brechbühler).  

Using GCxGC-ToF-MS with column DB 17 (15 m/0.25 mm ID/0.25 µm df; Agilent) in 

first dimension with an uncoated pre-column (10 m/0.53 mm ID.; Phenomenex) and 

column ZB-5 (1.6 m/0.18 mm ID/0.18 µm df; Phenomenex) in second dimension, analyses 

were carried out by collecting total ion chromatograms in the scan mode and the mass 

range of 35 – 500 amu using a sample volume of 1 µl. Helium was supplied at a constant 

flow rate of 1.0 ml/min (purity ≥99.999%, Linde). The temperature of the split/splitless 

injection system, which was operated in splitless mode, was set to 300°C. Temperature 

program for first oven with initial temperature of 70°C applied for 1 min was a ramp of 

7°C/min to 330°C for 8 min, while secondary oven ran with initial temperature of 80°C for 

1 min and a ramp of 7°C/min to 340°C for 8 min. Modulator ran with a temperature ramp 

of 7°C/min, an initial temperature of 90°C for 1 min to 350°C for 8 min and a modulation 

time of 7.5 s. Data were acquired using ChromaTOF software (version 4.2x; LECO,  St. 

Joseph, MI, USA). 

Identification of polymer materials using Pyr-GC-MS 

To characterize the tested materials given in Table 1 in more detail, pyrolysis followed by 

gas chromatographic separation and mass spectrometry was conducted (thermal desorption 

unit (TDU) and Pyrolyzer Module as well as MPS, Gerstel, Mülheim, Ruhr and 7890A-

5975C GC/MSD system; Agilent). Polymers were cut to size and placed into pyrolysis 

tubes. The Pyr-GC-MS parameters were as follows: For chromatographic separation an 
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HP-5MS GC column (30 m x 0.25 mm i.d., 0.25 µm df; Agilent, Delaware, New Castle, 

USA) and helium as carrier gas (purity ≥ 99.999%, Linde, Pullach, Germany) were used. 

The injection system was formed by a TDU mounted with a Pyrolyzer Module for TDU 

onto a CIS (all items from Gerstel). Pyrolysis parameters: lead time 0.10 min, follow-up 

time 1.00 min, initial time 0.33 min, initial temperature 700°C, and pyro in last hold. TDU 

parameters: initial temperature 50°C, followed by 720°C/min up to 320°C and a final hold 

for 1.4 min. CIS parameters: initial temperature of 120°C followed by an increase of 

12°C/min up to 320°C and a final hold for 3.0 min. Chromatographic separation was 

performed using the following GC oven program: 50°C for 6 min, 10°C/min to 320°C, 

hold for 3 min. MS analyses were carried out by collecting total ion chromatograms in the 

scan mode and the mass range of 30 – 500 amu. Resulting pyrograms upon pyrolysis at 

700°C were evaluated with respect to characteristic degradation patterns.
7
 Pyrolysis data 

were acquired with MSD ChemStation software E.02.02. (Agilent Technologies) and 

converted from ChemStation data files using MassHunter MSD translator and further 

processed with MassHunter Workstation Software. 

Results 

Table 1 summarizes results of characterization of consumer products investigated with 

regard to polymer type as well as PAH and PAC contents. The PAC contents were further 

separated into the amounts of the lead compound, that is benzo[a]pyrene (B[a]P), the sum 

of the eight EU PAHs, as well as into the total amount of MOAHs. Additionally, the 

MOAH corresponding fraction of MOSHs has been determined.  
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Figure 2. PAH target analysis of selected commodities. Representative GC-MS/MS 

extracted ion chromatograms (EIC; pseudotransitions of m/z=228, 252, 278) of sample 

extracts in toluene with highlighted EU PAHs: benz[a]anthracene (1), chrysene (2), 

benzo[b]fluoranthene (3), benzo[k]fluoranthene (4), benzo[j]fluoranthene (5), 

benzo[e]pyrene (6), benzo[a]pyrene (7), dibenz[a,h]anthracene (8). 
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Table 1. PAC / PAH profiles of commodities. Volatility ranges of mineral oil aromatic hydrocarbons (MOAHs) significantly differing from that of 

the corresponding mineral oil saturated hydrocarbons (MOSHs) are highlighted in gray, indicating enrichment of aromatic compounds in the 

polymer. 

Characterization of samples PAH content [mg/kg] Mineral oil content 

[%] 

Maximum C volatility 

LC-GC 

Ratio 

No. Consumer 

product 

Material entailed Σ 

EU PAHs 

B[a]P MOSH MOAH MOSH MOAH MOAH / 

EU PAHs 

1 Hammer 

handle 

PN: polynorbornene, 

CSM: chlorosulfonated 

polyethylene 

n.d. 57 0.9 2.1 C22 C12 n.d. 

C14-C22 

2 Hammer 

handle 

CSM: chlorosulfonated 

polyethylene 

2212 166 0.9 1.1 C22 C12 5 

C14-C22 

3 Hammer 

handle 

CM-SDB: chloromethylated 

styrene-divinylbenzene 

copolymer 

2685 266 0.7 0.4 C14 

C22 

C14 2 

4 Wheel of 

children’s 

handcart 

IIR: isobutylene-isoprene 

rubber 

553 82 5.9 1.0 C20 

C30 

C20 

C30 

18 

5 Flashlight PVA: poly(vinyl acetate)  1110 96 1.8 3.3 C22 C9-C12, C12-C19 30 

C22 

6 Ladle handle EPDM: ethylene-propylene-

diene rubber 

28 4 >23 0.3 C13 

C38 

C13 

C38 

107 

7 Tapeline PVC: poly(vinyl chloride) 39 5 1.3 0.2 C12 

C22 

C28 

C12 

C22 

C28 

77 
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PAH analysis  

For the investigation of consumer products, we used a targeted approach for 28 different 

PAHs and focused on the eight EU PAHs. 

In all commodities investigated, the eight EU PAHs were quantified. The amount of the 

lead compound B[a]P ranged from about 60 up to 270 mg/kg polymer and the sum of all 

eight compounds together reached a total of more than 2.6 g/kg in case of sample #3 (cf. 

Figure 2, Table 1).  

MOSH & MOAH – mineral oil fractions examined 

Total contents of saturated as well as aromatic hydrocarbons in consumer products were 

quantified using liquid chromatography online coupled to gas chromatography with flame 

ionization detection (online-LC-GC-FID). 

 

Figure 3. Online-LC-GC-FID chromatogram of consumer product extracts. Left: Extract 

of sample #5; Right: Extract of sample #2 with MOSH and MOAH chromatograms each. 

Online-LC-GC-FID analyses have been evaluated not only according to the quantification 

of mineral oil compounds, but also with respect to the origins of MOSH and MOAH 

fractions. Chromatograms in Figure 3 point to mineral oil components of different origins 

in the consumer products assessed: Different volatility maxima of MOSH and 
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corresponding MOAH fractions were detectable (cf. Table 1). Table 1 highlights MOAH 

volatility maxima in gray, which are not present in the MOSH fraction of the respective 

consumer product.  

 

Figure 4. Two-dimensional gas chromatography. Heat maps and 3D chromatograms of the 

extract of sample #2. Center: total ion chromatogram (TIC); Left: extracted ion 

chromatogram (EIC) for naphthalene and derivatives; Right: EIC of benzo[a]pyrene 

(B[a]P) and dibenzopyrenes with molecular weight (MW) of 302. Per: perylene; BPer: 

benzo[g,h,i]perylene; IP: indeno[1,2,3-cd]pyrene; + x CH3: degree of methylation. 

Moreover, MOAH chromatograms revealed a fine structure of peaks especially in early 

volatility regions (C9-C12), each of which representing individual PAHs. Changes in this 

characteristic cluster provide hints for different origins of PAHs
8,9

. Whereas, in sample #5 

smaller PAHs dominate the pattern, sample #2 entails more of higher molecular PAHs in 

the volatility range of C12-C38. 
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Untargeted analysis of consumer products with GCxGC-ToF-MS 

To characterize the complex mixtures concerning analytes’ ring systems and degrees of 

alkylation, 2D gas chromatography coupled to mass spectrometry (GCxGC-ToF-MS) was 

applied. 

In the total ion chromatogram (TIC) of the hexane extract of hammer handle #2, a broad 

area of saturated hydrocarbon peaks becomes apparent on top of the heat map (Figure 4). 

Directly below, the related iso-alkylated compounds are highlighted. Right at the bottom, 

MOAHs and their alkylated derivatives are located after 2D separation. By means of high 

resolution GCxGC-ToF-MS, single compounds in the MOAH region become detectable, 

from small ring systems and its alkylated derivatives (e.g. naphthalenes) to pentacyclic 

B[a]P and hexacyclic systems, such as benzo[g,h,i]perylene or dibenzopyrenes, even in a 

non-targeted approach. 

Conclusion 

In this study, PAH and PAC composition profiles of consumer products are presented for 

various polymeric materials. Our results point to complex mixtures of mineral oil 

compounds used in the manufacture of the products investigated. As part of the mineral oil 

mixtures, we detected penta- and hexacyclic PAHs that have been shown to be 

carcinogenic in rodents. Since the pentacyclic lead compound B[a]P has been proved to 

cause genotoxic stress in human skin ex vivo
10

, its occurrence in consumer products 

designated for skin contacts is one of the main concerns in this study. The results for B[a]P 

all exceed the limit value of 1 mg/kg material set for products, such as sport equipment and 

household utensils, tools, clothes or wristbands
11

. 

With respect to the total aromatic fraction, however, it proved insufficient to focus on 

targeted analysis only (cf. Table 2). We found a high variability in the relation between 

MOAH and PAH contents, with the amounts of MOAHs being up to 100-fold higher than 

the amounts of EU PAHs (sample #6). Additionally, in three consumer products of distinct 

polymeric composition, various sources of aromatic compounds were detectable (sample 

#1, 2, 5) via online-LC-GC-FID when comparing the maxima of the volatility ranges of 

MOAH with those of the corresponding MOSH fraction. This finding suggests that 

MOAH-enriched oil extracts are present next to carbon black as an additional source of 

MOAHs. These were likely added during manufacturing of the polymer for texturizing 

purposes. 
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ABSTRACT 

Consumer products with high contents of polycyclic aromatic hydrocarbons (PAHs) were 

repeatedly identified by market surveillance authorities. Since several of the individual 

compounds have been identified as genotoxic carcinogens, there might be health risks 

associated with the usage of these items. It therefore becomes reasonable to argue to 

reduce PAH contents in consumer products to a level as low as possible. This study 

presents data on the migration of PAHs from consumer products into aqueous sweat 

simulant or aqueous ethanol and on its combined migration and penetration into human 

skin. Product specimens were either submerged in simulant, or placed directly on test skins 

in Franz cell chambers to simulate dermal contacts. Migration of hexacyclic 

dibenzopyrenes became detectable by using ethanolic simulant, but not in aqueous sweat 

simulant. Similarly, migration of the pentacyclic model carcinogen benzo[a]pyrene 

(B[a]P) into aqueous sweat simulant was significantly lower when compared with human 

skin or skin models. The results point to a gross underestimation (about two orders of 

magnitude) when using aqueous sweat simulant instead of human skin for assessing PAH 

migration. On the other side, the usage of 20% ethanol as simulant revealed good 

agreement to the actual exposure of human skin against B[a]P migrating out of 

contaminated products. Our results underline that aqueous sweat simulant is not suitable to 

study dermal migration of highly lipophilic compounds. 

 

KEYWORDS 
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INTRODUCTION 

Due to their versatility polymers are the raw material of choice when it comes to the 

fabrication of commodities (1). There are several reasons why such commodities may 

contain polycyclic aromatic hydrocarbons (PAHs) to different extents. For instance, carbon 

black that contains PAH impurities is added during fabrication to increase abrasion 

resistance of the material and to vary its color (2). An additional source of PAHs in 

consumer products is the application of mineral oils, commonly used as plasticizers. These 

oils are derived from vacuum distillation of petroleum which mainly consists of a complex 

mixture of hydrocarbons including PAHs. Since PAHs may in part withstand refining 

processes they might still be present in plasticizer-containing polymers used to produce 

certain products (3, 4). Galea et al. found in human volunteers that dermal contacts to 

petroleum products occur in various ways (5). This finding emphasizes the need for 

assessing the level of exposure against carcinogenic PAHs by characterizing their 

migration behavior and release from the products, as well as their subsequent penetration 

through the skin. In general, PAHs consist of fused aromatic rings and are formed during 

incomplete combustion of organic matter (6, 7). Eight PAHs are classified as carcinogens 

category 1 B according to the CLP-Regulation (EU VO 1272/2008) (8). The genotoxicity 

of benzo[a]pyrene (B[a]P) has already been proven in skin models by applying the comet 

assay (9), as has its migration into polyethylene foil and pig skin (10). Epidemiology 

identified occupational exposures against complex PAH-containing mixtures such as coal 

tar or coal tar pitches (consisting of up to 50% of PAHs with 1-2% B[a]P) as being 

carcinogenic in humans (11). One common way to classify PAHs refers to their 

carcinogenic potency in relation to the marker compound B[a]P as reference (12, 13) 

(Figure 1). This scaling refers to the so-called toxicity equivalence factors (TEFs) based 

on results from the mouse skin bioassay, and the TEF of B[a]P is set to be 1. Among 

dibenzopyrenes some are rated with 10-fold stronger carcinogenicity when compared to 

B[a]P (e.g., dibenzo[a,l]pyrene, DB[a,l]P; dibenzo[a,i]pyrene, DB[a,i]P; and 

dibenzo[a,h]pyrene, DB[a,h]P), while dibenzo[a,e]pyrene (DB[a,e]P) is judged being 

equal to B[a]P (Figure 1) (14). Even though the higher molecular weight PAHs are usually 

present in consumer products only at much lower levels compared to B[a]P, in light of 

their 10-fold higher TEFs the dermal exposure to dibenzopyrenes is of great relevance for 

human health.  
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FIGURE 1. Chemical structures of B[a]P and of four different dibenzopyrene isomers 

with its respective toxicology equivalence factor (TEF) (A). Scheme of the Franz cell 

chamber setup to measure skin penetration in vitro or ex vivo (B). 

For dermal exposure studies with commodities such as, e.g., toys, usually aqueous sweat 

simulant is used in standard migration tests (15). Especially for highly lipophilic 

compounds like PAHs this procedure seems highly questionable. We therefore compared 

different methods to assess the route of dermal exposure and the extent of uptake of B[a]P 

and dibenzopyrenes into the human body. Besides solvent-derived approaches with 

different simulants, the Franz cell chamber assay was performed using the classic static 

diffusion test model (Figure 1) (16). This model has been proven as important test method 

when it comes to the characterization of transdermal drug administration (17). We not only 

used this system to evaluate the distribution of standard chemicals in different Franz cell 

compartments, but also to simulate skin contacts with PAH-containing consumer products. 

Ultimately, we determined the amounts of PAHs that migrated from the product to the skin 

and that subsequently passed the epidermal barrier to enter subepidermal layers or systemic 

circulation. 
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MATERIALS AND METHODS 

Chemicals 

The following PAHs were investigated: the PAH surrogate cocktail (containing 

acenaphthylene-d8, benzo[g,h,i]perylene-d12, B[a]P-d12, fluoranthene-d10, naphthalene-d8, 

phenanthrene-d10, pyrene-d10), DB[a,i]P-d14 and chrysene-d12 were all obtained from 

Cambridge Isotope Laboratories (CIL Inc., Tewksbury, MA, USA). Deuterated PAHs were 

mixed to obtain an internal standard stock solution of 7 µg/ml. PAH-Mix 45 and PAH-

Mix 15 were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany), similar as 

7H-benzo[c]fluorene, and 1- or 2-methylnaphthalene and then were combined to obtain 

positive control stock and calibration solutions of 15 – 2000 ng/ml in acetonitrile. As 

positive control for analysis of phthalates, a mixture of 15 plasticizers was used in a 

concentration range of 250 – 1000 ng/ml (EPA Method 8061A Phthalate Esters Mixture, 

Restek, Bellefonte, PA, USA) in hexane. Solvents for GC or LC analyses and for sample 

preparation (dichloromethane, acetone, acetonitrile, ethyl acetate, methanol, ethanol and 

hexane) were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Merck KGaA 

(Darmstadt, Germany). All water consuming preparation steps have been conducted using 

Milli-Q water (Merck KGaA) with the resistance of >5 MΩ•cm at 25°C. For validation of 

Franz cell assay, amounts of B[a]P were applied onto human skin at levels of 0.01 – 1 µg 

per total penetration area of 1.76 cm
2
. B[a]P was solved in water enriched with 2% 

IGEPAL
®

 CA-630 (Sigma-Aldrich) to increase its solubility. 

Migration testing using a solvent-based approach 

To test the ability of various simulants for mimicking human skin properties with regard to 

chemical’s migration behavior, the amount of B[a]P migrating from a PAH-containing 

sample into aqueous sweat or ethanolic simulant was analyzed, and compared to the 

amount of B[a]P permeating human test skin in the Franz cell chamber. Positive controls 

using standard solutions of PAHs have been evaluated to ensure the accuracy of the 

system. Negative controls using simulant only were performed in parallel to exclude PAH 

contamination of the set up. 

The actual migration experiments were performed using aqueous acidic and basic sweat 

simulants (prepared according to DIN ISO 105-E04 (18); pH 5.5 and pH 8) as well as 

ethanolic simulant. Rectangle specimens were taken from all PAH-containing products. A 

detailed documentation of the surface that was brought into contact with the simulant was 

conducted prior to migration. This was done using a caliper taking eight measured points 
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and calculating the total surface including cut surfaces. Migration experiments then were 

performed by submerging the defined specimens in either 10 ml ethanolic simulant or 25 

ml sweat simulant. Samples of similar dimension as used for skin penetration were shaken 

in a water bath at 22°C or 37°C circling horizontally for 24 h. Referring to a standardized 

test method (DIN ISO 105-E04) (18) with sweat simulant, the solvent-based approach has 

been tested at 37°C as well, not to mirror body temperature but to generate data of B[a]P 

load in the same order as found for human skin penetration. Additionally, migration of 

PAHs at 22°C has been monitored to characterize the influence of the temperature. 

Regularly about 2 cm
2
 of the test item was used, for the analysis of dibenzopyrenes even 

up to 8 cm
2
. This was supposed to be comparable to a maximum permeation area of 

1.76 cm
2
 with a diameter of 15 mm as it is limited in the Franz cell chamber assay. After 

incubation the ethanolic migration solutions were diluted with Milli-Q water (Merck 

KGaA) to yield a content of 4% ethanol. After adding 10 µl of the internal standard PAH 

mixture the test solutions were concentrated, purified and separated from the aqueous 

matrix by means of solid phase extraction (SPE) (cartridges: Bond Elut C18, Agilent, 

Waldbronn, Germany; SPE station: Phenomenex, Aschaffenburg, Germany; vacuum 

pump: VP 86, VWR, Darmstadt, Germany). Before usage SPE cartridges have been 

conditioned with methanol and three times with 4% ethanol (applying a volume of 10 ml 

each). The diluted samples were then loaded onto the cartridges. After 1 h under full 

vacuum, the elution was performed using 10 ml dichloromethane. The samples were 

vaporized under nitrogen close to dryness to be resolved in acetonitrile and subsequently 

analyzed via EI-GC-MS/MS. 

Skin permeation experiments 

The proposal to conduct permeation studies with real human skin samples was reviewed 

and approved by an independent ethics committee. Experiments were performed by 

investigating single compartments of the Franz cell set-up individually (Figure 1B). The 

respective washing solutions contained all analytes that were unable to pass the skin barrier 

but migrated out of the test specimen or, in the case of positive controls, remained on the 

surface of the skin model. Porcine and human skin were separated after diffusion testing 

via tape stripping into the stratum corneum and the remaining epidermal layers, while 

other skin models were analyzed in total. The overall contents in the epidermal layers 

provided the numbers of the total penetration of the respective compound. On the other 

side, the receptor chamber fluid contained all analytes that were able to permeate the test 
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skin specimen and that are thus likely to reach systemic circulation under in vivo 

conditions. 

Skin and skin model preparation 

In vitro percutaneous absorption experiments were performed with human and porcine 

epidermis, the keratinocytes model EpiDerm 606X (MatTek, Ashland, MA, USA), and the 

synthetic membrane Strat-M (MerckMillipore, Darmstadt, Germany) that mimics human 

epidermis. The pig skin originated from the flanks of a male animal and was obtained from 

VION food GmbH (Perleberg, Germany). It has been delivered on ice unscalded in its 

natural condition, sheared and cut into pieces of approximately 10 x 20 cm. Human skin 

was obtained from plastic surgery (Charité, Berlin, Germany and Universität Saarland, 

Saarbrücken, Germany) and originated from female abdomen. Skin was stored at –20°C 

until use. The utilized reconstructed human epidermis (RHE) model EpiDerm 606X 

(MatTek) was prepared according to the instructions of the manufacturer. The synthetic 

membrane Strat-M was single welded and ready to use. 

Experimental set up: permeation testing 

For permeation experiments static Franz cells (PermeGear, Hellertown, PA, USA) were 

used with 15 mm diameter (permeation area of 1.76 cm
2
) and a receptor volume of 12 ml 

(Figure 1B). The skin model samples were prepared in advance by cutting off the 

epidermal layers of semi-thawed porcine skin with a thickness of 300 µm using a 

dermatome (Aesculap AG, Tuttlingen, Germany). The RHE model was removed from its 

agars. Subsequently, sections of 22 mm diameter were punched out of the skin or skin 

model and then its integrity visually verified. The Strat-M membrane was used as 

delivered. All epidermis models were mounted between the receptor and donor 

compartment in the Franz cell system with the upper side (stratum corneum) facing the 

donor chamber. It has been ensured that no air bubbles could interfere with the contacts 

between the lower epidermal layer or membrane facing the receptor chamber and the 

receptor solution. As receptor medium a constantly magnetically stirred sodium chloride 

solution (0.9%) was used and maintained by a water jacket at 33 ± 1°C for analysis of the 

keratinocytes model, the Strat-M and porcine as well as human epidermis. Prior to clean up 

of all compartments, the surface tension of the skin model and again its integrity have been 

visually controlled. If the convex surface collapsed or the skin became damaged over time, 

this particular set up was discarded for further evaluation.   
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The test solutions or samples were placed onto the skin and the donor chamber thoroughly 

covered with parafilm (American National Can, Greenwich, CT, USA). The volume 

applied for PAH control analysis consisted of 10 µl of a PAH mix stock solution in 

acetonitrile with a total concentration of 1 µg/ml. To exclude PAH contamination of the 

tested skins and skin models as well as utilized solvents, in each single experiment 

negative controls were performed in parallel. For that purpose, a similar volume of 10 µl 

acetonitrile without PAHs was applied to the skin. Specimens of consumer goods were 

punched out to yield a sample with a diameter of 10 mm made of elastomeric material. 

This sample was then placed into the donor compartment thereby ensuring its direct 

contact to the skin. The epidermal test models were moistened with 10 µl sodium chloride 

solution (0.9%) in advance. The duration of permeation experiments was 24 h. 

Finally, specimens have been removed and test skins from all experiments were washed 

three times with 1 ml sodium chloride (0.9%). Each washing step was performed by 

soaking up the saline solution using a pipette and ejecting it onto the skin again about ten 

times. Deuterium labeled internal standards were added into all compartment solutions 

prior to further preparation. The washing solution was transferred into flasks with ground 

glass joints and filled up with sodium chloride solution to 5 ml. The receptor medium was 

transferred into test tubes with ground glass joints and its exact volume documented. To 

isolate the stratum corneum, if applicable, tape stripping was performed five times per skin 

specimen and the collected tape strips containing the separated layers were suspended in 

10 ml acetonitrile, while the test skins were taken up with 3 ml ethyl acetate each and 

extracted for 30 min using an ultrasonic bath at room temperature. To ensure removal of 

the PAH containing stratum corneum, cryosections of unstripped as well as two to five 

times stripped epidermis were evaluated via fluorescence microscopy. The stratum 

corneum-containing solution was transferred into test tubes with ground glass joints and 

the PAHs isolated in a liquid-liquid extraction step with 5 ml hexane. The epidermis 

extract was transferred to a test tube and the remaining skin washed with 1 ml ethyl acetate 

twice. To concentrate the receptor and wash solutions, SPE was subsequently 

accomplished in a similar way as done after migration experiments (cf. above; Bond Elut 

C18, Agilent, Waldbronn, Germany). However, here conditioning was performed using 

3 ml of solvent each step, first methanol followed by three times Milli-Q water. Samples 

were finally eluted with 3 ml dichloromethane. All compartment solutions prepared (i.e., 

wash solution in 3 ml dichloromethane subsequent to SPE, stratum corneum in 5 ml 

hexane, epidermis extract in 5 ml ethyl acetate, receptor compartment content in 3 ml 
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dichloromethane subsequent to SPE) were evaporated close to dryness under nitrogen 

using a concentration workstation (Turbovap, Biotage, Uppsala, Sweden). Finally the 

samples were dissolved in 130 µl acetonitrile. 

Validation of the Franz cell assay 

The Franz cell system was validated by applying solutions of B[a]P in water containing 

2% of IGEPAL (applied amounts of 1, 0.1 and 0.01 µg, respectively) onto human skin 

specimens. Total recoveries of 99 – 124% confirmed the extraction efficiency and the 

validity of the method used (Supplementary Figure A). 

Analysis of PAHs 

The PAH contents of the samples were determined as follows: The samples were extracted 

according to the ZEK 01.4-08 method (19), followed by analytical quantification using 

LC-APPI-MS/MS (20) or GC-EI-MS/MS respectively. The analytical system for GC-EI-

MS/MS operation was formed by a GC7890A-MS7000A set up (Agilent, Santa Clara, CA, 

USA) with parameters as follows: For chromatographic separation an Rxi-17SilMS GC 

column (30 m x 0.25 mm i.d., 0.25 µm df; Restek, Bad Homburg, Germany) and helium as 

carrier gas (purity ≥ 99.999%, Linde, Pullach, Germany) were used as well as a pre-

column (5 m x 0.25 mm i.d.; Phenomenex). The instrument was utilized with a 

MultiPurpose Sampler MPS (Gerstel, Mülheim, Ruhr, Germany). Injection temperature 

program using a cooled injection system (PTV-type CIS; Gerstel) and an injection volume 

of 1 µl was 45°C, followed by a ramp of 12°C/s to 340°C. The following GC temperature 

program was used: 70°C for 0.5 min, structured ramp: 25°C/min to 110°C for 0.5 min, 

12°C/min to 250°C, 1°C/min to 270°C, 10°C/min to 280°C, 4°C/min to 320°C, then 

4°C/min to 340°C. Tandem MS analysis was carried out in multiple reaction monitoring 

(MRM) mode. To ensure specificity, a pseudo fragmentation reaction was monitored in 

addition to at least two other fragmentations for each analyte. For B[a]P, B[e]P, 

benzofluoranthenes and perylene, m/z=252 has been selected as precursor and pseudo-

transition ion at a collision energy (CE, collision gas: nitrogen 5.0, purity ≥ 99.999%, 

Linde, Pullach, Germany) of 35 V, as well as further transitions to m/z=251 (35 V), 250 

(42 V), 226 (35 V) and m/z=250 to 248 (40 V), respectively. For analysis of 

dibenzopyrenes one pseudo-transition ion of m/z=302 (30 V) has been evaluated, and ion 

transitions of m/z=302 to 301 (30 V) as well as m/z=302 to 300 (25 V) were selected as 

further product ions. To ensure a linear range of quantification, calibration stocks of 
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standard solutions in acetonitrile were used in concentrations of 15 – 1000 ng/ml or 30 – 

2000 ng/ml. 

Fluorescence microscopy 

After Franz cell assay with either standard solution of analytes or commodity specimens, 

the epidermis was fixed in Tissue Tek O.C.T. (Sakura, Alphen aan den Rijn, AV, The 

Netherlands) and sliced into sections of 10 µm with an HM 550 OP cryotome (Thermo 

Fisher Scientific, Waltham, MA, USA). Evaluation of sections was conducted with an 

Axio Observer A1 fluorescence microscope (Zeiss, Thornwood, NY, USA) applying a 

fluorescence filter of 350 nm absorption (abs) / 450 nm emission (em). 

Analysis of polymer materials 

To characterize the polymeric material of the commodity goods to be tested, attenuated 

total reflectance—Fourier transformed infrared (ATR–FTIR) spectra were collected using 

a Nicolet 6700 spectrometer (Thermo Electron Corporation, Madison, WI, USA). The 

material has been cut to obtain appropriate sizes and passivated in an atmospheric 

environment for at least 24 h prior to IR analysis. 

Pyrolysis gas chromatography mass spectrometry (Pyr-GC-MS) 

To characterize the composition of commodities in more detailed, Pyr-GC-MS was 

performed using a 7890A-5975C GC/MSD System (Agilent, Santa Clara, CA, USA). The 

samples were cut to size and placed into pyrolysis tubes. The Pyr-GC-MS parameters were 

as follows. For chromatographic separation an HP-5MS GC column (30 m x 0.25 mm i.d., 

0.25 µm df; Agilent, Delaware, New Castle) and helium as carrier gas (purity ≥ 99.999%, 

Linde, Pullach, Germany) were used. The injection system was formed by a thermal 

desorption unit (TDU) mounted with a Pyrolyzer Module for TDU onto a CIS and an MPS 

(all items from Gerstel). Pyrolysis parameters: lead time 0.10 min, follow-up time 1.00 

min, initial time 0.33 min, initial temperature 700°C, and pyro in last hold. TDU 

parameters: initial temperature 50°C, followed by 720°C/min up to 320°C and a final hold 

for 1.4 min. CIS parameters: initial temperature of 120°C followed by an increase of 

12°C/min up to 320°C and a final hold for 3.0 min. Chromatographic separation was 

performed using the following GC oven program: 50°C for 6 min, 10°C/min to 320°C, 

hold for 3 min. MS analyses were carried out by collecting total ion chromatograms in the 

scan mode and the mass range of 30 – 500 amu. 
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Analysis of polymer composition 

Extracts of the polymer materials were further characterized with regard to its additive 

contents by means of an MRM multi-method applying GC-EI-MS/MS. The material was 

cut to size, passivated in an atmospheric environment for at least 24 h and submerged in 

acetone at room temperature during 2 h of ultrasonic treatment. To identify plasticizers, a 

phthalate standard mix (EPA Method 8061A Phthalate Esters Mixture) was analyzed 

together with extracts of the commodity goods with an injection volume of 1 µl each. The 

analytical system for GC-EI-MS/MS operation was identical to that used for PAH analysis. 

The parameters of the GC oven program were as follows: 70°C for 1.5 min, then 25°C/min 

to 250°C for 5 min, 3°C/min to 280°C for 1 min and finally 25°C/min to 300°C for 9 min. 

The initial temperature of the CIS was 45°C followed by a structured ramp of 12°C/s to 

280°C for 20 min and 12°C/s to 340°C for 5 min. In the case of diisobutyl phthalate 

(DIBP) ion transitions used were m/z=223 to m/z=149, and m/z=149 to m/z=121, m/z=93 

and m/z=65, respectively. Transitions monitored for dibutyl phthalate (DBP) were 

m/z=167 to m/z=149, and m/z=149 to m/z=121, m/z=93 and m/z=65, respectively. For 

diethylhexylphthalate (DEHP) the ion transition from m/z=279 to m/z=149 was used. 

Data acquisition and analysis 

GC-MS/MS data were acquired using the Enhanced MassHunter B.06.00 software 

(Agilent) and Maestro 1.4. software (Gerstel) with a dell workstation. Generated data for 

PAHs and phthalates have been processed using MassHunter Workstation software 

(Qualitative Analysis version B.06.00 and Quantitative Analysis version B.05.00, Agilent). 

For PAHs linear regression calibration in concentrations of 15 - 1000 ng/ml or 30 - 2000 

ng/ml was performed. Selected qualifier and quantifier ions were extracted and 

automatically integrated accompanied by manual control. Two tailed Student’s t-tests has 

been performed using Microsoft Excel 2010 with α=0.05. 

Pyrolysis data were acquired with MSD ChemStation software E.02.02. (Agilent 

Technologies) and converted from ChemStation data files using MassHunter MSD 

translator and further processed with MassHunter Workstation Software and by applying a 

deconvolution algorithm. Settings for deconvolution were as follows: To filter compounds, 

only peaks with at least 5,000 counts of absolute area were taken into consideration and 

mass criteria of 500 counts of absolute height. Peak window criteria of left delta m/z 0.3 

and right delta m/z 0.7 had been applied. 
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The resulting total compound chromatograms (TCC) were evaluated by comparing 

extracted spectra with reference data from the NIST database library (NIST MS search 2.0, 

National Institute of Standards and Technology, Gaithersburg, MD). Identification of 

compounds was restricted by a similarity score of 80%. 

Microscopy was carried out using AxioVision Rel.4.8. software (Zeiss) and FTIR data 

were evaluated with Omnic 8.3 software (Thermo Fisher Scientific). 

RESULTS AND DISCUSSION 

To assess the levels of dermal exposure of consumers, the following different analytical 

approaches focusing on B[a]P as lead compound among PAHs were applied: (i) 

standardized migration testing with aqueous or ethanolic simulants, and (ii) penetration 

studies using human or porcine skin as well as skin models in the Franz cell chamber 

system. Results from both models were compared to corresponding reference data obtained 

by using real human skin ex vivo. 

Characterization of the products investigated 

Consumer products that will cause skin contacts to polymers during predictable usage have 

been evaluated concerning PAH contents of the polymer. As carbon black is, in addition to 

aromatic extender oils, an important source for PAH contamination, especially black 

polymers have been tested. Furthermore, carbon black is often added to elastomers in 

consumer products that are subject to mechanical load to increase abrasion resistance. 

Extender oil is commonly utilized simultaneously with carbon black in elastomers to 

modify its properties. For further penetration and migration studies, four commodities 

made of different polymers and elastomers and different additives were chosen 

encompassing moderate to high B[a]P contents (Table 1). 

Because the polymer itself as well as the additives may affect PAH migration the materials 

have been characterized analytically. ATR–FTIR was performed to characterize the 

materials in a first step. The obtained spectra revealed significant differences between the 

hammer handles and the wheel of children’s handcart (Supplementary Figure B; compare 

samples #1-3 with #4). 
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TABLE 1. PAH contents of selected commodity goods and results of material 

evaluation using Pyr-GC-MS.  

Sample # 1 2 3 4 

Product 
Handle of 

hammer 

Handle of 

hammer 

Handle of 

hammer 

Wheel of 

childrens handcart 

PAH content [mg/kg] 

B[a]P  57 166 266 82 

DB[a,l]P 1.5 3.0 2.6 2.0 

DB[a,e]P 6.0 20.0 9.5 5.8 

DB[a,i]P 1.3 6.5 3.0 2.1 

DB[a,h]P 1.8 4.4 3.1 3.0 

Presumed material PN CSM CSM CM-SDB IIR 

Notes: PN: polynorbornene, CSM: chlorosulfonated polyethylene, CM-SDB: 

chloromethylated styrene-divinylbenzene copolymer, IIR: isobutylene-isoprene rubber. 

In a second step, pyrolysis produced data that mainly confirmed the FTIR findings at first 

glance. However, additional matching using a commercial library of mass spectra 

subsequently revealed more complex differences with regard to polymer composition 

(Table 1, Supplementary Figure C). The pyrogram patterns obtained offer the 

opportunity to further characterize the original polymers that were used for the production 

of the respective commodities. The most noticeable peak in pyrograms of samples #1-3 

originates from the plasticizer diethylhexylphthalate (DEHP, also named bis(2-

ethylhexyl)phthalate), but also dibutylphthalate (DBP) and di-isobutylphthalate (DiBP) 

have been identified in all samples. The occurrence of these different phthalates in the 

pyrograms associated with samples #2-4 could be confirmed by complementary GC-

MS/MS analysis (Supplementary Figure D). In contrast to samples #1-3, phthalate levels 

were much lower in sample #4 (wheel of handcart). This finding is in accordance with the 

FTIR analyses that revealed matching differences in the spectra obtained, e.g., carbonyl 

(1750 cm
-1

) and ester bond vibrations (1250 cm
-1

), both of which represent prominent 

functional groups in phthalates (Supplementary Figure B). 

Since 2,4-dimethyl-1,3-pentadiene has been formed during pyrolysis of sample #4 it could 

be concluded that this particular material partially consists of isobutylene-isoprene rubber 

(IIR) (21). Unlike samples #1-3 benzenediamines could also be identified in sample #4, 

indicating that the material underwent vulcanization. According to the Pyr-GC-MS 
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fingerprint analyses, chlorosulfonated polyethylene (CSM) is present in samples #1 and #2. 

That finding is of great interest as this polymer is known to show good miscibility with 

other polymers and resulting blends can be reinforced with carbon black as filler agent 

(22). The addition of carbon black to the polymer might therefore be a source of PAH 

contamination in this case (23). The content of B[a]P quantified via GC-MS/MS varied 

between 60 and 270 mg/kg in the test commodities and thus was rather high. Conversely, 

the total amount of the four dibenzopyrenes investigated reached only values between 10 

and 34 mg/kg. All data are summarized in Table 1. 

Consumer products in Franz cell chamber assay and visualization of PAH 

penetration into human skin 

In exposure research the dermal pathway is quite unique due to the various skin layers and 

the corresponding barrier function properties (24). In the present study the barrier function 

of natural human skin has been tested with certain PAH-containing consumer products. To 

this end, we looked into skin penetration and spatial distribution of the lipophilic marker 

compound B[a]P. However, real exposure conditions cannot completely be simulated by 

applying dissolved chemicals onto test skins in the Franz cell chamber assay. Since there is 

a lack of methodological standardization, the kind of application of test substances needs to 

be critically checked because the (solvent) vehicle may greatly affect penetration (25). In 

the case of PAHs this has been demonstrated for B[a]P by Wester and colleagues (26). The 

authors pointed to significant differences in percutaneous absorption of B[a]P when 

applied as contaminant in soil compared to B[a]P dissolved in acetone (26). The soil was 

prepared containing 
14

C-labelled B[a]P to an amount of 10 ppm, while the acetone solution 

had a concentration of about 100 µg/ml. In the latter case, about 120 ng/cm
2
 of initially 

applied 500 ng/cm
2
 
14

C-labelled B[a]P penetrated into the skin of a corpse during 24 h of 

incubation. By contrast, only 5.6 ng/cm
2
 of the chemical was found in the skin when being 

a contaminant of soil, applied with a total contamination of 400 ng/cm
2
 in the first place 

(26). 

By using real commodity goods brought into direct contacts with human skin, a penetration 

model has been established in the frame of our work that closely mirrors everyday 

exposure scenarios. The items used were contaminated with B[a]P in the range of 57 to 

266 mg/kg material (Table 1). 
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FIGURE 2. Comparison of the combined migration and penetration of B[a]P into human 

skin with the migration of B[a]P or the sum of dibenzopyrene isomers (DiBPs) into 20% 

ethanolic simulant. Left column: Combined migration and penetration of B[a]P from of 

sample #2 into human skin, n=1. Different compartments of the Franz cell set-up are 

indicated (s.c., stratum corneum; skin, receptor fluid). Middle and right columns: 

Quantification of the migration of B[a]P and the four dibenzopyrenes (DB[a,l]P, DB[a,e]P, 

DB[a,i]P, DB[a,h]P) into 20% ethanol at 37°C (individual TEFs were considered; see text 

for further explanation). Experimental set up has been performed in triplicates for 

migration studies and bars show the standard error of the mean. 
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The results of the Franz cell chamber assay using human skin ex vivo show that a total of 

102 ng/cm
2
 B[a]P penetrated the skin when brought into contact and incubated with the 

material of a conventional hammer handle (sample #2, Figure 2 left bar). About 80% of 

this amount remained in the upper epidermal stratum corneum layer even after an 

incubation period of 24 h (in case of sample #2: 80 ng/cm
2
 of 102 ng/cm

2
, Figure 2: left 

bar, dark grey segment). The other 20% of the penetrated amount of B[a]P were nearly 

equally distributed in the remaining epidermal layers and the receptor fluid (in case of 

sample #2: 22 ng/cm
2
 of the total of 102 ng/cm

2
, Figure 2: left bar, light grey and white 

segments). According to this result it has thus been shown that lipophilic PAHs, such as 

B[a]P, migrate further into deeper (living) skin layers or can even reach systemic 

circulation. In the Franz cell system, the fraction reaching the receptor fluid of the chamber 

is to be considered as the amount that will become systemically available in the case of real 

human skin exposure (27).  

 

FIGURE 3. Migration of B[a]P into 20% ethanolic simulant solution and its comparison 

with other skin models that have been applied in the Franz cell assay. B[a]P was released 

from the three different product samples #2, 3 and 4 (cf. Table I). The tests were performed 

at 37°C for ethanolic simulant and at 33.5°C for all other models (incubation period: 24 h). 

Bars show the standard error of the mean. n=1 for sample 2 with human skin, n=2 for 

porcine epidermis and EpiDerm skin model, n=3 for others. Asterisks indicate significant 

differences concerning B[a]P load compared to the 20% ethanolic simulant system (*** p 

< 0.001; ** p < 0.01; * p < 0.05). 
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FIGURE 4. Cryosections of human skin (10 µm) after contact with a PAH containing 

consumer product. Evaluation by fluorescence microscopy at 350 nm (abs) / 450 nm (em). 

Fluorescence signal depicted in blue. Human skin specimen exposed to 1 µg B[a]P/cm
2
 in 

acetonitrile for 24 h at room temperature as positive control (A). Section of human skin 

after contact with sample #3 (hammer handle) for 24 h at room temperature (B). s.c., 

stratum corneum. 

Similarly, using porcine skin or the skin models EpiDerm and Strat-M the penetration of 

B[a]P could be confirmed (Figure 3). Yet in comparison to the results obtained with 

human skin, B[a]P migration was significantly lower in the case of porcine skin or the 

EpiDerm model. Additionally, the PAH accumulation in human epidermis could be 

confirmed by visualization via its fluorescence signal (Figure 4) taking advantage of the 

conjugated aromatic ring system of PAHs (Figure 1A). B[a]P dissolved in acetonitrile was 

applied as positive control (Figure 4A). Direct contacts between sample #3 (266 mg/kg 

B[a]P) and human skin ex vivo resulted in an accumulation of PAHs in the upper 

epidermal layer (Figure 4B), but not in subepidermal layers. 

A solvent-based approach to predict skin penetration of B[a]P and to analyze PAHs 

of high toxicological relevance 

Aqueous sweat simulants are often used to assess dermal exposure to certain compounds 

found in products intended for skin contact (15, 18). Hamm and coworkers studied the 

potential release of PAHs from cured rubber materials containing carbon black as 

reinforcing agent into drinking water, artificial sweat, saliva and rainwater for 7 days at 

30°C (23). They concluded that once incorporated into a rubber matrix, PAHs are hardly 

available to aqueous media and that these results should be considered in the assessment of 

PAH exposure resulting from rubber articles. In the present study we clearly demonstrated 
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that aqueous sweat simulant reveals unsuitable for the testing of B[a]P migration out of 

rubber materials. In comparison to the data obtained with the Franz cell chamber using 

human skin – which is always considered as reference method representing the real 

exposure most precisely – an underestimation of at least two orders of magnitude was 

observed (Figure 5, samples #1 and #2: light grey bars compared to white bars). 

 

 

FIGURE 5. Migration of B[a]P out of four different product samples (cf. Table 1) into 

liquid simulation systems in comparison to its permeation through human skin (white 

bars). The average values of three independent analyses for each simulant are depicted 

(incubation time: 24 h, incubation temperature: 22°C or 37°C). 

Since data from the literature have suggested that 95% ethanol would be an alternative fat 

simulant (28, 29), pre-tests with high concentrations of ethanol have been conducted. Our 

results however show that 95% ethanol leads to an overestimation of the migrating 

amounts of B[a]P due to solvent-induced maceration of the material and subsequent 

extraction of the analytes. To find a simulant which mimics more appropriately the 

influence of proteins, fat and water as it can be found in skin, migration studies have been 

performed using 50% ethanolic simulant, which is statutorily set as simulant to mirror milk 
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matrix (30). Migration analysis using 50% ethanolic simulant still resulted in an 

overestimation of the B[a]P release of about one order of magnitude when compared to the 

human skin reference (Figure 5; bicolored bar of sample #2 compared to white bar). By 

further refining the simulation system it could be shown that 20% of ethanol at 37°C nicely 

mirrors the real human skin exposure that results from direct contacts to anyone of the four 

commodities tested (Fig. 5 black bars compared to white bars). Compared to a 

standardized synthetic membrane designed for diffusion cell testing (Strat-M), 20% 

ethanol again revealed much better in terms of reflecting the real level of B[a]P migration 

and penetration into real human skin (Figure 3, see samples #2 and #3). In the case of 

sample #4 both systems, the Strat-M membrane and 20% ethanol were performing equally 

well. Altogether 20% ethanol at 37°C was demonstrated suitable to represent real human 

skin in PAH migration testing of commodities consisting of different materials. 

 

FIGURE 6. Chromatographic evaluation of skin model systems for penetrating PAHs 

(GC-EI-MS/MS in multiple reaction monitoring (MRM) mode). Chromatograms of the 

extracted molecular masses 252 (left) and 302 (right). PAH standards (A). Migration of 

PAHs from sample #2 into 20% ethanolic simulant during 24 h (B). Penetration of PAHs 

from sample #2 into porcine epidermis during 24 h (C). *Unidentified PAHs with 

molecular mass of 252. 
x
Unidentified PAHs with molecular mass of 302. Abbreviations: 

B[b]F, benzo[b]fluoranthene; B[k]F, benzo[k]fluoranthene; B[j]F, benzo[j]fluoranthene; 

B[e]P, benzo[e]pyrene; B[a]P, benzo[a]pyrene; Per, perylene; dibenzopyrene isomers: 

DB[a,l]P, DB[a,e]P, DB[a,i]P, and DB[a,h]P. 
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Since three dibenzopyrene isomers (i.e., DB[a,l]P, DB[a,i]P and DB[a,h]P) are rated with 

10-fold higher carcinogenicity in comparison to B[a]P (cf. above), the dermal burden of 

these compounds is of particular toxicological interest. Based on the results obtained with 

20% ethanol and the model compound B[a]P, migration tests and evaluation of the dermal 

load of four dibenzopyrene isomers (the three mentioned above plus DB[a,e]P) have also 

been performed under the same conditions. Due to the lower contents of these PAH 

congeners in the materials compared to B[a]P, additional requirements in the development 

of the analytical method had to be addressed (cf. above). Using 20% ethanol at 37°C for 24 

h it could be demonstrated that both pentacyclic and hexacyclic PAHs were released by 

sample #2 (Figure 6B). Conversely, the hexacyclic PAHs could not be quantified when 

using porcine skin in the Franz cell chamber assay (Figure 6C). Figure 2 depicts the 

dermal load of B[a]P divided into single compartments as evaluated for human skin upon 

incubation with sample #2. The results obtained for B[a]P and for the sum of 

dibenzopyrenes after 24 h of incubation of sample #2 with 20% ethanolic simulant are also 

shown for comparison purposes. The individual TEF values were taken into account when 

evaluating the dibenzopyrene load in Figure 2 (right bar). In consideration of the level of 

migration of B[a]P and the four dibenzopyrene isomers from hammer sample #2 into 20% 

ethanol, the overall skin load on highly toxic dibenzopyrenes equals about 20% of the 

corresponding B[a]P load (Figure 2). Based on these results and their higher toxicity, we 

propose that the penetration of hexacyclic PAHs certainly requires attention and further 

investigation in order to reliably assess the risks associated with PAH-containing products 

that come into contact with human skin. 

CONCLUSIONS 

The solubility of polymers including their additives has an influence on the properties of 

the material and the migration of its constituents. Material’s surface and the degrees of 

maceration and porosity can all be affected upon contact with solvents. A commonly used 

solvent in the prediction of dermal exposure is the aqueous sweat simulant. Yet, the data 

presented here clearly indicate that an aqueous simulant is not suitable for migration 

testing of lipophilic substances. Since this simulant led to a 100-fold underestimation of the 

extent of migration in the case of lipophilic compounds such as B[a]P, we established an 

alternative ethanol-based approach. Best results for the prediction of the dermal load with 

B[a]P were obtained with 20% ethanol at 37°C. The amounts obtained were in excellent 

agreement with the migration levels measured in real human skin ex vivo for four polymers 

of different composition. It is therefore proposed that this system could serve as model for 
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the testing of consumer products and the assessment of the dermal exposure against 

lipophilic ingredients of the respective materials. Using migration studies, only the matrix 

derived barrier for PAHs can be taken into account. The comparison to Franz cell studies is 

based on the aim to generate a model that needs no skin or artificial skin. It admittedly 

cannot mirror the combined skin penetration and migration of the respective PAH, but it 

serves as a good model to get an impression on the overall amounts that might become 

bioavailable during skin contacts. In terms of B[a]P migration testing 20% ethanol at 37°C 

turned out to be an even better predictive model than other commonly used skin models 

applicable in the Franz cell chamber (EpiDerm, Strat-M or porcine skin) (Figure 3). Using 

this model we could further show that the fraction of highly carcinogenic dibenzopyrenes 

can contribute to the health risks mediated via skin contacts of PAH-containing plastics 

and elastomers. 

Along with the visual evaluation of cryosections of human skin following contacts with 

PAH-containing commodities, we established a system that enables to assess dermal 

exposure in detail. An advantage of using real skin specimens results from the possibility 

to analyze different depths of penetration and to monitor the dermal biokinetics of the 

compounds investigated (cf. Figures 2 and 4).  
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ABSTRACT 

Technical benefits of additives in polymers stand in marked contrast to their associated 

health risks. Here, a multi-analyte method based on gas chromatography coupled to tandem 

mass spectrometry (GC-MS/MS) was developed to quantify polymer additives in complex 

matrices such as low-density polyethylene (LDPE) and isolated human skin layers after 

dermal exposure ex vivo. That way both, technical aspects and dermal exposure were 

investigated. The effects of polymer additivation on the material were studied using the 

example of LDPE. To this end, a tailor-made polymer was applied in aging studies that had 

been furnished with two different mixtures of phenol- and diarylamine-based antioxidants, 

plasticizers and processing aids. Upon accelerated thermo-oxidative aging of the material, 

the formation of LDPE degradation products was monitored with attenuated total 

reflectance—Fourier transformed infrared (ATR–FTIR) spectroscopy. Compared to pure 

LDPE, a protective effect of added antioxidants could be observed on the integrity of the 

polymer. Further, thermo-oxidative degradation of the additives and its kinetics were 

investigated using LDPE or squalane as matrix. The half-lives of additives in both matrices 

revealed significant differences between the tested additives as well as between LDPE and 

squalane. For instance, 2-tert-butyl-6-[(3-tert-butyl-2-hydroxy-5-methylphenyl)methyl]-4-

methylphenol (Antioxidant 2246) showed a half-life 12 times lower when incorporated in 

LDPE as compared to squalane. As a model for dermal exposure of consumers, human 

skin was brought into contact with the tailor-made LDPE containing additives ex vivo in 

static Franz diffusion cells. The skin was then analyzed for additives and decomposition 

products. This study proved ten polymer additives of diverse pysicochemical properties 

and functionalities to migrate out of the polymer and eventually overcome the intact 

human skin barrier during contact. Moreover, their individual distribution within distinct 

skin layers was demonstrated. This is exemplified by the penetration of the 

procarcinogenic antioxidant N-phenylnaphthalen-2-amine (Neozon D) into the viable 

epidermis and the permeation through the skin of the neurotoxic plasticizer N-

butylbenzenesulfonamide (NBBS). In addition, the analyses of additive degradation 

products in the isolated skin layers revealed the presence of 2-tert-butyl-4-methylphenol in 

all layers after contact to a polymer with substances of origin like Antioxidant 2246. Thus, 

attention needs to be paid to absorption of polymer additives together with their 

degradation products when it comes to dermal exposure assessment. 

KEYWORDS: Polymer aging; Additives; LDPE; Squalane; GC-MS/MS; ATR–FTIR; 

Dermal exposure; Franz diffusion cell; Percutaneous absorption  
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1. INTRODUCTION 

 

To look into the diverse fields of polymer additives and their degradation products, diverse 

analytical methods are required 
[1, 2]

. It has already been shown for food contact materials 

that additivation of polymers leads to the formation of certain reaction products and 

impurities. These usually differ completely in their physicochemical properties from the 

originally applied parent compounds and even lack toxicological evaluation 
[3]

. Due to 

their origin in the food contact materials area, follow-up products from additives are 

referred to as non-intentionally added substances (NIAS). Additives of low molecular 

weight as well as degradation products from larger molecules usually migrate out of the 

polymer matrix faster than higher molecular components 
[4]

. Therefore, low-molecular 

chemical species have a higher probability of coming into direct contact with consumers 

who are using products made of polymers. With regard to biological surfaces, e.g. the skin 

barrier, smaller molecules are likely to be of particular toxicological relevance. This is 

because smaller molecules more easily overcome biological barriers as compared to larger 

ones of similar polarity 
[5]

. Therefore, a multi-analyte analysis was performed based on gas 

chromatographic separation coupled to tandem mass spectrometry for 26 different 

additives in the molecular weight range of <550 Da and potential degradation products. 

These substances are either of particular toxicological concern or are widely used in the 

polymer industry in general. The neurotoxic plasticizer N-butylbenzenesulfonamide 

(NBBS) was found to be one of the top 30 micro-organic contaminants in the aquatic 

environment in England and Wales 
[6]

. Also, a rapid distribution of NBBS in tissues was 

determined by Kumar et al. in rat after iv administration 
[7]

. Due to its ubiquitous 

occurrence and application in polymers that are potentially intended for skin contacts, the 

multi-analyte method was applied to NBBS and nine more additives (Figure 1) in skin 

penetration studies to emphasize the transdermal path to internal body burden. The 

additives have been chosen to cover diverse functionalities within polymers and a broad 

range of lipophilicity. The technical aspects of polymer stabilization and depletion of 

additives were investigated in the light of polymer and additive aging processes. In order to 

evaluate the processes’ individual kinetics, two different aging scenarios using either a 

squalane or a low-density polyethylene (LDPE) matrix were evaluated. Advantageously, 

the squalane model after Beißmann et al. 
[8]

 can easily be standardized and additives 

investigated separately. In contrast, the polymer mimicking fluid squalane is an artificial 

matrix. Therefore, classic aging studies on LDPE matrix were performed in this study in 
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addition. Attenuated total reflectance—Fourier transformed infrared (ATR–FTIR) 

spectroscopy is a well-known technique in the field of material science. Studies on thermo-

oxidized LDPE have shown that, typical ketone- and aldehyde- groups are formed as a 

consequence of material degradation 
[9]

. Here, the characteristic bands for LDPE 

degradation products and additives were monitored in ATR–FTIR spectroscopy long-term 

studies. That way, a protective effect of the tested set of antioxidants on the polymer 

integrity against oxidation and thermal degradation was revealed. Moreover, the results of 

IR analyses were transferred to complex biological matrices. Typically assigned IR bands 

of additives were not only traced in the material itself but also in human skin after dermal 

contact to the investigated material ex vivo by applying IR-microscopy. The dermal 

penetration pathway of the secondary aromatic amine N-phenyl-2-naphthylamine was 

visualized for the first time thereby. 
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FIGURE 1: Chemical structures of additives included in the degradation studies 

performed. Table 2 contains a more detailed description. Nonox A: N-phenylnaphthalen-1-

amine, Neozon D: N-phenylnaphthalen-2-amine, Tinuvin P: 2-(benzotriazol-2-yl)-4-

methylphenol, NBBS: N-butylbenzenesulfonamide, TOTM: tris(2-ethylhexyl) benzene-

1,2,4-tricarboxylate, Antioxidant 2246: 2-tert-butyl-6-[(3-tert-butyl-2-hydroxy-5-

methylphenyl)methyl]-4-methylphenol, α-MSD: 2,4-diphenyl-4-methyl-1-pentene, 

Irganox 1081: 2-tert-butyl-6-(3-tert-butyl-2-hydroxy-5-methylphenyl)sulfanyl-4-

methylphenol, Irganox 1222: 2,6-di-tert-butyl-4-(di-ethoxyphosphorylmethyl)phenol, 

Santonox: 2-tert-butyl-4-(5-tert-butyl-4-hydroxy-2-methylphenyl)sulfanyl-5-

methylphenol. 
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2. EXPERIMENTAL 

2.1. Materials and Chemicals 

 

2-tert-Butyl-4-(5-tert-butyl-4-hydroxy-2-methylphenyl)sulfanyl-5-methylphenol 

(Santonox), 2,6-di-tert-butyl-4-(diethoxyphosphorylmethyl)phenol (Irganox 1222) and 2-

tert-butyl-6-[(3-tert-butyl-2-hydroxy-5-methylphenyl)methyl]-4-methylphenol 

(Antioxidant 2246) were purchased from abcr GmbH (Karlsruhe, Germany). Squalane was 

purchased from Sigma-Aldrich (St. Louis, MO, USA), as well as all the remaining 

additives included in the multi-analyte method. Standard substances with a purity of ≥ 97% 

were utilized to prepare a mixture in acetonitrile with concentrations of 10 µg/ml each. 

 

The following labeled substances were used as internal standards: p-cresol-d8 (CIL: 

Cambridge Isotope Laboratories, Inc. Tewksbury, MA, USA), acetophenone-d8 (Sigma-

Aldrich), benzophenone-d10 (Sigma-Aldrich), 2-aminonaphthalene-d7 (CIL), p-terphenyl-

d14 (CIL), di-(2-ethylhexyl)-phthalate-d4 (CIL), 2-isopropyl-d7-thioxanten-9-one (Sigma-

Aldrich) and di-n-nonylphthalate-3,4,5,6-d4 (Dr. Ehrenstorfer GmbH, Augsburg, 

Germany). A stock solution of internal standards with a concentration of 10 µg/ml each in 

acetonitrile was prepared. Solvents for GC analyses and for sample preparation (toluene, 

acetone, acetonitrile, ethyl acetate, methanol, ethanol and hexane) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA) or Merck KGaA (Darmstadt, Germany). 

 

Tailor-made polymer material was purchased from Clariant (Gersthofen, Germany), 

aiming to provide an accurately defined polymer-based model for accelerated aging studies 

and skin penetration studies of additives. LDPE powder (SABIC
®

 1922Z900) was used as 

matrix for 10 selected additives, subdivided into two applied recipes (LDPE 1 and LDPE 2, 

cf. Table 1). The raw LDPE material was used with the following specifications: a melt 

volume index (MVI) of 22 g/10 min, melting temperature (10°C/min) of 107°C, a heat 

deflection temperature (HDT) of 83°C and a density of 919 kg/m³ 
[10]

. To increase the 

homogeneity of the final material, compounding took place by preparing a master batch of 

LDPE pellets containing the respective additives. Pellets of the master batches together 

with pure LDPE were extruded followed by injection molding to specimens with a size of 

60 x 60 x 1 mm and a scheduled final concentration of each additive of 10 g/kg. The 

process was conducted with a rotation speed of 300 rpm and the following temperature 
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zones (T1-T10(Die)): T1: 170°C, T2: 180°C, T3: 180°C, T4: 185°C, T5: 185°C, T6: 190°C, T7: 

190°C, T8: 200°C, T9: 200°C, T10(Die): 200°C.   

 

2.2. GC-MS/MS – A Multi-Method to Quantify Polymer Additives and Degradation 

Products 

 

A method for the determination of 21 additives and 5 potential degradation products was 

developed using GC-MS/MS. Based on GC-MS/MS screening of consumer products and 

data from the literature 
[11, 12]

, commonly used additives were identified and a multi-analyte 

method using the most sensitive and selective multiple reaction monitoring (MRM) mode 

was established. Details on analytes and transitions used for quantification, logPO/W values 

and qualifiers are summarized in Table 2. A GC-MS/MS system consisting of a GC 

7890A and a tandem mass detection system MS7000A in electron impact ionization mode 

(70 eV) (all Agilent, Santa Clara, CA, USA) was used for analysis of additives and their 

degradation products. For chromatographic separation, an Rxi-17SilMS GC column 

(30 m x 0.25 mm i.d., 0.25 µm df; Restek, Bad Homburg, Germany) equipped with a pre-

column (5 m x 0.25 mm i.d.; Phenomenex, Aschaffenburg, Germany) and helium as carrier 

gas (purity ≥ 99.999%, Linde, Pullach, Germany) was used. The following GC temperature 

program was applied: 70°C for 1.5 min, structured ramp: 25°C/min to 250°C with a hold 

time of 7 min, 3°C/min to 280°C for 1 min, 25°C/min to 300°C for 9 min. 

 

The instrument was utilized with an autosampler MPS 2XL (MultiPurpose Sampler; 

Gerstel, Mülheim, Ruhr, Germany). A cooled injection system (PTV-type CIS; Gerstel) 

was used with an initial injection temperature of 45°C, followed by a ramp of 12°C/s to 

280°C with a hold time of 20 min and a second ramp of 12°C/s towards 340°C. The 

injection volume applied was 1 µl. 

 

GC-MS/MS data were acquired using the Enhanced MassHunter B.06.00 software 

(Agilent) and Maestro 1.4. software (Gerstel) with a Dell workstation. MassHunter 

workstation software (Qualitative Analysis version B.06.00 and Quantitative Analysis 

version B.05.00, Agilent) was applied to the GC-MS/MS data of additives and degradation 

products. For all analytes, linear regression calibrations in concentrations of 15 to 500 

ng/ml were performed. Selected qualifier and quantifier ions were extracted and 

automatically integrated accompanied by manual control. Two tailed Student’s t-tests with 
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α=0.05 as well as calculation of exponential degradation curves were performed using 

Microsoft Excel 2010. 

 

2.3. Investigations of Additives Incorporated in the LDPE Matrix 

 

To characterize the effect of additivation on LDPE, aging studies of the respective 

additives incorporated into the polymer matrix were performed in situ. To this end, an 

LDPE-based model polymer was designed with additive blends according to the GC-

MS/MS multi-method and ordered from Clariant (Gersthofen, Germany). In parallel, the 

pure polymer without additivation was treated as negative control. The detailed recipes 

applied to LDPE, together with the GC-MS/MS results of additive quantification in the 

final material, are shown in Table 1. 

Table 1. Composition of tailor-made polymers. The recovery of analytes in the final 

material is shown for two LDPE compositions. 

ID Additivation Scheduled/ 

determined 

amount [g/kg] 

ID Additivation Scheduled/ 

determined amount 

[g/kg] 

LDPE 

1 

α-MSD 10/ 6.5 ± 0.9 LDPE 

2 

Tinuvin P 10/ 3.5 ± 0.6 

NBBS 10/ 4.6 ± 0.8 Nonox A 10/ 3.2 ± 0.5 

Irganox 1222 10/ 1.6 ± 0.2 Neozon D 10/ 2.1 ± 0.7 

Irganox 1081 10/ 0.6 ± 0.04 Antioxidant 

2246 

10/ 3.1 ± 0.1 

Santonox 10/ 4.1 ± 0.05 TOTM 10/ 4.2 ± 0.2 

 

The LDPE samples were stored at 4°C, wrapped in aluminum foil and with the absence of 

air upon analyses. Specimens of the respective polymer were cut to a size of maximum 1-

2 mm edge length as optimized in the extraction procedure. Subsequently, the cut material 

was merged to randomize the sampling. For the experimental set-up, 12.8 ± 0.9 mg were 

placed into dark 20 ml headspace vials and sealed with an 

aluminum/polytetrafluoroethylene (PTFE) cap. Specimens of the pure polymer as well as 

an empty vial were used as blank. A time period of 25 days was covered, evaluating time 

points at 0.5 h, 3 d, 7 d, 14 d, 18 d and 25 d. Experiments were conducted at 70°C and at 

130°C (oven type 720 FED; Binder, Tuttlingen, Germany). At least three independent set-

ups for each time point and temperature were evaluated together with two additive-free 
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LDPE blanks. To ensure complete extraction of the additives, the extraction conditions 

were optimized. Both cryo-milled (Pulverisette 0; FRITSCH GmbH, Idar-Oberstein, 

Germany) polymer samples and cut material were subjected to the optimization of 

extraction procedure. To this end, ultrasonic extraction with different solvents and varying 

duration was evaluated individually for each additive. Acetonitrile, toluene, methanol and 

ethyl acetate were the solvents tested, applying extraction times of 0.5 h, 1 h and 2 h. Since 

extraction of cut polymer in toluene for 1 h was revealed to be the best option and 

sufficient for all compounds, incubated samples were cooled to room temperature after 

incubation, submerged in 10 ml toluene and subsequently treated for 1 h in the ultrasonic 

bath. As positive control, 250 µl of the standard substance mixture (10 µg/ml in 

acetonitrile) was filled with toluene to a final volume of 10 ml, covering all analytes 

present in the polymers with final concentrations of 250 ng/ml each. The internal standard 

mixture (10 µg/ml in acetonitrile) was then added to aliquots of the extracts, yielding a 

final concentration of labeled substances of 100 ng/ml each. Finally, the samples were 

analyzed by GC-MS/MS. Recoveries of positive controls ranged from 76 ± 8% for 

Santonox to 95 ± 7% for the α-methylstyrene dimer (2-methyl-4-phenylpent-4-en-2-yl) (α-

MSD) (cf. supplementary information Table S1). The actual amounts of additives present 

in the final material compared to the scheduled amount remained lower than 65% for all 

additives, however (Table 1). This loss was found to be associated with the manufacturing 

process of the polymer. Rotation speed along with temperatures of up to 200°C was 

applied to the material and evidentially caused depletion of analytes. 
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Table 2. Classification of analytes and MRM parameters for additives, degradation products and internal standards. The individual limits of 

detection (LOD) have been calculated using the signal-to-noise method with respective quantifier transition 
[27]

. Octanol-water partition coefficients 

LogPO/W refer to the assigned sources 
[28-34]

. CAS: Chemical abstracts service. 

No. IUPAC name Trivial name CAS-number Function 
Log 

PO/W 

LOD 

[ng/ml] 

Precursor 

Ion 

Product 

Ion Quanti 

Product 

Ion Quali 

Rf 

[min] 

1 Benzaldehyde BA 100-52-7 Antimicrobial 1.5 [28] 0.5 106 77 51 4.76 

2 4-Methylphenol p-Cresol  106-44-5 Degradation product  1.9 [28] 19.1 108 77 51 5.30 

3 2,4-Dimethylphenol 2,4-Xylenol 105-67-9  Degradation product  2.3 [28] 15.0 122 107 91 5.75 

4 2,4,6-Trimethylphenol Mesitol 527-60-6  Degradation product 2.7 [29] 0.4 136 121 91 6.11 

5 2-Ethyl-4-methylphenol 2-Ethyl-p-cresol  3855-26-3  Degradation product 3.0 [30] 0.6 136 121 91 6.19 

6 Isothiocyanatocyclohexane  - 1122-82-3 Process aid 3.0 [32] 0.3 141 55 112; 83 6.42 

7 2-tert-Butyl-4-methylphenol 2-t-Butyl-p-cresol  2409-55-4 Degradation product 3.6 [32] 5.7 164 149 121 6.82 

8 2-Methyl-1,2-thiazol-3-one MI 2682-20-4 Antimicrobial 0.1 [30] 4.1 115 87 91; 59 6.95 

9 2,6-Di-tert-butyl-4-ethylphenol Antioxidant BHEB 4130-42-1 Antioxidant 5.7 [32] 0.2 219 159 131 7.68 

10 2-tert-Butyl-4-methoxyphenol BHA 25013-16-5 Antioxidant 3.3 [30] 0.8 180 165 137 7.79 

11 N-benzyl-1-phenylmethanamine DBA 103-49-1 

Vulcanization, 

stabilization 2.7 [30] 6.0 197 106 92 9.25 

12 

(2-Methyl-4-phenylpent-4-en-2-

yl)benzene α-MSD 6362-80-7 Crosslinking agent 6.2 [30] 0.2 119 91 65 9.30 

13 N-benzyl-1-phenylmethanimine N-BIBA 780-25-6 

Vulcanization, 

stabilization 3.2 [32] 6.7 195 116 91 9.46 

14 N-Butylbenzenesulfonamide NBBS 3622-84-2 Plasticizer 2.0 [30] 0.1 170 77 141; 51 9.87 

15 2-(Benzotriazol-2-yl)-4-methylphenol Tinuvin P 2440-22-4 UV Stabilizer  4.2 [30] 3.0 225 93 168 11.84 

16 

2,6-Di-tert-butyl-4-

(diethoxyphosphorylmethyl)phenol Irganox 1222 976-56-7 Antioxidant 4.7 [32] 1.9 356 341 285 12.00 

17 

1-N-phenyl-4-N-propan-2-ylbenzene-

1,4-diamine Vulkanox 4010 101-72-4 

Antioxidant, 

antiozonant  3.3 [30] 1.7 211 168 118 12.38 

18 

2,4-Di-tert-butyl-6-[1-(3,5-di-tert-

butyl-2-hydroxyphenyl)ethyl]phenol Irganox 129 35958-30-6 Antioxidant 10.1 [32] 1.3 233 173 191 13.37 

19 N-Phenylnaphthalen-1-amine Nonox A 90-30-2 Antioxidant 4.2 [28] 1.0 219 217 115 13.57 

20 N-Phenylnaphthalen-2-amine Neozon D 135-88-6 Antioxidant 4.4 [33] 3.4 219 217 115 15.10 

21 

2-tert-Butyl-6-[(3-tert-butyl-2-

hydroxy-5-methylphenyl)methyl]-4-

methylphenol Antioxidant 2246 119-47-1 Antioxidant 6.3 [34] 1.7 177 119 91 15.25 
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22 

2-tert-Butyl-6-(3-tert-butyl-2-

hydroxy-5-methylphenyl)sulfanyl-4-

methylphenol Irganox 1081 90-66-4 Antioxidant 7.0 [30] 58.0 358 164 149 

 

 

15.52 

23 

2-tert-Butyl-6-[(3-tert-butyl-5-ethyl-

2-hydroxyphenyl)methyl]-4-

ethylphenol Cyanox 425 88-24-4 Antioxidant 8.1 [32] 3.7 191 135 163 

 

 

16.34 

24 

2-tert-Butyl-4-(5-tert-butyl-4-

hydroxy-2-methylphenyl)sulfanyl-5-

methylphenol Santonox 96-69-5 

Vulcanization, 

stabilization 7.4 [32] 5.7 358 343 179 24.43 

25 

1-N,4-N-diphenylbenzene-1,4-

diamine DPPD 74-31-7 

Antioxidant, 

process aid 5.0 [32] 1.7 260 183 167 25.87 

26 

Tris(2-ethylhexyl) benzene-1,2,4-

tricarboxylate TOTM 3319-31-1 Plasticizer 8.8 [30] 4.5 305 193 165 31.63 

Internal standards (Istd)             

1 4-Methylphenol-d8 p-Cresol-d8 190780-66-6    1.9 [30]  115 85 96 5.32 

2 1-Phenylethanone-d8  - 19547-00-3    1.6 [30]  110 54 82 5.46 

3 Naphthalen-2-amine-d7 2-AN-d7 93951-94-1    5.0 [30]  150 121 93 8.85 

4 Diphenylmethanone-d10 BP-d10 22583-75-1   2.9 [30]  110 82 54 8.96 

5 1,4-Diphenylbenzene-d14 p-Terphenyl-d14 1718-51-0   5.6 [32]  244 122 108 13.52 

6 Bis(2-ethylhexyl)benzene-1,2-

dicarboxylate-d4 

DEHP-d4 93951-87-2   6.4 [31]  153 97 125 15.78 

7 1-Propan-2-ylthioxanthen-9-one-d7 ITX-d7 1173019-24-3   4.5 [32]  243 153 225 17.22 

8 Dinonyl benzene-1,2-dicarboxylate -

3,4,5,6-d4 

DnNP-d4 1202865-43-7   8.8 [30]  153 69 97 24.13 
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2.4. Permeation of Additives and Decomposition Products Through Human Skin 

  

Abdominal human skin specimens from plastic surgery were brought into direct contact 

with discs of LDPE1 or LDPE 2 and pure LDPE as negative control. The samples were 

punched out of the sheets of polymer with a diameter of 1.3 cm amounting to a contact 

surface of 1.33 cm
2
. In static Franz diffusion cells, the 500 µm-thick skin tissues were 

incubated with the polymer for 24 h under conditions according to the OECD guideline 
[13]

 

and as described previously 
[5]

. The donor chambers were thoroughly covered with 

parafilm (American National Can, Greenwich, CT). Physiologic saline was used as 

receptor medium. In addition, quality control was performed assuring the integrity of the 

skin in the Franz cells as requested by the OECD guideline 428 
[13]

. For this purpose, 

measurements of the transepidermal water loss (TEWL) were conducted utilizing the 

AquaFlux device AF200 (Biox systems Ltd, London, UK). The TEWL is considered as the 

flux of water diffusing from the viable epidermis through the stratum corneum (s.c., that is, 

the horny layer) towards the outer atmosphere in vivo. In case of the Franz cell set-up, it is 

the water diffusing from the receptor chamber through the skin specimen to the donor 

chamber. An increased TEWL is therefore indicative of damaged skin. Utilizing 

polytetrafluoroethylene (PTFE) donor cells with a coupling system for the AquaFlux 

device (both Biox systems Ltd) 
[14]

, the individual TEWL was determined per mounted 

skin sample. A skin sample would have been excluded from further investigations if the 

respective TEWL value exceeded the tolerable deviation of 30% compared to the mean 

TEWL of the investigated skin type previously determined in validation studies. For the 

present study, skin of three individual donors was used, no specimen needed to be 

discarded due to lack of integrity and the mean TEWL value was 6.9 ± 1.6 g/(m
2
h) at an 

endpoint of 0.075 standard deviation of the TEWL curve and a cap factor of 2.8. 

Additionally, the quality of the utilized skin model system was confirmed comparing the ex 

vivo with in vivo TEWL measurements. This values were in excellent accordance with in 

vivo data for human TEWL of the volar forearm (10.9 ± 3.5 g/(m
2
h)) and with data 

described in literature for TEWL of various sites of the hand 
[15]

. The TEWL of twenty 

volunteers was determined in triplicates at an endpoint of 0.075 standard deviation of the 

TEWL curve and a cap factor of 1.0 using the AquaFlux device with a cap for in vivo 

measurement. TEWL curves with sweat gland activity events were excluded for further 

calculation of the mean value (technical replicates n = 52).  
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The four compartments of the Franz cell set-up (saline wash solution of donor chamber, 

isolated s.c. layers on tape strips, remaining epidermal layers and receptor medium) were 

treated according to the hereinafter described protocol in order to quantify the respective 

amounts of additives and degradation products present after incubation with the LDPE 

material. The procedure was optimized to meet extraction requirements of all investigated 

substances simultaneously. Toluene showed to be the most efficient solvent for a combined 

extraction. In a first validation study, compartment fluids were provided with additives of a 

final concentration of 300 ng/ml using 30 µl of the additive mixture in acetonitrile (10 

µg/ml each substance). The recovery was determined without an incubation period to cover 

the analytical quality of the method and potential matrix effects solely (supplementary 

information Table S3). A second validation study was conducted to include biological 

variance with human and porcine skin in order to optimize the incubation parameters and 

extraction techniques. For this purpose the skin samples were mounted in the Franz cells as 

described above and incubated for 24 h with 100 µl of the additive mixture in acetonitrile 

on top (10 µg/ml each substance, total amount 1µg per substance and skin sample). The 

recovery was calculated as the sum of the amounts of the respective substance present in 

all four compartments. The distribution of analytes within the skin layers was also 

investigated using this set-up (supplementary information Figure S1). Interestingly, a 

higher accumulation of all additives in the human s.c. was noticeable compared to the s.c. 

of porcine skin of the flank. In the latter, the largest portion of additives was present in the 

deeper epidermis. This is in line with the increased TEWL of porcine skin (18.2 ± 2.9 

g/(m
2
h)). It points to a weaker barrier function as against the data in this validation study 

for human skin ex vivo with a TEWL similar to the in vivo situation (10.1 ± 1.3 g/(m
2
h)). 

Thus, further investigations of additives were performed with human skin. Consequently, 

liquid-liquid extractions were conducted for the aqueous compartments, namely wash 

solution and receptor medium. Both liquids were quantitatively transferred into test tubes 

with ground glass joints and the exact volume documented. Ten ml toluene were added to 

each sample and mixed thoroughly. After accelerated phase separation using a centrifuge 

(Heraeus Multifuge 1S-R, Thermo Fisher Scientific, Waltham, MA USA) at 4°C and 

4000 rpm for 10 min, the upper toluene layer was removed and directly analyzed for 

components. To investigate the outermost layers of the s.c., five tape strips were applied 

onto the skin surface uniformly using forceps and removed consecutively. The strips 

containing isolated outermost s.c. layers were collected in a dark 20 ml headspace vial, 

suspended in 10 ml toluene and sealed with a screw cap with PTFE septum. The remaining 
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epidermal tissue was separately placed in a vial and also submerged in 10 ml toluene. Both 

compartments were subject to ultrasonic assisted extraction at room temperature for 30 

min. To remove glue and skin matrix, the toluene extracts underwent liquid-liquid 

extraction in the same way as the wash solution and receptor medium by adding 10 ml of 

saline to the toluene extracts. The separated toluene phase was used for further analysis. 

Thirty µl of internal standard stock solution (10 µg/ml acetonitrile) were added to all 

incremental samples prior to the individual extraction protocol. All resulting toluene 

extracts were concentrated to a volume of 100 - 1000 µl under gentle nitrogen stream at 

40°C in order to overcome the respective limit of detection (LOD, cf. Table 2) utilizing a 

concentration workstation (Turbovap, Biotage, Uppsala, Sweden) and finally analyzed 

using the GC-MS/MS-MRM method. 

 

2.5 Analysis of Accelerated Aging of Additives in Squalane 

 

To mimic accelerated aging, the squalane model introduced by Beißmann and colleagues 

was applied to three polymer additives 
[8]

. Ten mg of the following additives were placed 

separately into a 2 ml vial together with 1.0 ml squalane matrix each and mixed thoroughly 

using a Vortex test tube mixer (neoLab, Heidelberg, Germany): 2-tert-butyl-6-(3-tert-

butyl-2-hydroxy-5-methylphenyl)sulfanyl-4-methylphenol (Irganox 1081), 

Antioxidant 2246, N-phenylnaphthalen-1-amine (Nonox A). These additives were selected 

to investigate analytes which are structurally related (Irganox 1081 and Antioxidant 2246) 

together with an additive that structurally differs (Nonox A) (cf. Figure 1). The vials were 

sealed using a layer of aluminum foil followed by a cap with a PTFE septum and placed 

into an oven (type 720 FED; Binder, Tuttlingen, Germany) at 130°C. The aluminum foil 

had been heated to 390°C for 24 h prior to usage to avoid contamination. 

 

Aging studies were performed covering a time span of 18 days and comprising 5 time 

points (0.5 h, 3 d, 7 d, 14 d and 18 d). To determine the kinetics of degradation, 

independent triplicates were evaluated for each time point. Pure squalane without additives 

was used as negative control and prepared for each time point in duplicate. After the 

respective incubation period, the samples were cooled to room temperature and then stored 

at –20°C upon extraction to ensure simultaneous clean-up of all samples and analytical 

evaluation referring to one sequence only.  

 



Chemical stabilization of polymers: Implications for dermal exposure to additives 

95 

For extraction purposes, the squalane mixture was spiked with 500 µl of an internal 

standard solution (2,2'-methylen-bis(4-ethyl-6-tert-butylphenol (Cyanox 425), 20 mg/ml in 

acetonitrile) and quantitatively transferred into test tubes with ground glass joints, applying 

five rinsing steps to the vial with 1 ml acetonitrile each. Subsequently, two liquid-liquid 

extraction steps using a total of 9 ml acetonitrile each were conducted. After phase 

separation, the acetonitrile phases were combined and filled up to a volume of 50 ml. 

Aliquots of the resulting solution were analyzed by means of GC-MS/MS. 

 

The extraction method was optimized prior to the aging experiments. The recoveries of 

additives were determined as follows: 53 ± 1% (Nonox A), 61 ± 3% (Irganox 1081), and 

69 ± 2% (Antioxidant 2246). Since these numbers were reproducible, samples were 

cleaned up by applying two liquid-liquid extraction steps as described above. To 

compensate for the loss of analytes during extraction and to improve quantification, matrix 

calibration was performed. Five different amounts of individual additives (each in the 

range of 4 mg to 12 mg) were freshly dissolved in 1 ml squalane and treated 

simultaneously to the aging samples. The recoveries found after 0.5 h were as follows: 93 

± 6% (Antioxidant 2246), 108 ± 17% (Irganox 1081), and 104 ± 7% (Nonox A) (cf. 

supplementary information Table S2). 

 

2.6. ATR-FTIR 

2.6.1. Investigations in view of material integrity 

 

To characterize the aged LDPE, ATR–FTIR spectra were collected using a Nicolet™ 6700 

spectrometer (Thermo Electron Corporation, Madison, WI, USA). Specimens of the pure 

material and of LDPE with additivation were prepared as described above (see 2.3.) and 

placed into an oven (type 720 FED; Binder) at 130°C. After cooling down to room 

temperature, spectra of the material were collected comprising the wave number range of 

600 – 4000 cm
-1 

at four time points (0, 3, 14, 15 days). 

 

FTIR data were evaluated with Omnic 8.3 software (Thermo Fisher Scientific). 

Atmospheric suppression was performed on each spectrum and an average spectrum 

obtained by three particular spectra per specimen. 
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2.6.2. Investigations in view of transepidermal absorption of additives 

 

In order to visualize the penetration pathway through the skin, FTIR- microscopy was 

conducted (Nicolet™ 6700, Atlµs; Thermo Electron Corporation). The results were 

outlined using the example of naphthylamines due to their toxicological relevance and 

prominent IR bands in the LDPE matrix. Human skin was cut to size and specimens of full 

thickness skin with a surface area of 1 cm
2
 were embedded in 6-well plates into 

physiological saline solution, the s.c. tending upwards. The skin was either incubated with 

a stock solution of Neozon D in acetonitrile at a final concentration of 1 µg/cm
2
 or brought 

into direct contact with LDPE 2 for 24 h. Prior to cryo sections of 8 µm using a cryotome 

(Thermo Fisher Scientific, HM 550 OP), the skin was fixed in Tissue-Tek® O.C.T.™ 

Compound (Sakura, Staufen, Germany). IR spectra were collected applying FTIR-mapping 

with a number of sample scans and background scans of 32, a resolution of 4.000 and a 

mapping step size of 12 µm. 

 

3. RESULTS AND DISCUSSION 

 

Additives included in this study were selected due to their widespread use in consumer 

products and with respect to their toxicological relevance in exposure assessment. In 

certain cases, degradation products of the additives could be expected which are potentially 

harmful to human health (e.g. phenol derivatives of antioxidants such as Antioxidant 

2246). In all remaining cases, the parent compound itself was of special interest due to its 

large application range in commodities. The usage of tris(2-ethylhexyl)benzene-1,2,4-

tricarboxylate (TOTM), for example, has increased over the last number of years as a 

substitute for the reprotoxic plasticizer di-(2-ethylhexyl)-phthalate (DEHP) 
[16]

. Also, the 

presence of the antioxidant Neozon D in polymeric consumer products is of concern since 

it is metabolized to one of the most potent bladder carcinogens 2-naphthylamine in vivo 

[17]
. Considering that, the capacity of substances to overcome the intact human skin barrier 

was investigated using the most realistic ex vivo scenario with excised human skin in 

contact with polymeric test materials. The LDPE test material was manufactured using 10 

selected additives. All of them penetrated human skin ex vivo. The total amounts and 

distribution within the epidermal layers varied as a function of lipophilicity and molecular 

weight of substances. 

 



Chemical stabilization of polymers: Implications for dermal exposure to additives 

97 

This tailor-made polymer also underwent accelerated aging and subsequent GC-MS/MS 

and IR evaluation to focus on the technical perspective of polymer additivation. 

Furthermore, macroscopic alterations of the integrity of the polymer such as yellowing and 

brittling were documented. Oxidation in non-stabilized LDPE generally occurs through the 

formation of radicals, and propagation of the reaction predominates over termination 

reactions 
[18]

. Due to their ability to form mesomerically stabilized phenoxy radicals, 

sterically hindered phenols are commonly used as stabilizers to slow down this process 
[19]

. 

A protective effect of antioxidative equipment on the material integrity was noticeable 

accordingly.  

 

3.1. ATR-FTIR Studies of LDPE Integrity 

 

The IR studies of the model polymer LDPE revealed significant effects of additivation. 

Figure 2 shows the individual spectra of LDPE materials (Figure 2A-C) as an overlay of 

three different time points during aging. The spectrum of the model polymer is in 

accordance with LDPE spectra described in the literature 
[20]

. Characteristic —CH2 derived 

bands of the LDPE spectrum were assigned as follows: 2916 (asymmetric stretching), 2848 

(symmetric stretching) and 1467 cm
-1

 (scissoring) 
[20, 21]

. Additionally, spectra of two pure 

additives that are present in LDPE 2 were compared and prominent bands assigned to the 

tailor-made polymer (Figure 2D-E). While LDPE 1 showed only minor changes in its 

spectrum upon additivation compared to pure LDPE (Figure 2B), the additives in LDPE 2 

caused several analyte-characteristic bands (Figure 2C). Most of the bands that form the 

characteristic pattern of LDPE 2 were derived from N-phenylnaphthalen-2-amine 

(Neozon D) and Nonox A: 3392 & 3052 (both —N-H stretching), 1303 (—C-N stretching) 

and 735 cm
-1

 (—C-Haryl out of plane vibration) 
[22]

. All of these vibrations decreased in 

their extent or even disappeared completely with increased aging time. For example, the 

bands at 3393 and 3052 cm
-1

, which are clearly present in the day 0 spectrum of LDPE 2 

(black spectrum) disappeared after 14 days at 130°C (blue spectrum). This points to some 

kind of modification of the analytes in the material over time. 

 

Degradation of pure LDPE was correlated with the emergence of signals at 1732 and 

1716 cm
-1 

(Figure 2A)
 [9]

, which coincided with brittling and yellowing of the material 

after 14 days (Figure S2A). The bars in Figure S2 refer to the heights of three characteristic 

bands for pure LDPE as well as for both spiked materials LDPE 1 and LDPE 2. 
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The —CH2 derived solid bars found at 2916, 2848 and 1467 cm
-1

 remained stable in the 

LDPE samples upon additivation (Figure S2B, C). However, a decrease of all 

characteristic bands was noticeable in pure LDPE over time, while the oxidation-specific 

—C=O stretching bands at 1732 (aldehyde) and 1716 cm
-1

 (ketone, dashed bars) 
[22]

 

increased (Figure S2A). This observation provides evidence of oxidative decomposition of 

pure LDPE during aging. 
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FIGURE 2: ATR-FTIR spectra 

over time after aging at 130°C of 

A: pure LDPE; B: LDPE 1, C: 

LDPE 2 with individual 

additivation (cf. Table 1), D: 

Neozon D. E: TOTM. The graph 

shows representative spectra of the 

tested material during aging studies 

at three time points. LDPE-specific 

bands at 2916, 2848 and 1467 cm
-1

 

are highlighted as well as the 

LDPE degradation bands at 1732 

and 1716 cm
-1

. The latter are 

highlighted in all LDPE spectra 

(solid lines). Quantitative 

evaluation of these bands is 

depicted in Figure 3. Spectra of 

pure substances are compared to 

the spiked material, and additive 

specific bands are highlighted 

(dashed lines). 
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Conversely, protection of the LDPE model due to antioxidative additivation was 

observable via IR evaluation of both additive recipes, LDPE 1 and LDPE 2 (Table 1), even 

at 130°C. Here LDPE lacked typical oxidation-related bands when antioxidants were 

present. As a consequence, LDPE-specific bands at 2916, 2848 and 1467 cm
-1

 remained 

stable and brittleness was absent (Figure S2B-C). However, there may be an overlay of the 

prominent TOTM-derived band at 1724 cm
-1

 (ketone, —C=O stretching) in LDPE 2 

(Figure 2C) with a potential LDPE degradation band at 1716 cm
-1

. Therefore, changes of 

the well-separated aldehyde degradation band at 1732 cm
-1

 were taken into account in the 

spectrum of LDPE 2 for evaluation purposes. Since only a slight increase in band intensity 

over time was noticeable, the polymer protection effect of additives in LDPE 2 was 

proven. Apart from the TOTM band at 1724 cm
-1

, an additional signal at 2958 cm
-1

 

(methyl, —C-H stretching) was present in LDPE 2 that was related to the spectrum of the 

pure plasticizer (Figure 2E). 

 

Obviously, the integrity of LDPE was preserved when antioxidants like Neozon D were 

present in the material. Together with the quantification results of particular additives in 

this aging scenario (cf. Figure 3), these findings provide evidence that LDPE can maintain 

its oxidation state at the material surface at the expense of stabilizer depletion 
[18]

. 

 

3.2. Aging of Additives in the LDPE Matrix 

 

Two different tailor-made LDPE specimens were tested at temperatures of 70°C and 

130°C in terms of degradation behavior of the analytes in question. At six time points (0, 3, 

7, 14, 18 and 25 days) both LDPE samples which contained a mixture of five additives 

each, along with pure LDPE as blank control, were extracted in toluene as described in 

section 2.3. Utilizing the GC-MS/MS multi-method (Table 2), additive contents of LDPE 

without aging were determined (Table 1) as well as the amounts of additives remaining 

after the respective incubation period. Figure 3 illustrates the resulting kinetics for the 

depletion of 10 different additives. In general, faster depletion was reported for additives 

from the group of antioxidants (Irganox 1081, Antioxidant, Santonox, Neozon D or Nonox 

A). In contrast, processing aids like α-MSD or plasticizers such as TOTM remained 

comparatively stable over time. Chromatograms of LDPE extracts at day 0 and the 

corresponding reference additives are shown in Figure 4.  
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The content of additives in the original polymer without applying aging processes was also 

determined. According to the optimized recipe, 10 g of each additive were added per kg 

raw polymer. There are two main parameters that affected the amounts of additives present 

in the final product: as well as potential loss due to technical processing such as 

compounding and injection molding, all analytes were exposed to high temperatures during 

the manufacture of the LDPE samples facing extrusion temperatures of 170-200°C (cf. 

2.1). This particular processing step might have caused degradation of the analytes in the 

first place. The extent of these effects became noticeable as the determined content of 

additives in the final material was less than the scheduled 10 g/kg per additive in all cases 

(Table 1). The determined contents varied from 0.6 ± 0.04 g/kg for Irganox 1081 to 

6.5 ± 0.9 g/kg for α-MSD. These findings are consistent with the aging studies applied 

hereinafter: the additives present in both kinds of recipes revealed no significant time-

dependent decrease at 70°C (Figure 3). However, important differences in the degradation 

processes of the analytes at 130°C were noticeable depending on their chemical structure 

and functionality. For example, TOTM showed no significant time-dependent degradation 

at this temperature. While the plasticizer NBBS and the processing aid α-MSD decreased 

only slightly over the period of 25 days, Antioxidant 2246 degraded most rapidly. 

Compared to other antioxidants in this study, Antioxidant 2246 revealed the shortest half-

life of 0.6 days at 130°C in LDPE (cf. Table 3). As expected based on their isomeric 

relationship, the diarylamines Nonox A and Neozon D showed a similar depletion 

behavior, quite different from that of Antioxidant 2246. Nonox A had a half-life of 5.1 

days under these conditions. Furthermore, Irganox 1081 appeared to be a more stable 

phenol derivative than Antioxidant 2246 with a half-life of 5.3 days. 

 

3.3. Aging of additives in the squalane matrix 

 

The polymer mimicking the triterpene-derived hydrocarbon squalane is known to act as a 

suitable matrix to form a liquid model system for polyolefins 
[8]

. Degradation kinetics of 

the three additives Irganox 1081, Antioxidant 2246, and Nonox A were conducted in 

squalane matrix under similar conditions as used in the LDPE experiments. Each additive 

was separately incubated at 130°C in squalane. After extraction as described in section 2.5 

was performed, the remaining amounts of analytes in the extract were quantified using the 

GC-MS/MS multi-method (Figure 5). Data on the stabilities of analytes, as revealed from 

LDPE analyses, were confirmed using this set-up. Again, Antioxidant 2246 underwent fast 
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degradation while Nonox A and Irganox 1081 showed a half-life three times higher (cf. 

Table 3). The recovery in squalane is significantly lower for Antioxidant 2246 compared 

to the structurally related Irganox 1081 from day 3 onwards (Figure 5). Irganox 1081 

differs from Antioxidant 2246 only in a sulphur bridge (cf. Figure 1). Consequently, this 

structural difference is responsible for the significant differences determined in stability. 

Evaluation of individual breakdown products of additives in distinct aging scenarios is 

subject to further investigation. 

Table 3. Kinetics studies of additives in two different model matrices. Overview of half-

lives at 130°C with corresponding equation.   

Matrix Additive Half-life 130°C 

[days] 

Equation R
2
 

Squalane 

 

Irganox 

1081 

23.9 y = 109.93e
-0,033x

 0.981 

Antioxidant 

2246 

7.5 y = 108.81e
-0,103x

 0.984 

Nonox A 20.9 y = 105.93e
-0,036x

 0.900 

LDPE Irganox 

1081 

5.3 y = 719.51e
-0,18x

 0.918 

Antioxidant 

2246 

0.6 y = 1972.5e
-0,374x

 0,867 

Nonox A 5.1 y = 4000.9e
-0,178x

 0.971 

 



Chemical stabilization of polymers: Implications for dermal exposure to additives 

103 

 

FIGURE 3: Quantification of additives at different time points of aging in LDPE. 

Depletion of additives in LDPE 1 (left) and LDPE 2 (right) at different temperatures. Error 

bars show standard deviation of the mean in three independent experiments. 
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It can thus be assumed from the results that the additives probably underwent similar 

degradation pathways in both kinds of aging matrices but with varying half-lives. In all 

cases, calculated values were higher when compared to the results obtained with LDPE. 

This is partially related to the fact that the surface between the additive-containing matrix 

and ambient air is larger in the set-up using LDPE as compared to squalane.  

 

3.4. Relevance of Polymer Additivation and Decomposition for Dermal Exposure 

 

The tested LDPE samples entailed additives in the range of 0.1 - 0.7 % as it can be 

expected from polymers used in consumer products. The quantification of additives present 

in isolated skin layers of skin that has been in contact with this polymer revealed their 

individual potential to migrate out of the material, overcome the skin barrier and enter the 

viable epidermis. The chromatograms in Figure 4 demonstrate the quality of the developed 

GC-MS/MS-MRM method to selectively determine additives in polymeric, biological and 

aqueous matrices. Further, the presence in the extracts of Franz cell compartments among 

additives is remarkably opposed. Exemplarily, the peak for the antioxidant Santonox was 

clearly present in the extract of the s.c. (Figure 4, no. 24, B-1), decreased in the extract of 

the epidermis (B-2) and is absent in the receptor fluid (B-3). This tendency appeared to be 

the other way around for NBBS (Figure 4, no. 14, B-1 - B-3). 
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FIGURE 4: 

Extracted ion 

chromatograms 

(EIC) of the LDPE 1 

(B) and LDPE 2 (C) 

extracts at day 0 

together with a 

standard solution of 

additives (A) at a 

concentration of 

250 ng/ml in 

acetonitrile. 

Additives in human 

skin are depicted as a 

consequence of 

contact to LDPE 1 in 

Franz cell assay after 

24 h: EIC of extracts 

of compartments 

after clean up 

procedure: B-1 s.c.; 

B-2 remaining 

epidermis; B-3 

receptor solution. 

Precursor ions of the 

respective additives 

were extracted and 

signals labelled 

according to Table 2. 
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All of the ten tested additives penetrated the skin to a variable extent. Inferences about 

bioavailability of additives after dermal contacts can be drawn from this most realistic set-

up. Only NBBS (logPO/W 2.0) was mainly present in the receptor solution after incubation 

and to a lesser extent in the epidermal layers (Figure 6). This finding is indicative for skin 

permeation and high bioavailability of this neurotoxic plasticizer. 

 

FIGURE 5: Degradation kinetics at 130°C of 3 antioxidants in squalane, representative of 

different chemical classes. Error bars show standard deviation of the mean of three 

independent experiments. The corresponding equation can be found in Table 3. Asterisks 

indicate significant differences concerning recovery of Antioxidant 2246 compared to 

Irganox 1081 (*** p < 0.001; ** p < 0.01; * p < 0.05). 

 

The other additives with higher logPO/W values penetrated the skin and are distributed in 

the viable epidermal layers and the s.c. according to the lipophilicity of substances (cf. 

Table 2). The higher the logPO/W value of the additive, the smaller was the portion that 

entered the viable layers of the skin. The same is true for size related evaluation. While the 

additive with the lowest molecular weight (NBBS: 213.1 Da) was present in the receptor 

fluid to more than 80 % referring to the total amount of determined substance, the 

distribution appears to be inverted for the higher molecular weight components tested (e.g. 

Irganox 1081/ Santonox: 358.2 Da, TOTM: 546.4 Da) (Figure 6). A rapid absorption of 

the neurotoxic plasticizer NBBS through the skin is of concern since it was shown in 

previous studies in rats that 98% of iv administered NBBS is removed from plasma during 

the first minute 
[7]

. 
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FIGURE 6: Distribution of additives and the degradation product 2-t-butyl-p-cresol (right) 

in human skin after Franz diffusion cell assay with a contact area of 1.33 cm
2
. The skin 

was incubated for 24 h at 33.5°C in direct contact with either LDPE 1 (left) or LDPE 2 

(middle). LDPE 1 entails Irganox 1081 as precursor additive while LDPE 2 entails 

Antioxidant 2246 as potential source for 2-t-butyl-p-cresol formation. Columns represent 

the percentage distribution of the respective additive within the skin layers and the wash 

solution. The dashed graphs depict the total amount of each additive present in all 

compartments of the Franz cell (wash, stratum corneum: s.c., epidermis and receptor 

solution) after incubation. Bars show the standard deviation of the mean with n=3. 

 

This is indicative for a rapid transport to other tissues including the brain. The s.c. forms 

the natural barrier against xenobiotics and consists mainly of dead keratinocytes and lipids. 

Expectedly, enhanced accumulation in this outermost layer of skin was noticeable with 

increased size and lipophilicity of additives. This accumulation is far from being 

negligible. Marek and coworkers emphasized the reservoir function of the s.c. at the 

example of Neozon D in porcine skin ex vivo 
[17]

. In accordance with the present study, 

they proved Neozon D to penetrate the skin and gradually enter the deeper skin layers. In a 

Franz cell set-up optimized for evaluation of the exposure of workers in the printing 

industry, the percutaneous absorption of Neozon D was determined. After application of a 

comparatively high level of Neozon D (1.9 mg/cm
2
 solved in 96 % dichloromethane, 4 % 

turpentine oil) and 48 h incubation in dynamic Franz diffusion cells, a total penetrated 

amount of 105.7 µg/cm
2
 was determined by Marek and colleagues 

[17]
, meaning 5.5 % of 

applied substance entered the skin. Depending on the concentration applied, the solvent 

and the test system used, they recovered up to 16.1 % of the substance in the porcine skin 

after 48 h. Further, it has been shown recently that the matrix of topically applied aromatic 

amines leads to significant differences concerning the degree of skin penetration 
[23]

. 

Dennerlein and coworkers determined a significantly higher skin penetration when Neozon 

D was applied solved in hexane compared to the application of a lubricant containing 

Neozon D. Evidentially, penetration rates are not transferable among exposure scenarios. 
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In the present study, the focus was on dermal contacts to polymers equipped with additives 

including the procarcinogenic antioxidant Neozon D. Thus, the application was conducted 

incorporated in LDPE acting as model polymer. The material entailed 2.1 g Neozon D per 

kg LDPE (cf. Table 1). With a mean weight of 120.8 ± 1.5 mg per disc, the specimens 

served a total amount of 253.7 µg Neozon D per skin sample (190.8 µg/cm
2
). The total 

penetrated amount determined after 24 h was 14.7 µg/cm
2
 (Figure 6, recovery without 

wash solution), amounting to 7.7 % of the originally applied additive.  

Here it was approved that not only fluids but also polymers can be an additional source of 

human exposure to additives. Additionally, FTIR-microscopy confirmed both, 

accumulation of Neozon D in the upper epidermal layers when being applied solved in 

acetonitrile or after contact with LDPE 2. Figure 7A depicts the distribution of Neozon D 

as false color heat map in a section of human skin that was incubated with 1 µg/cm
2
 of the 

substance in acetonitrile. An equal distribution within the s.c. is noticeable with 

additionally hotspots in the deeper epidermis. These are mainly present in regions with 

folds of skin or hair follicles. Here it could be shown, that these transdermal routes 

prominently contribute to dermal absorption of Neozon D when topically applied in 

solution. Also, the intensity of the arylamine specific band at 3052 cm
-1

 was traced in the 

skin that was in contact with LDPE 2 or pure LDPE (Figure 7B). It revealed accumulation 

of the analyte in the s.c. after 24 h depicted as red areas with highest intensity (red 

spectrum). While the band was absent in the spectrum of the s.c. of skin that was in contact 

with pure LDPE (blue spectrum). 
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FIGURE 7: FTIR mapping in microscopy of human skin sections after 24 h incubation 

with Neozon D in acetonitrile (1 µg/cm
2
) (A) or after 24 h contact with LDPE 2 entailing 

the arylamines Neozon D and Nonox A (B). Distribution of Neozon D depicted as false 

color heat map with atmospheric suppression. A: variance scaling at Neozon D specific 

bands 3392/1626 cm
-1

. Differences in spectra of s.c. comparing skin in contact with pure 

LDPE (blue, bottom spectrum) and with LDPE 2 (red, top spectrum) are highlighted using 

an overlay and visualized as heat map distribution of arylamine specific band at 3052 cm
-1

 

(B). S.c.: stratum corneum; Hf: hair follicle; F: fold. 

 

Most phenol-based additives included in this study are derivatives of p-cresol (cf. 

Figure 1). This potential degradation product was therefore included in the MRM multi-

method, along with four structurally related degradation products, and evaluated further 

(Table 2). Cresol is harmful to health after absorption through skin or swallowing 
[24]

 and 

thus of toxicological relevance. Since phenol derivatives are known degradation products 

of several antioxidants 
[25]

, the occurrence of cresol and its derivatives after skin contact 

with LDPE 1 and LDPE 2 was monitored in human epidermis. Of all derivatives 

investigated, only 2-t-butyl-p-cresol was present in the skin layers after incubation with the 

polymers. Its distribution within human epidermis and other compartments of the Franz 

cell is shown in Figure 6. 

Being embedded in LDPE in the form of antioxidant precursors, 2-t-butyl-p-cresol 

penetrated the skin at up to 55 ng/cm
2
 after a contact time of 24 h (Figure 6, sum of s.c., 
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epidermis, receptor fluid LDPE 2). While the major part remained in the outermost five 

layers of the s.c. (strip 1-5) and in the rest of the epidermal tissue, only small amounts of 

the degradation product permeated the whole skin and entered the receptor medium. 

Noticeably, higher amounts of 2-t-butyl-p-cresol were released into the skin from LDPE 2 

when the Antioxidant 2246 acted as precursor substance compared to Irganox 1081 in 

LDPE 1. These findings are consistent with the aging tests discussed in the present work, 

since Antioxidant 2246 showed the weakest stability of all additives investigated.  

 

4. CONCLUSIONS 

 

This study presents a GC-MS/MS method to equally quantify a broad range of polymer 

additives in complex polymeric and biological matrices. Furthermore, an LDPE- and a 

squalane-based aging scenario for additives were investigated and compared with respect 

to the half-lives of additives. For three selected additives, degradation kinetics revealed 

significant differences concerning half-life, not only between the additives but also with 

respect to the individual aging scenarios applied. In general, the depletion of all additives is 

faster in LDPE than in squalane. Nonox A and Irganox 1081 are approximately four times 

more stable when incorporated in squalane as compared to LDPE. Furthermore, 

Antioxidant 2246 showed a half-life 12 times higher in squalane as compared to the LDPE 

matrix. However, the impact of diffusion processes on the depletion process of additives 

needs to be further characterized in emission or additional degradation studies. To assess 

the quality of aging scenarios in a model system, the effect of physical loss is negligible as 

the diverse polymers of everyday products are also subject to diffusion and migration 

processes to varying extents. Since LDPE studies mirror real matrix and surface conditions 

more realistically, any results based on the usage of squalane as model for the prediction of 

additive stability have to be viewed with caution. Further investigations of real consumer 

product samples which are broadly furnished with additives and consist of versatile 

matrices are required to decide whether either of the models might be suitable for assessing 

the stability of additives under real conditions. Nevertheless, additive breakdown products 

are of particular concern when it comes to dermal exposure of consumers. The resulting 

breakdown product 2-t-butyl-p-cresol showed degradation of precursor additives in the 

investigated polymer matrices during skin contact.  
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Breakdown products of phenol-based antioxidants have already been suggested for further 

evaluation due to their toxicological relevance 
[26]

. With the depletion process of phenol-

based antioxidants in LDPE, a potential source of exposure of consumers to cresol 

derivatives has been characterized here. In light of the current ex vivo Franz cell results for 

2-t-butyl-p-cresol, the dermal exposure of consumers to cresol derivatives through the use 

of commodities made of polymers with antioxidative additivation needs to be taken into 

consideration in future assessments. Moreover, it has been proven that substances of 

concern migrate from LDPE to the skin surface and overcome the natural skin barrier ex 

vivo according to their size and lipophilicity. Therefore, the usage of additives in polymers 

because of their technical benefits should be carefully considered whenever the product is 

designated for skin contacts. 
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7 Discussion 

Several substances of toxicological concern were identified in consumer products 

made of polymeric materials within this work. For this purpose several targeted 

multi-analyte-methods were developed to characterize the composition of different 

materials. In general, the cumulative exposure of consumers by oral, dermal or 

inhalative pathways must be considered to perform a comprehensive risk 

assessment. But often evaluation of dermal exposure with respect to consumer 

products is difficult because realistic data on migration and skin penetration or 

permeation are missing or the available methods are not suitable. Here, the 

dermal route of exposure was investigated in detail and thereby severe 

underestimations for contact to lipophilic components like PAHs revealed. Other 

polymer additives and degradation products that were not yet characterized with 

respect to skin contact were proven to overcome the skin barrier. 

7.1 PAHs and mineral oil components in consumer products 

PAHs are constituents of mineral oils and consequently of the mostly highly 

alkylated MOAH. The idea behind determining non-alkylated PAHs and MOAH in 

polymeric consumer products was to test if there is a certain ratio of MOAH 

content to PAHs content present in the material. The definition of a factor that is 

valid for polymeric material would be an asset to the exposure assessment. This 

work however demonstrated that the sum of eight EU PAHs that are classified by 

CLP Regulation as presumably carcinogenic for humans (carc. Cat. 1B) present in 

the final material does not correlate with the MOAH content (7). It further 

contributed to the identification of additional technical sources of mineral oil and 

PAHs contamination in consumer products. The correlation of the MOSH volatility 

maximum with multiple MOAH volatility maxima revealed several sources for 

PAHs entry into the polymeric final product like usage of carbon black in 

combination with extender oil. This aspect can be used to further minimize the 

content of carcinogenic PAHs and of the aromatic hydrocarbon fraction by 

substitution of the raw material with less harmful components. 

From the current perspective, the carcinogenicity of mineral oil is associated with 

the MOAH and PAH contents of products. The usage of mineral oil and its 

composition and purity requirements are regulated and subject to monitoring for 
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polymeric material designated for food contact (28, 127), for cosmetic products 

(128), but not yet for polymeric material with foreseeable skin contact. In case of 

cosmetics, products must be manufactured according to the Regulation (EC) No 

1223/2009 (128). According to this regulation only mineral oil fractions with a 

detailed description of the refining process and that are proven to be not 

carcinogen are allowed to be used in cosmetics. There is evidence that mineral 

oils vary in their carcinogenic potential with the degree of refining (129). It is 

therefore to be expected that usage of higher processed mineral oils in consumer 

products would decrease the total amount of MOAH and PAHs present in the final 

material and pose a reduced cancer risk with respect to dermal exposure. 

7.2 PAHs in skin contact 

The natural human skin barrier is continuously challenged by xenobiotics. The s.c. 

is accounted the most efficient barrier structure and rate limiting for skin 

permeation of substances (130). Even though the s.c. significantly retards skin 

permeation of particular PAHs, it promotes reservoir formation of lipophilic 

compounds. This is of concern because mutagenic components like B[a]P and 

dibenzopyrenes can migrate out of the elastomer or rubber, enter the s.c. leading 

to an accumulation and can steadily be released into the systemic circulation as a 

consequence. Moreover, cutaneous bioactivation of PAHs during prolonged skin 

permeation may contribute to mutations that ultimately lead to skin cancer (54). 

The ubiquitous occurrence of PAHs is a further aspect that necessitates a detailed 

assessment of dermal availability of the substances. The dermal exposure to 

PAHs can contribute to aggregate exposure considerably. This has been proven 

by FDC-assay with human skin and by using an adjusted sweat simulant. It has 

been clearly demonstrated, that former PAH-migration studies using aqueous 

sweat simulant resulted in a distinct underestimation of exposure because the 

lipophilicity of PAHs and the influence of SSFL were not considered. Based on 

these methods and findings, the BfR suggested in 2010 to restrict the maximum 

content of PAHs in consumer products with foreseeable skin contact as low as 

reasonably achievable (ALARA principle for genotoxic carcinogens) to minimize 

this exposure pathway (131). It was further demonstrated that only a few samples 

exceeded the proposed limit of 0.2 mg/kg, which is the LOQ of the analytical 

method. 
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The results of this thesis are in excellent accordance with previously reported 

studies on dermal exposure to cosmetics entailing mineral oils. An accumulation in 

the outer most layers of skin was reported for mineral oil components in porcine 

ear and excised human skin (132, 133). This particular distribution was also found 

for PAHs and MOAH in this work after contacts to standard solutions, 

contaminated polymeric consumer products, printing ink and vaseline (16), 

(chapter 4.2.1, unpublished data). A size and volatility dependent distribution 

within the skin layers has been demonstrated additionally within all hydrocarbon 

subgroups, the PAHs and also for MOSH and MOAH. 

The characterization of the polymeric material was an important aspect for the 

investigations of skin contact in FDC-assay but also for the development of a 

simulant based alternative testing method. The order of magnitude of PAH release 

(either into skin or 20% ethanol simulant) was similar comparing four consumer 

products of different material and of different PAH content. There were slight 

differences, however, normalizing the released PAH amount to the respective PAH 

content. There is evidence that PAH migration can be hindered by carbon black 

because of its high sorption capacities (134). On the other hand, the migration can 

be facilitated by material aging and by the presence of additives that interfere with 

the material integrity. Therefore, the actual migration or penetration of leachables 

of polymers needs to be considered as a result of the respective physico-chemical 

properties of the substances and the material condition. 

7.3 Characterization of stabilizers, plasticizers and 

degradation products in polymers and skin penetration 

The polymer protecting capacity of additives was demonstrated using a qualitative 

ATR-FTIR spectroscopy approach monitoring material degradation specific bands. 

The GC-MS/MS multi-method was applied in addition to quantify the concomitant 

depletion of additives. Differences concerning the depletion of the additives were 

referred to structural characteristics. Additives with minor structural differences 

were selected to investigate the particular impact on degradation and stabilization 

properties. An interesting outcome was the sulfur based higher stability of 

Irganox 1081 compared to the carbon bridged Antioxidant 2246. The results on 

half-life times in squalane impressively mirror the properties of a multifunctional 

stabilizer like Irganox 1081 resulting in prolonged stability compared to the 



Discussion 

150 

structural similar antioxidant with radical chain terminating properties only. The 

high stability can be ascribed to the electron donating capacity of the sulfur atom 

(135). 

Depth profiles of polymer additives in human skin were generated. The barrier 

function was emphasized by quantification of the additives in distinct skin layers 

after contact to an additive-containing polymer. The developed MRM multi-analyte-

method based on GC-MS/MS has been applied to this end. The results 

demonstrate the discrimination properties of the skin tissue acting similar to a 

sieve. A signal of high intensity was present in the chromatograms representing 

the outer most skin layers for comparatively large and lipophilic compounds like 

Santonox or Irganox 1081. This signal decreased with increasing depth of the skin 

layer analyzed. It was just the other way around for smaller less lipophilic additives 

like NBBS.  

It has been demonstrated in previously performed studies that porcine skin shows 

a 1.2 to 1.7 fold higher permeability in vitro over 24 h as compared to human skin 

at the example of heptane, hexadecane and xylene (133, 136). This thesis 

confirms these findings for a range of substance classes used as polymer 

additives. The permeability of all tested polymer additives ranging from log PO/W 

2.0 to log PO/W 8.8 was higher in porcine skin compared to human skin in the FDC-

assay, despite a similar overall penetration (Annex III, Figure S1). 

Up to now, dermal exposure assessment focused on the skin penetration by 

particular additives or contaminants. But little has been known on skin penetration 

of degradation products. There is evidence also for degradation products of initially 

applied additives to enter the skin. This was shown at the example of 2-t-butyl-p-

cresol being present in human skin ex vivo after contact to polymers containing 

Irganox 1081 or Antioxidant 2246 as precursor additives. These results emphasize 

a need for further material research including potential degradation products and 

an extended dermal exposure assessment to evaluate possible health risks by 

those degradation products. 

7.4 Prediction of additive degradation products 

The comparison of seven degradation models allowed evaluation with respect to 

most frequently formed degradation products of polymer additives. The application 
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of quantum-chemical calculations confirmed the experimental findings and both 

resulted in synergistic valuable insights into structural relations.  

The 2-t-butyl-p-cresol was identified as degradation product of several additives in 

consumer products as expected from the preliminary FDC-assay (cf. chapter 7.3). 

Particularly degradation products with increased toxicity as compared to the 

precursor additive are of concern. This is the case for the phthalate substitute 

plasticizer TOTM. In this work, it has been demonstrated that DEHP and bis(2-

ethylhexyl)benzene-1,3-dicarboxylate (DOIP) result from accelerated aging of 

TOTM. The strength of the C-C bond from benzene to the carboxylate group in 

position 2 appeared to be significantly stronger in the Fukui depiction for radical 

attack of the chemical structure, which explained formation of DOIP and DEHP 

with no formation of the 1,4-dicarboxylate derivative. This hypothesis means for 

further investigations on polymer composition, that the presence of DEHP can 

either be intentional or a result of degradation of a DEHP substitute. 

Interestingly, it was found in previously reported studies that DOIP often 

accompanies DEHP in environmental surveys (137). This also maintains the 

assumption that both contaminants might have the same precursor substance and 

that their occurrence is at least partially a result of the degradation of TOTM used 

as plasticizer. 

The progression of the radical chain mechanisms responsible for material aging is 

mostly independent from the initially formed radical (138). This means that thermal 

impact can simulate comprehensive material aging and the results on degradation 

products of polymer additives compiled in this work can be transferred to material 

aging under real conditions. 
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8 Conclusion & Outlook 

Additives, contaminants and NIAS of polymers were characterized within this 

thesis because they are part of consumer products, may contribute to dermal 

exposure and thus pose a potential risk for consumers upon usage. The main 

focus was on products designated for skin contact because of the extensive 

application of polymeric materials in this field. Therefore, the interaction of 

polymeric material with the natural human skin barrier was investigated and the 

capability of several compounds to overcome this barrier assessed. It was 

necessary to prioritize and group the ingredients with respect to toxicological and 

technical relevance because of the diversity of polymer leachables. As an overall 

result of this work the transdermal route of exposure was emphasized for several 

components present in polymers. A major task was to create as realistic ex vivo/ in 

vitro conditions as possible. The extent of skin penetration and permeation 

respectively has been correlated with general aspects like lipophilicity and size of 

the components. Skin permeation has been observed mainly for smaller analytes 

of comparatively low lipophilicity. High lipophilic components like dibenzopyrenes, 

Santonox or TOTM entered the skin only partially as a consequence. A potential 

systemic availability was identified for these harmful substances via reservoir 

formation in the upper most epidermal layers. This fact should be considered 

especially in the composition of products for long term usage. 

A detailed description of skin penetration and permeation was given for the large 

substance class of PAHs. Up to now, the principal method to assess migration of 

PAHs has been the application of aqueous sweat simulant to the polymer of 

interest. With B[a]P as lead compound it was proven in this work that usage of this 

simulant leads to severe underestimation of migration and consequently of 

transdermal contribution to exposure for these highly lipophilic compounds. An 

alternative ethanol based testing method was developed to improve the dermal 

exposure assessment. This newly developed method reflects the results of the 

FDC-assay with human skin, which serves as reference and so-called gold 

standard. Further, this method was refined and validated in a trial and was recently 

in use in a JRC project (139). Based on these results, the usage of aqueous sweat 

simulant for ongoing dermal exposure assessment of other lipophilic compounds 

should also be critically revised to avoid underestimation. Moreover, there is a 
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need for further realistic migration scenarios for other substance classes. In 

ongoing research appropriate migration methods should be developed for classes 

of polymer additives. 

Furthermore, there is an increased awareness of toxicity of dibenzopyrenes. This 

work emphasized the potential risk of transdermal exposure to four 

dibenzopyrenes using the ethanol based alternative testing method on PAHs 

entailing polymers. Dibenzo[a,h]pyrene and dibenzo[a,i]pyrene have been 

evaluated for a harmonized classification and labelling (CLH) by the ECHA. The 

Committee for Risk Assessment (RAC) of the ECHA adopted the opinion recently 

and there will be an entry in Annex VI of the CLP Regulation (Regulation (EC) 

1272/2008) classifying the substances as carcinogen category 1B and mutagen 

category 2 (140, 141). 

The visualization of skin penetration using IR or fluorescence microscopy 

contributed to the comprehension of transepidermal pathways of lipophilic polymer 

compounds like the procarcinogens B[a]P and Neozon D. Both analytes entered 

the viable epidermis ex vivo. It would therefore be of interest for ongoing research 

if the ultimate carcinogens are formed during the skin penetration process of 

metabolically active skin or skin models already and also depth profiles of the 

metabolites should be investigated in the FDC-assay. 

Intentionally added substances were characterized with respect to potential 

degradation products. The comparison of different aging models revealed 

oxidative pyrolysis combined with quantum-chemical calculations to be a powerful 

tool for prediction purposes. Thereby the presence of DEHP in an initially DEHP 

free polymer was ascribed to TOTM degradation. Considering that TOTM is used 

as DEHP substitute to use less harmful additives, this fact needs to be subject to 

further risk assessment of plasticizers. The data compiled in this work can be used 

for prioritization of analytes for risk assessment in the future. 

Research on mineral oil components showed that the overall amount of PAHs is 

not representative for the amount of MOAH present in polymeric material. Dermal 

exposure to MOAH entailing polymers, however, might pose a risk that needs to 

be further characterized. It was demonstrated within this thesis that the MOAH 

fraction enters the upper most epidermal layers in artificial model set-ups. 
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In the future, the FDC-assay should be adapted to the quantification of mineral oil 

fractions in tissue after exposure to real consumer products. 
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Annex I 

Experimental 

a) Comet-assay protocol for determination of DNA damage in skin ex vivo 

after contact to highly PAH contaminated consumer products 

Excised human skin from plastic surgery was cleaned from subcutaneous fat using 

a scalpel and immediately mounted in the FDC as follows: 

Full thickness skin specimens of approx. 2 cm in diameter were punched out and 

placed onto the receptor chamber. The chamber was filled with Dulbecco's 

Modified Eagle Medium (DMEM), stirred and maintained at 37°C. The skin was in 

contact for 24 h with a handle of a hammer of 1 cm in diameter by placing the 

sample into the donor chamber directly onto the skin. The material of the handle 

has been characterized and found to be chloromethylated styrene-divinylbenzene 

copolymer (CM-SDB) with a B[a]P content of 266 mg/kg (16). 

In order to implement positive controls, a solution of methyl methanesulfonate 

(MMS) was pipetted onto the skin with a concentration of 5 µg/cm2. MMS is an 

alkylating agent commonly applied in the comet-assay to cause alkaline-labile 

sites (142). Because a complex mixture of mineral oil products and carbon black 

has been expected to be part of the tested material, a coal tar reference material 

was used as positive control in addition. The analytical standard 1597a of the 

National Institute of Standards and Technology (NIST) provides a positive control 

that mirrors the chemical composition of the tested commodity material. The 

amount of coal tar solution used per FDC was calculated according to the final 

B[a]P concentration on the skin as compared to the polymer tested.   

The skin was removed from the FDC and separation of epidermis and dermis 

achieved by placing the skin in trypsin for 3 h at 4°C in a 6-well plate. Afterwards, 

the epidermis was carefully removed using forceps. 

Further clean up steps were performed for both skin tissues: 

- Placed in mincing buffer (20mM ethylenediaminetetraacetic acid (EDTA) in 

Hanks' Balanced Salt Solution (HBSS) + 10% dimethyl sulfoxide (DMSO)) 

- Cut in fragments using scissors 

- Resulting cell suspension filtered through cell strainer 70 µm 
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- Centrifugation of filtrate with 200 g for 5 min at 4°C 

- Resuspension of cell pellet and incorporation of single cells in agarose 

Comet-assays were carried out as described previously (54) conducting lysis of 

cells, electrophoresis and staining. 

 

b) FDC protocol for dermal exposure assessment of liquid or paste-like 

mineral oil formulations 

Human epidermis (thickness 500 µm) from plastic surgery was incubated in FDC 

with either 200 µl Gravex solution (1 mg/ml in hexane; area related concentration 

114 ng/cm2) or 10 – 15 mg vaseline (5.7 – 8.5 mg/cm2) for 24 h at conditions as 

described previously (15, 16) and according to the OECD guideline 428. The 

Gravex solution was directly pipetted into the donor chamber. Vaseline was initially 

placed onto a teflon septum for weighing purposes, subsequently placed onto the 

skin with the septum tending upwards and slightly pressed onto the skin surface 

using forceps. The clean-up procedure of compartments after incubation was as 

follows: 

Wash: The septum was removed from the skin in case of vaseline incubation and 

placed into a test tube with ground glass joint to determine the amount of mineral 

oil components that did not enter the skin. In addition, the donor chamber was 

rinsed three times with 1 ml sodium chloride solution each. The washing solutions 

were combined in test tubes and filled up to 5 ml. A liquid-liquid-extraction (LLE) 

was performed adding 5 ml hexane. The hexane phase was removed after phase 

separation using pipettes and subject to online-LC-GC-FID analyses. 

Strips: The five outer most s.c. layers (s.c.1-5) were removed by tape stripping 

and treated separately. The strips were placed in headspace vials, submerged in 

10 ml acetonitrile and mineral oil components extracted applying ultrasonic 

treatment for 30 minutes. The extract was transferred quantitatively into test tubes 

with ground glass joints and LLE performed using 5ml hexane in order to remove 

glue residues. The supernatant was removed after phase separation and used for 

analyses. 

MOAH determination in strip compartments was conducted using an external 

matrix calibration because of slight interferences with the glue material (R2 > 0.99). 
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Defined amounts of vaseline or Gravex were placed onto strips accordingly and 

treated just like the incubated skin samples.  

Remaining epidermis: The skin was placed into a headspace vial after tape 

stripping, submerged in 5 ml hexane and underwent ultrasonic treatment for 

30 minutes. The extract was analyzed without further clean-up steps. 

Receptor solution: The receptor solution was transferred into test tubes with 

ground glass joints, the exact volume documented and a LLE performed as for the 

wash compartment. 

Internal standards were added to every single compartment prior to extraction and 

clean-up procedure (5 µl of a standard mixture with a final scheduled 

concentration of 300 ng/ml; MOSH: n-undecane (C11), n-tridecane (C13), 

Bicyclohexyl (CyCy), cholestane; MOAH: pentylbenzene (5B), 1-

methylnaphthalene (1-MN), 2-methylnaphthalene (2-MN), 1,3,5-tri-tert-

butylbenzene (TBB)). All glass and teflon materials were cleaned prior to analyses 

applying rinsing steps of 1x acetone/ water (9:1) and 3x hexane. 
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FIGURE A. Validation of the Franz cell assay with regard to B[a]P recovery in human 

skin. The volume applied was 15 µl each concentration. Experiments have been performed 

in triplicates and bars show the standard error of the mean for each compartment of Franz 

cell. 



SUPPLEMENTARY INFORMATION 
Bartsch et al. J Occup Environ Hyg 

176 

 

FIGURE B. Characterization of the polymeric material in samples #1-4 by Fourier 

transformed infrared (ATR–FTIR) spectra. Highlighted bands for carbonyl (1750 cm
-1

) and 

ester bond vibrations (1250 cm
-1

) and typical aromatic ring bands (1490 cm
-1

, 1590 cm
-1

). 
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FIGURE C 1 

 
FIGURE C 2 

 
FIGURE C 3 
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FIGURE C 4 

FIGURE C. Pyrograms of samples #1-4 after the processing of the data obtained with 

MassHunter deconvolution in TCC mode. Characterization of polymer material using Pyr-

GC-MS, characteristic pyrolysis products of each polymer are highlighted as well as 

additives and contaminants. Abbreviations: DIBP, diisobutyl phthalate; DBP, dibutyl 

phthalate; DEHP, diethylhexylphthalate (also named bis(2-ethylhexyl)phthalate). 
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FIGURE D. Chromatographic evaluation of acetone extracts of sample #2-4 compared 

against a phthalate standard mix (GC-EI-MS/MS in MRM mode). Chromatograms show 

total ion chromatograms each. Three identified phthalates are highlighted: DIBP, 

diisobutyl phthalate; DBP, dibutyl phthalate; DEHP, diethylhexylphthalate (also named 

bis(2-ethylhexyl)phthalate). 
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Table A: Summary of experimental set up with Ʃ n = 92. 

Test system 

Comparison of test systems - consumer product samples 1-4 

Solvent Skin/ skin surrogate 

50% 

EtOH 

37°C 

20% 

EtOH 

37°C 

20% 

EtOH 

22°C 

Aq. 

sweat 

37°C 

Human 

skin 

33°C 

Epider

m 

Porcine 

skin 

Strat-

M 

Sample 1     

B[a]P [ng/cm
2] - 23.1 18.0 0.1 13.6 - - - 

Stdev [ng/cm
2
] - 4.7 3.4 0.1 - - - - 

n - 3 3 4 1 - - - 

Sample 2     

B[a]P [ng/cm
2] 694.3 101.1 57.9 0.8 102.3 15.5 29.9 11.8 

Stdev [ng/cm
2
] 68.3 10.3 12.1 0.2 - 4.8 11.8 0.3 

n 3 3 3 4 1 2 2 3 

Sample 3     

B[a]P [ng/cm
2] - 109.4 49.7 - 80.1 17.5 30.0 17.0 

Stdev [ng/cm
2
] - 16.0 9.7 - 26.2 0.5 1.3 3.6 

n - 3 3 - 3 2 2 3 

Sample 4     

B[a]P [ng/cm
2] - 75.9 47.7 - 41.9 21.9 21.1 66.9 

Stdev [ng/cm
2
] - 17.5 4.1 - 16.1 1.1 7.1 1.1 

n - 3 3 - 3 2 2 3 

Test system 

Validation of Franz cell assay - B[a]P in H2O + 2% IGEPAL 

        

Human 

skin 

33°C 

Epider

m 

Porcine 

skin 
  

1000 ng/ 

1.76cm
2
 

    

∑ [%] 4 

compartments 
        99.6 141.6 83.4   

Stdev ∑ [%]         2.8 5.5 15.2   

n         3 3 3   

100 ng/ 1.76cm
2
     

∑ [%] 4 

compartments 
        105.2 138.1 109.0   

Stdev ∑ [%]         30.9 31.4 39.6   

n         3 4 3   

10 ng/ 1.76cm
2
     

∑ [%] 4 

compartments 
        124.6 220.7 116.3   

Stdev ∑ [%]         46.0 19.1 96.0   

n         3 3 3   
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FIGURES 

 
Figure S1: Recoveries of 2

nd
 validation set-up Franz cell assay: Human and porcine 

epidermis (flank) was incubated in Franz cell with 1000 ng of each additive for 24 h 

(100 µl of 10µg/ml in acetonitrile). 100 µl acetonitrile were added as negative control. 

Error bars show standard deviation of the mean of three independent experiments for 

human skin samples. Porcine skin was analyzed in duplicates. TEWL human: 10.1 ± 1.3 

g/(m
2
h) TEWL porcine: 18.2 ± 2.9 g/(m

2
h). 
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Figure S2: Percentage distribution of LDPE-specific bands at 2916, 2848 and 1467 cm
-1

 

(—CH2 derived, solid bars) and degradation-specific bands at 1732 and 1716 cm
-1

 (—C=O 

derived, dashed bars) over time at 130°C. A: pure LDPE; B: LDPE 1, C: LDPE 2 with 

individual additivation (cf. Table 1). Individual signal height (% transmittance) was 

evaluated in relation to the sum of transmittance for all participating bands. Error bars 

show standard deviation of the mean of three independent experiments. Figures A, B and C 

document macroscopic changes in material integrity at time points of 0, 3, 14 and 15 days.
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TABLES 

Table S1: Recoveries (Rec.) of positive control samples from investigations of additives incorporated in LDPE together with standard 

deviation (STD). A mixture of 250 ng/ml of each additive in toluene was used as positive control. It was treated in parallel to LDPE 

samples utilizing ultrasonic assisted extraction.  

Sample 

Additive  yield [%] 

NBBS α-MSD 
Irganox 

1222 

Irganox 

1081 
Santonox TOTM 

Antioxidant 

2246 
Nonox A Neozon D Tinuvin P 

Rec. 1 87.8 103.2 79.1 93.9 67.7 78.9 83.8 92.7 92.1 89.3 

Rec. 2 80.2 89.3 80.0 87.6 81.7 84.0 76.6 96.2 94.5 82.1 

Rec. 3 84.9 92.8 84.2 101.6 79.7 92.8 84.7 91.7 92.2 84.3 

Mean Rec. 84.3 95.1 81.1 94.3 76.4 85.2 81.7 93.5 93.0 85.2 

STD 3.9 7.2 2.7 7.0 7.6 7.0 4.4 2.4 1.4 3.7 
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Table S2: Recoveries (Rec.) of positive control samples from investigations of additives in 

squalane together with standard deviation (STD). Amounts of 4-12 mg of the respective 

additive were dissolved in 1 ml squalane and directly underwent an extraction procedure in 

parallel to the aged samples. R
2
 of the matrix calibration is shown. 

  

 Sample 

Additive yield [%] 

Nonox A 
Antioxidant 

2246 

Irganox 

1081 

Rec. 1 99.1 96.4 126.8 

Rec. 2 111.7 96.3 97.1 

Rec. 3 101.8 86.3 99.5 

Mean Rec. 104.2 93.0 107.8 

STD 6.7 5.8 16.5 

R
2
  0.998 0.991 0.990 
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Table S3: Recoveries (Rec.) of 1
st
 validation set-up Franz cell assay: positive control 

samples from investigations of LDPE in skin contact with standard deviation (STD). 

Substances were dissolved in acetonitrile, added to the respective compartment of Franz 

cell with a final concentration of 300 ng/ml and directly underwent the clean-up procedure 

according to the protocol described in 2.4. S.c.: stratum corneum. 

 Receptor Skin S.c. Wash 

NBBS     

Rec. 1 92.2 88.0 130.0 111.1 

Rec. 2 111.6 79.8 142.7 111.4 

Rec. 3 111.0 88.7 139.8 107.4 

Mean Rec. (%) 104.9 85.5 137.5 110.0 

STD (%) 11.0 4.9 6.7 2.2 

2-t-Butyl-p-cresol     

Rec. 1 98.5 100.4 125.2 111.7 

Rec. 2 108.0 105.1 117.0 110.2 

Rec. 3 114.7 107.3 122.0 105.7 

Mean Rec. (%) 107.1 104.3 121.4 109.2 

STD (%) 8.2 3.5 4.1 3.1 

Tinuvin P     

Rec. 1 86.1 78.2 119.8 70.5 

Rec. 2 111.8 73.6 155.2 88.9 

Rec. 3 83.7 74.2 142.1 83.9 

Mean Rec. (%) 93.9 75.3 139.1 81.1 

STD (%) 15.6 2.5 17.9 9.5 

Nonox A     

Rec. 1 82.5 87.0 122.7 89.0 

Rec. 2 80.2 94.5 128.7 91.1 

Rec. 3 82.3 99.6 125.9 96.4 

Mean Rec. (%) 81.6 93.7 125.8 92.2 

STD (%) 1.3 6.4 3.0 3.8 

Neozon D     

Rec. 1 91.0 81.9 118.1 95.4 

Rec. 2 85.2 89.6 122.9 106.5 

Rec. 3 86.3 95.4 109.4 100.8 

Mean Rec. (%) 87.5 89.0 116.8 100.9 

STD (%) 3.1 6.8 6.8 5.5 

Irganox 1222     

Rec. 1 42.9 127.6 137.0 72.5 
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Rec. 2 93.7 109.8 168.3 95.9 

Rec. 3 49.4 104.6 162.1 60.5 

Mean Rec. (%) 62.0 114.0 155.8 76.3 

STD (%) 27.6 12.1 16.6 18.0 

a-MSD     

Rec. 1 107.4 98.3 126.1 109.6 

Rec. 2 111.3 98.3 118.8 116.1 

Rec. 3 104.8 103.1 122.0 106.0 

Mean Rec. (%) 107.8 99.9 122.3 110.6 

STD (%) 3.2 2.8 3.7 5.1 

Antioxidant 2246    

Rec. 1 97.1 77.3 112.4 103.6 

Rec. 2 96.0 92.4 115.8 100.8 

Rec. 3 96.9 112.4 114.7 99.2 

Mean Rec. (%) 96.7 94.0 114.3 101.2 

STD (%) 0.6 17.6 1.7 2.2 

Irganox 1081     

Rec. 1 44.8 68.5 105.4 58.8 

Rec. 2 54.5 69.5 112.7 60.6 

Rec. 3 58.5 75.6 108.2 62.5 

Mean Rec. (%) 52.6 71.2 108.8 60.7 

STD (%) 7.0 3.8 3.6 1.8 

Santonox     

Rec. 1 58.3 147.3 163.8 85.6 

Rec. 2 70.1 156.4 146.7 100.4 

Rec. 3 81.0 168.4 134.7 86.0 

Mean Rec. (%) 69.8 157.4 148.4 90.7 

STD (%) 11.4 10.6 14.6 8.4 

TOTM     

Rec. 1 94.2 112.7 115.7 115.3 

Rec. 2 107.8 118.6 116.1 126.5 

Rec. 3 98.1 106.6 117.5 118.9 

Mean Rec. (%) 100.0 112.7 116.4 120.2 

STD (%) 7.0 6.0 0.9 5.8 
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FIGURE S1 

Quantum-chemical calculations of Santonox: ALIE surface (left) and Fukui function f
0
 (right). 

 

 

FIGURE S2 

Quantum-chemical calculations of Tinuvin P: ALIE surface (left) and Fukui function f
0
 (right).  

 

 

FIGURE S3 

Quantum-chemical calculations of NBBS: ALIE surface (left) side and front view and Fukui 

function f
0
 (right). 

 

 


