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Populärvetenskaplig sammanfattning 

Absorption genom huden är ett av flera sätt på vilka människan kan exponeras 

för kemiska ämnen i omgivningen. Lyckligtvis har huden ett immunförsvar och 

en metabolism som bidrar till ett skydd mot reaktiva skadliga ämnen. 

Immunsystemet aktiveras när det utsätts för nya kemikalier så att det “minns” 

och kan oskadliggöra dem vid nästa exponering. I en del fall uppstår en oönskad 

försvarsmekanism mot en substans som egentligen är ofarlig, så att en 

hudsensibilisering och kontaktallergi (hudallergi) utvecklas. Det är ett livslångt 

tillstånd; det finns ännu inget botemedel och minsta hudkontakt med ämnet kan 

orsaka hudreaktioner och eksem. Ofta är det dessutom svårt att härleda en 

uppkommen kontaktallergi till ett visst ämne eller kommersiell produkt. Det 

kräver tillräckligt bra och specifika analysmetoder, eftersom allergena ämnen 

kan vara svåra att mäta i blandningar med andra ämnen och halterna kan vara 

låga. 

Huvudsyftet med detta arbete har varit att ta fram analysmetoder som kan 

användas för att mäta och kartlägga oxiderade parfymämnen och 

neoprengummikemikalier, båda vanligt förekommande i kommersiella 

produkter. 

Det har varit känt sedan länge att parfymämnen, som linalool, geraniol och 

limonen, orsakar många fall av kontaktallergi. Det har emellertid visat sig att 

parfymämnen inte är speciellt allergena i sig, men lätt oxiderar vid kontakt med 

luftens syre och då bildar starkt hudsensibiliserande ämnen, hydroperoxider. 

Parfymhydroperoxider är värmeinstabila ämnen som hittills varit svåra att 

bestämma. En av metoderna som presenteras i avhandlingen kan användas för 

att mäta riktigt låga halter i parfymer och bygger på en kombination av 

tvådimensionell vätskekromatografi och tandem-masspektrometri. En annan 

metod som presenteras utnyttjar gaskromatografi kopplad till masspektrometri 
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och är lämplig för exempelvis koncentrerade eteriska oljor. Därmed, med hjälp 

av en “verktygslåda” med metoder, kan parfymhydroperoxider identifieras och 

mätas i exempelvis aromaterapioljor, rakvatten, deodorant, schampo och eau de 

toilette. 

Hudallergi mot neoprengummikemikalier har tidigare ansetts bero på en 

reaktion mot de rester av vulkaniseringsmedel som används vid tillverkningen, 

trots att dessa ämnen, organiska tioureor, inte är särskilt allergena i sig. I 

avhandlingen presenteras resultat från en undersökning av flera kommersiella 

neoprenprodukter. Dietyltiourea kunde detekteras i alla undersökta produkter 

med hjälp av vätskekromatografi kopplad till masspektrometri. Det mest 

intressanta resultatet från studien visar att neoprenmaterialen lätt avger ett 

gasformigt ämne, etylisotiocyanat. Redan vid 35�C, dvs ungefärlig 

hudtemperatur, bryts dietyltiourea ned till mätbara halter av extremt 

allergiframkallande etylisotiocyanat. Det innebär att kontaktallergi kan uppstå 

vid tillräckligt lång och upprepad hudkontakt med materialen. Mätningen av 

gasformigt etylisotiocyanat gjordes med hjälp av fastfas-mikroextraktion i 

kombination med gaskromatografi och masspektrometri.  

Projektet som helhet har lett till ökade möjligheter för detektion och 

kartläggning av viktiga allergiframkallande ämnen i vanliga kommersiella 

produkter. På sikt kan det förhoppningsvis bidra till lagändringar och en 

effektivare prevention. 
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 ملخَّص

حساسیة التالمس مرض مزمن آِخذ في التزاید حول العالم. السبب الرئیسي النتشار ھذا المرض ھو االستمرار في 
ب ھذا المرض. یحدث ھذا المرض تقدیم ُمنتَجات جدیدة في األسواق قد تحتوي على موادَّ كیمیائیة یمكن أن تسبِّ 

عندما تتعرض البشرة لواحدة أو أكثر من المواّد الكیمیائیة النشطة الموجودة في الُمنتَجات التي تالمس البشرة، 
ض  مثل القالدات المعدنیة والمالبس والعطور ومستحضرات التجمیل، لفترة معیَّنة من الزمن، ونتیجة لھذا التعرُّ

نات طبقات البشرة العلیا. قد تخترق تلك الموادّ   سطح البشرة وتتفاعل كیمیائیًّا مع أحد مكوِّ

قد یتفاعل الجھاز المناعي ضّد ھذا التفاعل مسبِّبًا واحًدا أو أكثر من أعراض عدیدة، كاحمراٍر في الجلد عند منطقة 
شرة. ھذه األعراض تُعَرف طبِّیًّا التالمس، أو ِحكَّة، أو خروج سائل من تلك المنطقة مع تشقُّقات وتغیُّر في لون الب

عمل شدید الصعوبة، إذ یتطلب إجراء عدید من التجاِرب في  تلك المواّد ھو علي فُ تَعرّ البـ"إكزیما التالمس". 
عیادات الجلدیة، وكثیًرا ما یتفاعل المرضى مع ُمنتَجات تجاریة معروف عنھا أنھا ال تسبِّب حساسیة التالمس، 

ا بحیث ال یمكن والسبب في ھذا التفا عل أن المادَّة الكیمائیة المسبِّبة للحساسیة قد تكون موجودة بتركیز منخفض جّدً
تعیینھ بطرق التحلیل العادیة أو لسبب آخر ھو أن تكون تلك المادَّة بحاجة إلى تنشیط، سواء خارج الجسم أو من 

نات البشرة.  داخلھ، لكي تتفاعل مع أحد مكوِّ

فلف التحلیل الكیمیائي لفي ھذه األطروحة ُوظّ  المواّد الكیمیائیَّة المسبِّبة لحساسیة التالمس في الُمنتَجات  علي تَعرُّ
المصنوعة من مطَّاط النیوبرین والزیوت العطریة ومستحضرات النظافة المعطِّرة والعطور، إذ استُخلَِصت 

جرافي، وُكشف عنھا باستخدام أجھزة كشف وفُِصلَت الموادُّ المسبِّبة للحساسیة باستخدام طرق الفصل الكروماتو
 ."دقیقة مثل "مطیاف الكتلة

في حالة المواّد المصنوعة من مطاط النیوبرین ُكشف عن وجود مادَّة ثنائي إیثیل الثیویوریا التي كان یُعتقد أنھا 
ات بیَّنَت أن ھذه مسؤولة عن اإلصابة بحساسیة التالمس في ھذا النوع من الُمنتَجات، ولكن التجارب على الحیوان

المادَّة ضعیفة النشاط، وقد تكون غیر نشطة إلحداث تفاعل مع البشرة. باستخدام التحلیل الكیمیائي ُكشف عن 
التحلُّل الحراري لتلك المادَّة عند درجة حرارة مماثلة لدرجة حرارة البشرة، فتتحلل إلى مادَّة إیثیل األیزوثیوثیانات 

 تفاعل مع البشرة، واإلصابة بحساسیة التالمس طبقًا، لنتائج التجارب على الحیوانات.ذات القدرة الفائقة على ال

الحالة الثانیة ھي المواّد المسبِّبة لحساسیة التالمس في الزیوت العطریة والُمنتَجات المعطرة. تُستخدم التربینات 
ك لرائحتھا الطیِّبة. مثاٌل على ذلك مادَّة األحادیة استخداًما موسًَّعا في صناعة العطور والُمنتَجات العطریة، وذل

اللیمونین التي تُعتبر مسؤولة عن الرائحة الطیِّبة في الزیوت العطریة المستخلَصة من اللیمون والموالح، ومادَّة 
اللینالول الموجودة في الزیوت العطریة المستخَرجة من بعض النباتات مثل الُخزامى. عندما تتالمس التربینات 

نةً ھیدرواألحاد تُعَرف بأنھا شدیدة التي  بیروكسیدات التربینات األحادیةیة مع الھواء الجوي فإنھا تتأكسد مكوِّ
في ھذا العمل ُصّمَمت وطُّوَرت مجموعة من طرق التحلیل الكیمیائي  القدرة على اإلصابة بحساسیة التالمس.

في الزیوت العطریة والُمنتَجات المعطرة  ھیدروبیروكسیدات التربینات األحادیةالستخالص وتعیین مستویات 
والعطور. أحد ھذه الُمنتَجات ھو نوع من الشامبو تَسبَّب في إصابة طفلة في السابعة من العمر بحساسیة التالمس، 
وُشّخَصت الحالة بأنھا ناتجة عن التفاعل مع ھیدروبیروكیسدات اللینالول التي ُكشف عن وجودھا في الشامبو، 

  .حلیل الكیمیائيباستخدام الت

ا في ھذا المجال البحثي، لمعرفة السبب الرئیسي للحساسیة الناتجة  في النھایة، نجد أن التحلیل الكیمیائي مھّم جّدً
 عن التالمس مع كثیر من المواّد التي قد نتعامل معھا یومیًّا.
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 Abbreviations 
2D-HPLC    Two-dimensional high-performance liquid chromatography  

ACD      Allergic contact dermatitis  

BIC      Butyl isocyanate 

BITC     Butyl isothiocyanate 

C3          Propylsilane 

C8          Octylsilane 

C18        Octadecylsilane 

Cit-OOH    Citronellol hydroperoxide  

Cum-OOH    Cumene hydroperoxide  

CYP450    Cytochrome P450 

Da          Dalton 

DBTU    Dibutylthiourea  

DCs     Dendritic cells 

DETU     Diethylthiourea  

DPRA     Direct peptide reactivity assay 

DPTU      Diphenylthiourea  

EC3   Estimated concentration to induce a stimulation index of 3  

EI  Electron ionization 

EIC   Ethyl isocyanate 

EITC    Ethyl isothiocyanate  

ESI        Electrospray ionization  

F5          Pentafluorophenyl propyl  

FID       Flame ionization detector  

GC       Gas chromatography  

Ger-OOH     Geraniol hydroperoxide  

HILIC      Hydrophilic interaction liquid chromatography 

HPLC        High-performance liquid chromatography  



 

8 
 

HS       Headspace  

IL-1β     Interleukin 1 beta 

ICs  Isocyanates 

ITCs  Isothiocyanates 

k      Retention factor 

LC Liquid chromatography 

Lim-OOH    Limonene hydroperoxide 

Lin-OOH     Linalool hydroperoxide  

Lin-OAc-OOH    Linalyl acetate hydroperoxide  

LLNA    Murine local lymph node assay 

LOD       Limit of detection  

LogP      The partition coefficient of an analyte between two phases, usually 
octanol and water. 

Monoterpene  A C10 hydrocarbon 

Monoterpenoid  Includes both monoterpenes and modified monoterpenes, for instance 
linalool 

MRM     Multiple-reaction monitoring 

MS        Mass spectrometry  

MS/MS    Tandem mass spectrometry 

MTBE  Methyl tert-butyl ether 

m/z     Mass-to-charge ratio 

NMR   Nuclear magnetic resonance (spectroscopy) 

NP  Normal phase 

OTUs     Organic thioureas 

PDMS    Polydimethylsiloxane 

PGC      Porous graphitized carbon 

PIC      Phenyl isocyanate 

PITC    Phenyl isothiocyanate 

RS            Chromatographic resolution  

RIC        Reconstructed ion current  
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ROAT    Repeated open application test 

RP  Reversed phase  

SI           Stimulation index 

SIM  Selected-ion monitoring 

SPE        Solid-phase extraction 

SPME    Solid-phase microextraction 

TIC  Total ion current 

TMS       Trimethylsilyl 

TNF-α     Tumour necrosis factor alpha 

UV         Ultraviolet (detection) 
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Introduction 

The human skin, our largest organ, serves as a barrier from different 

environmental hazards. It protects from harmful solar UV-irradiation and from 

pathogenic microorganisms, as well as preventing chemicals from reaching the 

blood circulation and the inner organs that may cause a variety of adverse 

systemic effects. In addition, the skin functions as a regulator of body 

temperature, a centre of sensation and a site of vitamin D synthesis [1-3].  

Due to all types of possible interactions with different environmental factors, the 

skin itself is also susceptible to numerous health problems. Exposure to excess 

sunlight is considered as one of the main causes of skin cancer [4]. The human 

skin is continuously exposed to numerous chemicals in our surroundings, such 

as substances originating from clothes, skin care products, cosmetics, air 

pollution etc. Skin proteins may react with compounds able to penetrate the skin 

barrier, resulting in an an immunogenic complex formation that can give rise to 

one of the major skin health problems in the Western world, namely contact 

(skin) allergy [5,6]. This is a lifelong disease, which so far has no cure and 

causes much suffering and problems among those affected. 

This thesis comprises studies on some of the most commonly occurring 

causative substances of skin allergy in daily life, e.g. organic thioureas (OTUs) 

and isothiocyanates (ITCs) in chloroprene rubber (Paper I and II) and 

monoterpene/monoterpenoid hydroperoxides formed in oxidized fragrances 

(Paper III, IV, and V). The focus has been on the development of analytical 

tools, necessary to be able to identify and measure these skin sensitizing 

chemicals (haptens) and study how they are formed in commercial products. The 

identification procedure is a challenging task, since the chemical composition of 

the matrix is often very complex, while the level of hapten is low. As in the case 

of hydroperoxides, the hapten is sometimes very reactive, making the analysis 
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difficult to perform. On the other hand, in some cases, the identification might 

be difficult since the chemical of interest has no skin sensitizing potency per se 

(prohapten), but are metabolized in the skin to a protein-reactive and skin-

sensitizing compound (hapten). In clinics, patients are seen who react with skin 

inflammation (allergic contact dermatitis, ACD) caused by a seemingly non-

allergenic material or a product having only harmless compounds listed on the 

label. In some cases, a skin-reactive compound is formed unintentionally by 

exposure of the product to e.g. heat or air. Chemical analysis is then the only 

option to reveal the actual hapten. The identity is, of course, crucial knowledge 

for an affected individual to be able to avoid further exposure. 

The focus of this thesis is mainly on the development of analytical tools, but the 

underlying research has been largely interdisciplinary and collaboration with 

researchers in dermatochemistry as well as dermatology has been important. 

Paper I, II, and III involved collaboration with Sahlgrenska Academy, 

University of Gothenburg (GU), Gothenburg, Sweden, Turku University 

Hospital, Turku, Finland, and Karolinska Institutet, Stockholm, Sweden while 

Paper IV was initiated by dermatologists from University of Alberta, 

Edmonton, Canada.  
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Contact allergy 

Contact allergy is chronic and implies a lifelong change in the immune system 

specificity that has developed after repeated skin contact with a sufficient 

amount of an allergenic compound [6]. Statistically, about 20% of the Western 

populations react to at least one sensitizing compound when tested at hospitals 

[6,7]. Metals, such as nickel and chromium, as well as fragrances, rubber 

chemicals, and dyes, are commonly occurring contact allergens on the market 

[7]. Despite the development of many alternative products, with less or no 

allergenic potential, the prevalence of contact allergy is still rising [7] due to a 

frequent and continuous introduction of new products and materials with 

hitherto unknown contents of allergenic compounds. The clinical manifestation 

of contact allergy is ACD, observed as eczematous skin inflammation, which is 

the most common immunotoxic reaction in humans [8]. Contact allergy is a 

delayed type of hypersensitivity and the symptoms in an already sensitized 

individual usually do not develop until after 24-48 h of re-exposure to the 

sensitizing compound [5]. For an affected individual, ACD often has a 

significant impact on the quality of daily life [9]. In order to recover from the 

symptoms, temporary or permanent sick leave may be necessary, which in turn 

often leads to psychological and economical problems [10]. For society, this 

widespread disease represents a huge economic burden. 

Chemical properties of haptens 

Haptens are protein-reactive chemical compounds, usually electrophiles, and are 

able to elicit an immunological response only if they bind to a carrier 

macromolecule in the epidermis, most likely proteins. The immune system then 

can process and recognize the hapten-protein adducts formed as xenobiotic [11]. 

Chemicals can be haptens per se, or they can be formed either outside the skin 

from prehaptens, i.e. chemicals that are activated by for instance autoxidation, or 
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within the skin from prohaptens, which refers to chemicals that are activated by 

skin metabolism [12,13]. To penetrate the stratum corneum into viable 

epidermis, the compound must be small enough, usually < ~1000 Da and 

possess a suitable lipophilicity (logP ~2) [13].  

Hapten-protein adduct formation can occur by covalent binding between a 

usually electrophilic hapten and a nucleophilic moiety in a protein, such as 

primary amines (-NH2) and thiols (-SH) in the side chains of lysine and cysteine, 

respectively [11]. The reaction can go via different mechanisms, such as 

Michael addition or nucleophilic substitution. Some of the most common 

reactions are shown in Scheme 1.  

 

Scheme 1: Common reaction mechanisms of hapten-protein adduct formation. Nu: nucleophile; R: 

alkyl, aryl or hydrogen; A: good leaving group;   X: electron-withdrawing and a good 

leaving group, e.g. halogens. 

However, some of the most important allergens studied in this thesis, fragrance 

hydroperoxides, are non-electrophiles and possibly form immunogenic 
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complexes via radical reactions. This is further discussed in fragrance 

hydroperoxides part. 

Mechanism of the development of contact allergy and 
ACD 

Development of ACD takes place in two steps, sensitization followed by 

elicitation. A hapten-skin protein complex is formed from a reactive compound 

(a hapten, such as an electrophilic compound) and a reactive site on a protein. 

The formed immunogenic complex is taken up by dendritic cells (DCs) where it 

is processed. The DCs mature and migrate to the regional lymph node via the 

afferent lymphatic vessels. The maturation and migration of DCs to lymph 

nodes are determined by the pro-inflammatory cytokines, such as IL-1β and 

TNF-α, which are significantly increased when the immunogens are detected by 

the DCs [14]. In the lymph nodes, mature DCs activate naïve T-cells, causing 

them to proliferate and differentiate into memory T-cells, which then start to 

circulate in the blood and lymphatic system. Now, the exposed person has 

become sensitized towards the chemical (hapten). In the secondary step when 

the individual is re-exposed to the same hapten elicitation occurs leading to an 

inflammatory response, ACD [15]. In this phase, the formed immunogen 

follows the same pathway as in the sensitization step, but after being taken up by 

the DCs, processed and presented to memory T-cells, those T-cells that 

recognize the immunogen will be activated, resulting in the release of pro-

inflammatory mediators, such as cytokines and chemokines [16]. This leads to 

further infiltration of T cells and the arrival of other cells, such as macrophages 

[17] to the site of exposure, initiating an eczematous inflammatory reaction, 

ACD. 
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Diagnosis of contact allergy 

Patch testing  

Patch testing is a standard in vivo method for diagnosis of contact allergy [18], 

carried out at dermatology clinics. The objective is to stimulate elicitation (but 

not sensitization) to a suspected contact allergen by applying the diluted 

chemical(s) in a vehicle, most often petrolatum, under occlusion on the skin 

(usually the upper back) for 48 h. The conditions are standardized as 

recommended by the European Society of Contact Dermatitis (ESCD) [18].   

Recommendations require two readings of each patch test result and should be 

performed on day 2, 3 or 4 plus day 7. The reading times may differ owing to 

the allergens, organizational conditions, and/or geographic conditions.  

The allergic reaction is evaluated based on the morphological characteristics, 

such as the presence of erythema, infiltration, papules, and vesicles, according to 

the globally acknowledged guidelines of the International Contact Dermatitis 

Research Group (ICDRG), see Table 1.  

Repeated open application test (ROAT)  

A ROAT is recommended when the results from patch testing are questionable 

and the clinical relevance of the suspected allergen is unclear [18]. The main 

goal of ROAT is to mimic everyday exposure of the suspected chemical. This 

test, nowadays often used by dermatologists, was developed by Hannuksela and 

Salo and published in 1986 [19]. Test solutions of the suspected hapten or 

sometimes products are applied twice a day for two weeks on for instance the 

forearm. If the patient does not show any allergic reaction using the ICDRG 

reading criteria (Table 1) during this time, the results are considered negative, 

but in some cases of highly suspected products, the ROAT might be extended 

for up to four weeks. In the study by Hannuksela and Salo, 44% of the 
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questionable results at patch testing (+?) were shown to be positive in ROAT 

[19].  

Table 1: The ICDRG reading criteria [18], for assessment of skin reactions.  

 
Erythema Infiltration Papules Vesicles Various 

morphologies 

- 
Negative - - - -  

+? 
Doubtful �� - - -  

+ 
Weak positive � � � 

Possible  -  

++ 
Strong positive � � � �  

+++ 
Extreme positive 

� 
Intense  � � � 

Coalescing   

IR 
Irritant reaction 

    � 
Soap effect & 

necrosis. 

 

Predictive methods for assessment of skin sensitization 
potency  

Murine local lymph node assay (LLNA)  

The  LLNA is an in vivo test to assess potency of potential skin sensitizers [20-

22]. Besides improved animal welfare compared to other previously used animal 

methods, such as the guinea pig maximization test [23], it provides quantitative 

information with regards to sensitizing potencies. The principle of LLNA is to 

subject a set of mice to the proposed sensitizer by topical application on the 

dorsum of the ears at different concentrations in a suitable vehicle for three 

consecutive days. Mice are rested for two days and are then injected 
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intravenously with radioactive thymidine. The response of the mouse immune 

system to the hapten is correlated with the lymphocyte proliferation in the local 

lymph nodes. The lymph nodes are excised, pooled and prepared to single cell 

suspensions and the increased level of radioactive thymidine is measured by a β-

scintillation counter. The rate of disintegration per minute (dpm) is then divided 

by the number of lymph nodes. The results are compared to a group of control 

mice in order to estimate the stimulation index (SI). An EC3 value is used, 

which is defined as the lowest concentration of a chemical required to induce an 

SI of 3, referring to three times the response of the controls. The sensitization 

potencies as EC3 values are classified as follows: <0.1% = extreme, 0.1-1% = 

strong, 1- 10% = moderate and 10-100% = weak [20]. One drawback of LLNA 

is that the method is limited to measuring the level needed for the induction 

only.  In the guinea pig maximization test, however, the animals are challenged 

after sensitization in order to measure the levels of elicitation. Also, possible 

cross-reactions between compounds can be investigated [23].  

Since 2013, European industries are forbidden to test cosmetics and substances 

for use in cosmetics for allergenic potential on animals [24]. The European 

Union Reference Laboratory for alternatives to animal testing (EURL ECVAM) 

has been working for several years on strategies for the replacement of animal 

testing. for skin sensitizers [25]. To my knowledge, there is so far no stand-alone 

alternative method that can fully replace the performance of LLNA. The 

Organization for Economic Co-operation and Development (OECD) has 

considered new non-animal methods that aim to determine the impact of a 

chemical on one or more key events in the adverse outcome pathway of skin 

sensitization, such as depleted peptide reactivity assay (DPRA), KeratinoSens™, 

human cell line activation test (h-CLAT) and human T cell proliferation assay 

[26]. As an example of a non-animal assay, the DPRA test is described below. 

Results from quantitative structure–activity relationship models (QSAR) 
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combined with results from animal and non-animal methods can provide a good 

prediction for skin sensitization potency [27].  

Direct peptide reactivity assay (DPRA) 

The DPRA is an in chemico method that was introduced by Gerberick et al in 

2004 and predicts the allergenic potency of the test chemical by evaluating its 

ability to form a stable covalent bond with peptides via nucleophilic-

electrophilic interactions [28]. There is a well-known correlation between the 

peptide reactivity of electrophilic skin sensitizers and their potencies [29].     

The procedure of DPRA is simply to react the supposed hapten with synthetic 

peptides containing cysteine, lysine or histidine in solution for 24 h, where 

subsequent depletion of the peptides is monitored by HPLC/UV or 

HPLC/MS/MS [30]. However, when the latter analytical technique is used in the 

DPRA, it can provide more information regarding the peptide nucleophilic site 

binding to the electrophile [31] and molecular transformations that occur to the 

peptide, such as dimerization [32], that otherwise could lead to false positive 

results. The stability of peptide-hapten product can also be monitored by using 

MS/MS. For instance, Karlsson and coworkers [33] could monitor the 

transformation of initially formed cysteine-ITC adducts to stable lysine adducts 

and suggested the latter to be responsible for the strong allergenicity of 

isothiocyanates. 

The test compound is classified as non-reactive if the peptide depletion is less or 

equal to 6.38%, low-reactive between 6.38 and 22.62%, moderate between 

22.63 and 42.47% and highly reactive when higher than 42.47% [30]. DPRA has 

been considered scientifically valid by EURL ECVAM as an animal-free 

method for prediction and classification of haptens, however, not as a stand-

alone method. Futhermore, DPRA does not work as a method for prediction of 

the allergenic potency of prehaptens and prohaptens. However, efforts have been 
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made to circumvent this limitation either by modification of the DPRA 

procedure, for instance by addition of abiotic or metabolic conditions to the 

assay to activate the pre/prohaptens [31,34], or by statistic evaluation of a 

combination of results from non-animal methods (e.g. Weight of Evidence 

approach (WoE)) [31]. 
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Contact allergy to chloroprene rubber  

Background and aim of the study 

Chloroprene rubber (with the commercial name Neoprene®) is one of the most 

common synthetic rubbers, with suitable chemical and physical properties for 

use across a wide range of applications in daily life and it is also produced at a 

reasonable cost. Chloroprene rubber was introduced by DuPont in 1933 as an 

alternative to naturally derived rubber [35] and is produced by polymerization of 

2-chloro-1,3-butadiene, chloroprene monomers. In order to improve the physical 

properties of the rubber, a chemical reaction called vulcanization is carried out, 

in which bridges (cross-links) between the polymer chains are formed by the 

addition of a sulfur atom (Scheme 2).  

 

Scheme 2: Polymerization of 2-chloro-1,3-butadiene and vulcanization of chloroprene rubber by 

addition of trace amounts of  ZnO and organic thiourea (OTU). 
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There are many reports of ACD cases caused by commercial products made 

from chloroprene rubber, such as running shoes, gloves, wetsuits, elbow splints, 

orthopedic supports, and knee braces [36-41]. During the last 50 years, several 

patch test studies have been performed to diagnose contact allergy to these types 

of products [42-45]. From those studies, it was shown that organic thioureas 

(OTUs) have a clear clinical relevance for contact allergy towards chloroprene 

rubber. These compounds are used as vulcanization accelerators in rubber 

processing and traces may remain in the finished products. In 2009, mixed 

dialkyl thiourea (MDTU) consisting of  diethylthiourea (DETU) and dibutyl 

thiourea (DBTU) was announced to be the allergen of the year by the American 

Contact Dermatitis Society (ACDS) at its 20th annual meeting in San Francisco 

[46], after a study was presented by the North American Contact Dermatitis 

Group (NACDG).  This report presented a retrospective analysis of data from 

thousands of patients patch-tested with MDTU between 1994 and 2004 [47]. 

Among 21,898 patients tested with MDTU, 1.0% showed positive skin 

reactions. Also in Europe, many positive reactions to OTUs have been recorded 

in patients previously diagnosed with contact allergy towards chloroprene 

rubber. Dall and coworkers, from Odense University Hospital, Denmark, have 

evaluated patient data from patch testsing performed in-house and at some 

private clinics during a period of 19 years to assess the prevalence of skin 

allergy towards DETU [48]. Of 239 patients allergic to chloroprene rubber, 

more than 15% (37/239) showed positive patch test reactions to DETU. The 

members of NACDG have included MDTU in their patch test series since 1991, 

but OTUs are still not a part of the European base line series of patch tests [49]. 

Despite this, three different OTUs are often used in so-called rubber series for 

patch testing, namely DETU, DBTU and diphenylthiourea (DPTU) [50] (see 

structures in Figure 1).  
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Figure 1: OTUs investigated in this study and their corresponding isothiocyanates and isocyanates. In 

an in vitro metabolism experiment, using skin-like enzymes, both isothiocyanate and 

isocyanate were formed from DPTU [51].  

Despite the many reactions among chloroprene rubber allergic patients to OTUs, 

these compounds have been shown to act as weak sensitizers or non-sensitizers 

in the LLNA [51,52]. In an in vitro study, DPTU has been shown to be 

bioactivated when mixed with a group of skin-like enzymes (CYP450) resulting 

in a set of compounds, including the strong sensitizers phenyl isothiocyanate 

(PITC) and phenyl isocyanate (PIC) [53]. In the same study, PITC was detected 

even in the absence of the enzymes at 37 °C as a degradation product of DPTU. 

In a case of contact allergy to PVC tape, both DPTU and PITC were identified 

in the tape, the latter most likely a degradation product from DPTU [54]. From 

these studies and our results in Papers I and II, it is reasonable to suggest that 

OTUs are the main reason for the widespread chloroprene rubber allergy. 

However, the actual skin sensitization is not due to OTUs per se. Sensitization is 
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rather caused by degradation products from OTUs, isothiocyanates and most 

likely isocyanates (Figure 1), which are much more potent haptens.   

Recently, a DPRA study by Karlsson et al. was performed to evaluate the 

peptide reactivity of three different strongly/extremely sensitizing ITCs, among 

them ethyl isothiocyanate (EITC) [33]. In this case, HPLC/ESI-MS/MS was 

used to follow the adduct formation during 24 h, instead of using the standard 

protocol with UV detection. All isothiocyanates were shown to be highly 

reactive to lysine and cysteine residues in the involved peptides. However, over 

the time the ITCs were shown to be detached from the cysteine and instead 

formed more stable adducts with lysine. These findings were further verified by 

density function theory (DFT) calculations. Due to this, it was suggested that 

adducts to lysine in the skin proteins in the viable epidermis are responsible for 

skin allergy to isothiocyanates. However, it was also speculated that cysteine 

residues may still play an important role in isothiocyanate skin allergy [33]. At 

dermal exposure to isothiocyanates, these compounds probably form adducts 

immediately to cysteine-containing peptides, which are highly abundant in the 

stratum corneum, the outermost layer of the skin. Under the acidic conditions 

(pH 5) in the stratum corneum,  the cysteine adducts may hinder the 

isothiocyanates from hydrolysis and thus allow penetration further into the 

viable epidermis. This could explain why EITC can be classified as an extreme 

sensitizer, despite its high volatility (which otherwise would make it evaporate 

quickly from the skin) and its instability at acidic and physiological pH [33]. 

The work associated with this part of my thesis was aimed at studying the 

relevance of OTUs and ITCs in contact allergy to chloroprene rubber. To this 

end, it was necessary to first develop analytical methods to be able to measure 

the occurrence of the analytes of interest in chloroprene rubber products. This is 

described in Paper I. 
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Levels were measured in specific chloroprene rubber-containing products, 

which were brought in by patients diagnosed with a skin allergy to one or 

several of the OTUs, using the developed methods. The quantitative results were 

correlated with patient retesting, Paper II. From these studies, it was concluded 

that ITCs are relevant haptens. 

Methods to measure OTUs and ITCs in chloroprene 
rubber products 

Across a large number of chloroprene rubber samples, DETU, DBTU, and 

DPTU were first screened for qualitatively using ultrasonic solvent extraction 

followed by HPLC/ESI-MS analysis. Headspace solid-phase microextraction 

(HS-SPME) followed by GC/EI-MS was used for ITCs as these were difficult to 

extract with ultrasonication due to their high volatility. 

The screening results indicated that DETU is most likely the overall 

predominant OTU in chloroprene rubber products in the European market today. 

It was also shown to decompose into the extreme sensitizer EITC already at 

room temperature, with an increasing decomposition rate at skin-like 

temperatures, of about 35 �C. The subsequent focus was then on quantification 

of DETU and EITC. 

Chloroprene rubber samples 

A collection of 16 newly-bought products made of chloroprene rubber 

(Neoprene®) was analysed in Paper I. These products, representing three 

different categories, namely diving gear, sports support products, and medical 

devices, were chosen since they are often used in prolonged and repeated contact 

with the skin. In Paper II, a set of five samples was investigated in correlation 

to skin reactions in four patients. These samples included a back support, two 

sailing gloves, and two knee braces.  
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Extraction of OTUs from chloroprene rubber samples 

The sample materials were very different in terms of thickness and density, 

which most likely affect the extraction efficiency and the time needed for an 

exhaustive extraction. Ultrasonic solvent extraction is a static type of extraction, 

which implies that repeated extraction with new solvent is needed, but altogether 

it was found efficient for all investigated samples.  

Ultrasonic solvent extraction is often used as an alternative to the well-known 

Soxhlet extraction due to significantly reduced extraction time and in many 

cases similar extraction efficiencies [55]. The ultrasonic waves produce 

cavitation bubbles in the solvent that implode causing shock waves, with both a 

mechanical and a thermal impact on the sample matrix. The heat and mechanical 

work increase the solvent penetration into the sample, which improves the mass 

transfer of the analytes, explaining the high efficiency [56,57].  

Pentane, dichloromethane, and acetone were evaluated for their efficiency as 

extraction solvents. Pentane gave no detectable recoveries at all, while 

dichloromethane gave the highest recovery of DETU as shown in Figure 2. 

A problem was experienced with DETU as standard compound dissolved in 

pure dichloromethane. It was shown to adsorb extensively to the walls of 

ordinary glass tubes, a problem which could be solved by adding acetonitrile to 

the solution (20% v/v). A comparison of two solutions with the same initial 

concentration of DETU is illustrated in Figure 3. This adsorption phenomenon 

was not observable for DETU in the samples, indicating that sample matrix 

components hinder DETU from adsorbing on glassware.  
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Figure 2: Comparison of ultrasonic extraction of OTUs from a chloroprene material in two different 

solvents, evaluated by the response in the HPLC/ESI-MS analysis. N=3. 

 

Figure 3: HPLC/ESI-MS chromatogram of DETU standard solution when dissolved in glass tubes in 

pure dichloromethane, showing complete depletion (A), and when dissolved in 

dichloromethane: acetonitrile (4:1)  (B). The analyses were run in SIM mode and none of 

the peaks in (A) could be identified. The peak in (B) corresponds to DETU. 
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A mixture of dichloromethane: acetonitrile (4:1) was used for both standards 

and samples in order to keep the analytical consistency and avoid glass 

adsorption phenomena. An internal standard was added prior to the extraction 

and HPLC/ESI-MS analysis was performed after the extracts had been first 

carefully evaporated to dryness, the solvent changed to acetonitrile: MilliQ 

water and the samples subjected to syringe filtration.  

HPLC/ESI-MS detection of DETU in chloroprene rubber samples 

Reversed phase HPLC with UV detection has been used for determination of 

OTUs in an orthopedic brace made from chloroprene rubber by other 

investigators [39]. Since DETU is retained using a conventional C18 column and 

the compound is well ionized by electrospray, HPLC/ESI-MS was applied in 

this work in order to improve the limit of detection. Selected-ion monitoring 

(SIM) gave, in this case, a more reproducible quantification of OTUs compared 

to multiple-reaction monitoring (MRM). To strengthen the identification, the 

samples were also analysed using columns in HILIC mode. In Paper I, 

aminopropyl silica was used as the HILIC column, while in Paper II a 

pentafluorophenyl propyl silica (F5) column was used. MS/MS product ion scans 

were performed to verify that the fragments were the same as those formed from 

the standard compound.  

Matrix effects are expected when samples of high complexity, such as 

chloroprene rubber materials, are analysed using an ESI interface. This was 

investigated by comparing calibration curves, i.e. spiking samples at several 

concentration levels and comparing these with the corresponding standard 

solutions. By using an isotope-labelled internal standard it is possible to 

compensate for suppressing or enhancing effects of the sample matrix on the 

ESI [58]. No suitable commercial internal standard was available and thus an 

internal standard compound was synthesized in house. In Paper I, the synthesis 
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of d5-DETU is described and its identity, as well as purity, were verified with 

NMR. The mean accuracy for the quantification of DETU using this internal 

standard was 108%. 

Extraction of ITCs from chloroprene 

Generally, ITCs of low molecular weight are compounds with high volatility 

[59], such as allyl isothiocyanate which is the major component of natural 

volatile mustard oil. Volatile ITCs are also considered responsible for the taste 

and odor of fresh cabbage [60,61].  

The investigated ITCs, EITC, butyl isothiocyanate (BITC) and PITC, showed 

very low responses in ESI. Also, ultrasonic-assisted solvent extraction was 

found unsuitable due to the high volatility of the analytes. This could be solved 

by derivatizing the ITCs with a dialkylamine to form derivatives which are 

easily ionized by ESI [62,63]. However, to avoid a derivatization step and 

instead take advantage of the ITC volatilities, HS-SPME followed by GC/EI-MS 

was the method of choice.  

HS-SPME was efficient to sample the volatile ITCs from chloroprene materials. 

Pawliszyn and coworkers introduced this technique already in the 1990s [64]. It 

is a fast, simple and solvent-free extraction technique used for a variety of 

analytical applications, such as food and environmental analysis. It combines 

extraction and pre-concentration on a fused silica needle, which subsequently is 

directly thermally desorbed in the GC injector. The SPME sampler can be re-

used up to a hundred times and it is a time- and cost-saving method when 

applicable. The needle tip of the SPME sampler is coated with a thin stationary 

phase, often based on silica and similar to GC stationary phases. The mechanism 

of SPME in headspace mode can be explained by the system’s drive to keep an 

equilibrium between three different phases, the solid or liquid sample, the air 

above the sample (headspace) and the sampling SPME fibre [65]. The amount of 
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analyte that has partitioned into the stationary phase in HS-SPME at equilibrium 

can be expressed by this equation [66]: 

 

  
 

 

where nf is the number of moles of analyte extracted by the SPME coating, C0 is 

the initial concentration of analyte in the sample, Kfh is the fibre/headspace 

partition coefficient, Khs is the headspace/sample partition coefficient, Vf is the 

volume of fibre coating; Vs is the volume of the sample and Vh is the headspace 

volume. 

Sampling at equilibrium is the common way of using SPME, and in this case, 

the time needed for reaching equilibrium has to be determined. As an 

alternative, time-weighted average sampling can be performed, especially when 

equilibrium takes a long time to achieve. Several factors affect the sampling 

time needed for equilibrium, such as the headspace/sample partition coefficient 

and the SPME fibre coating/headspace partition coefficient, i.e. the type of fibre 

coating, as well as the SPME fibre coating thickness. An SPME sampling time 

of 20 min was found to be sufficient for all investigated ITCs to reach 

equilibrium. After sampling, the analytes were directly desorbed from the SPME 

fibre in a specially designed narrow liner in the GC injector by applying high 

temperature. This type of HS-SPME/GC analysis has earlier been used to 

determine methyl isothiocyanate from food and environmental samples [67-69]. 

In the screening studies presented in Papers I and II of products made of 

chloroprene rubber, only DETU and the corresponding EITC were detected 

among the targeted compounds. Neither DBTU, DPTU, nor the corresponding 
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ITCs were detected in any of the materials. This was surprising since cases of 

skin allergy towards both DPTU and DBTU have been reported [54,43,70]. 

Because of the screening results, the analytical work focused on EITC only. 

Two different stationary phases were evaluated for the SPME, a 100% 

polydimethylsiloxane (PDMS) and a carboxen-PDMS mixture. The highest 

recovery for the extraction/sampling of EITC was obtained with the latter 

coating as shown in Figure 4.  

 

 

Figure 4: Sampled amounts of EITC at equilibrium conditions on SPME fibres made from PDMS, 

compared to the amounts sampled on Carboxen mixed with PDMS.  

The mixed sorbent phases consist of PDMS, which is a highly viscous liquid 

with a silicon backbone, and carboxen, which is an adsorptive porous material 

with a carbon skeleton. Carboxen has a unique even distribution of micro, meso, 

and macro pores [71]. Pore size is an important parameter for optimal extraction 

in adsorptive SPME where the pore diameter should be at least two-fold in 

diameter compared to the analyte molecule. The relatively high content of micro 

pores (~10 Å in diameter) in carboxen makes it ideal for trapping small 

molecules such as EITC (~5 Å in diameter). In addition, the high porosity of 
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carboxen increases mass transfer and facilitates the adsorption as well as the 

desorption processes.  

To decrease the time for HS-SPME extraction/sampling of EITC, the 

chloroprene rubber samples were cut into small pieces and spiked with the d5-

EITC internal standard. The equilibrium between EITC and the SPME fibre was 

achieved after 10 min in a sealed glass vial, at room temperature. This was 

determined by sampling a gaseous standard of EITC under identical conditions. 

For DETU-containing samples extracted at 35 °C (skin-like temperature), 

equilibrium for EITC was not achieved at any time during the experiments. The 

reason for this was found to be a continuous formation of gaseous EITC due to 

thermal degradation of DETU present in the sample. Instead of observing a 

constant level of the compound, the rate of EITC production at this temperature 

was measured. Two 20-min extractions were performed for each sample, after 2 

and 6 h, respectively. Quantification by GC/EI-MS was performed by 

acquisition in full scan mode and integrating peaks in the reconstructed ion 

chromatogram (RIC). 

LLNA  

Since our results showed that DETU and EITCs were commonly detected in the 

investigated consumer products, it was of interest to examine the skin sensitizing 

potencies of these compounds in the LLNA. BITC and butyl isocyanate (BIC), 

which may be generated from DBTU were included in the assay, even though 

neither of these compounds was detected in the products. The sensitizing 

potencies of PITC and PIC in LLNA have been evaluated previously [53].  

In the LLNA, three groups of mice were subjected to five different 

concentrations of the tested compound dissolved in acetone and olive oil as a 

vehicle. The control group was subjected only to the vehicle without the test 
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compound. The procedure of this test was similar to the one already described in 

the literature [72].  

Patch testing  

In order to study the clinical relevance of an experimentally identified skin 

sensitizer, patch testing should be performed. In the present study, eight patients 

with a positive reaction to DPTU were retested with in-house prepared patch test 

materials containing DPTU, PITC, and PIC in dilution series, in addition to a 

commercial DPTU patch test preparation. Patch testing was performed in three 

different Scandinavian dermatology clinics (Gothenburg - 4 patients, Turku - 3 

patients and Stockholm - 1 patient). Reproducible patch tests could not be 

performed for EITC because of its high volatility. Instead, four patients (in 

Gothenburg) who previously were diagnosed with contact allergy to DETU were 

retested with dilution series of DETU, with concentrations between 0.00058% 

and 0.58%. The levels were chosen to be equimolar to the DPTU dilution series. 

Patch testing was performed according to ESCD guidelines. Readings were 

performed on days 3 and 7 and the strongest reaction obtained among them was 

recorded. 

Analysis of OTUs patch test preparations  

Due to the tendency of OTUs to be degraded at room temperature as well as 

skin-like temperatures, the stability of these compounds in the patch test 

preparations was questionable. Therefore, three commercially available patch 

test materials with specified levels of DETU, DPTU, and DBTU, respectively, 

were examined for the real concentrations using HPLC/ESI-MS. For the 

determination of corresponding ITCs, HS-SPME/GC/EI-MS was used. 

According to the label, the concentration of each OTU should be 1%.  
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The emission rate of EITC did not directly follow the DETU level. Most likely, 

this is attributed to different material-specific properties, such as different 

diffusivities and densities. 

The LLNA results showed that all corresponding ITCs and isocyanates (ICs) to 

DETU and DBTU are highly sensitizing. Table 2 summarizes the results 

together with previously reported data for the degradation products from DPTU 

[53]. ICs were stronger sensitizers than the corresponding ITCs, except for 

EITC, which showed higher potency than the corresponding IC, EIC. 

Table 2: Results from LLNA regarding skin sensitizing potencies of the ITCs and ICs 

included in this study. 

 

 

 

 

 

 

 

All patients diagnosed as DETU-allergic reacted to a lower concentration at 

retest. Of four participants, three showed flare-up reactions at skin sites where 

they had been sensitized previously to the products. Seven of eight patients, 

previously shown to be DPTU-allergic, reacted also at the retest with DPTU. 

One of the seven skin reactions was doubtful (+?). All patients showed skin 

reactions to PITC and two reacted to PIC, a likely metabolite of DPTU. Results 

are summarized in Table 3. 

Compound EC3 (mM) EC3 (%) Classification 

EITC 4.6 0.04 Extreme 

EIC 56.3 0.40 Strong 

BITC 39.1 0.45 Strong 

BIC 6.1 0.06 Extreme 

PITC 30 0.40 Strong 

PIC 1.7 0.02 Extreme 
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 Table 3:  Summary of two different patch tests, one for DETU and one for DPTU and related 

compounds PITC and PIC.  

 DETU DPTU PITC PIC 

Reacting/Investigated patients 4/4 7/8* 8/8 2/8 

Lowest concentration for reaction 0.0058% 0.001% 0.0001% 0.001% 

Classification of the reaction + + ++ + 
  * One doubtful reaction  

Stability tests of patch-test preparations of OTUs showed that they emitted the 

corresponding ITC already at room temperature (25 °C) and at a significantly 

higher rate at a skin-like temperature (35 °C). EITC was released at the fastest 

rate among the measured ITCs. 

The results from the studies presented here indicate that DETU seems to be a 

commonly occurring OTU in chloroprene products on the European market. It 

was also the only OTU detected in the analysed products. Furthermore, the 

materials containing DETU were shown to continuously emit the extreme 

sensitizer EITC. Since the investigated products mostly are worn close to the 

skin, it is possible that their content of EITC can cause skin sensitization and 

skin allergy. Due to the high volatility of EITC, it was, however, difficult to 

perform patch testing with this compound. The reactivity of EITC could be 

estimated when the results from patch testing were correlated with the LLNA 

assays and combined with chemical analysis of both the patients’ products and 

the patch test preparations. Since a larger percentage of patients reacted to 

DETU than to DPTU [50, Paper II], and EITC exhibits a stronger potency than 

PITC in the LLNA, it is expected that EITC would show higher reactivity than 

PITC if possible to use in patch tests. Considering the emission rates of EITC 

from the products in comparison with the lowest dose for a positive reaction to 

PITC, roughly 100 h of exposure to EITC would be required for elicitation of a 
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skin reaction. However, a shorter time is expected when considering the faster 

emission rate for EITC compared to PITC from the patch test preparations. In 

addition, regarding levels needed for elicitation, patch tests concentrations are a 

bit misleading since much higher doses are used compared to amounts patients 

are usually exposed to [73,74]. Furthermore, a cutaneous metabolism of DETU 

to EITC could contribute to the total dose in real life situations. The two positive 

reactions to the DPTU metabolite, PIC, support the theory that cutaneous 

metabolism of OTU occurs and plays a role in contact allergy to chloroprene 

rubber.    

Conclusions  

In this work, the developed analytical methods were shown to be crucial in order 

to understand the cause of contact allergy towards chloroprene rubber. The 

results from chemical analyses were combined with those from predictive in 

vivo and in vitro skin sensitization tests (LLNA and DPRA, respectively) and 

clinical patch test results. A conclusion that can be drawn is that DETU acts as a 

prehapten since it decomposes to the strong hapten EITC in the materials at 

skin-like temperatures. DETU might also act as a prohapten via skin metabolism 

to EITC and EIC, although this has not been investigated to the best of my 

knowledge. The clinical relevance of ITCs, possibly together with ICs, was 

shown in Paper II. It was also shown that patch test preparations in petrolatum 

with OTUs were not stable since significant emissions of corresponding ITC 

could be measured over the investigated period of time. This shows the 

importance of controlling the content in patch test preparations using appropriate 

analytical methods. In my opinion, patch tests with OTUs for diagnosis of 

chloroprene rubber allergy should still be recommended, despite their tendency 

to degrade, since they simulate the conditions when patients are exposed to 

chloroprene rubber products. 
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is another naturally occurring monoterpenoid found for instance in rose, 

palmarosa and citronella oils [86]. Citronellol is found mainly in rose and 

geranium oils, but also in at least 70 other oils [87,88].  

 

Figure 6: Structures of the monoterpenoids discussed in this thesis. 

It is now well known that oxidized forms of the fragrance 

monoterpenes/monoterpenoids are the main culprits behind fragrance contact 

allergy [13]. Oxidation can occur either outside the skin, for instance in the 

product or on the skin, but also by metabolism within the skin. The unsaturated 

carbons facilitate a fast autoxidation in the presence of air [89]. Autoxidation is 

a spontaneous chain reaction, following a free radical mechanism that is difficult 

to stop. Antioxidants can prevent it for a while but are consumed with time, after 

which the reaction immediately starts as there is more oxygen available [90]. 

Primary autoxidation products are the hydroperoxides, which have been shown 

to be very important with regards to contact allergy [13].  

The free radical mechanism of autoxidation involves three stages, initiation, 

propagation and termination, Scheme 3. The initiation step starts upon exposure 

to heat, visible/UV light, or a catalyst forming an alkyl radical by abstraction of 

an allylic hydrogen atom [13]. The alkyl radical then reacts with atmospheric 

triplet oxygen in the propagation step to form a peroxyl radical. This, in turn, 

abstracts a hydrogen atom, resulting in the formation of a hydroperoxide 

(ROOH) together with a new alkyl radical, which propagates the reaction. The 

reaction is terminated when two radicals bind together resulting in non-radical 
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products. In unsaturated molecules such as monoterpenes, the radicals are 

mostly formed by abstraction of the allylic hydrogen atom because the radical is 

stabilized by resonance [13]. 

 

Scheme 3: The general mechanism of the autoxidation process. 

 

Several clinical studies have shown that patch tests of fragrance-allergic patients 

with oxidized forms of limonene, linalool, linalyl acetate and geraniol have 

generated many more positive results than with the pure compounds [91-107]. 

Also in animal studies, such as LLNA, these parent fragrances have expressed 

low or non-sensitization potencies, while a significant rise in the sensitizing 

potency was observed after autoxidation [108-111].  

Besides the hydroperoxides, autoxidation also leads to a complex mixture of 

secondary oxidation products, such as aldehydes, alcohols, diols, epoxides, 

ketones, and peroxides. These oxidation products have different sensitizing 

potencies depending on their overall structure, but generally, the secondary 

products have lower potencies than the hydroperoxides, which are considered 

the strongest sensitizers, confirmed by several animal tests [108-111] and 

clinical studies [91,92,112]. The studied fragrance hydroperoxides, shown in 
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Figure 7, are small molecules (168-228 Da) with log P (1.88-2.45), indicating 

that they have the possibility to penetrate the skin easily.  

 

Figure 7: Hydroperoxides studied in this thesis, all of which were shown to be strong skin 

sensitizers. Cumene hydroperoxide (Cum-OOH) is not considered a fragrance 

hydroperoxide but was used as internal standard for quantification in Paper V. 

Other factors may improve the skin penetration of hydroperoxides, for instance, 

their chemical stability or volatility. Preliminary results in this thesis show that 

the volatility of hydroperoxides is much lower when compared to the parent 

monoterpenoids. A commercial non-fragranced cream was spiked with oxidized 

citronellol containing 2% of Cit-OOHs, spread as a thin film on a glass plate and 

the evaporation of both the parent compound and the hydroperoxides were 
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investigated by HPLC/MS after extraction with a PDMS tape. The decreasing 

HPLC/MS responses were monitored over a period of five days. The results are 

shown in Figure 8. This experiment aimed at reflecting the situation with leave-

on products, in which the hydroperoxide content has a longer time to penetrate 

the skin before evaporation and the relative levels of sensitizing hydroperoxides 

compared to low-sensitizing parent compounds will increase. 

 

Figure 8: Results from a cream spread on a glass plate and spiked with citronellol containing 2% 

Cit-OOHs. The volatilities of parent compound and hydroperoxides were compared by 

measuring the remaining content after different timepoints.  

Hydroperoxides may form immunogenic protein complexes via a radical 

mechanism, or an electrophilic-nucleophilic reaction after transformation to an 

electrophile, e.g. an epoxide [13]. However, to my knowledge, neither of these 

possibilities have been investigated or shown in vivo. A radical reaction would 

need a homolytic cleavage of the oxygen-oxygen bond leading to a reactive 

alkoxyl radical [113]. This radical can either react directly or rearrange to a 

carbon-centred radical that then reacts with for instance sulfur or aromatic rings 

in the protein [114-116]. Therefore, hydroperoxides most likely need some form 

of activation before they react with proteins to form the immunogenic complex. 

For instance, CYP-450 or heme in hemoglobin in the viable epidermis could act 

as such activators that induce radical formation from the hydroperoxides 

[117,118].   
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The main route of skin exposure, commonly resulting in sensitization to 

hydroperoxides, has not been shown yet. One main route could be skin contact 

due to their proven occurrence in fragranced products [119, Papers IV and V]. 

Whether they are formed mainly in the finished products or in the essential oils 

prior to addition to the products has not been shown. However, it has been 

indicated that hydroalcoholic solutions, like in fine fragrances, afters-have and 

eau de cologne, prevent or slow down autoxidation [119].  

Representatives from the European fragrance and perfume manufacturers have 

communicated that they consider the reported levels of hydroperoxides in 

finished products too low to be sensitizing or even eliciting since the test 

concentrations used for patch testing of patients usually are much higher. 

However, there are currently different opinions about this. For instance, it has 

been shown with ROAT on an already sensitized patient that levels close to 

those found in products actually can elicit skin reactions [120]. It has also been 

suggested that repeated exposure to low levels can trigger the immune system to 

react to much lower levels [73,74]. Another possible main route of exposure is 

that the pure fragrance compounds autoxidize on the skin after application. 

There is also a possibility that hydroperoxides form in the skin after skin 

penetration of the pure fragrance compounds and subsequent metabolism by 

skin enzymes. To my knowledge, nothing has been published so far on the two 

latter possibilities of exposure.   
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Figure 9: Some secondary autoxidation products formed via the primary oxidation products, 

hydroperoxides, from linalool and limonene. Citral is a naturally occurring 

monoterpenoid but is also a result of autoxidation of geraniol. 

The composition of monoterpenes and their oxidized forms as constituents in 

both essential oils and fragranced products is usually highly complex, including 

various parent monoterpenes/monoterpenoids together with their oxidation 

products, such as those illustrated in Figure 9, while the actual skin sensitizers 

are only a part of the latter. Both chromatographic and mass spectrometric 

separations of hydroperoxides from the matrix are often highly demanding due 

to similar structures as well as often identical elemental compositions. 

Similarities in both LC retention behaviour and MS fragmentation pathways 

constitute a severe problem in the chemical analysis. 

Legislation on levels of hydroperoxides in products is hitherto absent, despite 

their strong sensitization potencies. This can be explained partly by lack of 

analytical methods for commercial products, and partly by lack of commercially 

available reference compounds. Currently, work is ongoing on further 
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development and validation of analytical methods for Lin-OOHs and Lim-

OOHs in fragranced products, coordinated by The International Dialogue for the 

Evaluation of Allergens (IDEA) project, involving both industry and academy 

partners, such as Stockholm University. This is one of the important results from 

the long-time research collaboration between researchers from the University of 

Gothenburg and Stockholm University, who initially started the analytical 

method development for these important skin allergens.  

Part of the work underlying this thesis has been to develop GC/MS and 

HPLC/MS methods for fragrance hydroperoxides, in order to obtain a versatile 

toolbox of methods for different types of sample matrixes. So far, we have been 

able to determine accurately the levels in essential oils, hydroalcoholic products, 

and shampoo. The different methods and applications are discussed in the 

following sections. 
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Development of analytical methods for fragrance 
hydroperoxides 

GC/MS  

The content of fragrance compounds in essential oils is usually determined using 

GC/FID or GC/MS [121]. Direct determination of hydroperoxides using GC is 

generally not applicable due to the thermal instability of this type of compounds 

in addition to their higher vapor pressure. Limonene hydroperoxides (Lim-

OOHs) are the only fragrance hydroperoxides that have previously been shown 

to be thermostable enough at on-column injection at a sufficiently low column 

temperature [122]. However, according to my experience, the stability is 

dependent also on the type of on-column injector. None of the hydroperoxides 

can stand the high temperature environment in a split-splitless injector. 

Silylation creates more thermostable derivatives of hydroperoxides. This is an 

S2N reaction, where the active hydrogen is replaced by a trimethylsilyl (TMS) 

group [123]. Silylation has previously been used for other organic 

hydroperoxides, such as cumene hydroperoxide (Cum-OOH), methoxyalkyl 

hydroperoxides and phenylethyl hydroperoxide, using N-methyl-N-

(trimethylsilyl) trifluoroacetamide (MSTFA) as the derivatizing agent. After 

derivatization, they were stable enough to separate by GC [124,125]. In this 

work, two different essential oils (sweet orange oil and petitgrain oil, with 

limonene and linalool as main constituents, respectively) were analysed with 

GC/MS for their content of Lim-OOHs, hydroperoxides of linalool (Lin-OOHs), 

geraniol (Ger-OOHs) and linalyl acetate (LinOAC-OOHs) (Paper III). Each oil 

was autoxidized for two months by stirring in contact with air in order to 

simulate normal handling and usage.  
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The oil samples were diluted in dry toluene and derivatized to TMS derivatives 

using an excess of a mixture of  N, O-bis (trimethylsilyl)trifluoroacetamide 

(BSTFA) and trimethylchlorosilane (TMCS) during 24 h prior to analysis.  

The TMS derivatives of the hydroperoxides all showed a specific fragment at 

m/z 89 (Scheme 4), corresponding to [OSi(CH3)3]+, although at a very low 

relative abundance of 1-5%, but still useful for identification. A big advantage 

with the developed GC/EI-MS method is the high separation capacity of GC 

compared to LC, which is advantageous for these highly complex oils. On the 

other hand, the detection limit is much higher. One reason is that SIM, which 

otherwise often lowers the detection limit significantly compared to fullscan 

mode, turns out to be less useful for the silylated hydroperoxides. The reason is 

the extensive fragmentation that yields many low-mass fragments, both in 

electron ionization (EI) and in positive ion chemical ionization (PICI) modes. 

For essential oils, for which the detection limit is not crucial, the GC/MS was 

very useful for quantification, and for identification of Cit-OOHs [126].  

 

Scheme 4: Possible fragmentation pathways in EI of the TMS-derivative (upper by inductive 

cleavage and lower by homolytic), resulting in the characteristic fragment m/z 89. 

Recently, another method for quantitative measurements of Lim-OOHs in 

hydroalcoholic products by GC/MS has been published [127].  Prior to analysis, 



 

47 
 

the hydroperoxides formed thermostable alcohols by a reduction reaction, for 

instance transferring Lim-2-OOH to carveol.  

HPLC/ESI-MS/MS 

Another way to circumvent the thermal instability of hydroperoxides is to use 

liquid chromatography as the method of separation. Together with MS, the 

detectability is significantly increased as shown in the paper by Rudbäck et 

al.2008 [128]. Both reversed-phase (RP) HPLC [119,129,130] and normal-phase 

(NP) HPLC [122] have been used to separate hydroperoxides present in 

different matrices, such as essential oils and hydroalcoholic products.  Different 

types of detection for LC have been used, such as UV [122], MS [129], and 

post-column chemiluminescence [130]. 

Part of the work included in this thesis involved further development of the 

HPLC/ESI-MS/MS method presented by Rudbäck et al. [129], in order to 

increase the selectivity for the fragrance hydroperoxides. In Rudbäck´s work, a 

C3-modified silica stationary phase had been used, so first other types of RP 

columns were tested. For the detection of Lin-OOHs in an allergenic linalool-

fragranced shampoo (Paper IV), it was found that an F5 stationary phase in RP 

mode was better suited and more selective than C3 for separation, although with 

the drawback of long elution times. The retention mechanism is most likely 

composed of several types of interactions, apart from those due to London 

dispersion forces as in conventional RP mode. For instance, hydrogen bonding 

can occur between the fluorine substituents on the benzene ring and the 

hydroperoxide group [131]. Also, the fluorinated benzene ring is electron 

deficient, which may lead to interaction with the dipolar hydroperoxide function 

[132]. Furthermore, the planar fluorinated aromatic ring also most likely adds 

some shape selectivity to the separation [133]. 
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In order to be able to shorten the retention time somewhat by using a bit higher 

flow rate, the mobile phase modifiers were changed from methanol and 

isopropanol to the less viscous acetonitrile [134].  

Applications of the modified HPLC/ESI-MS/MS method 

Analysis of a heavily fragranced shampoo (Paper IV) 

In this work, a method using SPE in combination with analysis with HPLC/ESI-

MS/MS was developed for quantification of  Lin-OOHs and linalool oxide. The 

latter compound is a secondary oxidation product that can be used as a marker 

for oxidation as described in Paper IV. A seven-year-old girl had suffered from 

contact dermatitis symptoms for six months and no topical treatment helped her 

to recover. After patch testing and chemical analysis, it was realized that a 

specific shampoo was most likely the culprit, and her eczema disappeared as 

soon as she stopped using the shampoo.  

The patient was tested with 60 common patch test preparations, including Lin-

OOHs and Lim-OOHs. Only the preparation with linalool hydroperoxides gave 

a  positive patch test reaction. Among the other tested compounds were 

preservatives, methylchloroisothiazolinone /methylisothiazolinone (MCI/MI), 

which both are strong sensitizers and common in hygiene products. Due to the 

clear result from the patient test, we subjected the shampoo to chemical analysis.  

Before the shampoo sample was subject to analysis with respect to its content of 

hydroperoxides, it was analysed by HS-GC/MS, which revealed traces of 

linalool and linalool oxide. A multistep cleanup procedure enabled the 

extraction of Lin-OOHs and linalool oxide from the complex matrix (Figure 

10). First, a liquid-liquid extraction of hydroperoxides from the shampoo was 

performed using dichloromethane. After centrifugation, a thin pellet was 

removed from the dichloromethane phase. The latter was loaded onto a silica 
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SPE cartridge on which Lin-OOHs are strongly retained. Pentane was used to 

wash the cartridge and was subsequently dried with nitrogen gas to facilitate 

solvent exchange. The analytes were then eluted with methanol and the internal 

standard (2,2´-biphenol) was added to the eluate. Despite the SPE cleanup, the 

sample started to turn opaque due to the residual matrix. The sample was then 

centrifuged once more, after which an aliquot of the clear supernatant was 

injected into the HPLC/ESI-MS/MS.  

 

Figure 10: Schematic sketch of multistep cleanup procedure of the shampoo. DCM= 
dichloromethane 

The extraction recoveries were evaluated using a spiked fragrance-free 

shampoo. The level of Lin-OOHs (including both the 6- and the 7-isomer) was 

found to be 0.2 ppm (RSD 9%). To my knowledge, this is the first time that a 

case of linalool hydroperoxide allergy has been correlated to a specific 

commercial product.  

Analysis of patch test preparations for diagnosis of contact allergy to Lim-

OOHs or Lin-OOHs  (unpublished work) 

Commercially available patch test preparations in petrolatum were obtained 

from two different suppliers. The preparations were labelled with 0.3% Lim-

OOHs and 1% Lin-OOHs, respectively. The preparations were extracted using 

acetonitrile and ultrasonication. An aliquot of the extract was passed through a 

C18 SPE cartridge to remove solid particles, and a volumetric internal standard 
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(2,2’-biphenol, ISV) was added prior to the HPLC/ESI-MS/MS analysis using an 

F5 silica column for the HPLC separation.   

Two-dimensional HPLC/ESI-MS/MS method (Paper V). 

Correct quantification of low levels of fragrance hydroperoxides in essential oils 

and commercial fragranced products of high complexity, in general, is 

demanding. As mentioned above, both the elemental compositions and 

fragmentation patterns are very similar or sometimes identical between 

hydroperoxides and a number of interfering compounds. One-dimensional 

HPLC usually does not yield sufficient separation selectivity, leading to matrix 

effects like ion suppression in the ESI-MS/MS analysis and low accuracy. For 

this reason, a two-dimensional liquid chromatography (2D-HPLC) coupled to 

ESI-MS/MS has been developed.  

State-of-the-art method for 2D-LC separations is the comprehensive mode 

(LCxLC) at which narrow fractions from the entire 1st column dimension are 

sent to a 2nd column for very fast separation of the fractions one by one. This 

mode is frequently used for samples with a large number of analytes, such as 

proteomics, natural products, and polymers, where it is of interest to quantify or 

profile the entire content of analytes [135]. In the present work, accurate 

quantification of fragrance hydroperoxides Lim-2-OOH and Lin-OOHs was the 

aim, while other compounds were of little interest. Therefore, a 2D-HPLC 

system was used in which the hydroperoxides were fractionated on the 1st 

dimension column by heart-cutting and sent to the 2nd dimension column. Since 

a single heart-cut was used, the run time of the separation in the 2nd dimension is 

independent of the 1st, dimension. Due to this, a long separation time could be 

used in 2nd dimension, which gives the advantage of higher selectivity for the 

specific compound [135,136].  
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In the 2nd dimension, the separation was optimized for best possible separation 

from interfering compounds. The 1st dimension of chromatography was based on 

RP chromatography on C8, while the 2nd was bare silica based on normal-phase 

retention. Orthogonality in the retention mechanisms is valuable in order to 

maximize the possibility to separate the analytes from interfering compounds 

[137]. This can be achieved by coupling, for instance, RP with size-exclusion, 

ion-exchange or hydrophilic interaction chromatography [138-140]. However, 

none of these three LC techniques is applicable to fragrance hydroperoxides, 

according to my experience. Different hydrophilic interaction chromatography 

(HILIC) columns were also tested (such as aminopropyl-, diol- and 

pentahydroxysilica and pure silica), but none of these showed sufficient 

retention of the hydroperoxides. HILIC usually works best at log P <0, with 

ionizable or very polar compounds [141]. An RP/RP combination with ion 

pairing as one of the orthogonal separation mechanisms can be used for 

ionizable compounds. Also, NP with more lipophilic solvents and different 

retention mechanisms can be coupled to 2D-HPLC. 

For our neutral fragrance hydroperoxide analytes, RP/NP was the only tested 

combination that was found to work satisfactorily. When designing a 2D-RP/NP 

HPLC system, the problem with the immiscibility and the incompatibility of the 

two different solvent systems have to be solved to obtain a working, automated 

system. One option to handle the problem with immiscible solvents is by 

evaporation [142] or use columns operating at low flow rates in the 1st 

dimension, i.e. narrow-bore columns for which flow rates can be reduced by 

80% [143]. In our case, the problem was solved by introducing a short column, a 

“trap” column, between the two dimensions. As for packing material of the trap 

column, C18, cyanopropyl (CN) and porous graphitized carbon (PGC) were 

evaluated for their ability to focus the target hydroperoxides. Due to the mobile 

phase composition used in the first column, the mechanism of retention on the 
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trap column was RP and highly aqueous conditions were used. Among the trap 

columns, PGC showed the best retention behaviour. The most polar of the 

hydroperoxides, Lin-OOHs, were retained only on PGC, while Lim-OOH 

showed strong retention on all three tested trap columns. 

The PGC trap served two purposes; to focus the analytes from the 1st dimension, 

and at the same time reduce the transferred volume of polar mobile phase from 

the 1st to the 2nd second dimension. The physical dimensions of the 2nd column 

were important; a larger amount of stationary phase causes less water 

accumulation and less risk of unstable retention. A step with ethyl acetate to 

wash the 2nd dimension column between the runs gave good repeatability of the 

chromatographic separation. The mix of NP solvents used in the 2nd dimension, 

ethyl acetate/toluene/MTBE, is not ideal for coupling to the ESI interface of the 

MS. This was solved by using solvent-assisted ESI [144] by adding a flow of 

aqueous formic acid. 

The final result was a repeatable 2D-RP/NP chromatographic system for the 

targeted Lim-2-OOH and Lin-OOHs fragrance hydroperoxides. The final setup 

is shown in Figure 11.  

The hydroperoxide heart-cut fraction from the 1st dimension contains several 

interfering compounds, the number of which depend on the type of sample. 

Several commonly occurring compounds from autoxidation mixtures and 

essential oils were investigated for their retention. The inclusion of both Lim-2-

OOH and Lin-OOHs in the same analysis would require a much wider heart-cut 

window, which would lead to a much larger number of interfering compounds. 

For that reason, separate methods were developed for the two different types of 

hydroperoxides. 
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Figure 11: A schematic illustration of the 2D-HPLC/ESI-MS/MS system. The runs start with the 6-
port divert valve in the 1→2 position. When the valve then is turned into the heart-cut 
position 1→6 (upper scheme), the target analytes are eluted to the PGC trap. 
Subsequently, when the 6-port valve is turned back into the waste position 1→2 (scheme 
below), the PGC trap is at the same time back-flushed and the heart-cut fraction trapped 
from the C8 column transferred to the silica column for chromatographic separation 
followed by detection with ESI-MS/MS. MeOH= methanol, EtOAc= ethyl acetate, 
MTBE= methyl tert-butyl ether. 
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Cum-OOH was chosen as ISV for the quantification, due to its similar retention 

time as Lin-OOHs on the C8 column. They were trapped together from the C8, 

and then completely separated in the silica column in the 2nd dimension. No 

suitable IS was found for Lim-2-OOH in spite of testing numerous compounds, 

so we decided to use Cum-OOH as ISV also for Lim-2-OOH. In this case, Cum-

OOH eluted into the UV detector connected to the first column, while Lim-2-

OOH was trapped alone without IS and transferred to the 2nd column for 

detection by MS. The most suitable internal standards would be isotope-labelled 

analogues of Lim-2-OOH and Lin-OOHs, respectively, but none of these is yet 

commercially available. 

Application of the 2D-HPLC/ESI-MS/MS method  

Determination of monoterpene hydroperoxides in perfume  

Perfumes (after-shave, fine fragrance, and eau de toilette) of different brands on 

the Swedish open market were analysed using the 2D-HPLC/ESI-MS/MS 

system for highly selective determination of Lin-OOHs and Lim-2-OOH. The 

perfume products had been stored and used during different periods of time after 

purchase, between 1-5 years.   

The methods were evaluated for two different samples of the eau de toilette. 

Matrix effects were evaluated by using perfume samples spiked at different 

concentrations, which were compared with standard calibration curves made 

from analyte solutions in a pure solvent. The selectivity and degree of chemical 

interference were also investigated in terms of accuracy of the fragment ion 

ratios for the different hydroperoxides in both pure standard solutions, non-

spiked and spiked samples. 
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Results and Discussion  

GC/MS  

GC/MS analyses of the derivatized hydroperoxides in autoxidized oils of sweet 

orange and petitgrain gave good separation and peak shape. This was due to the 

thermal stability of the TMS derivatives. The Lim-2-OOH level in sweet orange 

oil that had autoxidized for two months was found to be about 2% w/w as the 

sum of the cis- and trans-isomers. Four other isomers of Lim-OOH were 

separated and their identities verified by the fragment at m/z 89, as observed in 

the RIC chromatogram in Figure 12a.  

 

Figure 12: RIC chromatogram of m/z 89 for a) TMS derivatives of Lim-2-OOH isomers (4) in sweet 
orange oil after autoxidation for two months, b) TMS derivatives of 1) Lin-6-OOH, 2) 
Lin-7-OOH, 5) Lin-OAc-6-OOH, and 6) Lin-OAc-7-OOH in petitgrain oil after 
autoxidation for two months. The label * indicates other Lim-OOH isomers in the 
autoxidaized sweet orange oil (Rudbäck et al., 2014). 
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Among those were the corresponding isomer Lim-1-OOH, shown to be an even 

stronger skin sensitizer than Lim-2-OOH [110]. Due to lack of standards, except 

for Lim-2-OOH, the peaks could not be assigned to specific isomers. Assuming 

roughly similar response factors (which is a reasonable assumption in full scan 

EI-MS) the total content of Lim-OOHs in the oil can be estimated to be about 

three times the Lim-2-OOH content, approximately 5-6 %. 

In petitgrain oil, the total concentration of Lin-OOHs (cis- and trans-isomers of 

both Lin-6-OOH and Lin-7-OOH) and corresponding Lin-OAc-OOHs was 0.5% 

and 1.2%, respectively, after two months of autoxidation, Figure 12b. Ger-

OOHs were not detectable. The reasons for this are the initially low levels of 

geraniol in petitgrain oil and another type of autoxidation mechanism compared 

to limonene and linalool. Instead of geraniol hydroperoxides, hydrogen peroxide 

together with the aldehydes geranial and neral are formed via a 

hydroxyhydroperoxide [97]. 

HPLC/ESI-MS/MS 

The F5 column was shown to yield a better separation of fragrance 

hydroperoxides from interfering compounds in the investigated essential oils. 

Thereby, the risk of matrix effects on the ESI should be reduced and the 

accuracy of the quantification improved. To increase the flow rate without 

causing too high back-pressure, a mobile phase system with aqueous acetonitrile 

was tested and compared between the columns. Retention of isomers of Lin-

OOHs, Ger-OOHs, Cit-OOHs, and Lim-2-OOH was compared in terms of 

retention factor k, as shown in Table 4. Also, the values of chromatographic 

resolution, Rs between the isomers were calculated and compared. 
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Table 4: Comparison of retention and chromatographic resolution, Rs of hydroperoxides in three 
liquid chromatographic systems. Rs was calculated according to 2(tR2-tR1)/(wb1+wb2). 
“Isomer” refers to unknown isomeric forms. 

Column/ 

Mobile phase 
Analyte Retention factor (k) Chromatographic 

resolution (Rs) 

 
F5 
Acetonitrile/water 

Lin-6-OOH isomer 1 19.1 
1.30 

Lin-6-OOH isomer 2 19.8 

Lin-7-OOH 19.8 - 

Ger-OOH isomer 1 20.9 
5.70 

Ger-OOH isomer 2 22.5 

Cit-OOH isomer 1 24.6 
2.68 

Cit-OOH isomer 2 25.8 

Lim-2-OOH  38.3 - 

 
C3 
Acetonitrile/water 

Lin-6-OOH isomer 1 13.6 
0.74 

Lin-6-OOH isomer 2 14.1 

Lin-7-OOH 14.1 - 

Ger-OOH isomer 1 18.3 
1.98 

Ger-OOH isomer 2 19.8 

Cit-OOH isomer 1 22.9 
1.13 

Cit-OOH isomer 2 23.7 

Lim-2-OOH 35.8 - 

 
C3 
Methanol/ 
Isopropanol/water 
(Rudbäck et al., 2013) 

Lin-6-OOH isomer 1 4.7 
0.60 

Lin-6-OOH isomer 2 5.0 

Lin-7-OOH 5.0 - 

Ger-OOH isomer 1 5.8 
0.00 

Ger-OOH isomer 2 5.8 

Cit-OOH isomer 1 N.A. 
N.A. 

Cit-OOH isomer 2 N.A. 

Lim-2-OOH 11.9 - 

As shown, the F5 exhibited stronger retention with both mobile phase systems, 

and the chromatographic resolution was improved as well. The obtained method 

LODs with HPLC/ESI-MS/MS using the F5 column were all below 200 ppm, 

about 20 times lower than those obtained with GC/MS (0.4% i.e. 4000 ppm).  
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The HPLC/ESI-MS/MS analysis of the fragranced shampoo that had been 

shown to cause ACD, Paper IV, showed a total concentration of 0.2 ppm of 

Lin-OOHs. The SPE method, applied to the HPLC/ESI-MS/MS analysis (using 

the F5 column), was optimized for Lin-OOHs and the obtained extraction 

recoveries were 95%. Linalool and the secondary oxidation products linalool 

oxides were just estimated and since the aim was not to determine them, no 

method optimization was performed. The recoveries for linalool oxides were as 

low as 23%. The total linalool oxide and linalool level was 0.8 ppm and 75 ppm, 

respectively. Considering the ratio between oxidation products and the parent 

compound, this indicates that at least 1% of linalool had autoxidized. However, 

the history of the shampoo, i.e. the time of storage and usage, was not known, 

and the relative levels of oxidation products do change during the autoxidation 

process [108,109,145]. Also, it is not known if the autoxidation actually took 

place in the shampoo, or in the linalool oil prior to its addition to the product. 

Another question is if hydroperoxides at a level as low as 0.2 ppm, given their 

strong sensitization potencies, could lead to induction of contact allergy. The 

induction levels needed are still discussed within the community of fragrance 

allergy researchers, dermatologists and perfume industry representatives. 

Among the latter, the assumption is a limit of 5000 ppm for skin sensitization 

[146]. Nevertheless, it could be concluded that the shampoo was the culprit 

behind the girl´s eyelid ACD and she reacted to no other tested haptens than 

Lin-OOHs. One possible explanation is that she previously had been sensitized 

to another product with higher levels and due to repeated use of the shampoo her 

immune system had been triggered to react also to very low levels.   

Results from patch test materials showed deviations for all preparations with the 

largest discrepancies for the products from company B, Figure 13. The 

preparations had been stored at +4�C and had expiring dates labelled on the 

package. After reporting these results, company B immediately withdrew their 
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products from the market. It is important for the reliability of patch test results 

that the labelled content of the test preparation can be trusted. This is now 

possible to control with the analytical method presented here.  

 

Figure 13: Comparison between the determined and labelled concentrations of hydroperoxides in 
patch test preparations. Lim-OOHs were not detected in B1 (Lim-OOHs). A1, A2, and 
B1 (Lin-OOHs) had expired at analysis time.  

Two-dimensional HPLC/ESI-MS/MS method (Paper V) 

As mentioned above, a heart-cut technique was utilized to isolate the 

hydroperoxide fraction from the 1st dimension column in the 2D-HPLC system. 

Although some monoterpenoids co-eluted in the 1st dimension, the separation 

was achieved in the 2nd dimension (Figure 14).  Limonene oxide was the only 

compound that interfered, partly co-eluting with Lim-2-OOH, but it could be 

fully separated by different MS/MS transitions and the quantification was not 

affected. The entire runtime for each hydroperoxide type was no longer than 60 

min. The automation of the analysis is an advantage as well as the achieved 

reproducibility in retention. Furthermore, no sample preparation other than 
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dilution is needed for perfumes prior to injection. Screening of a much larger 

number of samples will, therefore, be more straightforward. 

 

Figure 14: MRM chromatograms (TIC chromatograms) showing hydroperoxides and interfering 
monoterpenoids on the 2nd silica column after joint transfer from the first dimension via 
the PGC trap.  a) Method for Lin-OOHs and b) method for Lim-2-OOH.  

Lim-2-OOH was used as a marker for all hydroperoxide isomers of limonene 

that may occur in products. This was because 1) there is a lack of reference 

compounds of other isomers, 2) they have different retention behaviour between 

the isomers on the C8 column, thus making it difficult to simultaneously transfer 

them into the 2nd column with the instrumental setup currently at hand. The Lim-

2-OOH isomer has also been used as a marker for quantification by others 

[127,129]. The accuracy of quantification, as well as detection limits, were 

significantly improved with the 2D-HPLC/ESI-MS/MS system compared with 

the 1D-HPLC/ESI-MS/MS method. When samples were analysed some matrix 
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effects could still be observed (between +8% and -20%), but the ion ratios were 

shown to be reproducible and similar compared to standards (RSD < 9%) for all 

MS/MS ion transitions, Figure 15.  Ten perfume samples were analysed and 

Lin-6-OOH and Lin-7-OOH were detected in all of them, while Lim-2-OOH 

could be identified in four of the samples. The highest level was found for Lin-

6-OOH, which was detected in one sample at 436±24 ppm. This level is likely to 

be able to cause skin reactions in already sensitized individuals [120]. Whether 

it is able to cause skin sensitization, i.e. induce contact allergy, at this 

concentration level is not known.  Kligman et al. and Friedmann et al. have 

suggested that repeated exposure during a long period of time could trigger the 

immune system so that much lower levels are able to induce skin allergy 

[73,74]. 
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Figure 15: Comparisons between all mass transitions used for the determination of hydroperoxides 

when spiked in pure solvent and sample matrix, respectively.  
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Conclusions and future perspectives     

This part of the work has been focused on developing and further improving 

analytical methodologies for the determination of mainly three different 

hydroperoxides, Lin-6-OOH, Lin-7-OOH, and Lim-2-OOH, which are all 

known as strong skin sensitizers. These compounds are primary oxidation 

products from two of the most commonly used fragrances used in cosmetics and 

household products. With the developed methods they could be quantified in 

complex and “difficult” sample matrices, such as essential oils, shampoos, patch 

testing preparations, perfumes, after-shaves and a deodorant (the latter 

unpublished).   

A question that still remains to be answered is where the main exposure to 

fragrance hydroperoxides originates from. A toolbox of analytical 

methodologies is now available to screen the market for the occurrence of these 

compounds in many types of products.  

It seems that hydroalcoholic solutions, like perfume, slow down the 

autoxidation. This has been suggested by Kern et al. [119] and is also supported 

by some of our experiments. This indicates, although not proves, that the 

hydroperoxides are added to rather than formed in such products, for instance as 

constituents of essential oils that have autoxidized already prior to their addition. 

Another possible reason for exposure could be that fragrances like limonene and 

linalool form hydroperoxides by bioactivation, i.e. metabolism by enzymes in 

the skin. The latter has not been studied so far, most likely due to the lack of 

appropriate analytical methods. The low levels expected from skin metabolism 

are now possible to investigate by the 2D-HPLC/ESI-MS/MS method developed 

in this work, yielding detection limits as low as 1 ng/ml injected concentration.  





 

65 
 

Acknowledgments 

First, I would like to thank the Department of Environmental Science and 

Analytical Chemistry, the Analytical Chemistry unit (ACESk) for giving me the 

opportunity to be a Ph.D. student and for financial support. 

My supervisor Ulrika Nilsson, words are not enough to express my gratitude for 

you. It was one of the luckiest moments in my life when you accepted me in 

your research group. Thank you for believing in me and supporting me. Thank 

you for being a great supervisor, a good teacher, and a nice friend during my 

time within the department.    

My co-supervisor Lina Hagvall, thank you for the fruitful discussions regarding 

contact allergy, collaboration within the chloroprene rubber project and valuable 

comments on my thesis. Also, thanks a lot for the fun we had in Gothenburg 

(Climbing) together with your nice husband Jon. 

I would like to thank all co-workers in my different projects: Ann-Therese 

Karlberg for your important advises and suggestions regarding the fragrance 

allergy project and for many valuable comments on my thesis, Ioannis Sadiktsis 

for all your help and collaboration within the 2D-HPLC project and for all nice 

chats, Isabella Karlsson for many valuable comments on my thesis and 

collaboration in the sunscreen project, Mansoureh Pei, Kristin Samuelsson, 

Kaija Lammintausta, Mihály Matura, Johanna Bråred Christensson, Johanna 

Rudbäck, John Elliott, Wayne Moffat, Kunimasa Suzuki and Johan Eriksson.  

I also want to acknowledge all present supervisors and teachers within ACESk, 

Conny Östman for the professional revision of my thesis and all funny chats �, 

Leopold Ilag and Cindy for valuable comments on my thesis, Roger 

Westerholm, Carlo Cerscenzi, Magnus Åberg, Anders Colmsjö, Jan 

Holmbäck, and Bengt Herslöf, as well as all colleagues in corridor C3. Also, I 



 

66 
 

would like to acknowledge the former supervisors and teachers in ACESk: 

Gunnar Thorsén, Mohamed Abd-Elrehim, Ingrid Granelli, Christoffer 

Bergvall.  

All PhD students in ACESk: Farshid M Rad for being a real brother to me and 

for all help in mass lab, Hwanmi Lim for being available whenever I asked her 

for help, the nice Italians Francesco Iadaresta and Alessandro Quaranta, 

Hatem Elmongy for the nice chats and laughing at my silly Egyptian jokes 

 Javier Zurita, Pedro Sousa for help with my last manuscript, Nicolò ,(�األلش)

Riboni and Nadia Zguna. Also, I want to thank Karin Lidén for being a 

Swedish translator for free � and for her advises regarding kids and Ioannis 

Athanassiadis for his help with the mass course and nice chats.  

All former PhD students in ACESk, Tran T Thuy, Aljona Saleh, Liying Jiang, 

Silvia Masala, Trifa Ahmed, Petter Olsson, Giovanna Luongo, Aziza El 

Beqqali, Rozanna Avagyan, Jonas Fyrestam, Sayed Daryanavard, Mohammad 

Moein and Sara Jamshidi.   

All former and present administrative staff within the unit: Jonas Rutberg for all 

honest and useful advises, Lena Elfver for kindly helping me with many things, 

Anne-Marie Hagelroth, and Anita Engqvist. 

All diploma students involved in my PhD projects: Musatak Mustafa, Patrik 

Ahlqvist,  Efstathios Vryonidis, Hamid Ahmadi, Min Xu, Namrod Masso, and 

Josphine Carlsson.  

All Egyptian colleagues who are/were in the Faculty of Science at Stockholm 

university: Mokhles Hafez, Hani Mobarak (عم ھاني), Kariem Ezzat, 

Mohammed Youssef, Moataz Dweidar, Hani Nasser, Ahmed Saad, Ahmed 

Fawzy, Wael Arfa and Ibrahim Ghonim. Mahmoud Abdelrazek Gomah, for 



 

67 
 

revision and edits of the Arabic summary. Also, my friends outside academia 

Yaser Megali and Mohammed Elsayed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

68 
 

References  
1.  Brodell LA, Rosenthal KS (2008) Skin Structure and Function: The Body's Primary 

Defense Against Infection. Infectious Diseases in Clinical Practice 16 (2):113-117.  

2.  Kielhorn J, Melching-Kollmuss S, Mangelsdorf I (2006) Environmental health criteria 
235: dermal absorption. World Health Organization, Geneva, Switzerland. 

3.  Tortora GJ, Derrickson BH (2008) Principles of anatomy and physiology. John Wiley & 
Sons,  

4.  Narayanan DL, Saladi RN, Fox JL (2010) Ultraviolet radiation and skin cancer. Int J 
Dermatol 49 (9):978-986. 

5.  Saint-Mezard P, Rosieres A, Krasteva M, et al.(2004) Allergic contact dermatitis. Eur J 
Dermatol 14 (5):284-295. 

6.  Thyssen JP, Linneberg A, Menne T, Johansen JD (2007) The epidemiology of contact 
allergy in the general population--prevalence and main findings. Contact Dermatitis 57 
(5):287-299. 

7.  Peiser M, Tralau T, Heidler J, et al. (2012) Allergic contact dermatitis: epidemiology, 
molecular mechanisms, in vitro methods and regulatory aspects. Current knowledge 
assembled at an international workshop at BfR, Germany. Cell Mol Life Sci 69 (5):763-
781. 

8.  Oakes T, Popple AL, Williams J, et al. (2017) The T Cell Response to the Contact 
Sensitizer Paraphenylenediamine Is Characterized by a Polyclonal Diverse Repertoire of 
Antigen-Specific Receptors. Front Immunol 8 (162). 

9.  Kadyk DL, McCarter K, Achen F, Belsito DV (2003) Quality of life in patients with 
allergic contact dermatitis. J Am Acad Dermatol 49 (6):1037-1048. 

10. Cashman MW, Reutemann PA, Ehrlich A (2012) Contact dermatitis in the United States: 
epidemiology, economic impact, and workplace prevention. Dermatol Clin 30 (1):87-98. 

11.  Erkes DA, Selvan SR (2014) Hapten-induced contact hypersensitivity, autoimmune 
reactions, and tumor regression: plausibility of mediating antitumor immunity. J Immunol 
Res 175265 (10):15. 

12.  Aptula AO, Roberts DW, Pease CK (2007) Haptens, prohaptens and prehaptens, or 
electrophiles and proelectrophiles. Contact Dermatitis 56 (1):54-56. 

13.  Karlberg AT, Bergstrom MA, Borje A, Luthman K, Nilsson JL (2008) Allergic contact 
dermatitis--formation, structural requirements, and reactivity of skin sensitizers. Chem 
Res Toxicol 21 (1):53-69. 



 

69 
 

14.  Martins LE, Reis VM (2011) Immunopathology of allergic contact dermatitis. An Bras 
Dermatol 86 (3):419-433. 

15.  Christensen AD, Haase C (2012) Immunological mechanisms of contact hypersensitivity 
in mice. Apmis 120 (1):1-27. 

16.  Deo SS, Mistry KJ, Kakade AM, Niphadkar PV (2010) Role of T-cells in delayed 
hypersensitivity reactions in patients of allergic diseases. Indian J Chest Dis Allied Sci 52 
(4):253-254. 

17.  Suzuki K, Meguro K, Nakagomi D, Nakajima H (2017) Roles of alternatively activated 
M2 macrophages in allergic contact dermatitis. Allergol Int 66 (3):392-397. 

18.  Johansen JD, Aalto-Korte K, Agner T, et al. (2015) European Society of Contact 
Dermatitis guideline for diagnostic patch testing - recommendations on best practice. 
Contact Dermatitis 73 (4):195-221. 

19.  Hannuksela M, Salo H (1986) The repeated open application test (ROAT). Contact 
Dermatitis 14 (4):221-227. 

20.  Gerberick GF, Ryan CA, Dearman RJ, Kimber I (2007) Local lymph node assay (LLNA) 
for detection of sensitization capacity of chemicals. Methods 41 (1):54-60. 

21.  OECD Test No. 429: Skin Sensitisation. OECD Publishing. 

22.  Dean J, Twerdok L, Andersen K, et al. (1999) The murine local lymph node assay: a test 
method for assessing the allergic contact dermatitis potential of chemicals/compounds: 
The results of an independent peer review evaluation coordiated by the interagency 
coordinating committee on the validation of alternative methods (ICCVAM) and the 
national toxicology program center for the evaluation of alternative toxicological 
methods (NICEATM). Nihpublication 99. 

23.  Wahlberg JE, Boman A (1985) Guinea pig maximization test. In:  Contact Allergy 
Predictive Tests in Guinea Pigs, vol 14. Karger Publishers, pp 59-106. 

24.  European Commission (2013) COMMUNICATION FROM THE COMMISSION TO 
THE EUROPEAN PARLIAMENT AND THE COUNCIL. on the animal testing and 
marketing ban and on the state of play in relation to alternative methods in the field of 
cosmetics. 
http://ec.europa.eu/consumers/sectors/cosmetics/files/pdf/animal_testing/com_at_2013_e
n.pdf 

25.  Casati S, Worth A, Amcoff P et al. (2013) EURL ECVAM Strategy for Replacement of 
Animal Testing for Skin Sensitisation Hazard Identification and Classification. Available 
at:http://publications.jrc.ec.europa.eu/repository/handle/JRC79446 

26.  Reisinger K, Hoffmann S, Alepee N, et al. (2015) Systematic evaluation of non-animal 
test methods for skin sensitisation safety assessment. Toxicol In Vitro 29 (1):259-270 



 

70 
 

27.  Rathman J, Mostrag-Szlichtyng A, Bienfait B, et al.  (2015) Assessing skin sensitization 
potential by combining multiple sources of information in a quantitative weight-of-
evidence approach. The Official Journal of the Society of Toxicology 144 (1) 281. 

28.  Gerberick GF, Vassallo JD, Bailey RE, et al. (2004) Development of a peptide reactivity 
assay for screening contact allergens. Toxicol Sci 81 (2):332-343. 

29.  Roberts DW, Lepoittevin J-P (1998) Hapten-Protein Interactions. In: Lepoittevin J-P, 
Basketter DA, Goossens A, Karlberg A-T (eds) Allergic Contact Dermatitis: The 
Molecular Basis. Springer Berlin Heidelberg, Berlin, Heidelberg, pp 81-111.  

30.  OECD Test No. 442C: In Chemico Skin Sensitisation. OECD Publishing. 

31.  Urbisch D, Becker M, Honarvar N, et al. (2016) Assessment of Pre- and Pro-haptens 
Using Nonanimal Test Methods for Skin Sensitization. Chem Res Toxicol 29 (5):901-913 

32.  Natsch A, Gfeller H (2008) LC-MS-based characterization of the peptide reactivity of 
chemicals to improve the in vitro prediction of the skin sensitization potential. Toxicol 
Sci 106 (2):464-478 

33.  Karlsson I, Samuelsson K, Ponting DJ, et al. (2016) Peptide Reactivity of 
Isothiocyanates--Implications for Skin Allergy. Sci Rep 6 (21203). 

34.  Gerberick GF, Troutman JA, Foertsch LM, et al.  (2009) Investigation of peptide 
reactivity of pro-hapten skin sensitizers using a peroxidase-peroxide oxidation system. 
Toxicol Sci 112 (1):164-174 

35.  Glenn FE. Encyclopedia of Polymer Science and Technology: Chloroprene Polymers. 
Hoboken, NJ: John Wiley, 2002. 

36.  Friis UF, Johansen JD, Krongaard T, Menne T (2011) Quantitative assessment of 
diethylthiourea exposure in two cases of occupational allergic contact dermatitis. Contact 
Dermatitis 64 (2):116-118 

37.  Kohli N, Habbal S (2010) Occupational allergic contact dermatitis due to thioureas. 
Dermatitis 21 (1):E5-6 

38.  Kroft EB, van der Valk PG (2007) Allergic contact dermatitis as a result of 
diethylthiourea. Contact Dermatitis 57 (3):194-195 

39.  Bergendorff O, Persson CM, Hansson C (2004) HPLC analysis of alkyl thioureas in an 
orthopaedic brace and patch testing with pure ethylbutylthiourea. Contact Dermatitis 51 
(5-6):273-277 

40.  Sakata S, Cahill J, Nixon R (2006) Allergic contact dermatitis to thiourea in a neoprene 
knee brace. Australas J Dermatol 47 (1):67-69 

41.  Thomson KF, Wilkinson SM, Chalmers RJ, Beck MH (1998) Allergic contact dermatitis 
from a neoprene elbow splint. Contact Dermatitis 38 (3):179 



 

71 
 

42.  Dooms-Goossens A, Chrispeels MT, De Veylder H, et al. (1987) Contact and 
photocontact sensitivity problems associated with thiourea and its derivatives: a review of 
the literature and case reports. Br J Dermatol 116 (4):573-579 

43.  Kanerva L, Estlander T, Alanko K, Jolanki R (1998) Occupational airborne allergic 
contact dermatitis from dibutylthiourea. Contact Dermatitis 38 (6):347-348 

44.  Liippo J, Ackermann L, Lammintausta K (2011) Occupational allergic contact dermatitis 
caused by diethylthiourea in a neoprene handle of a cleaning trolley. Contact Dermatitis 
64 (6):359-360 

45.  Martinez-Gonzalez MC, Goday-Bujan JJ, Almagro M, Fonseca E (2009) [Allergic 
contact dermatitis to diethylthiourea in a neoprene wader]. Actas Dermosifiliogr 100 
(4):317-320 

46.  AMERICAN CONTACT DERMATITIS SOCIETY NAMES MIXED DIALKYL 
THIOUREAS CONTACT ALLERGEN OF THE YEAR. Chemical mixture found in 
neoprene rubber products linked to allergic reactions to shoes, athletic braces, wetsuits, 
and computer mouse pads. Available at:    
https://www.contactderm.org/files/public/2009Allergen_Year.pdf 

47.  Warshaw EM, Cook JW, Belsito DV, et al. (2008) Positive patch-test reactions to mixed 
dialkyl thioureas: cross-sectional data from the North American Contact Dermatitis 
Group, 1994 to 2004. Dermatitis 19 (4):190-201. 

48.  Dall AB, Andersen KE, Mortz CG (2012) Targeted testing with diethylthiourea often 
reveals clinically relevant allergic contact dermatitis caused by neoprene rubber. Contact 
Dermatitis 67 (2):89-93. 

49.  Barcelo J-M, Rosillo M-R, García-Abujeta JL (2014) Contact Dermatitis Due to Thiourea 
Derivatives. In: Mackay IR, Rose NR, Ledford DK, Lockey RF (eds) Encyclopedia of 
Medical Immunology: Allergic Diseases. Springer New York, New York, NY, pp 172-
175.  

50.  Uter W, Warburton K, Weisshaar E, et al. (2016) Patch test results with rubber series in 
the European Surveillance System on Contact Allergies (ESSCA), 2013/14. Contact 
Dermatitis 75 (6):345-352.  

51.  Ikarashi Y, Ohno K, Momma J, Tsuchiya T, Nakamura A (1994) Assessment of contact 
sensitivity of four thiourea rubber accelerators: comparison of two mouse lymph node 
assays with the guinea pig maximization test. Food Chem Toxicol 32 (11):1067-1072. 

52.  Ikarashi Y, Tsuchiya T, Nakamura A (1993) A sensitive mouse lymph node assay with 
two application phases for detection of contact allergens. Arch Toxicol 67 (9):629-636. 

53.  Samuelsson K, Bergstrom MA, Jonsson CA, Westman G, Karlberg AT (2011) 
Diphenylthiourea, a common rubber chemical, is bioactivated to potent skin sensitizers. 
Chem Res Toxicol 24 (1):35-44. 



 

72 
 

54.  Fregert S, Trulson L, Zimerson E (1982) Contact allergic reactions to diphenylthiourea 
and phenylisothiocyanate in PVC adhesive tape. Contact Dermatitis 8 (1):38-42. 

55.  Samaram S, Mirhosseini H, Tan CP, Ghazali HM (2013) Ultrasound-assisted extraction 
(UAE) and solvent extraction of papaya seed oil: yield, fatty acid composition and 
triacylglycerol profile. Molecules 18 (10):12474-12487. 

56.  Picó Y (2013) Ultrasound-assisted extraction for food and environmental samples. TrAC 
Trends in Analytical Chemistry 43:84-99.  

57.  Dent M, Dragović-Uzelac V, Elez Garofulić I, et al. (2015) Comparison of conventional 
and ultrasound-assisted extraction techniques on mass fraction of phenolic compounds 
from sage (Salvia officinalis L.). Chemical and biochemical engineering quarterly 29 
(3):475-484. 

58.  Gilbert JD, Olah TV, Morris MJ, et al. (1998) The use of stable isotope labeling and 
liquid chromatography-tandem mass spectrometry techniques to simultaneously 
determine the oral and ophthalmic bioavailability of timolol in dogs. J Chromatogr Sci 36 
(4):163-168. 

59.  IARC Working Group on the Evaluation of Carcinogenic Risk to Humans. Some 
Chemicals that Cause Tumours of the Kidney or Urinary Bladder in Rodents and Some 
Other Substances. Lyon (FR): International Agency for Research on Cancer; 1999. 
(IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, No. 73.) Allyl 
Isothiocyanate. 

60.  Bailey SD, Bazinet ML, Driscoll JL, McCarthy AI (1961) The Volatile Sulfur 
Components of Cabbagea. Journal of Food Science 26 (2):163-170.  

61.  Košťál V (1992) Orientation behavior of newly hatched larvae of the cabbage 
maggot,Delia radicum (L.) (Diptera: Anthomyiidae), to volatile plant metabolites. Journal 
of Insect Behavior 5 (1):61-70.  

62.  Budnowski J, Hanschen FS, Lehmann C, et al. (2013) A derivatization method for the 
simultaneous detection of glucosinolates and isothiocyanates in biological samples. Anal 
Biochem 441 (2):199-207 

63.  Pilipczuk T, Kusznierewicz B, Chmiel T, et al. (2017) Simultaneous determination of 
individual isothiocyanates in plant samples by HPLC-DAD-MS following SPE and 
derivatization with N-acetyl-l-cysteine. Food Chem 214:587-596. 

64.  Arthur CL, Pawliszyn J (1990) Solid phase microextraction with thermal desorption 
using fused silica optical fibres. Analytical Chemistry 62 (19):2145-2148.  

65.  Prosen H, Zupančič-Kralj L (1999) Solid-phase microextraction. TrAC Trends in 
Analytical Chemistry 18 (4):272-282.  



 

73 
 

66.  Shirey RE (1999) Solid phase extraction theory. Solid-phase microextraction: a practical 
guide New York, NY, Marcel Dekker:1-26. 

67.  Riguzzi R (1997) Headspace solid-phase microextraction analysis of methyl 
isothiocyanate in wine. Journal of agricultural and food chemistry 45 (8):3092-3094. 

68.  Jirovetz L, Smith D, Buchbauer G (2002) Aroma compound analysis of Eruca sativa 
(Brassicaceae) SPME headspace leaf samples using GC, GC− MS, and olfactometry. 
Journal of agricultural and food chemistry 50 (16):4643-4646. 

69.  Peruga A, Beltrán J, López F, Hernández F (2014) Determination of 
methylisothiocyanate in soil and water by HS-SPME followed by GC–MS–MS with a 
triple quadrupole. Analytical and bioanalytical chemistry 406 (22):5271-5282. 

70.  Kanerva L, Jolanki R, Plosila M, Estlander T (1984) Contact dermatitis from 
dibutylthiourea. Contact Dermatitis 10 (3):158-162.  

71.  Shirey RE (1999) SPME fibres and selection for specific applications. Solid-phase 
microextraction: a practical guide New York, NY, Marcel Dekker:59-110. 

72.  Samuelsson K, Simonsson C, Jonsson CA, et al. (2009) Accumulation of FITC near 
stratum corneum–visualizing epidermal distribution of a strong sensitizer using two
photon microscopy. Contact dermatitis 61 (2):91-100. 

73.  Friedmann PS (2007) The relationships between exposure dose and response in induction 
and elicitation of contact hypersensitivity in humans. Br J Dermatol 157 (6):1093-1102. 

74.  Kligman AM (1966) The identification of contact allergens by human assay. II. Factors 
influencing the induction and measurement of allergic contact dermatitis. J Invest 
Dermatol 47 (5):375-392. 

75.  Guimarães AG, Quintans JSS, Quintans-Júnior LJ (2013) Monoterpenes with Analgesic 
Activity—A Systematic Review. Phytotherapy Research 27 (1):1-15.  

76.  Pybus D, Sell C (2007) The chemistry of fragrances. Royal Society of Chemistry.  

77.  Diepgen TL, Ofenloch R, Bruze M, et al. (2015) Prevalence of fragrance contact allergy 
in the general population of five European countries: a cross-sectional study. Br J 
Dermatol 173 (6):1411-1419. 

78.  Diepgen T, Ofenloch R, Bruze M, et al. (2016) Prevalence of contact allergy in the 
general population in different European regions. British journal of dermatology 174 
(2):319-329. 

79.  Nielsen NH, Menné T (1992) Allergic contact sensitization in an unselected Danish 
population. Acta Derm Venereol 72:456-460. 



 

74 
 

80.  Thyssen J, Menné T, Linneberg A, Johansen J (2009) Contact sensitization to fragrances 
in the general population: a Koch’s approach may reveal the burden of disease. British 
Journal of Dermatology 160 (4):729-735. 

81.  Scientific Committee on Consumer Safety, OPINION on fragrance allergens in cosmetic 
products. In: The SCCS adopted this pre-consultation opinion at its 13th plenary meeting. 
2011.  
https://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_073.pdf.  

82.  http://www.ifraorg.org/en/ingredients#.WledkK6nFaQ 

83.  Casabianca H, Graff JB, Faugier V, et al. (1998) Enantiomeric Distribution Studies of 
Linalool and Linalyl Acetate. A Powerful Tool for Authenticity Control of Essential Oils. 
Journal of High Resolution Chromatography 21 (2):107-112.  

84.  Linalool  (1975). Food and Cosmetics Toxicology 13 (6):827-832.  

85.  Sun J (2007) D-Limonene: safety and clinical applications. Altern Med Rev 12 (3):259-
264. 

86.  Chen W, Viljoen AM (2010) Geraniol — A review of a commercially important 
fragrance material. South African Journal of Botany 76 (4):643-651.  

87.  CITRONELLOL A2 - OPDYKE, D.L.J (1979). In:  Monographs on Fragrance Raw 
Materials. Pergamon, pp 235-236.  

88.  Lepoittevin J-P, Coz CJ (2007) Dictionary of contact allergens. Springer Science & 
Business Media,  

89.  Turek C, Stintzing FC (2013) Stability of Essential Oils: A Review. Comprehensive 
Reviews in Food Science and Food Safety 12 (1):40-53.  

90.  Karlberg AT, Magnusson K, Nilsson U (1994) Influence of an anti-oxidant on the 
formation of allergenic compounds during auto-oxidation of d-limonene. Ann Occup Hyg 
38 (2):199-207. 

91.  Karlberg AT, Dooms-Goossens A (1997) Contact allergy to oxidized d-limonene among 
dermatitis patients. Contact Dermatitis 36 (4):201-206. 

92.  Matura M, Goossens A, Bordalo O, et al. (2002) Oxidized citrus oil (R-limonene): a 
frequent skin sensitizer in Europe. J Am Acad Dermatol 47 (5):709-714. 

93.  Matura M, Skold M, Borje A, et al. (2006) Not only oxidized R-(+)- but also S-(-)-
limonene is a common cause of contact allergy in dermatitis patients in Europe. Contact 
Dermatitis 55 (5):274-279. 

94.  Christensson JB, Matura M, Gruvberger B, et al. (2010) Linalool--a significant contact 
sensitizer after air exposure. Contact Dermatitis 62 (1):32-41. 



 

75 
 

95.  Matura M, Skold M, Borje A, et al. (2005) Selected oxidized fragrance terpenes are 
common contact allergens. Contact Dermatitis 52 (6):320-328. 

96.  Buckley DA (2011) Allergy to oxidized linalool in the UK. Contact Dermatitis 64 
(4):240-241. 

97.  Hagvall L, Karlberg AT, Christensson JB (2013) Finding the optimal patch test material 
and test concentration to detect contact allergy to geraniol. Contact Dermatitis 68 (4):224-
231. 

98.  Hagvall L, Karlberg AT, Christensson JB (2012) Contact allergy to air-exposed geraniol: 
clinical observations and report of 14 cases. Contact Dermatitis 67 (1):20-27. 

99.  Berglund (2011) How do small differences in chemical reactivity andsensitizing capacity 
affect the frequency of contact allergy to common fragrances?. University of Gothenburg.  

100. Schnuch A, Uter W, Geier J, et al. (2007) Sensitization to 26 fragrances to be labelled 
according to current European regulation. Results of the IVDK and review of the 
literature. Contact Dermatitis 57 (1):1-10. 

101. Uter W, Geier J, Frosch P, Schnuch A (2010) Contact allergy to fragrances: current patch 
test results (2005-2008) from the Information Network of Departments of Dermatology. 
Contact Dermatitis 63 (5):254-261. 

102. van Oosten EJ, Schuttelaar ML, Coenraads PJ (2009) Clinical relevance of positive patch 
test reactions to the 26 EU-labelled fragrances. Contact Dermatitis 61 (4):217-223. 

103. de Groot AC, Liem DH, Nater JP, van Ketel WG (1985) Patch tests with fragrance 
materials and preservatives. Contact Dermatitis 12 (2):87-92. 

104. de Groot AC, Coenraads PJ, Bruynzeel DP, et al. (2000) Routine patch testing with 
fragrance chemicals in The Netherlands. Contact Dermatitis 42 (3):184-185. 

105. Fregert S, Hjorth N (1969) Results of standard patch tests with substances abandoned. 
Contact Dermatitis Newsletter 5:85. 

106. Frosch PJ, Pilz B, Andersen KE, et al. (1995) Patch testing with fragrances: results of a 
multicenter study of the European Environmental and Contact Dermatitis Research 
Group with 48 frequently used constituents of perfumes. Contact Dermatitis 33 (5):333-
342. 

107. Karlberg AT, Borje A, Duus Johansen J, et al. (2013) Activation of non-sensitizing or 
low-sensitizing fragrance substances into potent sensitizers - prehaptens and prohaptens. 
Contact Dermatitis 69 (6):323-334. 

108. Skold M, Borje A, Harambasic E, Karlberg AT (2004) Contact allergens formed on air 
exposure of linalool. Identification and quantification of primary and secondary oxidation 
products and the effect on skin sensitization. Chem Res Toxicol 17 (12):1697-1705. 



 

76 
 

109. Hagvall L, Backtorp C, Svensson S, et al. (2007) Fragrance compound geraniol forms 
contact allergens on air exposure. Identification and quantification of oxidation products 
and effect on skin sensitization. Chem Res Toxicol 20 (5):807-814. 

110. Christensson JB, Johansson S, Hagvall L, et al. (2008) Limonene hydroperoxide 
analogues differ in allergenic activity. Contact Dermatitis 59 (6):344-352. 

111. Skold M, Hagvall L, Karlberg AT (2008) Autoxidation of linalyl acetate, the main 
component of lavender oil, creates potent contact allergens. Contact Dermatitis 58 (1):9-
14. 

112. Deza G, Garcia-Bravo B, Silvestre JF, et al. (2017) Contact sensitization to limonene and 
linalool hydroperoxides in Spain: a GEIDAC(*) prospective study. Contact Dermatitis 76 
(2):74-80. 

113. Johansson S, Gimenez-Arnau E, Grotli M, et al. (2008) Carbon- and oxygen-centered 
radicals are equally important haptens of allylic hydroperoxides in allergic contact 
dermatitis. Chem Res Toxicol 21 (8):1536-1547. 

114. Brared Christensson J, Matura M, Backtorp C, et al. (2006) Hydroperoxides form 
specific antigens in contact allergy. Contact Dermatitis 55 (4):230-237. 

115. Johansson S, Redeby T, Altamore TM, et al. (2009) Mechanistic proposal for the 
formation of specific immunogenic complexes via a radical pathway: a key step in 
allergic contact dermatitis to olefinic hydroperoxides. Chem Res Toxicol 22 (11):1774-
1781. 

116. Redeby T, Nilsson U, Altamore TM, et al. (2010) Specific Adducts Formed through a 
Radical Reaction between Peptides and Contact Allergenic Hydroperoxides. Chemical 
Research in Toxicology 23 (1):203-210.  

117. Guengerich FP (2001) Common and uncommon cytochrome P450 reactions related to 
metabolism and chemical toxicity. Chem Res Toxicol 14 (6):611-650. 

118. Nam W, Han HJ, Oh S-Y, et al. (2000) New Insights into the Mechanisms of O−O Bond 
Cleavage of Hydrogen Peroxide and tert-Alkyl Hydroperoxides by Iron(III) Porphyrin 
Complexes. Journal of the American Chemical Society 122 (36):8677-8684.  

119. Kern S, Dkhil H, Hendarsa P, Ellis G, Natsch A (2014) Detection of potentially skin 
sensitizing hydroperoxides of linalool in fragranced products. Anal Bioanal Chem 406 
(25):6165-6178. 

120. Andersch Bjorkman Y, Hagvall L, Siwmark C, et al. (2014) Air-oxidized linalool elicits 
eczema in allergic patients - a repeated open application test study. Contact Dermatitis 70 
(3):129-138. 



 

77 
 

121. Rather MA, Dar BA, Shah WA, et al. (2017) Comprehensive GC–FID, GC–MS and FT-
IR spectroscopic analysis of the volatile aroma constituents of Artemisia indica and 
Artemisia vestita essential oils. Arabian Journal of Chemistry 10:S3798-S3803.  

122. Karlberg AT, Shao LP, Nilsson U, et al. (1994) Hydroperoxides in oxidized d-limonene 
identified as potent contact allergens. Arch Dermatol Res 286 (2):97-103. 

123. Francis Orata (2012). Derivatization Reactions and Reagents for Gas Chromatography 
Analysis, Advanced Gas Chromatography - Progress in Agricultural, Biomedical and 
Industrial Applications, Dr. Mustafa Ali Mohd (Ed.), InTech, DOI: 10.5772/33098. 
Available from: https://www.intechopen.com/books/advanced-gas-chromatography-
progress-in-agricultural-biomedical-and-industrial-applications/derivatization-reactions-
and-reagents-for-gas-chromatography-analysis 

124. Docherty KS, Kumboonlert K, Lee IJ, Ziemann PJ (2004) Gas chromatography of 
trimethylsilyl derivatives of alpha-methoxyalkyl hydroperoxides formed in alkene-O3 
reactions. J Chromatogr A 12:1-2. 

125. Turnipseed SB, Allentoff AJ, Thompson JA (1993) Analysis of trimethylsilylperoxy 
derivatives of thermally labile hydroperoxides by gas chromatography-mass 
spectrometry. Anal Biochem 213 (2):218-225. 

126. Rudbäck J, Hagvall L, Börje A, et al. (2014) Characterization of skin sensitizers from 
autoxidized citronellol – impact of the terpene structure on the autoxidation process. 
Contact Dermatitis 70 (6):329-339.  

127. Kern S, Granier T, Dkhil H, et al. (2014) Stability of limonene and monitoring of a 
hydroperoxide in fragranced products. Flavour and Fragrance Journal 29 (5):277-286.  

128. Nilsson J, Carlberg J, Abrahamsson P, et al. (2008) Evaluation of ionization techniques 
for mass spectrometric detection of contact allergenic hydroperoxides formed by 
autoxidation of fragrance terpenes. Rapid Commun Mass Spectrom 22 (22):3593-3598. 

129. Rudback J, Islam N, Nilsson U, Karlberg AT (2013) A sensitive method for 
determination of allergenic fragrance terpene hydroperoxides using liquid 
chromatography coupled with tandem mass spectrometry. J Sep Sci 36 (8):1370-1378. 

130. Calandra MJ, Impellizzeri J, Wang Y (2015) An HPLC method for hydroperoxides 
derived from limonene and linalool in citrus oils, using post-column luminol-mediated 
chemiluminescence detection. Flavour and Fragrance Journal 30 (2):121-130.  

131. David SB, Carmen TS, Alternative Retention and Selectivity Using Fluorinated 
Stationary Phases . Reporter US Vol 28.5. Available at 
https://www.sigmaaldrich.com/technical-documents/articles/reporter-us/alt-retention-
selectivity-fl-stationary-phases.html 

132. Dittmann MM, Wang X (2017) Chapter 6 - New Materials for Stationary Phases in 
Liquid Chromatography/Mass Spectrometry. In: Holčapek M, Byrdwell WC (eds) 



 

78 
 

Handbook of Advanced Chromatography/Mass Spectrometry Techniques. AOCS Press, 
pp 179-225.  

133. Carmen TS, David SB (2016) Mechanisms of Interaction Responsible for Alternative 
Selectivity of Fluorinated Stationary Phases. LCGC North America 34 (2): 92-105. 

134. Urban J (2010) Mobile phase viscosity. CHROMATOGRAPHER. Available at: 
http://www.chromatographer.com/mobile-phase-viscosity/  

135. Zhang K WJ, Tsang M, et al. Two-Dimensional HPLC in Pharmaceutical Analysis. 
American pharmaceutical review.  

136. Guo P, Luo Z, Xu X, et al. (2017) Development of molecular imprinted column-on line-
two dimensional liquid chromatography for selective determination of clenbuterol 
residues in biological samples. Food Chem 217:628-636. 

137. Giddings JC (1987) Concepts and comparisons in multidimensional separation. Journal 
of High Resolution Chromatography 10 (5):319-323.  

138. Cai X, Guo Z, Xue X, et al. (2012) Two-dimensional liquid chromatography separation 
of peptides using reversed-phase/weak cation-exchange mixed-mode column in first 
dimension. J Chromatogr A 9:242-249. 

139. Mihailova A, Malerod H, Wilson SR, et al. (2008) Improving the resolution of 
neuropeptides in rat brain with on-line HILIC-RP compared to on-line SCX-RP. J Sep 
Sci 31 (3):459-467. 

140. Gilar M, Olivova P, Daly AE, Gebler JC (2005) Orthogonality of separation in two-
dimensional liquid chromatography. Anal Chem 77 (19):6426-6434. 

141. Yanagida A, Murao H, Ohnishi-Kameyama M, et al. (2007) Retention behavior of 
oligomeric proanthocyanidins in hydrophilic interaction chromatography. J Chromatogr 
A 2:1-2. 

142. Li J-F, Fang H, Yan X, et al. (2016) On-line comprehensive two-dimensional normal-
phase liquid chromatography×reversed-phase liquid chromatography for preparative 
isolation of toad venom. Journal of Chromatography A 1456:169-175.  

143. Dugo P, Favoino O, Luppino R, et al. (2004) Comprehensive two-dimensional normal-
phase (adsorption)-reversed-phase liquid chromatography. Anal Chem 76 (9):2525-2530 

144. Elmongy H, Ahmed H, Wahbi AA, et al. (2015) Online post-column solvent assisted and 
direct solvent-assisted electrospray ionization for chiral analysis of propranolol 
enantiomers in plasma samples. J Chromatogr A 30:110-118. 

145. Rudback J, Bergstrom MA, Borje A, et al. (2012) alpha-Terpinene, an antioxidant in tea 
tree oil, autoxidizes rapidly to skin allergens on air exposure. Chem Res Toxicol 25 
(3):713-721.  



 

79 
 

146. Chaintreau A, IDEA Hydroperoxide task force. 2015. 
http://www.ideaproject.info/uploads/Modules/Documents/idea-hydroperoxides-tf-
meeting-28-1-15---final-draft-minutes-att.-01.pdf. Accessed 29 Dec 2017. 

147. Karlsson I, Vanden Broecke K, Martensson J, et al. (2011) Clinical and experimental 
studies of octocrylene's allergenic potency. Contact Dermatitis 64 (6):343-352.  

148. Karlsson I, Persson E, Martensson J, Borje A (2012) Investigation of the sunscreen 
octocrylene's interaction with amino acid analogs in the presence of UV radiation. 
Photochemistry and photobiology 88 (4):904-912.  

149. Hanson KM, Gratton E, Bardeen CJ (2006) Sunscreen enhancement of UV-induced 
reactive oxygen species in the skin. Free radical biology & medicine 41 (8):1205-1212.  

 

 

 




