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!ōǎǘǊŀŎǘ 

Due to the continuous popularity of tattoos in Germany and other countries one fifth to a quarter of the 

population is already carrying this permanent body decoration. Despite this high incidence, numerous 

toxicological endpoints, especially in the case of the color giving pigments, are missing for an adequate 

risk assessment of tattoo inks. In this thesis, photostability and biokinetics are investigated as two of the 

key elements of tattoo pigment pharmacokinetics. 

The light-induced decomposition of six organic pigments was investigated using laser irradiation, which is 

commonly used for tattoo removal. Decomposition products were analyzed using gas chromatographic 

separation coupled to mass spectrometric detection. Additionally, the photothermal decomposition as 

occurring with laser irradiation was mimicked by pyrolysis.  

Data for pigment biokinetics could only be obtained by analysis of human samples since animal testing 

for tattoo applications was declined in Germany. Here, pigment and element distribution in skin and 

lymph nodes, as well as other peripheral organs, were assessed using mass spectrometric devices and 

synchrotron x-ray fluorescence techniques. 

Upon laser irradiation, all organic pigments were cleaved into benzene and hydrogen cyanide. Also, 

potentially carcinogenic and sensitizing compounds were found for each pigment specifically. The same 

decomposition products were also found in pigment pyrolysis. In in vitro cytotoxicity tests, hydrogen 

cyanide showed an impairment of the skin cell metabolism in the expected concentrations.  

The analysis of skin and lymph node samples revealed a preferential transport of smaller particles of 

organic and inorganic pigments. Associated to tattoo pigments, potentially carcinogenic and sensitizing 

elements like Ni, Cr and Cd are transported to the draining lymph nodes. No increased element 

concentrations were detected in other peripheral organs investigated so far.  

The data obtained from laser irradiation and pyrolysis in combination with information from other 

publications allow an extrapolation of the decomposition of non-investigated pigments of the same 

chemical classes. This facilitates the exclusion of pigments degrading into toxins out of the several 

hundred potentially used in tattoo inks.  

The data on distribution of tattoo inks do not display a full data set for biokinetics under the given 

circumstances but confirm life-long exposition to potentially harmful material in the lymph nodes. Since 

the distribution of other insoluble pigments including white titanium dioxide is well described in 

literature upon subcutaneous and intradermal application, this data might be used to extrapolate the 

distribution of tattoo pigments.  
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½ǳǎŀƳƳŜƴŦŀǎǎǳƴƎ 

Durch die anhaltende Beliebtheit von Tätowierungen tragen in Deutschland und anderen Ländern 

zwischen einem Fünftel und einem Viertel aller Menschen diesen permanenten Körperschmuck. Trotz 

dieser hohen Inzidenz stehen viele toxikologische Daten für eine ausreichende Risikobewertung der 

Inhaltstoffe von Tätowiermitteln, insbesondere der Pigmente, nicht zur Verfügung. 

In dieser Arbeit wurden zwei Kernelemente der Pharmakokinetik von Tätowiermittelpigmenten, die 

Stabilität unter Lichteinfluss und die Biokinetik, untersucht.  

Die lichtinduzierte Zersetzung von sechs organischen Pigmenten unter Laserbestrahlung, welche zur 

Entfernung von Tätowierungen eingesetzt wird, wurde mit Hilfe von Gaschromatographie mit 

massenspektrometrischer Detektion untersucht. Zudem wurde die photothermische Zersetzung unter 

Laserbestrahlung durch Pyrolyse simuliert. 

Biokinetische Daten konnten nur durch die Analyse humaner Proben erhoben werden, da Tierversuche 

für diesen Anwendungsbereich in Deutschland nicht genehmigt wurden. Hier wurde die Verteilung von 

organischen Pigmenten und Elementen in Haut und Lymphknoten, sowie anderen peripheren Organen 

mit Hilfe massenspektrometrischer Methoden und Synchrotron-Röntgenfluoreszenz analysiert. 

In den Laserversuchen konnte gezeigt werden, dass generell aus allen untersuchten organischen 

Pigmenten Benzol und Blausäure freigesetzt werden können. Zudem entstehen pigmentspezifisch 

potentiell krebserregende und allergieauslösender Substanzen. Die gleichen Zersetzungsprodukte 

zeigten sich ebenfalls durch Pyrolyse der Pigmente. In vitro Zytotoxizitätstests konnten zeigen, dass der 

Hautzellmetabolismus durch Blausäure in den zu erwartenden Konzentrationen eingeschränkt wird. 

Die Analysen der Haut und Lymphknotenproben zeigten einen bevorzugten Transport von kleinen 

Partikeln organischer und anorganischer Pigmente. Zusammen mit diesen Pigmenten gelangen auch 

potentiell krebserregende und allergieauslösende Elementverunreinigung wie Ni, Cr und Cd in die 

Lymphknoten. In peripheren Organen konnten noch keine Pigmente oder erhöhte Elementgehalte 

festgestellt werden. 

Durch die gewonnen Daten der Laserbestrahlung, Pyrolyse und anhand der Literatur lassen sich für 

einzelne chemische Pigmentklassen auch die Zersetzungsprodukte nicht untersuchter Pigmente 

extrapolieren. Die Daten können dazu genutzt werden, unter Hunderten verfügbaren Pigmenten 

diejenigen mit toxischen Zersetzungsprodukten zu identifizieren und für die Anwendung in 

Tätowiermitteln auszuschließen. 

Die unter den gegebenen Umständen gewonnenen Daten in Bezug auf die Verteilung von 

Tätowiermittelpigmenten im Körper stellen keine vollständige Biokinetik dar, belegen jedoch die 
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lebenslange Exposition gegenüber potentiell gesundheitsschädlichen Stoffen in den Lymphknoten. Da 

die Verteilung anderer unlöslicher Partikel, inklusive dem Weißpigment Titandioxid, auch in subkutaner 

und intradermaler Applikation in der Literatur gut beschrieben ist, können diese Daten ebenfalls zur 

Extrapolation der Verteilung von Tätowiermittelpigmenten herangezogen werden. 
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!ōōǊŜǾƛŀǘƛƻƴǎ 

All abbreviations occurring in the text, except for those used in the articles in Chapter 2, are listed in the 

following table. 

 

ADME administration, distribution, metabolism and secretion  

ALARA as low as reasonably achievable 

BfR Federal Institute for Risk Assessment (German: Bundesinstitut für 

Risikobewertung) 

BVL Federal Office of Consumer Protection and Food Safety (German: 

Bundesamt für Verbraucherschutz und Lebensmittelsicherheit)  

BTEX benzene, toluene, ethylbenzene, xylene 

C.I. color index 

CYP cytochrome P450 

DNEL Derived No-Effect Level 

ECHA European Chemicals Agency 

EU European Union 

GC-MS gas chromatography coupled to mass spectrometry  

GHS Globally Harmonized System of Classification and Labelling of Chemicals 

HCB hexachlorobenzene 

IARC International Agency for Research on Cancer 

i.d. intradermal 

IPL intense pulsed light 

i.p. intraperitoneal  

i.v. intravenous 

LC-MS liquid chromatography coupled to mass spectrometry  

LFGB German Food and Feed Code (German: Lebensmittelfuttergesetzbuch) 

LOAEL lowest-observed-adverse-effect level  

MALDI-ToF-MS  matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry 

MAK Maximum workplace concentration (German: Maximale Arbeitsplatz-

Konzentration) 
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NMR nuclear magnetic resonance 

OECD Organization for Economic Co-operation and Development 

PAA primary aromatic amines  

PAH polycyclic aromatic hydrocarbons 

PEG polyethylene glycol  

P.B. pigment blue 

P.G. pigment green 

P.O. pigment orange 

P.R. pigment red 

P.V. pigment violet 

P.Y. pigment yellow 

py-GC-MS  pyrolysis-gas chromatography-mass spectrometry 

QSAR Quantitative Structure-Activity Relationship 

Q-switched quality-switched 

RAPEX  Rapid Alert System for dangerous non-food products 

ReSaP(2008)1 Resolution on requirements and criteria for the safety of tattoos and 

permanent make-up 

ROS reactive oxygen species 

s.c. subcutaneous  

TiO2 titanium dioxide 

TätoV tattoo products regulation (German: Tätowiermittelverordnung) 

UV ultra violet  
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1. LƴǘǊƻŘǳŎǘƛƻƴ 

1.1. Past and present: Human history of tattooing  

The permanent depositing of pigments in the skinφwhich is nowadays referred to as tattooing 

φreaches back to the beginning of modern humanity. Not only did αmǘȊƛά, the oldest European iceman 

mummy dating back to 3370ς3100 BC, have 61 tattoos spread all over his body1, but tattoos found on 

early mummies from Peru, Egypt and Russia imply that tattooing was a worldwide phenomenon2. Tools 

discovered at archeological sites, which were used to create tattoos, even date the beginnings of 

tattooing back to the Upper Paleolithic3. During history, it has not lost any of its appeal to the present 

day and has consistently existed to the present day2.  

In the recent decades, there has been a massive increase in tattooing. In Germany a total of 9.1% of the 

population is tattooed, in the age group of 25ς34 years the figure is 22.3%4. A comparison of multiple 

studies from Europe, Australia and the USA showed similar values with the highest prevalence of 38% in 

the 30ς39 year age group in the USA5.  

Over the centuries, the techniques used to perform this body modification have evolved and improved. 

The first tattoos were probably made by simply rubbing charcoal into the skin after it had been 

punctured with primitive tools such as thorns, sharpened bone or flintstone knives6. More sophisticated 

methods included sewing and needles hammered into the skin in the arctic and Polyneasia7. Even today, 

these techniques still find devoted communities around the globe and are also practiced traditionally in 

some countries. 

During the industrialization and electrification of Western societies, more advanced tattooing methods 

came into being. In 189мΣ {ŀƳǳŜƭ hΩwŜƛƭƭȅ and Thomas Riley patented the first electrical driven rotary and 

single coil tattoo machines, respectively8,9. Modern tattoo machines are technologically refined 

descendants of this technology.  
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1.2. The tattooing procedure 

Irrespective of the various techniques available to obtain a permanent skin colorization, the physiological 

process remains the same. Insoluble pigment particles are inserted into the dermal layer of the skin (Fig. 

1). If deposited into the upper epidermis, the fast regeneration and dispensing of dead cells towards the 

skin surface would lead to a rapid fading of the tattoo within weeks. It should be mentioned, that the 

latter is attempted in the case of so-ŎŀƭƭŜŘ άōƛƻ-ǘŀǘǘƻƻǎέ ŀƴŘ ǇŜǊƳŀƴŜƴǘ ƳŀƪŜ-up which should resolve 

or disappear after some time. However, the epidermis is a relatively thin cell layer varying from 50ς1500 

µm in thickness that even an experienced tattoo artist using modern tattoo machines struggles to 

exclusively hit the epidermis. Therefore, a semi-vanished tattoo might even remain iƴ ǘƘŜ ǇŜǊǎƻƴΩǎ ǎƪƛƴ 

ƛƴ ŎŀǎŜ ƻŦ άōƛƻ-ǘŀǘǘƻƻǎέΦ ²ƛǘƘ ǇŜǊƳŀƴŜƴǘ ƳŀƪŜ-up, the outer border of lips, eye-lids and the shape of the 

eyebrows are highlighted with a tattooing procedure, which is intended to vanish after a certain time. 

Even if the depth of the needles is not controllable in a satisfactory manner, most permanent-make up 

colorations disappear. Presumably, permanent make-up vanishes because facial skin has a faster turn 

over, a thick corneal layer around the lips prevents deeper dermal injection or because less ink is 

injected. In terms of the eye brows, an exceedingly high number of case reports can be found in 

literature on laser removal of no-longer wanted coloration. Often because these inks tend to undergo 

color changes already before or after laser-removal10,11. Since the procedure of permanent make-up is 

ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘŜ ǘŀǘǘƻƻƛƴƎ ǇǊƻŎŜǎǎΣ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǿƻǊƪ ǿƛƭƭ ǳǎŜ ǘƘŜ ǘŜǊƳ άǘŀǘǘƻƻέ ƛƳǇƭƛŎƛǘƭȅ ƛƴŎƭǳŘƛƴƎ 

permanent make-up.  
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Figure 1: Translocation mechanism of tattoo particles from skin to lymph nodes. Upon injection of tattoo inks, 

particles can either be passively transported via blood and lymph fluid or phagocytized by immune cells and 

subsequently deposited in regional lymph nodes. When the wound has completely healed, particles are present in 

the dermis and in the sinusoids of the draining lymph nodes (from Schreiver et al. 2017, Chapter 2.4).  
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1.3. Biodistribution of tattoo ingredients  

Once injected into the dermis, all tattoo ink ingredients are in contact with either lymph fluid, blood or 

both. Therefore, a full bioavailability of all ingredients is given. Pigments are actively and passively 

transported to the draining lymph nodes of that body area12-15(Fig. 1). This transport is macroscopically 

visible by the massive amounts of pigments that can be found in the lymph nodes of tattooed 

individuals12. In the dermis, the pigments will be either phagocytized by fibroblasts or macrophages16 or 

stay in the extra-cellular matrix17-19. Whether pigments travel beyond the lymph nodes is part of ongoing 

research. Despite the observations in human and animal studies, the pigment translocation to the lymph 

nodes has not been characterized in terms of chemical composition or size so far. One study conducted 

on cadaveric black lymph node tissue revealed the storage of polycyclic aromatic hydrocarbons (PAH) 

inside the carbon particles20. Colloidal carbon particles can be found in the draining lymph vessels and 

the isolateral para-aortic lymph nodes as quickly as 3ς6 minutes after injection into hamstring muscles of 

the leg in Wistar rats16. Pigment titanium dioxide (TiO2) was found in liver, lymph nodes, spleen, and lung 

after subcutaneous (s.c.) and intraperitoneal (i.p.) injection21-23. 

With regard to soluble components of tattoo ink, rapid biodistribution via the blood and lymph stream 

followed by excretion is to be expected. Other polymeric structures or pigments residing in skin might 

become distributed after degradation.  

The biokinetics of tattoo inks therefore underlie different phases and mechanisms. Firstly, an immediate 

passive distribution of particles and soluble substances will occur at the time of the tattooing procedure. 

Secondly, phagocytizing cells will actively translocate particles to the draining lymph nodes until wound 

healing is complete. As a third step, cell metabolism, sunlight exposure and removal procedures can 

release degradation products from pigments or residual large polymers. 
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1.4. Tattoo regulation and its shortcomings in Germany 

Before 2009, tattoo inks were regulated under the German Food and Feed Code (German: Lebens- und 

Futtermittelgesetzbuch, LFGB). As defined by this law, products must be safe and shall not harm human 

health. Lǘ ƛǎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩs responsibility to ensure the safety of products. The LFGB does not 

contain specific requirements for tattoo inks. On European level, a first resolution on requirements of 

tattoo safety was established in 2003 and renewed in 2008 (ResAP(2008)1)24. It was translated into 

German law in 2009 (German: Tätowiermittelverordnung, TätoV)25. The TätoV bans pigments from use in 

tattoo inks which are forbidden or restricted in their area of application according to Annexes II and IV of 

the European Union (EU) cosmetics regulation. Additionally, the TätoV contains a list of carcinogenic 

aromatic amines which are not to be released from pigments upon reductive cleavage. Still to this day, 

no health-related risk assessment of ingredients used in tattoo inks has been considered in this 

legislation. The main criticism of the current regulation is, that by providing a list of forbidden pigments, 

all non-listed pigments can potentially be used. Since more than 10.000 pigments and dyes have been 

listed in the color index (C.I.) to date, a large number of non-tested pigments with unknown toxicological 

effects exist for legal use in tattoo inks. The TätoV also does not cover other ingredients used in the 

multi-component ink mixture, e.g. element impurities, PAHs or preservatives.  

Therefore, the BfR recommends the establishment of ŀ άwhitelistέ of less harmful substances. However, 

this is a long-term goal due to the current lack of data for risk assessment. In an opinion letter, the BfR 

listed necessary steps for a health-based risk assessment. Besides the characterization of physico-

chemical and toxicological properties of the ingredients, the biokinetics of pigments after in vivo 

subcutaneous application are also required26. This opinion is shared by the broad majority of the tattoo 

research community27.  

On the one hand, the compliance of inks with legislation needs to be monitored by official authorities. 

Past investigations by the federal state laboratories reveal deficits in the microbiological and chemical 

state of the analyzed inks28,29. On the other hand, no validated method for pigment identification is 

available to date. Thus, German state laboratories often rely on labelling as an indication of the pigments 

used. A Swiss study showed that nearly half of the inks caused complaints due to false declarations and 

that one third contained non-compliant pigments30. Since threshold levels for impurities are missing, 

federal state laboratories have difficulties in banning substances found at increased levels if these are 

not explicitly listed in the annex II or IV of the EU regulations of cosmetics. Any complaints for Ni and 

PAHs, for example, are therefore based on the assumption that they can harm human health in the 

concentrations found. In general, the state laboratories probe tattoo inks from distributors, as well as 
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tattoo parlors, regarding microbial contamination and other ingredients. If an ink fails the test, 

manufacturers are informed about the non-compliance of their products. If inks are believed to pose a 

serious risk to the health and safety of consumers, the products are submitted to RAPEX (the European 

Rapid Alert System for dangerous non-food products)31. This allows consumers and tattoo parlors to 

inform themselves about potentially harmful inks. 

In general, tattoo inks do not need to be approved before market entry, e.g. by submitting safety 

dossiers for the products to legal authorities. Only trade names and ingredients have to be sent to the 

Federal Office for Consumer Protection and Food Safety (German: Bundesamt für Verbraucherschutz 

und Lebensmittelsicherheit (BVL)).  

  



   INTRODUCTION τ SECTION 1.5 

18 

1.5. Composition of tattoo inks 

Color giving pigments certainly represent the most essential ingredient of tattoo inks. In the past, 

traditional tattoo inks were self-mixed by the tattooist from black soot of varying origin32 and some inks 

are still prepared this way today. Before the time of professional manufacturing of dedicated tattoo inks, 

it can be assumed that people used colored ingredients of all kinds for injection into the skin. In personal 

communication, people reported red bricks, plant leaves and household paints being used for tattooing. 

Even today, some professional and home-tattooists use Indian ink intended for calligraphic use33.  

The professionalization of the production of tattoo inks does not directly imply safe use, even if some 

manufacturers nowadays try to avoid certain ingredients to the best of available knowledge. The main 

qualities of a good tattoo ink ŦǊƻƳ ŀƴ ŀǊǘƛǎǘΩǎ Ǉƻƛƴǘ ƻŦ ǾƛŜǿ is good suspension of the maximum possible 

amount of pigment in a watery consistency, immediate usability and ink that does not dry out too 

quickly. Therefore, the solvents used (e.g. water, ethyl alcohol or isopropanol) need to be mixed with 

stabilizers. Often surfactants and dispersants (e.g. glycols and polymers) known from the cosmetics and 

paint industries are used34. Additionally, preservatives might be added to avoid microbial growth after 

opening of the ink containers. Furthermore, some ink formulations contain ingredients with a 

questionable purpose. These include fragrances such as eucalyptol and menthol, as well as plant extracts 

such as witch hazel.  

The pigments can either be of organic or inorganic nature. Some decades ago, mostly inorganic salts and 

metal oxides were used35,36. Black iron oxides have since mainly been replaced by carbon black due to its 

darker color. Also, other inorganic pigments have been replaced due to the increasing use of more 

brilliant organic pigments. The former are still favored in permanent make-up applications and when 

more earth-like tones are desired. In 2011, the inorganic pigments manganese violet (C.I. 77742), iron 

oxides red, yellow and black were only found in 1ς4% of all tattoo inks according to content 

declarations30. The most used inorganic pigment is white TiO2 with an occurrence of 36% in all inks 

tested in the survey30. It is needed to generate certain color shades and is sometimes replaced with 

white barium sulfate34. Pigments are synthesized as particles and have a polydisperse primary size from 

two-digit nano to micrometer ranges.  

The organic pigments used in tattoo inks are manufactured for the cosmetic and paint industry. The 

currently used chemical structures can be assigned to a few major families (Fig. 2).  
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Figure 2: Common chemical structures used in tattoo inks. a)-h) Most organic pigments used in tattoo inks today 

belong to the displayed chemical classes. Their photostability varies dependent on the number of weak bonds in 

their structure. a,d) Azo pigments potentially release primary aromatic amines (PAAs) by cleavage of the azo bond 

leading to the formation of an amine. They account for most yellow, orange and red pigments currently used. b) 

Quinacridone pigments have a reddish to bluish pink appearance and are highly light-fast pigments. c) The most 

famous diketopyrrolopyrrole is ōŜǘǘŜǊ ƪƴƻǿƴ ŀǎ άCŜǊǊŀǊƛ ǊŜŘέΦ These pigments are highly light-fast and give orange 

to red color tones. e) Dioxazine pigments are violet and their stability is dependent on the corresponding residues. 

f) The light-fast perylene pigments give a dark red, brown or black color. To date, these have not been frequently 

found in tattoo inks. g) Cu-phthalocyanines represent the only blue and green organic pigments found in tattoo inks 

today. h) Only one quinaphthalone yellow, highly chlorinated pigment has been used in tattoo inks to date. It has 

advantageous features in terms of light stability compared to azo pigments.  

 

The surface of pigment particles is often modified to facilitate proper suspension with regard to their 

dedicated use in combination with specific solvents and dispersants. These so-called coatings can be 

proprietary and therefore unknown to the ink manufactures. But similar to the surface of biomaterials, 



   INTRODUCTION τ SECTION 1.5 

20 

coatings might have a crucial role in biocompatibility of the pigments37. TiO2, for example, is treated with 

aluminum silicates to reduce photoactivity. Organic surface coatings might be composed of 

polyethylenoxide, dioctylphthalate, 3-isobutoxypropylamine or polydimethylsiloxane38.  

In order to achieve the proper suspension of the pigments, glycerol, propylene glycol, polyethylene 

glycol (PEG), dimethyl siloxanes, polyvinylpyrrolidone, shellac or acryl-containing block co-polymers are 

used as auxiliary substances in tattoo inks34,38. A market survey from 2011 revealed the use of the 

surfactants -̡naphthol ethoxylates, octylphenol ethoxylate (better known as Triton X-100), nonylphenol 

ethoxylates and diethylenglycol in tattoo ink30. Also 2,4,7,9-tetramethyl-5-decin-4,7-diol and 

cyclosiloxanes were identified in various inks (unpublished data). 

The higher the water content of an ink, the more likely it is that microorganisms can grow in the 

products. If an ink is produced with a water activity value below 0.6, it might be produced without 

preservatives to reduce risks of allergic reactions34. Since many inks contain high amounts of various 

alcohols as solvents, the antimicrobial properties of these make preservatives unnecessary. Nonetheless, 

some inks contain preservatives such as phenol, isothiazolinones, phenoxyethanol, glyoxal, benzoic acid 

and formaldehyde29,30.  
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1.6. Toxic substances in tattoo inks 

1.6.1 Impurities derived from ink manufacturing 

Depending on the manufacturing process of the raw pigments, different purity grades at different costs 

are available on the market. Since most inorganic iron pigments are made from mining products, they 

commonly contain Ni, Cr, Cu or Coτamongst other elements39. Ni might also be used as a catalyst in 

pigment synthesis e.g. for phthalocyanines. Especially pigment impurities with sensitizing properties are 

considered problematic. Ni, for example, is one of the most common contact allergens40 and therefore 

people with known sensitivities should take into consideration that tattooing might trigger an unwanted 

allergic reaction. The ResAP(2008)1 and the BfR recommend the restriction of Ni in tattoo inks by the 

ALARA-ǇǊƛƴŎƛǇƭŜ όάŀǎ ƭƻǿ ŀǎ reasonably ŀŎƘƛŜǾŀōƭŜέύΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ƎƛǾŜǎ ƴƻ absolute threshold level that 

can be applied by responsible surveillance laboratories or manufactures to declare inks as compliant 

with legislation24. Also, there is currently a deficit of information as to which concentrations can be 

considered reasonably achievable for the different kinds of pigments.  

Other impurities might derive from organic pigments either as residues of their chemical building blocks 

or solvents from wet-synthesis. These include carcinogenic PAAs and carcinogenic nitrosamines28,41. For 

some PAAs an increased risk of bladder cancer was found, other substances ǎǳŎƘ ŀǎ оΣо-

dichlorobenzidine (DCBD) might cause cancer in a variety of tissues42. Solvents used during the 

manufacturing process that can still be detected in the inks are toluene, xylene, ethylbenzene and 

styrene (unpublished data). These volatiles partly belong to the BTEX (benzene, toluene, ethylbenzene, 

xylene) group of chemicals known to cause acute and chronic toxic effects to the liver and the nervous 

system43. Moreover, styrene is also mutagenic44.  

Carbon black contains various amounts of PAHs, dependent on the manufacturing process used. A 

contamination with PAHs cannot be fully avoided, even if highly purified products exist. They are known 

carcinogens and frequently found in tattoo inks20. PAHs are constant contaminants in our daily life 

wherever combustion takes place, e.g. in open fires or food processing, as well as in mineral oil based 

products. Still, carbon black tattoos can display an additional chronic exposure to PAHs with unknown 

health effects. However, a recent study conducted in naked mice suggests that at least in skin, black 

tattoos have a protective effect regarding the development of skin cancer due to the light absorptive 

properties of the pigment45.  
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 1.6.2 Toxic substances resulting from the degradation processes 

Degradation products of organic pigments are increasingly recognized as a potential health threat. Toxic 

and carcinogenic substances may be released from the pigments after exposure to ultra-violet (UV) or 

visible light irradiation46. This has been shown for various mono azo pigments using sunlight simulation 

(pigment red (P.R.)22, pigment yellow (P.Y.)74, P.R.112, P.R.170). Also, the frequency doubled quality-

switched (Q-switched) Nd:YAG laser, as used in tattoo laser removal, has been shown to cleave azo 

pigments (P.Y.97, P.R.9, P.R.22, P.R.112)15,46-49. In the case of diazo pigments, decomposition into the 

carcinogen DCBD has been shown in sunlight, laser irradiation or both for P.Y.14, P.Y.83, pigment 

orange(P.O.)13 and P.O.3450,51. The diazo P.O.16 released оΣоΩ-dimethoxydiphenyl upon sunlight 

simulation50,51. The quinacridone P.R.202 is the only non-azo pigment for which a cleavage product, 

namely the carcinogen 4-chloroaniline, has been described in literature49. To prevent this light-induced 

degradation, colorful tattoos should be protected from sunlight either by applying sunscreen or textiles.  

Also, the metabolization of pigments is a subject of intense discussion. In general, pigments are thought 

to be inert due to their insolubility and therefore considered not accessible to degrading enzymes. 

However, the metabolization of the azo compound P.Y.74 by liver cells has been verified in vitro52. 

The degradation of pigments is accompanied by a higher solubility of the evolving substances. As in the 

case of the impurities mentioned above, these can therefore be distributed throughout the body.  

 1.6.3 Other toxic tattoo ink ingredients 

Indian ink sometimes used for tattooing was mentioned in clinical case reports as causing allergies33. 

Some studies report carmine dyes as possible tattoo ingredient53. The usage of these lice-derived dyes is 

critical for two reasons: first, they are light sensitive and will decay and thus vanish from the tattoo over 

time, and second because they have been reported to cause severe allergies even leading to systemic 

anaphylaxis53. Preservatives are mostly of concern due to their sensitizing effects54. Since their use is not 

restricted in Germany, preservatives that have been banned or restricted for cosmetic products may be 

used in tattoo inks and are frequently found in market surveys (cf. Chapter 1.4).  

The toxicity of polymers used to disperse the pigments in tattoo inks might be induced by their 

metabolization in the human body. For example, toxic acidification can be induced by metabolism of PEG 

into its hydroxy acid and diacid derivatives and the monomer ethylene glycol55,56. 

Also, phthalates were identified in black tattoo inks41,57. The toxicity of dibutyl phthalate in particular on 

the reproductive system is of special concern. 
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The genotoxicity of the commonly used white pigment TiO2 shown in alveolar cells in vitro58 and 

carcinogenicity in animal studies in vivo59,60 is currently the subject of much debate. Based on the 

available data, the French Agency for Food, Environmental and Occupational Health & Safety (ANSES) 

proposed harmonized classification of TiO2 under carcinogenicity category 1B according to the GHS 

(Globally Harmonized System of Classification and Labelling of Chemicals) with the hazard statement 

Iорлƛ άƳŀȅ ŎŀǳǎŜ ŎŀƴŎŜǊ ǳǇƻƴ ƛƴƘŀƭŀǘƛƻƴέΦ However, in view of epidemiological data, the International 

Agency for Research on Cancer (IARC) working group concluded that only inadequate evidence exists for 

the carcinogenicity of TiO2 in humans60. Currently, no hazards have been classified regarding TiO2 in the 

substance information portal of the European Chemicals Agency (ECHA). However, the 9/I!Ωǎ 

Committee for Risk Assessment concluded that TiO2 can be classified as suspected of causing cancer 

(category 2, through the inhalation route) but the final decision of the European Commission is still 

pending.  

Other ingredients that might exhibit toxic properties are contained in UV-active tattoo inks. These άglow-

in-the-darkέ inks are described as polymethylmethacrylate microspheres containing 2.5% fluorescent 

dye61. Some sources claim the use of phosphate based inks62 which will glow even in the absence of a UV 

light source. The glow in the dark feature will probably vanish after a short period of time. However, no 

scientific sources or chemical analyses can be found in literature. No survey indicates how many people 

have had these kinds of tattoos, but it most likely accounts only for a minority. One case report on these 

inks showed severe granulomatous dermatitis due to a foreign material including lymphocyte infiltration 

and formation of giant cells63.  
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1.7. Health risks related to tattoos 

The most frequently reported side effects of tattoos are infectious diseases (151) followed by 

allergic/foreign body reactions (96) and tumor growth at the site of the tattoo (33), as reported in a 

review by Wenzel et al. in 201364. A survey among 448 French tattooists revealed that 42.5% percent had 

experienced adverse reactions to at least one of their tattoos. The most reported tattoo reactions were 

transient itching, swelling and sunlight sensitivity (23ς57%) followed by άŀƭƭŜǊƎȅέ with 8%65. A study by 

Klügl et al. reported that 67.5% of tattooed people exhibit health issues directly after tattooing of which 

1.8% were graded as intense to very intense. 7.7% occurred after 4 weeks and 6% had persistent 

problems in their skin66. Similar observations were made in a survey in New York but with a slightly 

increased percentage of reactions to red tattoos normalized to their overall use as tattoo color67. After 

laser treatment, 5% of patients reported persistent side effects still present after 30 weeks68.  

 1.7.1 Infectious diseases 

Infections of the tattooed skin areas appearing shortly after tattooing are a major complication. These 

can be caused by bacteria (e.g. streptococcus, staphylococcus, mycobacteria), viruses (e.g. papilloma, 

herpes, hepatitis) or fungi (e.g. candida, mold fungi). The infection can be introduced by non-sterile 

tattoo inks, improper handling and storage after opening of the inks, a lack of hygiene during or after the 

tattooing process or by contaminated inkτindependent of sterility claims on the label69.  

The transmission of viral, fungal or bacterial infections by tattooing can be easily avoided by preventive 

procedures. Nonetheless, case reports of small epidemics can still be found in current literature. For 

example, contaminated water used to dilute the ink or non-sterile ink bottles used for multiple 

customers were reported to have caused an outbreak of mycobacteria infections70,71.  

 1.7.2 Granulomatous reactions, sarcoidosis and allergies 

Non-infectious inflammations in skin can have multiple causes and diverse manifestations. Allergies can 

occur as hyperkeratosis, lichenoid reactions, granuloma or plaque elevation. In cases of strong allergy, 

progression towards autoimmunity can lead to an ulcero-necrotic pattern where the full thickness of the 

skin and ultimately also non-tattooed regions are affected. In a case of a tattooed man, multiple 

amputations of one leg had to be carried out due to an allergic response72.  

Allergies can arise as a reaction to different substances. If no immediate onset of the reaction has been 

observed, soluble substances like preservatives and soluble elements that will be quickly removed from 

the site of the tattoo are not thought to be the cause of these reactions. However, these immediate 
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allergic reactions in sensitized individuals exist and mild forms might be confused with prolonged wound 

healing and will resolve as the trigger substance vanishes73. 

In terms of pigment related allergies, most case reports identify Cr as a source of element-related 

allergies occurring with tattoos74. Additionally, allergic responses due to the presence of Hg19, Co36 and 

Ni75, which are frequent contaminants in inorganic pigments, were reported. The presence of the 

aforementioned metals was confirmed by chemical analysis of the tattoo. Positive patch tests of the 

identified elements on the corresponding patients confirmed a sensitization of the patient and appear to 

be the plausible cause of the tattoo allergy. In contrast, a causative relationship of allergic reactions to 

tattoos and the use of certain organic pigments is somewhat debated. In reports of allergies to the 

quinacridone pigments violet (P.V.)19 and P.R.122, the identity of the pigments was not verified by 

chemical analysis but deduced only from the declaration of contents. Subsequent patch tests with the 

used inks failed to induce an allergic reaction76,77. Only undiluted ink containing P.R.210 provoked an 

allergic reaction in a patch test at day 7, but not in prick testing77. However, since the patch test was 

conducted with the ink formulation and not the pigment alone, other ingredients might be the cause for 

the allergic reaction observed. The most commonly used pigment phthalocyanine blue was connected to 

an allergic reaction to gloves in one case report78. But since the pigment was not further characterized, 

free Cu ions, Ni or other unknown coatings might have been present and therefore could have been the 

actual cause of the sensitivity. 

Wenzel et al. were able to conclusively show that allergic reactions to permanent make-up were caused 

by the thioindigo-derivative P.R.18179. In their study, prick tests revealed papule formation after 2 days. 

Tammaro et al. also reported a Cu and Disperse Blue 3 or 124 (not clearly specified) hypersensitivity as a 

cause of a reaction without specifying the color of the tattoo80. 

The often observed failure to link the emergence of allergic reactions to insoluble organic pigment by 

patch or prick testing might indicate that the formation of hapten might take place after pigment 

metabolization or degradation processes81. This is supported by the observation that allergic reactions 

occur frequently after laser irradiation77,82.  

Besides allergic reactions, foreign body reactions can also occur. These are characterized by granuloma 

formation either due to pigment overload or as part of a systemic sarcoidosis reaction83. This can also be 

induced by Intense Pulsed Light (IPL) treatments for hair removal if the patient is already susceptible to 

sarcoidosis84. Rorsman et al. reported a simultaneous development of granuloma and eye inflammation 

(uveitis) as a manifestation of a systemic sarcoidal reaction36. The granuloma formation in a tattoo was 

linked to the aluminum contained in the ink in one case report85. The causes for foreign body reactions 
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probably include distinct surface properties of the pigments leading to agglomeration and reduced 

biocompatibility37,86. 

However, differentiating between the aforementioned skin reactions caused by tattoos might be 

challenging for the diagnosing physician since chemical induced granuloma, delayed hypersensitivity and 

granulomatous hypersensitivity might coexist74. 

 1.7.3 Photosensitivity 

Another common side effect of tattoos, is an increased photosensitivity. 21.5% of tattooed people have 

complaints related to solar radiation such as swelling, itching, stinging, pain and redness of the skin87. 

These reactions are not necessarily related to specific color shades but can occur in all kinds of tattoos. 

One possible explanation for this phenomenon is the formation of reactive oxygen species (ROS) on the 

particle surface as observed in carbon black pigments20. In white tattoos, rutile or anatase TiO2 pigments 

are frequently used. The latter is known to be a photocatalyst and could also increase photosensitivity in 

patients. In a study of Wamer et al. the occurrence of anatase TiO2 in permanent make-up and its 

phototoxicity in vitro were positively correlated88. 

In the analysis of red tattoo reactions by Sowden et al., seven of 18 patients noticed stronger 

inflammation of their tattoo upon sunlight exposure and three of them reported sunlight exposure as 

the initial cause of the onset of their reaction19.  
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1.8. Current methods of tattoo removal 

In parallel to the rising popularity of tattoos, the number of people desperate for removal is increasing. 

The wish can be triggered by changes in life and work circumstances that do not comply with the 

position or message of the tattoo. Other reasons are artistically poorly executed tattoos or a change in 

taste. The psychological strain for the patient that leads to the urge for tattoo removal may vary 

dependent on the illustration and its position89.  

However, each method of removal bares its own risks and sometimes entails a high financial burden 

which must be well considered before starting the procedure. Due to the continuous development of 

new removal procedures, no complete list of all methods employed is available.  

Less widely used methods such as IPL68 and strong ultrasound will not be discussed here due to their 

limited success on pigment removal. Nevertheless, non-professional use of these techniques can lead to 

skin burning, scarring, inflammatory reactions and pigmentary abnormalities84.  

 1.8.1 Surgical and abrasive procedures 

Excision of unwanted tattoos using knives or other sharp objects was a form of removal practiced by 

tattooed individuals themselves before other methods were developed. Surgical removal or skin grafts 

by physicians are mostly carried out as complete excision of the tattoo and are therefore only applicable 

for a certain, smaller, size of tattoo90. Salt-abrasion is a form of removal also mentioned in literature82. 

Dermabrasion of the upper dermis until the pigmented layer is removed is more advantageous especially 

with patients suffering from allergies and other side effects. It may result in partial scarring which is 

dependent on the depth of the removed layer. The recovery of the epidermal layer is facilitated by stem 

cells residing in hair follicles and glands91. 

 1.8.2 Chemical removal 

On August 1st, 2011, the BfR published an opinion regarding lactic acid tattoo removal. Concentrated 

lactic acid is considered critical because of its irritating properties on the skin. It can lead to heavy 

inflammation and scarring after intradermal (i.d.) application92. The first report of using acids for tattoo 

removal date back to the Greek Aetius in the year 54393. The success of the procedure is based on 

introducing a lactic acid solution with a tattoo machine thereby perforating the epidermis. The 

inflammatory response induced by the lactic acid leads to excretion of the pigment particles through the 

epidermis. The strong inflammatory reaction and the open wound pose an increased risk of an infectious 
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reaction. Therefore, the BfR recommends this procedure only be carried out by trained professionals 

under strict hygienic conditions94. 

Other removal methods make use of trichloroacetic acid which leads to a major chemical burn at the 

treated site95. Other suppliers sell removing paste containing zinc oxide, magnesium oxide, calcium 

oxide, triethanolamine, isopropanol, and benzoic acid to be injected into the skin. These paste lead to 

dermal fibrosis and hypertrophic scarring developed as a result of a large inflammatory response96.  

 1.8.3 Laser removal 

The first lasers used in an attempt to remove tattoos were carbon dioxide lasers. This technique is based 

on the thermal coagulation and removal of superficial skin followed by excretion of the tattoo pigments 

and are therefore related to surgical removal82. Similarly, the usage of non-pulsed argon lasers leads to 

tissue disruption due to heating and thus inevitably causes scarring of the treated site. Modern laser 

treatments involve Q-switched lasers of different wavelengths, which emit photons in a nanosecond 

pulse that are well absorbed by the ink particles. These lasers are able to cause selective 

photothermolysis97. It is disputed whether the mechanical disruption of the tattoo pigment is followed 

by site clearance due to macrophages, or if the chemical cleavage of organic pigments with simultaneous 

loss of the chromophore leads to the fading of the tattoo98. Also, the alteration of the fine structure of 

carbon particles leading to transparency is a further possible explanation for the bleaching of the visible 

pigments17.  

The use of lasers equipped with pigment specific wavelengths and short pulse durations leads to less risk 

of scarring. However, due to the light absorption of melanin over a broad range of visible and infrared-

light wavelengths, hypo- or hyperpigmentation and skin injury can occur when treating tanned 

individuals or darker skin types82.  

Even if side effects are less likely with laser removal compared to all other methods of tattoo removal, 

they can still occur. In a survey, 24% of participants reported slight and 8% more profound scarring of the 

skin after laser removal68. In particular, badly trained laser operators and an increase in laser power pose 

a greater risk of scarring99.  

Another risk factor is color change of the pigment into darker shades, which possibly occurs due to the 

laser procedure100. This phenomenon is thought to be caused by iron oxides or TiO2 being transferred 

into a different state of oxidation18,101. From observations made in one of our publications, a 

carbonization reaction of the organic pigment also appears to be plausible (cf. Chapter 2.3). However, 

further studies are needed to prove any of these theories. If the removal of the pigments from the skin is 
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successful, hypo- or hyperpigmentation can remain at the treated site102. Full removal of the tattoo often 

cannot be achieved; especially when it comes to yellow and orange tattoos. Violet, green and blue inks 

might also prove challenging103. More recently, application of lasers with a pulse duration in the pico-

second range, have also been found suitable for removing yellow tattoos99.  
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1.9. Aim of this thesis 

In the recent years, tattoos have become increasingly popular around the globe. The variety of pigments 

used in tattoo inks has moved towards the use of highly light-fast organic pigments. Yet, current 

legislation in Germany only forbids the use of a portion of available pigments. This leaves all remaining 

pigments free to use despite them never being tested for this route of application. The increase in 

people having a tattoo automatically leads to an increase in people seeking tattoo removalτwith Q-

switched laser removal still being the most widely applied method.  

In the face of the increasingly recognized toxicity of organic pigments, especially after chemical 

decomposition, a central aim of my work was to further investigate the degradation processes of 

common pigments used in tattoo inks upon laser irradiation.  

Since laser irradiation leads to thermolysis of organic pigments in the skin, pyrolysis was used to mimic 

this heat dependent decomposition. The work was aimed at identifying the decomposition products and 

their potential hazards for tattooed individuals (Chapter 2.1). The feasibility of pigment identification 

based on their specific degradation pattern during pyrolysis was investigated in order to broaden the 

spectrum of methods able to detect already forbidden pigments (Chapter 2.1).  

Subsequently, we aimed to prove the release of the substances found in pyrolysis under laser removal 

conditions. Since animal studies for tattoo research are forbidden in Germany, a suitable alternative to 

mimic laser removal was needed. In this thesis, aqueous suspensions (Chapter 2.2) and postmortem 

tattooed pig skin were used to mimic the in vivo laser removal of organic pigments (Chapter 2.3). To 

estimate exposure to the corresponding substances, quantitative methods were applied. Cleavage 

patterns of each chemical pigment family obtained from pyrolysis and laser irradiation shall be evaluated 

for their ability to manually predict hazard decomposition products in pigments not investigated.  

A second objective of this thesis was to investigate the biodistribution of pigments and elemental 

contaminants from the inks after tattooing. Therefore, identity and chemical characteristics of pigments 

in skin and regional lymph nodes of the same individual, as well as the alteration of bio-molecules in 

surrounding areas, were targeted in this study (Chapter 2.4).  

The results obtained during the course of my thesis should help develop improved tattoo ink regulation 

with the ultimate goal of a whitelist containing less-harmful pigments for this application. 
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2. wŜǎǳƭǘǎ 

Publications are displayed non-chronologically to ease understanding through a logical order. The 

publications in Chapter 2.2ς2.4 Ŏƻƴǘŀƛƴ ŀ ǎŜŎǘƛƻƴ άŀǳǘƘƻǊ ŎƻƴǘǊƛōǳǘƛƻƴsέ ǘƻ Řƛstinguish individual 

involvement in the manuscripts.  

 

The resulting chapters each feature independent units. Therefore, abbreviations and references are 

defined within each chapter.  

 

2.1. Identification and hazard prediction of tattoo pigments by means of 

pyrolysisτgas chromatography/mass spectrometry 

 

Ines Schreiver, Christoph Hutzler, Sarah Andree, Peter Laux, Andreas Luch 

 

This chapter was published online on 21. May 2016 in:  

Archives of Toxicology 90(7):1639ς1650 (2016). 

DOI: 10.1007/s00204-016-1739-2 

Link: https://doi.org/10.1007/s00204-016-1739-2 

 

Involvement of the author within this publication: Project planning (80%), project execution 
(95%), data analysis (95%), writing of the manuscript (90%). 
 
Supplementary materials for the following publication are detailed in Annex I. 
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2.2. Formation of highly toxic hydrogen cyanide upon ruby laser 

irradiation of the tattoo pigment phthalocyanine blue 

 

Ines Schreiver, Christoph Hutzler, Peter Laux, Hans-Peter Berlien, Andreas Luch 

 

This chapter was published online on 5. August 2015 in:  

Scientific Reports 5, 12915 (2015). 

DOI: 10.1038/srep12915 

Link: https://doi.org/10.1038/srep12915 

 

Involvement of the author within this publication: Project planning (65%), project execution 
(95%), data analysis (95%), writing of the manuscript (80%). 
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