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ABSTRACT
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Due to the continuous popularity of tattoos in Germany and other countries one fifthgoarterof the
populationis already carring this permanent body decoration. Despite this high incidence, numerous
toxicological endpointsespecially in the case of tlolor givingpigment, are missing foan adequate
riskassessment of tattoo inks. In this thesis, photostability and biokinetics aestigatedastwo of the

key elements ofdttoo pigment pharmacokinetics.

Thelight-induced decomposition of six organic pigments was investigated using laser irradietioh is
commonlyused for tattoo removal. Decomposition products were agadlyusing gas chromatographic
separationcoupled to mass spectrometric detection. Additionally, the photothermal decomposition as
occurring with laser irradiation was mimicked by pyrolysis.

Data forpigment biokineticould only beobtainedby analysis of humasamples since animéadsting

for tattoo applicatiors was declined in Germany. Here, pigment and element distribution in skin and
lymph nodesas well as other peripheral organsere assessed using mass spectrometric devices and
synchrotron xray fluorescace techniques.

Upon laser irradiationall organic pigments were cleaved into benzene and hydrogen cyanide. Also,
potentially carcinogenic and sensitizing compounds were found for each pigspenifically The same
decomposition products were also found pigment pyrolysisin in vitro cytotoxicity tests,hydrogen
cyanideshowed 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 pigmentAssociated to tattogigments, potentially carcinogenic and sensitizing
elements like Ni, Cr and Cd ateansported to thedraining lymph nodes. Noincreasedelement
concentrations were detected iother peripheral organgnvestigatedso far.

The dataobtained from laser irradiationand pyrolysis in combination with information from other
publicationsallow an extrapolation of the decomposition of nimvestigated pigments of the same
chemical classes. This facilitates theclagion of pigmentsdegrading into toxinut of the several
hundredpotentially used in tattoo inks.

The data on distribution of tattoo inks do not display a full data set for biokinetics under the given
circumstances butonfirm life-long exposition tgpotentially harmful material in the lymph nodeSince

the distribution of other insoluble pigments including white titanium dioxide is well described in
literature uponsubcutaneousand intradermal application, this data might be used to extrapolate the

distribution of tattoo pigments.
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Durch die anhaltende Beliebtheit von Tatowierungen tragen in Deutschland und anderen L&andern
zwischen einentlnftel und einemViertel aller Menschen diesen permanenten Kérperschmuakotz

dieser hohen Inziehz $ehen viele toxikologischeDaten fireine ausreichendeRisikobewetung der
Inhaltstoffe von Tatowiermitteln, insbesondere der Pigmente, nzhtVerfligung

In dieser Arbeit wurden zwei Kernelemente der Pharnkiétketik von Tatowiermittelpigmenten die
Stabilitat unter Lichteinfluss und die Biokinetikitersucht.

Die lichtinduzierte Zersetzung von sechs organischen Pigmenten unter Laserbestrahlung, welche zur
Entfernung von Tatowierungen eingesetzt wird, wurde mit Hilfe vorsc@@matographie mit
mas&nspektrometrischer Detektiomntersucht. Zudem wurde digphotothermischeZersetzung unter
Laserbestrahlung durch Pyrolysienuliert.

Biokinetische Daten konnten nur durch die Analyse humaner Proben erhoben werden, da Tierversuche
fur diesen Anwendungsbeieh in Deutschland nicht genehmiguwden. Hier wurde die Verteilung von
organischen Pigmenten und Elementen in Haut und Lymphknoten, sowlerenperipheren Organen

mit Hilfe massenspektrometrischer Methoden und Synchrotidntgenfluoreszenz analysiert.

In den Laserversuchen konnte gezeigt werden, dass genausll allenuntersuchten organischen
Pigmenten Benzol und Blausauréreigesetzt werden konnenZudem entstehen pigmentspezifisch
potentiell krebserregende undallergieauslosender SubstanzeDie gléchen Zersetzungsprodukte
zeigten siclebenfalls durch Pyrolyse der Pigmentie.vitro Zytotoxizitatstess konnten zeigen, dass der
HautzllmetabolismusiurchBlausauran den zuerwartenden Konzentrationeaingeschrankt wird

Die Analysen der Haut und Lghknotenproben zeigten einen bevorzugten Transport von kleinen
Partikeln organischer und anorganischer Pigmente. Zusammen mit diesen Pigmenten gelangen auch
potentiell krebserregende und allergieausldosende Elementverunreiniguieg Ni, Cr und Cd in die
Lynphknoten. In peripheren Organen konnteroch keine Pigmente oder erhdhte Elementgehalte
festgestellt werden.

Durch die gewonnen Daten der Laserbestrahlung, Pyrolyse und anhand der Literatur lassen sich fir
einzelne chemische Pigmentklassen auch die Zemgtprodukte nicht untersuchter Pigmente
extrapolieren. Die Daten konnen dazu genutzt werden, unter Hunderten verfugbaren Pigmenten
diejenigen mit toxischen Zersetzungsprodukten zu identifizieren und fir die Anwendung in
Tatowiermitteln auszuschliel3en.

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

Tatowiermittelpigmenten im Korpesstellen keine vollstdndige Biokinetik dabelegen jedoch die
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lebenslange Exposition gegenubaotentiell gesundheitschadlichen Stoffen inah Lymphknoten Da
die Verteilung anderer unldslicher Partikel, inklusive dem WeiR3pigment Titandioxid, aschkataner
und intradermalerApplikationin der Literatur gut beschrieben ist, kdnnen diese Daten ebenfalls zur

Extrapolation der Verteilung voraibwiermittelpigmenten herangezogen werden.
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All abbreviations occurring in the text, except those usedn the articlesin Chapter 2, are listed in the

following table.

ADME
ALARA
BfR

BVL

BTK
C..
CYP
DNEL
ECHA
EU
GCGMS
GHS
HCB
IARC
i.d.

IPL

i.p.

V.
LCMS
LFGB
LOAEL
MALDITOFMS

MAK

administration, distribution, metabolism and secretion

as low ageasonablyachievable

Federal Institute for Risk Assessment (German: Bundesinstitut fir
Risikobewertung)

Federal Office of Consumer Protection and Food Safety (German:
Bundesamt fur Verbraucherschutz und Lebensmittelsicherheit)
benzene, toluene, ethylbenzene, xylene

colorindex

cytochrome P450

Derived NeEffect Level

European Chemicals Agency

European Union

gas chromatography coupled to mass spectrometry

Globally Harmonized System of Giéisation and Labelling of Chemicals
hexachlorobenzene

International Agency for Research on Cancer

intradermal

intense pulsed light

intraperitoneal

intravenous

liquid chromatography coupled to mass spectrometry

German Food and Feed Ca@&erman: Lebensmittelfuttergesetzbuch
lowestobservedadverseeffect level

matrix-assisted laser desorption/ionization tintd-flight mass
spectrometry

Maximum workplace concentration (German: Mexale Arbeitsplatz

Konzentration)
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ABBREVIATIONS

NMR
OECD
PAA

PAH

PEG

P.B.

P.G.

P.O.

P.R.

P.V.

P.Y.
py-GCMS
QSAR
Q-switched
RAPEX
ReSaP(2008)1

ROS
s.c.
TiGQ
TatoV
uv

nuclear magnetic resonance

Organizatiorfor Economic Goperation and Development
primary aromatic amines

polycyclic aromatic hydrocarben

polyethylene glycol

pigment blue

pigment geen

pigment orange

pigment red

pigment violet

pigment yellow

pyrolysisgas chromatographynass spectrometry
Quantitative StructureActivity Relationship
guality-switched

RapidAlert System for dagerous noAood products
Resolutioron requirements and criteria for the safety of tattoos and
permanent makeup

reactive oxygen species

sulbcutaneous

titanium dioxide

tattoo products regulatior{German: Tatowiermittererordnung

ultra violet
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1.1. Past and presentHuman history oftattooing

The permanentdeposiing of pigments in the skipwhich is nowadaysreferred to as tatooing
@ reaches back to the beginning of modern humanipt onlydid a m {, thé @idestEuropean iceman
mummy dating back to 337¢8100 BChave61 tattoos spreadill overhis body, but tattoos found on
early mummies from Peru, Egyphd Russia implyhat tattooing was a worldwide phenomeno#. Tools
discoveredat archeological siteswhich were usedio creae tattoos, even datethe beginning of
tattooing back to the Upper PaleolitfidDuring history, it has not lost any of its appeal to the present
dayand tas consistently existl to the present da$

In therecentdecadesthere has beera massive increase in tattooinign Germany a total of.2% of the
population is tattooed, in the age group 86¢34 yearsthe figure is22.3%. A comparison of nitiple
studies from Europe, Australia andettySA showed similar values with the highegivatence of 38%h
the 30c39yearagegroupin the USA

Over the centuries, the techniques usedperform this body modificatiorhaveevolved and improved
The first tattoos were probably made by simply rubbing charcoal intehe skin afterit had been
puncturedwith primitive toolssuch aghorns, sharpenedbone or flintstone knies’. More sophisticated
methodsincluded sewing and needles hammered into the skin inateticand Polyneasia Even today,
thesetechniquesstill find devotedcommuniiesaround the globe and arelsopracticed taditionally in
some countries.

Duringthe industrializationand electrification of Western societiesmore advanced tattooing methods
cameinto being In 1®w = { I Y dzSahd ThamasRilghaterited the first electrical driverotary and
single coil tattoo machines, respectivef’. Modern tattoo machines are technologically refined

descendants of this technology

12
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1.2. The tattooing procedure

Irrespective of the various technigues available to obtain a permanent skin colorization, the physiological
process remains the samisoluble pgment particles are inserted into the dermal layer of the skin (Fig.

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

skin surface would lead to mpid fading of the tattoo within weeks. It shouloe mentioned, that the

latter is attempted in the case a§o-O f f SRl @d2A2Ra ¢ | Y R -Up®MNSK bhguBiyfasolve | 1 S

or disappeamfter some time. However, the epidermis is a relatively thin cell layer varying frqdbb80

um in thickness that evemn experienced tattoo artist using modern tattoo machines struggles to
exclusively hit the epidermis. Thereforesamivanished tattoo mighevenremainy’ G KS LISNER2Yy Q&
Ay OFraflrdatizaas® 2 A0 Kp, tiSauder ibofdenbiilipsyeytitis@ind the shape of the

eyebrows are highlighted with a tattéwg procedure which is intendedo vanish after a certain time.

Even if the depth of the needles is not controllable in a satisfactory manner, most permauadet up
colorationsdisappear Presumably,permanent makeup vaniskes because faial skin has a faster turn

over, a thick corneal layer around the lips prevents deeper dermal injection or bedagsénk is

injected In terms of the eye brows, an exceedindiigh numberof case reportscan be foundin

literature on laser removal of nlwmnger wanted coloration. Often because these inks tend to undergo

color changes already before or after lasemoval®™ Since the proceduref permanent makeup is

O2YLI N} o6tS G2 GKS Grdaz22iay3a LINROSaas (GKS F2tt28Ay

permanent makeup.

13
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TATTOO KINETICS

passive transport

Epidermis
-ﬁwﬁfﬁﬁ o
Dermis
active transport
by macrophages Lymph node
H)rpndermis |

Figure 1: Translocation mechanism of tattoo particles from skin to lymph nodépgon injection of tattoo inks,
particles caneither 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 phrmodes (from Schreivett al.2017, Chapter 2.4).

14



INTRODUCTIGN SECTIOM.3

1.3. Biodistribution of tattoo ingredients

Once injected intahe dermis,all tattoo ink ingredients are in contact with either lymph fluid, blood or
both. Therefore, a full bioavailability of all ingredis is given.Pigments are actively and passively
transported to the draining lymph nodes of that body afé&Fig. 1) This transport is macroscopically
visible by the massive amounts of pigments that can bendoin the lymph nodes of tattooed
individualg? In the dermisthe pigments will be either phagocyéd by fibroblasts or macrophag@sr

stay in the extracellular matrix”*°. Whether pigments travel beyond the lymph nodes is part of ongoing
researchDespite the observations humanand animal studies, thpgmenttranslocationto the lymph
nodeshasnot been characterized in terms of chemical composition or size so far. One study conducted
on cadavericblack lymph node tissue revealed the storagepofycyclic aromatic hydr@bons PAH

inside the carbon particlé$ Colloidal carbonparticles can be found in the draining lymph vessels and
the isolateral pareaortic lymph nodes aguicklyas 36 minutes after injectiorinto hamstringmuscles of

the leg inWistar ras'®. Pigment titanium dioxidgTiQ) wasfound in liver, lymph node spleenand lung

after subcutaneougs.c.)and intraperitoneali.p.) injectiort**,

With regardto soluble components of tattoo inkapid biodistribution via the blood and lympétream
followed by excretioris to beexpected.Other polymeric structures or pigments residing in skin might
become distributed after degradation.

Thebiokinetics of tattoo inks therefore underlie different phases and mechanismslyfFastimmediate
passive distribution of particles arsluble substancewill occur at the time of the tattooing procedure.
Secondly, phagocytizing cells will activiednslocateparticles to the draining lymph nodes until wound
healing is complete. As a third step, cell metabolism, sunlight exposure and removal procedures can

release degradation producteom pigments or residual large polymers

15
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1.4. Tattoo regulation and is shortcomings in Germany

Before 2009, tattoo inks were regulated under the German Food and Feed Gedadn Lebens und
Futtermittelgesetzbuchl.FGB). As defined by this |gwoductsmust be safe and shall not harm human
health.Li A & G KS s Mspghsiflitytd érdzid3hiIafety of products. The LFGBed not
contain specific requirements for tattoo inks. On European level, a first resoluticequirements of
tattoo safety was established 2003 and renewed in 2008 (ResAP(2008)%) It was translated into
German lawin 2009(German Tatowiermitteherordnung, Tato\fj. The TatoV bangigmentsfrom use in
tattoo inks which ardorbidden or restricted in their area of applicati@ecording toAnnexesll and IV of
the European UnionEU cosmetis regulation Additonally, the T&atoV contains a list of carcinogenic
aromatic amines whiclare not to be releasedrom pigmentsupon reductive cleavage. Stitl this day

no healthrelated risk assessment of ingredients used in tattoo inks besn considered in this
legishtion. The main criticisnof the currentregulation is, that byroviding alist of forbidden pigments,
all nontlisted pigments can potentially be used. Since more than 10.000 pigments andhalyedeen
listed in the color index (C.l.) to datelegenumber of nontested pigments witrunknowntoxicological
effects exist for legal usén tattoo inks The TatoV alsdoesnot cover other ingredientsused inthe
multi-componentink mixture, e.g. element impuritie®Aks or preservatives.

Therefore, the BfRecommend the establishment df wlditelisté of less harmful substances. However,
this is a longerm goal due tathe current lack of datdor risk assessmentn an opinion letter, the BfR
listed necessary steps for laealth-basedrisk assessmentBeside the characterization of physieo
chemicaland toxiological propertiesof the ingredients the biokinetics of pigmens after in vivo
subcutaneous application a@so required. This opinion is shared by the broad majority of the tattoo
research communify.

On theone hand the complianceof inkswith legislationneeds to be monitored byfficial authorities.
Pastinvesigationsby the federal state lhoratories revealeficits inthe microbiological and chemical
state of the analyzedink$®?°. On the otherhand no validated methodfor pigment identification is
available to dateThusGerman state laboratories often rely dabellingasan indication othe pigments
used.A Swissstudy showed thatnearly half of the inksaused complairs due to falsedeclarationsand
that one third contained norcompliant pigment®. Since threshold levels for impurities are missing,
federal state laboratories havéifficulties in banning substancésund at increased level$ these are
not explicitly listed inthe annexll or IV of the EU regulations of cosmetidsiy complaints forNi and
PAHSs for example, ardherefore basedon the assumption that the can harm human healtin the

concentrationsfound. In general, he state laboratoriegprobe tattoo inks from distributorsas well as

16



INTRODUCTIQN SECTION.4

tattoo parlors regardng microbial contaminatin and other ingredients. Ian ink fails the test,
manufacturers are informed about the naompliance 6their products. If inksare believed tgposea
serious risk to the health and safety of consuméhg products are submitted to RAPEKe( European
Rapid Alert System for dangerous mmod producty®. This allowsconsumers and tattogarlors to
inform themselvesbout potentially harmful inks.

In general, attoo inks do not need to be approveoefore market entry e.g. by submiting safety
dossiers for the product® legalauthorities Only trade names and ingredierttave to be sento the
Federal Officfor Consumer Protection and Food SafeGe(man Bundesamt fur Verbraucherschutz
und Lebensmittelsicherheit (BVL)).

17
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1.5. Composition of tattoo inks

Color giving pigments certainly represent the most essentialingredent of tattoo inks In the past,
traditional tattoo inkswere selfmixedby the tattooist from black soot ofaryingorigin® and someinks
are still prepared this wayoday. Before the time of professional manutacing of dedicated tattoo inks,
it can be assumethat people used clored ingredients of all kirgfor injectioninto the skin.In personal
communication peoplereported red bricks, plant leaves and household pain¢sngused for tattooing
Eventoday,some professioriaand hometattooists use mdian inkintended forcalligraphiause®.

The professionalization dhe production oftattoo inks does nodirectly imply safe use, even if some
manufacturers nowadays try to avoid certain ingredients to the best of available knowledge. The main
qualitiesof a good tattoo inkF NB Y 'y | NI A & joiasuspeastory dihe raXimuthpoSsible
amount of pigmeat in a watery consistery; immediate usbility andink that does notdry out too
quickly. Thereforethe solventsused (e.g.water, ethylalcohol or isopropandineed to be mixed with
stabilizers. Oftersurfactantsand dispersantge.g.glycols and polynts) known fromthe cosmeticsand
paint industies are used*. Additionally, preservatives might dedto avoid microbial growth after
opening of the inkcontainers. Furthermore some ink formulations contain ingredientswith a
guestionable purposeThese includéragrancessuch asucalyptoland menthol, as well aplant extracts
such aswitch hazel

The pigments can eithdre of organic or inorganic nate. Some decades ago, mostly inorganic salts and
metal oxideswere used*® Black iron oxides haveincemainly been replaced by carbon black dueit®
darker color. Alspother inorganic pigments have been rapéddue to the increasinguse of more
brilliant organicpigments. Theformer are till favored inpermanent makeup applicationsand when
more earthlike tones aredesired In 2011,the inorganicpigmentsmanganeseviolet (C.I. 77742)iron
oxides red, ykow and black were only found in 4% of all tattoo inks according toontent
declaratiors®. The most used inorganic pigment isite TiQ, with an occurrence 0f36% in allinks
tested in the surved). It is needed to generate certain color shadmsd issometimesreplaced with
white barium sufate®*. Pigments are synthesized as partickesl have golydisperse primary size from
two-digit nano to micrometer ranges.

The organic pigmentssed in tattoo inks are manufactured fathe cosmetic and paint industryThe

currently used chemical structures candmsignedo a few major familiegFig. 2).
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Figure 2: Common chemical structures used in tattoo in&¥h) Most organic pigments useth tattoo inkstoday
belong to the displayed¢hemical classe§heir photostability varies dependenthdhe number of weak bonds in
their structure.a,d) Azo pigments potentially releagpeimary aromatic aminesP(AA3 by cleavage of the azo bond
leading to the fomation of an amine. They account for most yellow, orange and red pignoemiently used. b)
Quinacridone pigments have a reddish to bluish pink appearance and are higttifast pigments. ¢) The most
famous diketopyrrolopyrr@isdo SG G SNJ | y B B TNSRpg®SsHE highlight-fastand give orange
to red color tones. e) Dioxazine pigments are violet #rar stability isdependenton the corresponding residues.
f) Thelight-fast perylene pigmentgyive adark red, brown or blackolor. To date, these have not beeinequently
found in tattoo inksg) Cuphthalocyanines represent the only blue and green orgaigments found in tattoo inks
today. h) Only onequinaphthaloneyellow, highly chlorinated pigmertas beenused in tattoo inkgo date. It has

advantageousfeatures in terms of light stability compared azopigments.

The surfaceof pigment particles i®ften modified to facilitate proper suspensionith regard totheir
dedicated use in combination with specific solvents and disgp®s. These soalled coatings can be

proprietary and therefore unknown to the ink manufactures. But similar to the surface of biomaterials,
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coatingsmight have arucialrole in biocompatibility of the pigments TiQ, for example, is treated with
aluminum silicates to reduce ploactivity. Organic surfacecoatings might be composed of
polyethyleroxide, dioctyphthalate, 3isobutoxypropylamine or polydimethylsiloxafie

In order to achieve the proper suspension of the pigmegtgcerol, propylene glycol, polyethylene
glycol (PEG), dimethyl siloxaneslyvinybyrrolidone,shellacor acrytlcontaining block cgolymersare
used as auxiliary substances tattoo inks**® A market surveyfrom 2011 revealed the use dhe
surfactansi -naphtholethoxylaes octylphenolethoxylate better known asTriton %100),nonylphenol
ethoxylaes and diethylenglycol in tattoo ink°. Also 2,4,7,9tetramethyt5-decin4,7-diol and
cyclosiloxanesvere identifiedin various inks (unpublished data).

The higher the water content of an ink, the more likdyis that microorganisms can grow in the
products. If an ink is produced with a watectivty value below 0.6jt might be produced without
preservatives to reduce risks of allergic reacténSincemany inks contain high amounts of various
alcchols as solventghe antimicrobial propertieof thesemakepreservativesinnecessaryNonetheless
some inks containngservatives such as phenol, tisiazolinones, phenoxyethanol, glyoxbenzoicacid
and formaldehyd&°.
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1.6. Toxic substances tattoo inks

161 Impurities derived from ink manufacturing

Dependingon the manufacturing mcess of the raw pigments, different purity gradesdifferent costs
are available on the markeSince most inorganicon pigments are madérom miningproducts, they
commonly ontain Ni, Cr, Cuor Car amongst ¢her element$®. Ni might also be used as catalyst in
pigment synthesis e.g. for phthalocyanines. Esgléy pigmentimpuritieswith sensitizing propertieare
consicered problematic.Ni, for examplejs one of the most common contact allergéhand therefore
people with known sensitities shouldake into consideration thatattooing might trigger an unwanted
allergicreaction. The ResAP(2008)1 andhe BfRrecommendthe restriction of Ni in tattoo inksby the
ALARALINR vy OA LY Seasodablyh OK2 8 OF atf S¢ 0 @ | gbgof@Sesboldlavithat I A FS A
can be applied byesponsible surveillanciboratoriesor manufacturesto declareinks ascompliant
with legislatiod’. Also, there is currently aeficit of information as to which concentrations can be
consideredreasonablyachievable for the different kinds of pigments.

Other impuritiesmight derive from aganic pigments eitheasresidues of their chemical ldding Hocks

or solvents fromwet-synthesis Theseinclude carcinogenid®AAsand carcinogenimitrosamine$®*%. For
some PAAs an increased risk of bladder cancer was found, other substande® K - a 0Xo0
dichlorobenzidine(DCBD)might cause cancer in a variety tifsued?. Solvents used duringthe
manufacturingprocess that carstill be detected in the inksare toluene, xylene, ethylbenzenand
styrene (unpublished data)These volatiles pastlbelongto the BTEXbenzene, toluene, ethylbenzene,
xylene)group ofchenicals known to cause acute and chronic toxic effectshmliver and the nervous
systent’. Moreover, styrenes also mutagenfé.

Carbon black contagvarious amounts oPAHs dependent on the manufacturing processed A
contamination with PAHs cannot be fullyoided even if highly purified products exist. They are known
carcinogens and frequently found in tattoo iAksPAHs are constant contaminarin our daily life
wherever combustion takes place.g.in open fires or food processingas well as in mineral oil based
products Still, carbon black tattoos can display an additiorfabnic exposurgo PAHswith unknown
health effects.However, arecent study conducted in naked mice suggests that at least in skinkblac
tattoos have a protectiveffect regardingthe development ofskin cancer due to the lightbgorptive

properties of the pigmerit.
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16.2 Toxic substancesesultingfrom the degradation processes

Degradation product®f organic pigmentare increasinglyrecognizedasa potential health threat Toxic
and arcinogenic substances may be releasex the pigments after exposure toltra-violet (UV)or
visible light irradiatioff. This has been shown for variom®no azo pigmentsusingsunlight simulation
(pigment red (AR)22, pigment yellow (PY.)74, P.R.112, P.R.17MAlIso,the frequencydoubled quality-
switched (Q@switched Nd:YAG laseras used in tattoo laser remal; has been shown to cleave azo
pigments(P.Y.97P.R.9, P.R.2BR 112" |n the case of @dizo pigments, decomposition into the
carcinogen DCBDhas been shown in slight, laser irradiation or both for P.Y.14, P.Y.83, pigment
orange(P.0.)13 and P.0°3%. The diazo P.0.16 releadeo Z-dinfethoxydiphenyl upon suight
simulation®®’. The quinacridoneP.R202 is the only norazo pigmentfor which a cleavage product,
namelythe carcinogemd-chloroaniling has beendescribed in literatur&. To prevent this lighinduced
degradation, colorful tattoos should be protected from sunlight either by applying sunscreen or textiles.
Alsq the metabolization of pigments & subject of intense discussiom generalpigment are thought
to be inert due to their insolubily and thereforeconsiderednot accessibldo degradingenzymes.
However the metabolizatiorof the azocompound P.¥4 by liver cellhas beerverifiedin vitro™.

The degradation of pigments is accompanied by a higbmbility of the evohing substancesAs in the

case othe impuritiesmentioned above, these can therefore be distributed throughout the body.

1.6.3 Other toxictattoo ink ingredients

Indian inksometimes used for tattooingvas mentioned in clinical case reportas causingllergies®.
Somestudies reportcarmine dyes as possible tattoo ingredignThe usage of thesice-derived dyess
criticalfor two reasons: firstthey are light sensitive and will decay and thus vanish from the tattoo over
time, andsecond because they have been reported to cause severe allergggsleading tosystemic
anaphylaxi¥’. Preservatives are mostly of concern due to trssnsitizingeffects™. Sincetheir use is not
restricted in Germany, pservatives that have been banned or restricted dosmetic products make
usedin tattoo inksand are frequently found in méet surveys (cfChapterl.4).

The toxicity of polymers used to disperse the pigments in tattoo inks nighinduced bytheir
metabolizationin the human body For example, toxic adfetation can be induced by metabolism of PEG
into its hydroxy acid and diacid derivatives and the monomer ethylene giy2ol

Also, phthalates were identified in black tattoo ifikE. The toxicity of dibutyl phthalatén particularon

the reproductive systeris of special concern.
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The genotoxicity othe commonly usedwhite pigment TiO, shown in alveolar cells in vitr®® and
carcinogenicityin animal studiesin viva®®® is currently the subject of muchdebate Based on the
availabledata, the French Agey for Food, Environmental and Occupational Health & Safety (ANSES)
proposed harmonizedclassification of TiQunder carcinogenicitycategory 1B according to the GHS
(Globally Harmonized System of Classification and Labelling of Chémithalshe hazardstatement
lopniA Ot¥zAE OF yOSNJI Howevegr, inview of epidénfiopgichl dathe International
Agency for Research on Cand&R(working group concluded that onigadequate evidencexists for

the carcinogenicity of TiOn human&’. Currently, no hazards have been classifiegardingTiG in the
substance information portaof the European Chemicals Agency (ECH#gwever, the9 / | ! Qa
Committee for Risk Assessment concluded thed can be classified as suspected of causing cancer
(category 2, through the inhalation routdjut the final decision of the European Commissisrsiill
pending

Other ingredients that might exhibit toxic properties are contained irddie tattoo inks. Thesaglow-
in-the-darke inks aredescribed agpolymethylmethacrylate microspheresontaining 2.5% fluorescent
dye®’. Some sources claithe use of phosphate based irffksvhich will glow even in the absence of a UV
light source The glow in the dark featunill probably vanish after a shoperiod of time. However, no
scientific sourcesr chemical analyses can be found in literatuk® survey indicates how many people
havehad these kinds of tattoos, butihost likely accounts only for a minorit9ne case report on these
inks showed severgranulomatous dermatitislue toa foreign mateial including lymphocyte infiltration

andformation of giant celfs.
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1.7. Health risks related to tattoos

The nost frequently reported side effect®f tattoos are infectious diseases (151) followed by
allergic/foreign body reactions (96) and tumor growth at thiee 0f the tattoo (33) as repored in a
review byWenzelet al.in 2013*. Asurvey among 44Brenchtattooists revealed thati2.5% percent had
experiencedadverse reactions to at least one of their tattoos. The most reported tattoo reactions were
transient itching, swelling and surtigsensitivity (2857%)followed bya | £  \BitNBB°£A study by
Kluglet al. reported that 67.5% of tattooed peoplexhibit health issues directly after tattooing of which
1.8% were graded as intense to very intense. 7.7% occurred 4fwweeks and 6%ad persistent
problems intheir skirf®. Similar observations wermade ina surveyin New York but with a slightly
increased percentage @kactionsto red tattoos normalized to their overall use as tattoo cBioAfter

laser treatment, 5% of patients reported persistent séfects still present after 30 wee¥s

1.7.1 Infectious diseases

Infectionsof the tattooed skin areasppearing shortly after tattooingre a major complication. These
can be caused by bacter{e.g. streptococcusstaphylococcusmycobacteri, viruses (e.g. papilloma,
herpes, lepatitis) or fungi (e.gcandidg mold fungi). The infection can be introduced ibgn-sterile
tattoo inks, improper handling and storage after opening of the inks, a lack of hygiene duaftgrthe
tattooing process or byontaminatedinkt independent @ sterility claims orihe labef®.

The transmissia of viral, fungal or bacteriahfectionsby tattooing can be easily avi@d bypreventive
procedures Nonetheless case repds of small epidemics castill be found in current literatureFor
example, ontaminated water used to dilute the ink amon-sterile ink bottles used for multiple

customerswere reportedto havecausel an outbreak of mycobacteria infectiofis*®

1.7.2 Granulomatous reactions, sarcoidosis and allergies

Nortrinfectious inflammations in skican have multiple causes and diverse manifestations. Allergies can
occur as hyperkeratosifichenoidreactions granulomaor plague elevationin cases of strongllergy,
progressiortowards autoimmunity can leatb an ulcero-necrotic pattern viere thefull thicknesof the

skin and ultimately also netattooed regions areaffected. In a case of a tattooed mamultiple
amputationsof one leg had tde carried outdue toan allergicresponsé?.

Allergies carariseas a reactiorio different substanceslf no immediate onset of the reaction has been
observed, soluble distances like preservatives and soluble elements that will be quickly removed from

the ste 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 miglebhfused with prolonged wound
healingand will resolveasthe trigger substanceanishe&’.

In terms of pgment related allergies, ost case reportsidentify Cr as a source of elementelated
allergiesoccurring with tattoo$’. Additionally,allergicresponses due to the presence ldff°, Co® and
Ni’>, which are frequent contaminantsin inorganic pigmentswere reported The presenceof the
aforementioned metals wasconfirmed by chemical aalysis of the tattoo. &sitive patch tests offhe
identified elementson the corresponding patientsonfirmed asensitization of the patierénd appear to
be the plausible cause of the tattoo allergyp contrast,a causative relationshipf allergt reactionsto
tattoos and the use of certaiorganic pigments isomewhatdebated In reports of allergies tahe
guinacridone pigments violet (P.V.)19 aRdR.122the identity of the pigmentswas not verified by
chemical analysis buteduced oty from the declaration of contentsSubsequenpatch tests with the
used inks failed to induce an allergiaction’®”’. Only undiluted ink containing P.R.2ffbvokedan
allergic reaction in gatchtest at day 7 but not in prick testing’. However, sincéhe patch test was
conducted with the ink formulation and not thgigment alone other ingredients might béhe cause for
the allergic reactiombserved The mostcommonly usegigment phthalocyanine blue/as connected to
an allergicreactionto glovesin one case repoff. But since the pigment was not further characterized,
free Cuions, Nior other unknowncoatingsmight have been present and therefoceuld have beetthe
actual cause of the sensitivity.

Wenzelet al. were able to conclusively show thaliergic reactions tpermanent makeup were caused
by the thioindigoderivativeP.R181. In their study prick tests revealed papule formation after 2 days.
Tammaroet al. also reported a Cu andisperse Blug or 124 (not clearly specifiedyypersensitivity as a
cause of a reactiowithout specifying the color of the tattd8

The often observedfailure to link the emergence ofllergc reactionsto insolubleorganic pigmenby
patch or prick testingmight indicate thatthe formation of hapten might take placeafter pigment
metaboliation or degradation process®sThis is supported by the observation theltergc reactions
occur frequentlyafter laser irradiatiof’#2

Besides allergic reactionforeign body reactions camsooccur. These are characterizé by granuloma
formation either due topigment overload or as part of a systersarcoidosiseactiorf>. This can also be
induced bylntense Pulsed LigtitPL)treatments for hair removaif the patient is alreadgusceptibleto
sarcoidosi¥’. Rorsmaret al. reported asimultaneousdevelopment ofgranulomaand eye inflammation
(uveitis) as a manifestation of a systemic sarcoidal reattidime granulomaformation in a tattoo was

linkedto the aluminumcontained in theink in one case repor’. The @usesfor foreign bodyreactions
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probably include distincsurface propertiesof the pigmentsleading to agglomeration and raded
biocompatibility’"®

However, differentiating between the aforementionedkin reactionscaused bytattoos might be
challenging for theliagnosingohysician since chemical induced granuloma, delayed hypersensitivity and

granulomatous hypersensiity might coexist.

1.7.3 Photosensitivity

Anothercommonside effect oftattoos, is an increaseghotosensitivity.21.5%of tattooed peoplehave
complairts related to solar radiatiorsuch as swelling, itching, stinging, pain and redness of th&’skin
These reactiors arenot necessarilyelated to specificcolor shades but can occur in all kinds of tattoos.
One possible explanation for this phenomenon is the formation of reactive oxygen sfe€&pn the
particle surface as observéalcarbon black pigment$ In white tattoos,rutile or anataseTiQ, pigments

are frequentlyused The latter isknown to be a photocatalysind couldalso increase photosensitivity
patients In a study of Wameet al. the occurrence ofanataseTiG in permanent makeup and its
phototoxicityin vitrowere positivelycorrelated®.

In the analysis of red tattoo reactions by Sowdenal., seven of 18 patients noticedtronger
inflammation of their tattoo upon sunlight exposure and three of them reported sunlight exposure as

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

In parallel to the rising popularity of tattoos, thrumber of peopledesperatefor removal is increasing
The wish can be triggered by chargyén life and work circumstances that do not comply with the
postion or message of the tattoo. Other reasons are artistically poorly executed tattooslmaragein
taste The psychological strain for the patietitat leadsto the urge for tattoo removal may vary
dependent on the illustration and its positith

However, each method of removal bares @&n risks andsometimesentails a high financial burden
which mug be well consideredbefore starting the procedure. Due tdhe continuousdevelopmentof
new removal proceduresio complete list of all methodsmployed is available

Less widely used methodsich asP1%®® and strong ultrasound will not be discussed here due to their
limited successn pigment removalNeverthelesspon-professional use of these techniques can lead to

skin burning, scarring, inflammatory react®and pigmentary abnormaliti&'s

18.1 Surgical and abrasive procedures

Excision of unwanted tattoogsingknives or other sharmpbjectswas a form of removal practiceioly
tattooed individuas themselvesbefore other methodswvere developed. Surgical removal or skin gsaft
by physicians areostly carried out asanplete excisionof the tattoo and are therefore only applicable
for a certain smaller size of tattod’. Salt-abrasionis a form of removal alsmentionedin literature®.
Dermabrasion of the upper dermis urtile pigmenied layeris removeds more advantageougspecially
with patients suffering fromallergies and other side effect#t may resultin partial scarringwhich is
dependent ornthe depth of the removed layerThe recoveryof the epidermal layers facilitatedby stem

cells residing in hafolliclesand glands.-.

1.8.2 Chemical removal

On August T, 2011, the BfR published an opiniaegarding lactic acid tattoo removal. Concentrated
lactic acid isconsideredcritical because of its irritating properties dhe skin. It can lead to heavy
inflammation and scarringfter intradermal(i.d.) applicatiori’. The first report of using acids for tattoo
removal date back tothe Greek Aetius ithe year543®. The success of the predure is basé on
introducing alactic acid solution with a tattoo machine thetay perforating the epidermis. The
inflammatory response induced by the lactic acid Etmdexcretion of the pigment péicles through the

epidermis The strongnflammatoryreactionand the open woundposean increasedisk ofan infectious
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reaction Therefore, the BfRecommend this procedureonly be carried outby trained professionals
understrict hygienicconditions”.

Other removalmethods make use of trichloroacetic acihich lead to a major chemical burn at the
treated ste®. Other suppliers sell removing paste containing zinc oxidagnesium oxide, calcium
oxide, triethanolamine, isopropancand benzoic acido be injected ito the skin. These pastead to

dermal fibrosisand hypertrophicscarring developed as a result of a large inflammatory respbnse

1.8.3 Laser removal

The first lasers used am attempt to remove tattoos werearbon dioxiddasers. This technique is based
on the themal coagulation ath removal ofsuperficial skirfollowed byexcretionof the tattoo pigments
and are therefore related to surgical remov&l Similarlythe usage ohon-pulsed argon lasers leado
tissue disruption due to heatingnd thusinevitably cages scarring of the treated site. Modern laser
treatments involveQ-switched lasers of different wavelengthshich emit photonsin a nansecond
pulse that are well absorbed by the ink particleShese lasers are able to cause selective
photothermolysi§’. It is disputed viether the mechanical disrugion of the tattoo pigmentis followed
by site clearanceue tomacrophagesor if the chemical cleavagef organic pigmentsvith simultaneas
loss of thechromophoreleads to the fading ofthe tattoo®. Also, the alteration of the finstructure of
carbon particlegeading totransparencyis afurther possible explanation fathe bleaching of thevisible
pigments”.

The use of lassrequipped with pigment specific wavelengths and short pulse durafiesds toless risk
of scarring. However, due to the light absorption of métaover a broad range of visible and infrared
light wavelengths hypo- or hypepigmentation and skin injury can occur when treatitanned
individualsor darker skin type¥.

Even if side effects are less likely with laser remoeatpaed to all other methodsof tattoo removal,
they can still occur. In a surve®4% of participants reported slight and 8a6re profoundscarringof the
skinafter laser removaF. In particular,badly trainedaser operatorsandanincreasen laser powerpose

a greateriskof scarrng™.

Another risk factor is color changd the pigmentinto darker shadeswhichpossiblyoccuss due tothe
laser procedur®’. Thisphenomenonis thought to be caused by iron oxides TiG; beingtransferred
into a different state of oxidation®!®> From observationsmade in one of our publications, a
carbonization reactiorof the organic pigmenalsoappears to beplausible(cf. Chapter 2.3)However,

further studies are needed to pve any of these theoriedf the removal of the pigments froie skin is
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successfylhypo or hyperpigmentation can remain at the treated sfte Full removal of the tattoo often
camot be achieved; specially when it comes to yellow and orange tattodgelet, green and blue inks

might also provechallengng'®. More recently application oflasers with a pulse duration in the pico

second rangghavealsobeen foundsuitablefor removing yellowtattoos™.
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1.9. Aim of this thesis

In the recent yearstattooshave becomeéncreasigly popular around the glob&he variety of pigmets
used in tattoo inkshas movedtowards the use of highlyight-fast organic pigments. Yet, current
legislation in Germany onfprbids the useof a portion of available pigents Thisleavesall remaining
pigmentsfree to use despitehem never being tested for thisroute of application. The increase in
people having a tatto@utomaticallyleadsto an increasen people seekingattoo removat with Q-
switched laser removal iitbeing themost widely applied method

In the face of the increasingly recognizetbxicity of organic pigments especially after chemical
decomposition,a centralaim of my work wado further investigate the degradation processes of
common pigments wd in tattoo inksupon laser irradiation

Sincelaser irradiationleads tothermolysis oforganicpigments inthe skin, pyrolysis wassedto mimic
this heat dependent decompositioithe work was aimed atlentifyingthe decomposition productand
their potential hazardgor tattooed individuals(Chapter2.1). 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 forbiddegments(Chapter2.1).

Subsequently, we aimed to prove the release of the substafmexd in pyrolysiainder laser removal
conditions Since animal studiefer tattoo researchare forbidden in Germany, suitablealternativeto
mimic laser removalwas needed. In this thesis, aqueoususpensiongChapter2.2) and postmortem
tattooed pig skinwere used tomimic the in vivolaser removal of organic pigmenf(€hapter2.3). To
estimate exposureto the corresponding substances, quantitative methods were appligléavage
patterns of each chemical pigment familptained frompyrolysis and laséarradiationshall beevaluated
for their ability to manuallypredict hazard decomposition produdts pigments not investigated

A secondobjective of this thesis was tmvestigate thebiodistribution of pigments and elemental
contaminants from the inks after tattooing@herefore, dentity and chemical characteristics of pigments
in skin and regional lymph nodes of the same individaalwell as the alteration of bimolecules in
surrounding areasyere targetedin this study(Chapter2.4).

The resultobtainedduring the course of my thesis should helvelopimproved tattoo ink regulation

with the ultimate goal of a whitiést containing lestiarmful pigments for thigpplication.
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Publicationsare displayednon-chronologicallyto ease undestanding through a logicalorder. The
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involvement in the manuscripts.

The resuling chapters eachfeature independent units. Therefore, abbreviations and references are

defined within each chapter.

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

pyrolysi gas chromatography/mass spectrometry

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

This chapter was published online on 21. May 2016 in:
Archives ofT oxicology0(7):163¢1650 (2016).

DOt 10.1007/s0020916-17392
Link:https://doi.org/10.1007/s00204916-17392

Involvement of the autor within this publication: Project plannin§3d%),project execution
(95%), data analysis $%0), writing of the manusipt (90%).

Supplementarnynaterialsfor the following publication are dailedin Annex I.
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2.2. Formation of highly toxic hydrogen cyanide upon rulaser

irradiation of the tattoo pigment phthalocyanine blue

Ines SchreiverChristoph Hutzler, Peter Laux, Hateter 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 theauthorwithin this publication: Project planning (66),project execution
(95%), data analysis (98, writing of themanuscript(80%).
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SCIENTIFIC REPQRTS

OFEN Formation of highly toxic
“hydrogen cyanide upon ruby laser
“irradiation of the tattoo pigment

“esn s phthalocyanine blue

Published: 05 August 2015 :

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

Since laser treatment of tattoos is the favored method for the removing of no longer wanted
permanent skin paintings, analytical, biokinetics and toxicological data on the fragmentation
pattern of commonly used pigments are urgently required for health safety reasons. Applying

- dynamic headspace—gas chromatography with mass spectrometric detection (DH5—GC/MS) and

: comprehensive two-dimensional gas chromatography coupled to time-of-flight mass spectrometry
(GCxGC—ToF-MS), we identified 1,2-benzene dicarbonitrile, benzonitrile, benzene, and the poisonous
gas hydrogen cyanide (HCN) as main fragmentation products emerging dose-dependently upon ruby

. laser irradiation of the popular blue pigment copper phthalocyanine in suspension. Skin cell viability

. was found to be significantly compromised at cyanide levels of >>1 mM liberated during ruby laser

- irradiation of >1.5mg/ml phthalocyanine blue. Further, for the first time we introduce pyrolysis-GC/
MS as method suitable to simulate pigment fragmentation that may occur spontaneously or during
laser removal of organic pigments in the living skin of tattooed people. According to the literature
such regular tattoos hold up to g mg pigment/cm? skin.

Inserting inorganic or organic pigments into the dermis for the purpose of tattooing or permanent
make-up represents an unbroken modern trend world-wide, At the same time, dramatically increasing
numbers of tattooed people result in a similarly increasing demand for laser removal of tattoo pictures
and designs that occasionally become subject of embarrassment and deepest regret later in life*. In this
regard the potential risk for pigment cleavage into toxic or carcinogenic fragments upon tattoo laser
treatment or even just during the exposure of skin to regular light (e.g. while sunbathing) are increas-
ingly recognized as a serious health-related issue™~7. Due to insufficient research, the identity of the
possible chemical descendants and their long term effects when being released into systemic distribution
throughout the human body remains unclear. Data on laser decomposition of pigments used in tattoo
¢ inks are available for a few azo dyes only®®. On the other hand, there is a complete lack of data that
: would look into the decomposition and fate of rather lightfast molecule species such as phthalocyanines,
- in particular when it comes to the irradiation of cutaneous pigment deposits with medical lasers.

To the best of our knowledge copper phthalocyanine (also called phthalocyanine blue or pigment
B15:3) is the only blue organic pigment currently used in tattoo inks on the European market®. Yet
data regarding its safety as tattoo pigment and its decomposition behavior are presently not available.
At the least, a most recent review cited two unpublished studies (PhD theses) that failed to detect any

¢ fragmentation of highly lightfast pigments including copper phthalocyanine upon irradiation with ultra-
: violet (UV) or visible (VIS) light'’. In contrast to the well-known UV/VIS-induced photolysis of azo

*German Federal Institute for Risk Assessment (BfR), Department of Chemical and Product Safety, Max-Dohrn-
Strasse 8-10, 10589 Berlin, Germany. *Evangelical Elisabeth Hospital, Department of Laser Medicine, LUtzowstrasse
24-26, 10785 Berlin, Germany. Correspondence and requests for materials should be addressed to A.L. (email:
Andreas.Luch@bfr.bund.de or luch@mit.edu)
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dyes, color fading upon laser irradiation of tattoo pigments is therefore assumed to be rather the result
of heat-dependent chemical decomposition (photothermolysis) and the breakup of particles followed
by cellular clearance (i.e. phagocytosis by macrophages)®. Since laser irradiation of tattoo pigments can
produce local temperatures exceeding 1,000°C, the fracturing of the particles by steam-carbon reactions
will be induced!"*2. All of these assumptions are supported by the observation that only empty tissue
vacuoles can be found in upper dermal layers directly after laser irradiation, whereas smaller fragmented
particles remain in the mid dermal layers accompanied by mild infiltration of macrophages'. Hence
chemical decomposition toward atomization is thought to be the main cause of pigment fading in laser
treatments'?.

In clinical dermatology amongst others ruby lasers are commonly used for the irradiation of colored
tattoos!'®. Since they are particularly effective in the treatment of blue pigments, marked heat-dependent
decomposition is likely to occur, To achieve the required high temperatures selectively inside the pigment
deposits and—at the same time—preventing any major heat transfer to the surrounding tissue, short
pulsed g-switched or the newly developed picosecond lasers are now common practice!>!6,

In our study we applied pyrolysis conditions to mimic the laser-induced and temperature-dependent
decomposition of the blue pigment copper phthalocyanine. Online coupling to gas chromatographic
(GC) separation of the occurring fragmentation products and subsequent mass spectrometric (MS) anal-
yses enabled us to identify all emerging volatile descendants based on available mass spectra libraries. To
prove the relevance of the detected decomposition product pattern of copper phthalocyanine, we con-
ducted g-switched ruby and neodymium-doped yttrium aluminium garnet (Nd:YAG) laser irradiation
experiments, the latter of which is also used in dermatology for the purpose of tattoo removal'®. Since
pyrolysis—-GC/MS (Py-GC/MS) analyses also provided evidence for the occurrence of very volatile and
highly toxic compounds such as hydrogen cyanide (HCN) and benzene, we further developed a dynamic
headspace (DHS) method to avoid any significant loss of the volatile compounds during work-up and
analysis. By applying DHS along with two-dimensional gas chromatography coupled to time-of-flight
mass spectrometry (GCxGC—ToF-MS) we were then able to sensitively and specifically address all of
the expected compounds irrespective of their tendency to vaporize.

The detection and unambiguous identification of the highly toxic gas HCN further prompted us to
investigate whether its level released via laser decomposition of copper phthalocyanine would be high
enough to induce cellular toxicity. To this end we applied cyanide (CN-) concentrations that corre-
sponded to the range of HCN released upon laser cleavage of pigment B15:3 and measured the inhi-
bition of the mitochondrial electron transport chain via declining ATP levels in HaCaT cells in vitro.
In summary the present work is the first that proves the occurrence of hazardous compounds upon
laser-induced decomposition of the lightfast tattoo pigment copper phthalocyanine at concentrations
high enough to produce cellular harm.

Results

Pyrolysis-GC/MS of copper phthalocyanine blue. Using an online coupling to GC/MS we iden-
tified HCN, 1,2-benzene dicarbonitrile (BDCN), benzonitrile (BCN), and 2-butanone as the four main
cleavage products of pigment B15:3 upon pyrolysis at >800°C (Fig. 1a). Since the latter is often added
as solvent its presence is likely a remainder from pigment synthesis. In addition, some traces of benzene
also emerged in the pyrograms at temperatures >800°C. In contrast to 2-butanone, levels of HCN,
BDCN, BCN and benzene were increasing with pyrolysis temperature, thus confirming their occurrence
as specific degradation products (Fig. 1b-d). Commercially available standards for HCN (including its
isotopes) and BDCN were used for the identification of pyrolysis-dependent descendants of the pigment.
Further, retention times and mass spectra were identical to those peaks identified as HCN and BDCN by
library comparison. Whereas the decomposition of pigment B15:3 into BDCN has been already shown
by a previous study', additional formation of the lower molecular weight compounds BCN and benzene,
and the gaseous HCN has remained undiscovered yet (Fig. 2).

Laser irradiation of copper phthalocyanine blue. To investigate whether the decomposition pat-
terns are similar under various laser treatment scenarios applied in cosmetic dermatology, water-based
pigment dispersions of pigment B15:3 were either treated with multiple quantities of ruby (5]/em?, spot
size 5mm, 694 nm) or Nd:YAG (5]/cm?, spot size 3 mm, at 1,064 nm or 532 nm) laser pulses. Subsequent
to laser irradiations quantitative analysis of both volatiles HCN and benzene was carried out using a
DHS-GC/MS method, whereas screening and quantification of the other fragments (i.e. BDCN, BCN)
were carried out by extraction with ethyl acetate followed by GCxGC-ToF-MS analysis. So, HCN, BCN
and BDCN levels were all found increasing as a function of the number of ruby laser beams applied
and the initial pigment concentrations (Fig. 3a-c). On the other hand, quantitative analysis of ben-
zene revealed kind of challenging due to its occurrence only in traces and the necessity for an adapta-
tion of the analytics applied (which were intentionally optimized to target CN-containing compounds).
Nevertheless we were able to detect 0.32 .M (25.1ng/ml) benzene after three ruby laser irradiation pulses
applied to 1 mg pigment B15:3 per ml suspension (mean out of n=3). With this we experimentally
confirmed the occurrence of all intermediates in the degradation pathway of phthalocyanine blue accord-
ing to theoretical and reasonable predictions (Fig. 2). We further demonstrated that the decomposition
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Figure 1. Phthalocyanine blue (pigment B15:3) is cleaved into BDCN, BCN and HCN upon pyrolysis.
(a) Py-GC/MS chromatogram (1,000°C) of pigment B15:3. BDCN, BCN, HCN, and 2-butanone represent
the main compounds detected. Some tiny amounts of benzene were also detectable at temperatures
>800°C. (b)-(c) Temperature-dependent formation of HCN and benzene during Py-GC/MS analysis of
the pigment phthalocyanine blue (pigment B15:3). The values shown represent extracted ion areas of (b)
HCN (m/z=27), (c) benzene (m/z=78), and (d) 2-butanone (m/z=72) that have been normalized to the
total chromatogram area. Therefore, absolute numbers do not correlate to peak areas of all ion fragments of
the molecules included (cf. Fig. 1a). Similar as with BCN and BDCN (data not shown), HCN and benzene
formation increases with pyrolysis temperature while levels of 2-butanone did not.

products in aqueous suspensions of pigment copper phthalocyanine upon ruby laser irradiation correlate
well with those found in the corresponding Py-GC/MS analyses (cf. above).

By contrast, decomposition of pigment B15:3 was only low under Nd:YAG laser irradiation at both
wavelengths applied (Fig. 3a-c). This can be explained in view of the absorption spectrum of pigment
B15:3 which displays maxima in the visible spectrum at wavelengths between 550-800nm (orange to
red), thus being beyond the zone of coherent green light (532nm) as emitted by the frequency doubled
Nd:YAG laser (Fig. 4)'*'?, With regard to its absorption behavior at 1,064 nm there is repeated proof
in the literature that the pigment copper phthalocyanine does not undergo molecular vibrations in the
near-infrared and hence is unable to absorb significant amounts of light in this part of the spectrum?*?!,
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Figure 2. Decomposition pattern of phthalocyanine blue (pigment B15:3) based on the pyrolysis and
laser irradiation data presented.

The observed non-linear increases (saturation) in the levels of decomposition products formed upon
laser irradiation (Fig. 3d) were—at least in part—due to the visible carbonization of the UV/VIS cuvettes
occurring after multiple laser pulses (Fig. 3e). Similar to the whitening of the skin that occurs during
tattoo laser removal, the light is being scattered at the damaged cuvette surface, resulting in a reduced
transmission of laser energy to the pigment suspension. On the other hand, the color intensity of treated
samples was slightly increasing after multiple laser pulses (Fig. 3¢), an observation most likely due to
the reduction of particle sizes that is known to result in higher color brilliance??. Declining particle sizes
upon laser irradiation have been previously described by Ferguson et al.'®,

In vitro toxicity of HCN on human skin cells. We further looked into the cellular toxicity of HCN
and observed significantly decreasing amounts of ATP at CN~ concentrations that lay in the range of
the HCN levels detected after ruby laser irradiation of concentrated (>1.5mg/ml) pigment dispersions
(cf. Fig. 3a with Fig. 5a). Compromised cellular ATP synthesis results from the high binding affinity of
CN- to trivalent iron ions (i.e. Fe’*), which are part of the heme prosthetic group of cytochrome ¢ oxi-
dase in the mitochondrial electron transport chain and essentially required in the course of cellular ATP
generation®>?%, To assess cellular toxicity human HaCaT cells were exposed to increasing concentrations
of sodium cyanide (NaCN) in 96-well plates (note: NaCN completely dissolves into Na* and CN~ ions in
aqueous solution). A significant decrease of cellular ATP levels was detected in cells treated with >1mM
CN- when compared to controls (Fig. 5a). To verify the initial concentrations added and to rule out sig-
nificant complexation of CN~ ions by Fe*" in the media, samples were analyzed for HCN release upon
acidification using DHS-GC/MS. Initial HCN concentrations quantified in the cell culture media at pH
7.4 nicely correlated to the added amounts of NaCN but were found subsequently depleted to 30-50%
due to the outgassing of HCN during 30 min of incubation at 37°C (Fig. 5b)*. The reasoning for the
assessment of cellular toxicity after 30min of incubation was based on both practical considerations in
the performance of the assay as well as the kinetics of HCN outgassing vs. its possible tissue distribution.
So, 30min was considered an appropriate time-point mimicking the in vivo situation where local HCN
concentrations would be diluted throughout tissue layers. The reduction of HCN concentrations down
to 50% due to outgassing was another factor to be considered. Yet it seemed likely that this value found
in aqueous solution in vitro could be also much lower in cornified skin in vivo.

Discussion

Here we provide evidence for the suitability of Py-GC/MS analysis of tattoo pigments as reliable and
predictive method for the generation and identification of chemical decomposition patterns that are
likely to emerge upon laser irradiation of tattooed skin. Both g-switched ruby (694 nm) laser irradiation
and pyrolysis-mediated fragmentation of the blue pigment copper phthalocyanine result in the same
pattern of main cleavage products (i.e. benzene, BCN, BDCN, and HCN). Conversely, larger quantities of
fragmentation products have neither been detected by applying the 1,064 nm nor the frequency-doubled
532nm wavelength of an Nd:YAG laser. Since copper phthalocyanine is unable to absorb significant
amounts of visible (green) light at 532nm or infrared light at 1,064 nm?*?!, it does not come as surprise
that Nd:YAG lasers at these wavelengths reveal ineffective in clinical dermatology when it comes to the
removal of blue colored tattoos®®. While increasing concentrations of both benzene and HCN under
ruby laser irradiation indicate the generation of temperatures in pigment deposits of at least 800°C (cf.
Fig. 1b,), due to insufficient absorption Nd:YAG laser irradiation fails to generate temperatures high
enough to cause particle fracturing!.

Among all of the compounds emerging upon ruby laser irradiation of copper phthalocyanine, HCN is
of particular relevance due to its strong cellular toxicity. It has long been known as colorless, rapidly act-
ing highly toxic gas (bp 26 °C)***, HCN was first prepared in 1782 by the Swedish chemist Carl Wilhelm
Scheele from the dye “Prussian blue” (that is, “Berlin blue” or iron-III ferrocyanide: [Fe,[Fe(CN)4]s])
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Figure 3. Phthalocyanine blue (pigment B15:3) is cleaved into BDCN, BCN and HCN upon laser
irradiation. (a)-(c) left: Levels of BDCN, BCN and HCN depending on the number of applied ruby laser
pulses (1x to 6x; initial pigment concentration used: 0.2 mg/ml; control = no laser beam). (a)-(c) middle:
BDCN, BCN and HCN levels as function of the initial pigment concentration (0.2mg/ml to 2.5mg/ml;
at each concentration 3 laser pulses applied; control = no pigment). (a)-(c) right: Only slightly increased
fragment concentrations were found upon Nd:YAG laser irradiation when compared to ruby laser irradiation
(3 laser pulses at 1 mg/ml pigment; control = no laser beam). (d) left: Fraction (in %) of pigment destroyed
depending on the number of ruby laser pulses applied (1x to 6x; initial pigment concentration used:
0.2mg/ml; control = no laser beam). (d) right: Fraction (in %) of pigment destroyed depending on the initial
pigment concentration (0.2 mg/ml to 2.5mg/ml; at each concentration 3 laser pulses applied; control=no
pigment). (e) UV/VIS cuvette after 3 laser pulses (left) compared to an untreated sample (right) containing
0.2mg/ml of pigment B15:3 each. The laser-treated sample is carbonized at the outer cuvette surface but
appears more intensely blue colored (see text for further details). All values are displayed as mean = SD
(n=3).
and therefore also named “prussic acid™®. Depending on the concentration inhaled, it can cause toxic
effects and death from cardiac arrest within seconds®?!. The lethal dosage of HCN in most animal spe-
cies is about 2mg/kg body weight, and 50 ppm (0.005%) the concentration in air officially announced
as “immediately dangerous to life or health” (IDLH) in humans®2. From the toxicological point of view
any possible emerging of HCN during laser removal of skin pigment deposits in tattooed individuals is
thus to be regarded as health concern.

Here we demonstrate that the cell toxicity of HCN actually occurs in human skin cells in vitro at con-
centrations that lie in the range of the levels observed as result of ruby laser-mediated cleavage of copper
phthalocyanine. According to the literature, minimum toxic concentrations of CN™ measured in vitro
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Figure 4. Absorption spectrum of pigment B15:3 at UV/VIS light. Wavelengths of ruby laser (694 nm)
and the frequency doubled Nd:YAG (532nm) are indicated by red and green lines, respectively.

range from 100pM to 10mM depending on the various experimental set-ups that may differ in their
extent of HCN outgassing®. Delhumeau and coworkers showed an inhibition of the cytochrome ¢ oxi-
dase at 250 uM potassium cyanide (KCN) in an activity test applying purified protein®. So, the levels of
about 0.2-1.1mM HCN that were dose dependently formed upon ruby laser treatment of 0.2-2.5 mg/ml
pigment in suspension lie well within and beyond the concentration range of this compound shown to
exert cellular toxicity. In this regard it is to be noted that the average tattooed individual usually features
100-300cm? of tattooed skin surface with pigment deposits that can range from 0.6 to 9.42mg/cm?,
depending on the experience of the tattooist?. (Note: The whole-body surface of an adult covers approx-
imately 2m?). Thus, the levels of chemical hazards such as HCN emerging upon laser removal of tattoos
in human skin in vivo may greatly vary as function of tattoo size, pigment concentration and localization,
irradiation dose (fluence) and wavelength applied. Still, levels as high as 1.1 mM HCN, measured in our
study upon irradiation of 2.5mg/ml pigment dispersion in vitro, would correspond to 29.7 pg HCN per
ml of volume. Although the most common ways of cyanide poisoning are ingestion and inhalation,
percutaneous absorption has also been repeatedly described for injured skin®*%, but also in non-injured
skin®. Given an estimated level of 5 ug/ml cyanide in blood as lethal concentration®, local concentrations
of about 30 pg/ml HCN that might be generated within tissue layers well supplied with blood vessels may
trigger some concern, in particular when extremely large tattoos will be irradiated. Of course, the laser
impact and its shattering efficiency on the pigments as well as the biokinetics of possibly emerging HCN
in living skin tissue are currently unknown but certainly require urgent investigation in the future ahead.

Even though its concentrations measured upon ruby laser-induced pigment degradation were com-
parably low, the occurrence of the volatile aromatic hydrocarbon benzene further adds to these health
concerns. According to US. EPA benzene is a “known human carcinogen by all routes of exposure™®,
Induction of acute non-lymphocytic leukemia and other blood disorders such as aplastic anemia have
been sufficiently supported only in highly exposed human workers via the inhalation route though.

Altogether our findings suggest that, in the course of laser removal, lightfast organic pigments such
as copper phthalocyanine might be cleaved into toxic fragments in quantities likely to be capable of
harming the integrity of patients’ skin locally and potentially also other tissues in the body systemically.
Further studies applying real human skin tissue specimens ex vivo are necessary and will be conducted
to shed further light on the issue of emerging HCN and benzene levels as consequence of the laser
irradiation of blue colored pigment deposits in real human skin. Modifying interactions with cell or
tissue constituents are well be conceivable and might lead to alterations of the decomposition pattern
qualitatively (chemical composition) as well as quantitatively. In any case, however, in view of the data
presented the consideration of possible cleavage products of tattoo pigments in the frame of future tattoo
ink regulation becomes mandatory.

Methods

Chemicals and reagents. All chemicals, analytical standards and solvents used were of analyti-
cal or LC-MS grade. Potassium cyanide-"*C-*N (isotope purity 99% and 98%, respectively), sodium
cyanide (NaCN), sodium hydroxide (NaOH), benzene, benzene-d, (isotope purity 97%), 1,2-benzene
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Figure 5. Toxicity of NaCN (respectively CN- ions) in HaCaT cells in vitro. (a) ATP levels in cells
treated with various doses of NaCN for 30 min in 96-well plates sealed with parafilm and compared to the
control (that is, a 1:10 dilution of 5 x 10~* N NaOH); Triton X was used as death control to verify depletion
of ATP under toxic conditions. Values are displayed as mean= SD (n=4) for all groups except 0.6 mM
NaCN (n= 3). Average ranks in control cells and cells treated with 1mM and 2mM NaCN were 6.5 and
2.5, respectively (Mann-Whitney U-Test, p=0.029 two-tailed, *p < 0.05). Ranked, unequal variance t-test
resulted in p=0.005 and p=0.013 for cells treated with 2mM and 1 mM NaCN when compared to the
controls, respectively. (b) HCN recovery from cell culture media before (black bars) and after 30 min of
incubation at 37°C (light bars). Prior to incubation, varying doses of NaCN were added to the media as
indicated. Values are displayed as mean + SD (n=3).

dicarbonitrile (BDCN), benzonitrile (BCN), benzylnitrile (BenzCN) and benzylalcohol (BenzOH) were
obtained from Fluka/Sigma-Aldrich (Munich, Germany). Pigment B15:3 (C.I. 74160, m.w. 576.02; mp
600°C) was kindly provided from Clariant as trade name product PV Fast Blue (Frankfurt, Germany).
Ethyl acetate was purchased from Merck (Darmstadt, Germany).

GC/MS. If not described differently, the Agilent 7890A gas chromatograph was coupled to an Agilent
5975C inert XL MSD with Triple-Axis Detector (Agilent Technologies, Santa Clara, CA, USA). Ionization
was induced by an inert electron impact (EI) ion source at 70eV and helium (purity of 99.999%) from
Air Liquide (Diisseldorf, Germany) was used as carrier gas.

Pyrolysis—GC/MS of pigment Bas5:3. For Py-GC/MS analysis an HP-Plot/Q 30m long column
with a stationary phase of 0.32mm thickness and 20pm i.d. (Agilent Technologies, Santa Clara, CA,
USA) was used. Small samples of pigment B15:3 were directly placed inside a glass tube which were
then automatically inserted to the pyrolysis module at the thermal desorption unit (TDU) (both from
Gerstel, Miihlheim, Germany) of the GC/MS inlet system. Pyrolysis was carried out at temperatures
of 500-1,000°C for 6s. The temperature of the cold injection system (CIS), TDU and transfer line was
maintained at 260°C. The carrier gas flow rate was 1 ml/min using a split ratio of 1:30. The GC oven
was kept at 50°C for 2min and afterwards ramped at 10°C/min to 260°C which was then held for 10
more minutes. The mass range was scanned in full scan mode from 10 to 550m/z. Fragments were
identified using a library of standards (US-NIST - National Institute of Standards and Technology -
2011 MS Library). Match and rematch for HCN, BCN and BDCN were above 900 on a scale to 999 being
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the best possible match. Data were analyzed using Enhanced ChemStation (E02.02.1431) from Agilent
Technologies.

Pigment dispersion and laser irradiation. Varying amounts of pigment B15:3 per ml ultrapure
water (18.2MQ-.cm at 25°C) containing 5 x 10~° N NaOH were weighted into an ND18 20ml brown
glass vial (Neolab, Heidelberg, Germany). A pH of =10 was ensured to prevent premature outgassing of
emerging HCN during laser irradiation. For analysis of benzene, 1 mg/ml pigment B15:3 were weighted
in ultrapure water without addition of NaOH. The dispersions were shaken vigorously by hand and then
placed into a sonorex digitec ultrasonic water bath with 50/60 Hz (Bandelin Electronic, Berlin, Germany)
for 60 min for further dispersion. The vials were shaken repeatedly to ensure best dispersion of pigment
agglomerates which tend to stick at the walls or the caps of the vials. Then 200pl of the dispersion was
transferred into semi-micro UV/VIS cuvettes (Brand, Wertheim, Germany) and closed with polypro-
pylene caps (Ratiolab, Dreieich, Germany). Samples were treated with multiple quantities of q-switched
ruby (5]/cm?, spot size 5mm, pulse duration 20ns, 694nm, Sinon, WaveLight, Erlangen, Germany) or
Nd:YAG (5]/cm?, spot size 3mm, pulse duration >>20ns, at 1,064 nm or 532 nm, Revlight SI, Cynosure,
Westford, MA, USA) laser pulses and then placed on ice until further processing.

DHS-GC/MS method for HCN and benzene quantification. NaCN standard substance was dis-
solved in aqueous 0.02 N NaOH to prevent outgassing. The basic solution was stored at —20°C and
freshly thawed right before usage. For further dilution, water containing 5 x 10-> N NaOH was used to
guarantee a pH value of 10. One ml of a standard solution or a 1:5 dilution of the laser sample was then
transferred into an ND18 20ml brown glass vial (Neolab, Heidelberg, Germany) and 10pl of a stock
solution of 100 pg/ml K*C®N were added as internal standard. The cap on top of the vial was screwed
firmly and 50l of 30% phosphoric acid was then added through the septum using a 100l Hamilton
syringe (Neolab, Heidelberg, Germany). The last step guaranteed protonation of dissolved cyanide ions
to form gaseous HCN. Samples designated for benzene quantification were directly processed after laser
irradiation. To this end, 200 pl of the irradiated pigment dispersion was transferred into an ND18 brown
glass vial (20 ml) containing 800l of 5 x 1075 N NaOH and screwed immediately. Benzene-d, was added
as internal standard through the septum using a Hamilton syringe to achieve a final concentration of
5ng/ml. Prior to the laser experiments the linearity of benzene quantification was confirmed within the
range of 1 to 500 ng/ml, and a one-point calibration for the test samples was carried out. For subsequent
DHS-GC/MS analysis of HCN and benzene an HP-Plot/Q system (Agilent Technologies, Santa Clara,
CA, USA) was used (cf. above). Samples were incubated for 3 min at 30°C before trapping the gas phase
on a Carbopack B+X/Carboxen-1000 desorption liner (Gerstel, Miihlheim, Germany) with agitation.
The trapping of samples was carried out with a volume of 100ml N, gas and a flow rate of 50 ml/min.
Analytes were desorbed from the liner in a TDU (Gerstel, Mithlheim, Germany) and cryofocused in a
CIS at —50°C. After 12s the temperature of the CIS was increased to 40°C and held for 5.5 min followed
by a second increase to 240°C which was held for additionally 5min. TDU and transfer line were kept
constant at 260°C. Injections were carried out in splitless mode. The initial oven temperature of 40°C
was held for 0.5min and then heated by 10°C/min up to 260°C which was held for 10 more minutes.
The mass range was scanned in the scan/single ion mode (SIM) from 10 to 350 m/z with acquisition ions
27, 28, 78 and 84 with a dwell time of 40 ms, respectively.

Based on the overall amount of HCN, BCN and BDCN measured upon laser irradiation the percent
fraction of pigment B15:3 destroyed has been calculated in relation to the maximum possible release of
CN residues per molecule pigment (that is, 8 x CN; cf. Fig. 2).

GCxGC-ToF-MS. 'The Pegasus 4D GCxGC-ToF-MS system (Leco, Monchengladbach, Germany) was
used for analysis of the extracts of the laser experiments. Rxi®-58il MS (20m, 0.25mm, 0.25pm i.d.)
and Rxi®-17Sil MS (1 m, 0.18 mm, 0.18 um i.d.) columns (Restek, PA, USA) were arranged as first and
second dimension columns, respectively. The initial oven temperature was set to 70°C and remained for
1 min followed by the first ramp with 15°C/min to 120°C, the second ramp with 8°C/min to 150°C,
and the third ramp with 25°C/min to 330°C, which was finally held for 4min. Secondary oven tem-
perature and modulator oven temperature were 5°C and 15°C higher relative to the oven temperature,
respectively. The modulator period was 3.5s with a hot pulse time of 1s and a cool time period between
0.75s and 13min of the GC program and elongated to 4s with a hot pulse time of 1.5s till the end of
the run. The chiller was cooled to —80°C. Front inlet flow was 1 ml/min. The temperatures of the ion
source and transfer line were set to 250°C and 295°C, respectively. Mass spectra were collected with
an acquisition rate of 200 Hz in a mass rage of 35-500m/z. BCN and BDCN were quantified by using
BenzCN and BenzOH as internal standards. To this end, 4pl of a mixture containing equal parts of
BenzOH (2 pg/ml) and BenzCN (0.5 pg/ml) were added to 196ul sample and capped in a 2ml glass vial.
After extraction with 200l ethyl acetate for 1hour while shaking, 1.5pl of the extract were analyzed
using GCxGC-ToF-MS.

Cytotoxicity assay. HaCaT cells were grown in Dulbecco’s modified Eagle medium (DMEM) with
1 g/l glucose plus 5% fetal bovine serum (FBS) supplemented with penicillin/streptomycin (10,000 U/ml;
10mg/ml) and 5ml of L-glutamine (200mM) until they reached 50% density in 96-well plates. All
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