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Abstract: Tattooing has been an enduring form of body art since ancient times, but it carries inherent
health risks, primarily due to the complex composition of tattoo inks. These inks consist of complex
mixtures of various ingredients, including pigments, solvents, impurities and contaminants. This
literature review aims to shed light on the organic and inorganic contaminants present in tattoo
inks prior to the implementation of the Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH) regulation in 2022. This review shows that the most common contaminants are
polycyclic aromatic hydrocarbons (PAHs), with a concentration range of 0.005-201 mg/kg, mainly
detected in black tattoo inks, and primary aromatic amines (PAAs), with a concentration range of
0.5-1100 mg/kg, and heavy metals such as lead (0.01-14.0 mg/kg) and chromium(VI) (0.164.09 mg/kg)
which are detected in almost all tattoo inks. When compared to the new concentration limits outlined
in REACH], it is clear that a significant part of these contaminants would be considered non-compliant.
However, the results of the review are limited due to the lack of quantitative data on contaminants in
tattoo inks. In addition, the future implementation of REACH is expected to lead to changes in the
composition of tattoo inks, which will affect the presence of contaminants.

Keywords: tattoos; contaminants; impurities; REACH; PAH; PAA; metals

1. Introduction

Tattooing is an art form that is almost as old as mankind [1]. In 2017, 24% of people in
Germany reported having at least one tattoo. Another 21% are thinking about getting a
tattoo [2]. Younger people (25-35 years old) are particularly interested in tattoos. Almost
half of them have at least one tattoo [3]. It is clear that the importance of high-quality tattoo
ink is growing.

Although newer and more advanced tattoo inks have been on the market for decades,
resolutions on tattoo inks and their ingredients were only introduced in the European Union
(EU) in 2003 [4] and then revised in 2008 [5]. These resolutions only covered a small number
of chemicals, elements, pigments, etc., that were restricted in their concentration or banned
from tattoo inks due to carcinogenic, mutagenic, reprotoxic or sensitizing properties (e.g.,
4-chloroaniline, 3,3'-dimethylbenzidine, o-toluidine). Both resolutions were non-binding
but were a suggestion for the implementation of legislation on tattoos and permanent
makeup. However, only eight EU Member States (the Netherlands, Germany, Belgium,
France, Norway, Spain, Slovenia and Sweden) and two European Free Trade Association
(EFTA) countries (Switzerland and Liechtenstein) implemented national legislation on
tattoo and permanent makeup products in line with the recommendations of the EU resolu-
tions by 2015 [6-8]. On the other hand, six other EU Member States (Italy, Malta, Romania,
Czechia, Finland and Slovakia) used these resolutions to regulate tattoo practices (safety,
health and hygiene requirements) but did not implement them into national legislation.
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Three EU Member States (Austria, Denmark and Latvia) notified draft national legislation
in 2013 (Austria, Denmark) and 2014 (Latvia). However, these drafts were put on hold by
the EU Commission because they conflicted with Registration, Evaluation, Authorization
and Restriction of Chemicals (REACH) provisions [6-8]. All other EU Member States did
not have specific regulations on tattooing [8].

In many of the countries that have implemented the resolutions, risk management
measures have been taken because several tattoo ink manufacturers were obviously not
complying with these requirements; e.g., most of the products were imported into the
EU, and the directives did not apply in their country of origin. To increase the safety
of tattoo inks and to unify the regulations for tattoo inks within the EU, tattoo inks and
pigments were regulated under REACH in 2022 [9]. This led to restrictions and bans on
commonly used pigments and ingredients for tattoo inks such as Pigment Blue 15 and
Pigment Green 7 [10].

The ban on certain ingredients and pigments in tattoo inks has been controversial
within the tattoo community. Although professionals and scientists have been advocating
for a unified regulation for decades, many consumers are attracted to colorful tattoo inks
that are not REACH-compliant and can no longer be used [11]. It is also unknown whether
the documented adverse effects after tattooing, such as allergic reactions, granulomas,
lichenoid reactions or rashes [6,12-14], are due to the pigments themselves, to other ingre-
dients in the tattoo ink mixtures, such as solvents, or to contaminants and impurities of
either the pigments or other ingredients.

This review provides a summary of the contaminants and their concentrations in
relation to the limits set by the European Parliament and Council in the context of REACH
for tattoo and permanent makeup products (Regulation (EC) No. 2020/2081) [10].

2. Materials and Methods

The electronic databases Google Scholar and PubMed were searched for available
literature on contaminants in tattoo inks as these databases contain the most relevant data in
this area. References from relevant articles were also included. Searches for the occurrence
of contaminants were conducted in May and June 2023.

A publication was included in this review if the contaminants were measured in
the tattoo ink itself, i.e., before tattooing. Publications that measured contaminants or
degradation products after tattooing or laser removal were not included. Another criterion
for inclusion was the year of publication. Only publications published after 2000, but
especially publications published after 2008, were considered to be suitable for this review.
This was to ensure that the information in the selected publications remained relevant,
as the formulation of tattoo inks and permanent makeup changes over time. Another
reason for the selected time frame was that the Resolutions on Requirements and Criteria
for the Safety of Tattoos and Permanent Make-up (ResAP2003 and ResAP2008) were
introduced in Europe to regulate the safety of tattoos and permanent makeup for the first
time. Publications should be published in English or German and preferably from Europe
or North America.

Initially, only publications that measured contaminants quantitatively were selected
for this review. However, after an initial literature review was performed, publications that
measured contaminants qualitatively were also included, as these contaminants appeared
to be quite different from those measured quantitatively.

The focus was on publications that quantified contaminants in tattoo inks, specifically
the amount of polycyclic aromatic hydrocarbons (PAHs) and aromatic amines (mostly
primary aromatic amines (PAAs)) in tattoo inks and the degradation products of pigments
and other ingredients in tattoo inks after exposure to sunlight. Publications quantifying the
amount of degradation products after laser treatment were not included.

Search terms included but were not limited to the following: tattoo, tattoo ink, contam-
inants, analytical analysis, tattoo pigments, impurities, ingredients, PAH, primary aromatic
hydrocarbons, PAA and aromatic amines.
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All 19 retrieved articles or hits were considered suitable for this work, based on the
information provided in their abstracts, because they met the eligibility criteria established
beforehand. These were then entered into bibliographic software and then processed
individually in detail. As the literature search revealed a lack of data, suitable articles were
included regardless of their publication date.

In the end, 12 papers with data for detected organic contaminants and 7 papers with
data for inorganic contaminants were selected for this review.

3. Results

The initial aim of the review was to find contaminants associated with a specific
pigment. However, because many studies either did not specify the tattoo inks they tested
or the tattoo ink manufacturer did not specify the actual pigments used, it was decided to
sort the contaminants by tattoo ink color.

The contaminants were also divided into organic and inorganic contaminants, as
presented in the following subsections.

3.1. Organic Contaminants

The organic contaminants detected by quantitative and qualitative measurements
are listed by tattoo ink color in Table 1. The overall table with the percentage of oc-
currence in the samples (Supplementary Table S1), the possible adverse effects of the
contaminants shown here (Supplementary Table S2) and the quantification methods and
limits of detection/limits of quantification (Supplementary Table S3) can be found in the
Supplementary Materials.

Table 1. Organic contaminants of tattoo inks, sorted by tattoo ink color. Substances within a substance
class are sorted by the highest measured concentration [15-26].

Tattoo Ink Color Substance Class Substance Concentration Range P
PAH sum 0.14-201 mg/kg
Naphthalene 0.005-81 mg/kg
Phenanthrene 0.006-30.5 mg/kg
Pyrene 0.055-28 mg/kg
Acenaphthylene 0.005-20 mg/kg
Benzo[b]fluoranthene 0.073-8.8 mg/kg
Fluoranthene 0.16-8.19 mg/kg
Benzo[ghi]perylene 0.09-5.6 mg/kg
Benzo[a]pyrene 0.048-5.3 mg/kg
Black PAH Anthracene 0.0014.1 mg/kg
9-Fluorene 0.02-3.04 mg/kg
Chrysene 0.006-2.5 mg/kg

Benz[a]anthracene

0.005-1.8 mg/kg

Acenaphthene

0.12-1.7 mg/kg

Fluorene

0.006-1.2 mg/kg

Ideno[1,2,3-cd]pyrene

0.17-1.1 mg/kg

Benzo[k]fluoranthene 0.03-1.01 u/g
Dibenzo[a,h]anthracene 0.1-0.2 mg/kg
1,2,3,4-Tetrahydro-1-phenyl-naphthalene n/a

Phthalates Dibutyl phthalate

0.12-691.2 mg/kg

Di-(2-ethylhexyl)phthalate

0.2-19.3 mg/kg
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Table 1. Cont.

Tattoo Ink Color Substance Class Substance Concentration Range P
Aromatic Amines Methenamine 0.08-21.64 mg/kg
o-Anisidine 49 mg/kg
Chlorinated Aliphatic Diene Hexachloro-1,3-butaidine 0.08-4.52 mg/kg
Phenols Phenol 0.2-385 mg/kg
Dibenzofurans Dibenzofuran 0.02-1.62 mg/kg
Ketones Benzophenone 0.26-556.66 mg/kg
Black Hydroxylated Alkynes 3,6-Dimethyl-1-heptyn-3-ol n/a
Polyhydric Alcohols 1,6-Hexandiole n/a
Carboxamide Oleamide n/a
Lactones 7-Hexyl-2-oxepanone n/a
Polyvalent Alkanols Propylene glycol n/a
Dipropylene Glycols 1,1'Oxybis-2-propanol n/a
2,2'Oxybis-1-propanol n/a
Glycolether 2-(2-Ethoxyethoxy)ethanol n/a
Naphthalene n/a
PAH 1-Methylnaphthalene n/a
Styrene n/a
o-Anisidine 5.5-1775 mg/kg
o-Toluidine 2.6-133 mg/kg
Pentachloroaniline 10-80 mg/kg
PAA 4-Chloro-2,5-dimethoxyaniline 70 mg/kg
3-Methoxyaniline 20 mg/kg
Green Aniline 1.7 u/g
Pentachloro aniline n/a
Organic Silicon Compounds Octamethylcyclotetrasiloxane n/a
Alcohols 2-Methyl-1-propanol n/a
Alicyclic Diether 1,4-Dioxane n/a
Cyclic Enones 3,3,5-Trimethyl-2-cyclohexen-1-one n/a
Oxygen Heterocycles 1,3-Dioxolane n/a
Crown Ether 12-Crown-4 n/a
Dibenzofurans 4,5,6,7-Tetrachloro-1,3-isobenzofuranedione n/a
Phthalates Dibutyl phthalate n/a
Diisooctyl phthalate n/a
PAH Naphthalene 1.9-2.8 mg/kg
m-Isopropoxyaniline 20-500 mg/kg
Blue PAA 4-Chloro-o-toluidine 5.9-15mg/kg
0-Anisidine 0.75-4.9 mg/kg
Aniline 79-230 mg/kg
4-Methyl-m-phenylenediamine 1.8-200 mg/kg
p-Chloroaniline 2.1-72mg/kg
Brown PAA Dichloroaniline 60 mg/kg
o-Toluidine 1.0-13 mg/kg
2-Ethoxyaniline 7 mg/kg

4-chloro-o-toluidine

7mg/kg
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Table 1. Cont.

Tattoo Ink Color Substance Class Substance Concentration Range P
5-Nitro-o-toluidine 5.8 mg/kg
Brown 3,3'-Dichloroaniline 4mg/kg
0-Anisidine 4 mg/kg
2,4-Xylidine/2,6-Xylidine 0.4 mg/kg
PAH Naphthalene 1.3 mg/kg
Aniline 56-110 mg/kg
m-Isopropoxyaniline 100 mg/kg
4-Methyl-m-phenylenediamine 16 mg/kg
2-Ethoxyaniline 16 mg/kg
PAA Dichloroaniline 6 mg/kg
Orange 1-Amino-2-naphthol 6 mg/kg
2-Naphthylamine 2.6 mg/kg
o-Toluidine 1.3 mg/kg
3,3'-Dichlorobenzidine n/a
Haloaromatic 3,3'-Dichlorodiphenyl n/a
Heteroaromatic 3,3/ -Dimethoxybiphenyl n/a
Aromatic Amine Acetanilide n/a
Formanilide n/a
PAH Naphthalene 1.6 mg/kg
Trichloroaniline 20-1100 mg/kg
0-Anisidine 0.55-424 mg/kg
4-Methyl-m-phenylenediamine 1.2-400 mg/kg
Aniline 0.54-300 mg/kg
2-Ethoxyaniline 8-250 mg/kg
5-Chloro-2,4-dimethoxyaniline 240 mg/kg
5-Nitro-o-toluidine 6.2-190 mg/kg
2-Nitro-p-toluidine 170 mg/kg
3-Methoxyaniline 12-140 mg/kg
Dichloroaniline 130 mg/kg
PAA 1-Amino-2-naphthol 10-110 mg/kg
Red p-Chloroaniline 1.1-100 mg/kg
4-Chloro-2,4-dimethoxyaniline 6-80 mg/kg
4-Methoxy-m-phenylenediamine 40 mg/kg
4-Methyl-1,2-bezendiamine 20 mg/kg
o-Toluidine 1.1-20 mg/kg
4-Chloro-o-toluidine 1.2-14 mg/kg
3,3'-Dichlorobenzidine 3.7-6.2 mg/kg
2-Nitro-p-anisidine 4 mg/kg
4-Aminobiphenyl 1.1mg/kg

2,4-Xylidine/2,6-Xylidine

0.68-0.75 mg/kg

2-Amino-4-nitrotoluene n/a
4-Nitrotoluene n/a
4-Aminobenzamide n/a
2-Methyl-5-nitroaniline n/a
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Table 1. Cont.

Tattoo Ink Color Substance Class Substance Concentration Range P
Aromatic Amine 2-Methylformanilide n/a
Red Carboxamide Benzamide n/a
4-Hydroxybenzamide n/a
5-Chloro-o-anisidine 150-340 mg/kg
m-Isoproxyaniline 65 mg/kg
2-Ethoxyaniline 6-45 mg/kg
Dichloroaniline 15mg/kg
Violet PAA Aniline 1.6-10 mg/kg
4-Chloro-2,5-dimethoxyaniline 5mg/kg
0-Anisidine 0.35-4.2 mg/kg
o-Toluidine 0.85 mg/kg
4-Chloroanilinde n/a
o0-Anisidine 4.6-1150 mg/kg
4-Chloro-2,5-dimethoxyaniline 170-180 mg/kg
3-Methoxyaniline 14 mg/kg
2-Nitro-p-anisidine 14 mg/kg
PAA m-Isopropoxyaniline 10 mg/kg
5-Chloro-2,4-dimethoxyaniline 10 mg/kg
3,3'-Dichlorobenzidine 25mg/kg
Yellow o-Toluidine 0.68 mg/kg
0-Acetoacetaniside n/a
2—(Hydroxyimine)-N-(2-m§thoxyphenyl)-3- n/a
oxobutanamide
N,NO-Bis(2-methoxyphenyl)urea n/a
Aromatic Amines 2-Methoxyacetanilide n/a
2-Methoxyformanilide n/a
3,3'-Dichlorodiphenyl n/a
N-(2-Methoxyphenyl)-3-oxobutanamide n/a
Haloaromatic 3,3’-Dichlorobenzidine n/a
Naphthalene 1.0 mg/kg
Gray PAH Pyrene 0.52 mg/kg
Sum PAH 0.5-52 mg/kg
Benzo[a]pyrene 0.005-0.23 mg/kg
PAH B-Naphthol-ethoxylate n/a
1-Naphthol n/a
Styrene n/a
N-Nitrosodiethanolamine 0.006-24 mg/kg
No color specification Nitrosamines N-Nitrosomorpholine 0.009-0.625 mg/kg
N-Nitrosodibutylamine 0.053-0.093 mg/kg
N-Nitrosodimethylamine 0.017 mg/kg
o-Toluidine 0.5-30 mg/kg
o0-Anisidine 0.5-30 mg/kg
PAA Aniline 0.5-30 mg/kg
5-Nitro-o-toluidine 0.5-30 mg/kg
3,3'-Dichlorobenzidine 0.5-5 mg/kg

4-Chloroaniline

n/a
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Table 1. Cont.
Tattoo Ink Color Substance Class Substance Concentration Range P
4-Methyl-m-phenylenediamine n/a
3,4-Dichloroaniline n/a
PAA 2-Ethoxyaniline n/a
4-Ethoxyaniline n/a
Haloaromatic 3,3/-Dichlorobenzidine n/a
Aromatic Amine N-Isoprop yl—N/'— phfenyl—p B n/a
No color specification phenylenediamine
Aromatic Hydrocarbons Biphenyl n/a
Thymol n/a
Phenols 2,4,5-Trichlorophenol n/a
1,2-Dichlorobenzene n/a
Hydrocarbons 3,4-Dichlorobenzene n/a
3-Butenylbenzene n/a
Nonylphenol ethoxylate n/a
Alkylphenols Octylphenol ethoxylate n/a

2 Substances with only one concentration shown were observed in only one sample. ® Substances with n/a could
only be measured qualitatively. n/a—not available.

3.1.1. Black Tattoo Ink

The main contaminants in black tattoo inks are PAHs, for which the concentration
can be as high as 201 mg/kg. PAHs found in high concentrations include naphthalene,
phenanthrene, pyrene and acenaphthylene. All other PAHs have concentrations much
lower than those of these four substances.

Other contaminants include phthalates, PAAs, phenol, dibenzofuran, benzophenone
and hexachloro-1,3-butadiene. Concentrations range from a few milligrams per kilogram
of tattoo ink to over 0.6 g/kg. This wide range is particularly evident for benzophenone,
phenol and dibutyl phthalate.

Black tattoo ink contains many classes of substances that were detected qualitatively
and were not detected in other inks, such as lactones, alkynes, carboxamides and gly-
cols. However, there was also one PAH that could only be detected qualitatively, not
quantitatively.

3.1.2. Green Tattoo Ink

All quantitatively detected organic contaminants in green tattoo inks are PAAs. With a
maximum concentration of 1775 mg/kg, o-anisidine is the most concentrated contaminant
in green tattoo inks. However, o0-anisidine also has the widest concentration range out of
all contaminants in green tattoo inks. Three of the contaminants in green tattoo ink were
detected only once.

Organic contaminants detected only by qualitative measurements are more diverse
than organic contaminants that could be detected by quantitative measurements. These
measurements detected PAHs as well as phthalates and dibenzofurans, similar to the
contaminants in black tattoo inks. The contaminants identified also included substances and
classes of substances that are unique to green tattoo inks, e.g., octamethylcyclotetrasiloxane
and crown ether, some of which are banned by Regulation (EC) No. 1223/2009 and limited
in their concentrations in tattoos by REACH Regulation (EU) No. 2020/2081.

3.1.3. Blue Tattoo Ink

The organic contaminants detected in blue tattoo inks are one PAH and four PAAs. The
only contaminant detected with a concentration above 100 mg/kg is m-isopropoxyaniline
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with a concentration as high as 500 mg/kg. The maximum concentrations of all other
contaminants were less than 20 mg/kg.

3.1.4. Brown Tattoo Ink

The only organic contaminants identified in brown tattoo inks are PAAs. Aniline and
4-methyl-m-phenylenediamine have the highest concentrations at over 200 mg/kg. More
than half of the detected contaminants have a concentration of less than 10 mg/kg and
were identified only once in all samples.

3.1.5. Orange Tattoo Ink

The dominant organic contaminants in orange tattoo inks are PAAs with some PAHs.
The combination of these two substance groups is similar to red tattoo inks. With over
100 mg/kg, aniline and m-isopropoxyaniline have the highest concentrations of all con-
taminants in orange tattoo inks. In contrast, the only PAH, naphthalene, has the lowest
concentration in orange tattoo inks.

Contaminants identified using qualitative measurements in orange tattoo ink include
PAAs, aromatic amines, haloaromatics and heteroaromatics. Some of the substances are
present in other tattoo ink colors, such as yellow, but others are exclusive to orange tattoo
inks such as acetanilide.

3.1.6. Red Tattoo Ink

Red tattoo ink, along with black tattoo ink, has the most quantitatively measured
organic contaminants out of all tattoo ink colors. It also has the highest reported amount
of PAA contaminants. In particular, the amount of PAAs at high concentrations, such as
trichloroaniline, o-anisidine, 4-methyl-m-phenylenediamine, aniline, 2-ethoxybenzenamine
and 5-chloro-2,4-dimethoxyaniline with wide concentration ranges, is comparable to that
found for orange tattoo ink, but the concentration of o-toluidine is very different between
these two types of tattoo ink.

Similar to orange tattoo inks, red tattoo inks also contain contaminants, which could
only be measured qualitatively, from the substance class of aromatic amines and PAAs,
as well as carboxamides. Most of these substances have the basic structure of benzamide
and toluene.

3.1.7. Violet Tattoo Ink

The only contaminants identified in violet tattoo inks were PAAs. A high concentration
of 5-chloro-o-anisidine was measured in almost all violet tattoo inks. With a concentration
of at least 150 mg/kg, its level is significantly higher than that of all other contaminants
combined. The lowest concentration measured was 0.65 mg/kg of o-toluidine, comparable
to the amount of o-toluidine in orange tattoo ink.

Only one contaminant was identified by qualitative measurements. This contaminant
was a PAA, as were the other contaminants in violet tattoo ink which were detected by
quantitative measurements.

3.1.8. Yellow Tattoo Ink

All reported organic contaminants in yellow tattoo inks are from the PAA group. The
concentration ranges vary greatly between the substances. 0-Anisidine has the highest
concentration of all measured contaminants with concentrations of up to 1000 mg/kg
tattoo ink. 4-Chloro-2,5-dimethoxyaniline also has a higher concentration than the other
contaminants in yellow tattoo ink, but with a concentration of 180 mg/kg, it is much less
present in the ink than o-anisidine. The lowest concentration is o-toluidine at less than
1 mg/kg, which is comparable to the amount of o-toluidine in violet and orange tattoo inks.

The contaminants identified by qualitative measurements are mostly aromatic amines
and one haloaromatic. In contrast, the contaminants identified by quantitative methods are
all PAAs. Many of the contaminants are similar to those detected in orange tattoo inks.
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3.1.9. Gray Tattoo Ink

The gray tattoo ink measured was reported to contain only PAHs as organic con-
taminants. This color is also the one with the fewest reported organic contaminations.
This is probably due to the fact that only one sample was measured. However, it can be
seen that the concentration of PAHs is low, as compared to other tattoo inks in the same
color spectrum (e.g., black). The low concentrations are probably due to the dilution of
black tattoo ink with white tattoo ink to obtain gray tattoo ink. Due to the dilution, the
concentrations of contaminations became lower.

3.1.10. No Color Specifications

This group consists of data where the color was not specified. The contaminants in
this group are PAHs, PAAs and nitrosamines. Nitrosamines were reported in only one
study [20]. Each contaminant listed here is found in a maximum of 37% of the measured
samples (see Supplementary Table S1). The amount of PAHs found in these samples is the
highest of all contaminants. The amount of benzo[a]pyrene, the best-known carcinogen of
the PAH group [27], was only a fraction of the total amount of PAHs.

Most of the nitrosamines have a concentration of less than 1 mg/kg, except for N-
nitrosodiethanolamine, the concentrations of which can be as high as 24 mg/kg. All
aromatic amine contaminants have a concentration range of up to 30 mg/kg, except for
3,3'-dichlorobenzidine, whose highest concentration was 5 mg/kg.

Qualitatively detected compounds include PAHs, alkylphenols, phenols, hydrocar-
bons, aromatic hydrocarbons, haloaromatics and aromatic amines.

3.2. Inorganic Contaminants

Contaminants in tattoo inks may also be inorganic. In this subsection, the occurrence
of inorganic contaminants, e.g., metals and heavy metals, is presented in Table 2. More de-
tailed information on inorganic contaminants can be found in the Supplementary Materials
(see Supplementary Table S4).

Table 2. Inorganic contaminants with the concentration range detected in all measured tattoo inks
sorted by tattoo ink color [27-33].

Tattoo Ink Color Substance Concentration Range 2
Cadmium 0.001-0.14 mg/kg
Cobalt 0.01-0.07 mg/kg
Chromium 0.87-3.06 mg/kg
Chromium(VI) 1.19-1.25 mg/kg
Mercury 0.01-0.20 mg/kg
Black Manganese 0.08-1.04 mg/kg
Nickel 0.07-9.50 mg/kg
Lead 0.007-1.45 mg/kg
Strontium 0.05-0.17 mg/kg
Vanadium 0.006-0.15 mg/kg
Cadmium 0.03-0.5 mg/kg
Cobalt 0.02-0.1 mg/kg
Chromium 0.10-22.00 mg/kg
Green Chromium(VI) 0.42-1.15 mg/kg
Mercury 0.01-0.2 mg/kg

Manganese 0.47-1.8 mg/kg
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Table 2. Cont.

Tattoo Ink Color Substance Concentration Range 2
Nickel 0.15-11.70 mg/kg
Green Lead 0.07-0.80 mg/kg
Strontium 0.04-0.67 mg/kg
Vanadium 0.12-1.40 mg/kg
Cadmium 0.02-1.15mg/kg
Cobalt 0.01-0.18 mg/kg
Chromium 0.52-3.34 mg/kg
Chromium(VI) 0.16-0.60 mg/kg
Blue Mercury 0.01-0.14 mg/kg
Manganese 0.17-1.45 mg/kg
Nickel 0.27-2.27 mg/kg
Lead 0.01-0.87 mg/kg
Strontium 0.06-2.26 mg/kg
Vanadium 0.01-1.98 mg/kg
Cadmium 0.008-0.35 mg/kg
Cobalt 0.003-6.44 mg/kg
Chromium 0.45-147.23 mg/kg
Chromium(VI) 0.43-0.63 mg/kg
Brown Mercury 0.04-0.15 mg/kg
Manganese 0.15-98.79 mg/kg
Nickel 0.07-9.59 mg/kg
Lead 0.03-8.13 mg/kg
Strontium 0.007-4.12 mg/kg
Vanadium 0.006-11.05 mg/kg
Cadmium 0.01-2.99 mg/kg
Cobealt 0.02-0.13 mg/kg
Chromium 0.43-4.72 mg/kg
Chromium(VI) 2.94 mg/kg
Orange Mercury 0.02-0.15 mg/kg
Manganese 0.08-0.58 mg/kg
Nickel 0.06-0.81 mg/kg
Lead 0.10-14.80 mg/kg
Strontium 0.004-0.29 mg/kg
Vanadium 0.06-1.51 mg/kg
Cadmium 0.007-0.04 mg/kg
Cobalt 0.009-0.03 mg/kg
Chromium 1.07-4.67 mg/kg
Red Chromium(VI) 0.40-4.09 mg/kg
Mercury 0.007-0.17 mg/kg
Manganese 0.27-0.62 mg/kg
Nickel 0.04-0.64 mg/kg
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Table 2. Cont.

Tattoo Ink Color Substance Concentration Range 2

Lead 0.05-0.42 mg/kg

Red Strontium 0.009-0.06 mg/kg
Vanadium 0.03-0.17 mg/kg

Cadmium 0.003-0.92 mg/kg

Cobalt 0.01-0.04 mg/kg

Chromium 0.50-4.99 mg/kg

Chromium(VI) 0.65-3.91 mg/kg

Violet Mercury 0.02-0.07 mg/kg
Manganese 0.16-1.27 mg/kg

Nickel 0.26-1.11 mg/kg

Lead 0.03-0.12 mg/kg

Strontium 0.14-0.24 mg/kg
Vanadium 0.68-2.52 mg/kg
Cadmium 0.05-0.25 mg/kg

Cobalt 0.003-0.02 mg/kg
Chromium 0.36-1.90 mg/kg
Mercury 0.01-0.13 mg/kg
Yellow Manganese 0.08-1.40 mg/kg
Nickel 0.04-0.43 mg/kg
Lead 0.02-0.11 mg/kg
Strontium 0.01-0.11 mg/kg
Vanadium 0.03-1.13 mg/kg
Cadmium 0.47-0.56 mg/kg
Cobalt 0.01-0.04 mg/kg
Chromium 0.32-0.84 mg/kg

White Chromium(VI) 0.35 mg/kg
Manganese 0.12-1.29 mg/kg
Nickel 0.20-0.60 mg/kg
Lead 0.03-0.07 mg/kg
Strontium 0.10-0.21 mg/kg
Vanadium 1.42-1.59 mg/kg
Cadmium 0.01-0.52 mg/kg
Cobalt 0.02-0.04 mg/kg
Chromium 0.37-2.05 mg/kg
Chromium(VI) 0.67 mg/kg

Gray Mercury 0.09-0.13 mg/kg
Manganese 0.23-1.53 mg/kg
Nickel 0.22-1.07 mg/kg
Lead 0.06-0.50 mg/kg
Strontium 0.02-0.58 mg/kg

Vanadium 0.008-2.60 mg/kg

@ Substances with only one concentration shown were observed in only one sample.
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Because most of the inorganic contaminants are detected in all tattoo ink colors, the
results of the literature review are sorted by inorganic contaminant rather than by color.

3.2.1. Cadmium

Cadmium was detected in all the samples measured. The highest concentration of
2.99 mg/kg was detected in orange tattoo ink, while the lowest concentration was detected
in red tattoo ink with a maximum of 0.14 mg/kg. Cadmium concentrations decreased in
the following order: orange > blue > violet > white > gray > green > brown > yellow >
black > red (see Supplementary Table S4). Cadmium is known to be a skin sensitizer and
can cause swelling and phototoxic reactions on the skin after tattooing, which is often seen
in red tattoos [34-39].

3.2.2. Cobalt

Cobalt was present in all samples. The highest concentration of 6.44 mg/kg was
detected in brown tattoo ink, and the lowest concentration was detected in yellow tattoo
ink which amounted to a maximum concentration of 0.02 mg/kg. It should be noted that
the concentration in brown tattoo ink is many times higher than that in all other tattoo
ink colors. The concentrations of cobalt decreased in the following order: brown > blue >
orange > green > black > gray > violet > white > red > yellow (see Supplementary Table S4).
Cobalt is a known skin sensitizer and may also cause allergic reactions and granulomatous
lesions [39-42].

3.2.3. Chromium

Chromium was identified in all samples measured and had the highest amount of
inorganic contaminants measured. The highest concentration was detected in brown tattoo
ink at 147.23 mg/kg, while the lowest concentration was found in white tattoo ink at
0.84 mg/kg. All inks had a chromium concentration above 1 mg/kg except for white tattoo
inks. Chromium concentration decreased in the following order: brown > green > violet >
orange > red > blue > black > yellow > white (see Supplementary Table S4).

Acute adverse effects of chromium after tattooing may be allergic reactions. Chromium
is also a known skin sensitizer [42-44].

3.2.4. Chromium(VI)

Chromium(VI) was detected in nine of the ten mentioned tattoo ink colors; no infor-
mation was found on the content of chromium(VI) in yellow tattoo inks. For the remaining
tattoo ink colors, chromium(VI) was identified in all of them, with the highest concentration
at 4.09 mg/kg in red tattoo inks. The maximum concentration of chromium(VI) is signifi-
cantly lower than the concentration of total chromium (see Section 3.2.3 and Supplementary
Table S3). The lowest maximum concentration of chromium(VI) was detected in white
tattoo ink with an amount of 0.35 mg/kg. Chromium(VI) concentrations decreased in the
following order: red > violet > orange > black > green > gray > brown > blue > white (see
Supplementary Table 54).

The acute adverse effects of chromium(VI) are the same as those of chromium, as seen
in Section 3.2.3. However, chromium(VI) may additionally cause the following chronic
effects: eczema and contact dermatitis [28,39,42,45].

3.2.5. Mercury

Mercury was detected in approximately 67% of the tattoo inks. The highest concentra-
tion was detected in green tattoo ink with 0.20 mg/kg, and the lowest observed concen-
tration was found in yellow tattoo inks with a maximum concentration of 0.07 mg/kg. It
should be noted that all maximum concentrations are close to each other. Concentrations
of mercury decreased in the following order: green > black > red > brown > orange > blue
> gray > yellow > violet > white (see Supplementary Table 54).
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The only acute adverse effects seen after tattooing due to mercury are allergic reactions.
However, due to the small amount of mercury in the tattoo inks, these adverse effects are
quite rare [37,39,42,46,47].

3.2.6. Manganese

Manganese was detected in all samples measured. The highest concentration was
found in brown tattoo inks at 98.79 mg/kg, and the lowest maximum concentration was
found in orange tattoo inks at 0.58 mg/kg. Except for three tattoo inks, all maximum
concentrations were below 5 mg/kg. Manganese concentrations decreased in the following
order: brown > green > gray > blue > yellow > white > violet > black > red > orange (see
Supplementary Table 54).

Adverse reactions to manganese after tattooing are mostly acute, such as swelling
and itching. Chronic skin disorders such as erythema and scaling of the skin are quite
rare [38,39,48].

3.2.7. Nickel

Nickel was detected in all samples measured. The highest concentration was found
in green tattoo inks at 11.70 mg/kg, and the lowest maximum concentration was found
in yellow tattoo inks at 0.43 mg/kg. More than half of the maximum concentrations were
above 1 mg/kg. The maximum concentrations of nickel found decreased in the following
order: green > brown > black > blue > violet > gray > orange > red > white > yellow (see
Supplementary Table S4). Nickel is a known skin sensitizer and may also cause allergic
reactions [39,49,50].

3.2.8. Lead

Lead was detected in all samples measured. The highest concentration was detected in
orange tattoo inks with an amount of 14.80 mg/kg, and the lowest maximum concentration
was detected in white tattoo inks which amounted to 0.07 mg/kg. The detected maximum
concentrations of lead decreased in the following order: orange > brown > black > violet
>blue > red > green > yellow > gray > white (see Supplementary Table S4). There are no
known acute adverse effects of lead associated with tattooing.

3.2.9. Strontium

Strontium was detected in all measured samples. The highest concentration was
4.11 mg/kg detected in brown tattoo inks. On the other hand, the lowest maximum
concentration was 0.06 mg/kg, which was detected in red tattoo inks. Only two tattoo ink
colors (brown and blue) had a maximum concentration above 1 mg/kg. The maximum
concentrations of strontium decreased in the following order: brown > blue > green > gray
> orange > violet > white > black > yellow > red (see Supplementary Table S4). There are
no known acute adverse effects of strontium associated with tattooing.

3.2.10. Vanadium

Vanadium was detected in all samples measured. The highest detected concentration
was in brown tattoo inks with an amount of 11.05 mg/kg, while the lowest maximum
concentration was detected in a black tattoo ink with an amount of 0.15 mg/kg. All of the
maximum concentrations were above 1 mg/kg except for black and red tattoo inks. The
maximum concentrations of vanadium decreased in the following order: brown > gray >
violet > blue > white > orange > green > yellow > red > black (see Supplementary Table S4).
There are no known acute adverse effects of strontium associated with tattooing.

4. Discussion

There are several quantifiable contaminants that occur in tattoo inks in a wide range
of concentrations. Aromatic amines and PAHs are common contaminants. PAHs are
particularly prevalent in black and gray tattoo inks, while aromatic amines make up the
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majority of contaminants in all other tattoo ink colors (see Table 1 and Supplementary
Table S1).

Black tattoo inks show the widest concentration ranges. PAH concentrations range
from a few ug/kg to more than 100 mg/kg. Possible explanations for these observations
may be that the concentration ranges shown here were compiled from about a decade of
published papers. The measurements themselves may also explain this finding, as different
laboratories use different extraction and quantification methods to detect and determine
the amount of PAHSs in tattoo inks (see Supplementary Table S3). Finally, differences in
the production of black tattoo inks between manufacturers and the fact that there are
two main ways to produce carbon black [51,52], which is the main pigment for black
tattoo inks [17], offer an explanation for the highly variable concentrations. Due to the
differences in production, there are a number of different carbon black products with
different properties and varying levels of PAHs [53]. Due to the pre-REACH regulations on
tattoo inks, which only limited the amount of total PAHs in tattoo inks, any type of carbon
black could be used for black tattoo inks [54], which could explain the wide range of PAH
levels in different studies.

Another possibly confounding factor is that carbon black adsorbs most of the contami-
nants. The analytically detected PAHSs are probably only a small fraction of the total [54].
It is also unknown what happens to the adsorptively bound PAHs in carbon black after
tattooing [55]. Since about 98% of the tattoo pigment particles disappear over the years [56],
it is questionable whether the PAHs remain bound to the carbon black particles or whether
part of the PAH content enters the skin and poses a risk to human health.

The size of tattoos, and therefore the amount of tattoo ink injected into human skin,
can vary widely. A survey conducted in Germany, Austria and Switzerland in the years
2007-2008 examined the size of the most recent tattoo among consumers [57]. The average
size was about 400 cm?. Combined with a pigment concentration of about 2.53 mg/cm?
(range: 0.6-9.4 mg/cm?) in a tattoo solution of about 25% (v/v) [58], the total PAH sum
in a 400 cm? tattoo can be up to 813 ug. For benzo[a]pyrene, the concentration would be
in the range of 0.2-21 pg. The most problematic toxic effects are chronic, non-reversible
effects such as mutagenicity and carcinogenicity of PAHs and especially benzo[a]pyrene.
Acute effects are rare and only seen at high concentrations of PAHs (up to several mg
per kg body weight), which is not realistic for PAH exposure from tattooing [59]. There
is a paucity of epidemiological research on the association between the lifestyle factor
of tattooing and cancer. Only one study of skin cancer reported that the risk was low
because there are only about 50 case reports of skin cancer associated with tattooing in the
past 40 years, while millions of people are tattooed [60]. No evidence was available for
other cancer sites associated with PAH exposure, such as the lung, and it remains doubtful
that epidemiologic studies are sensitive enough to detect an increased cancer risk from
tattooing (single exposure) when common lifestyle risk factors, such as tobacco smoke
(which also contains PAHs) or UV light exposure, increase risk at the same cancer sites
as contaminants in tattoo inks, and with daily lifelong exposure. An experimental study
showed that black tattoo ink with a benzo[a]pyrene content of more than 1 mg/kg, which
is above the concentration limit laid down in REACH Regulation (EU) No. 2020/2081
(see Table 3), did not induce skin cancer in hairless mice, but actually protected against
UVR-induced skin cancer [61].

Gray and black tattoo inks in particular have a wide range of PAH concentrations.
As many PAHs are classified by the IARC as category 1, 2A or 2B carcinogens [62], the
concentration limit for these substances is 0.5 mg/kg and the concentration limit for
benzola]pyrene is 0.005 mg/kg according to REACH Regulation 2020/2081 Annex 13.
Most of these contaminants have concentrations above 0.5 mg/kg. As a result, most
black inks containing these levels of PAHs are in violation of REACH and cannot be sold
in the European Union. The amount of benzo[a]pyrene is of particular concern, as the
concentration can be as high as 5 mg/kg, which is 1000 times higher than the limit in the
above-mentioned REACH Regulation 2020/2081.
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Comparing the tested levels of contaminants in tattoo inks with the concentration limit
of the REACH Regulation (Table 3) allows an assessment of whether these compounds
pose a potential risk to the consumer.

Table 3. Concentration limits of substances set by the European Parliament and the Council in
relation to REACH for substances in tattoo inks and permanent makeup in Regulation (EU) No.
2020/2081 [10].

Substances Concentration Limit 2

Classified as carcinogen or germ cell mutagen

(group 1A, 1B or 2) 05 mg/kg
Classified as toxic to reproduction 10 mg/kg
Classified as skin sensitizers 10 mg/kg
Classified as skin corrosive or irritant or serious
. .. 100 mg/kg
eye damaging/eye irritant
Prohibited for use in cosmetic products in Annex II 0.5 mg/kg

of Regulation (EC) No. 1223/2009 [63] b

Prohibited for use in cosmetic products in Annex
IV of Regulation (EC) 1223/2009, subject to any of
the following conditions: rinse-off products, not to 0.5mg/kg
be used in products applied on mucous
membranes, not to be used in eye products

Listed in Appendix 13 of Regulation (EU) No.
2020/2081 [10]

Specific concentration limits

Mercury ¢ 0.5mg/kg
Nickel € 5.0 mg/kg
Cadmium € 0.5mg/kg
Chromium © 0.5 mg/kg
Cobalt ¢ 0.5mg/kg
Lead © 0.7 mg/kg
Benzo[a]pyrene ¢ 0.005 mg/kg

PAH (classified as carcinogen or germ cell
mutagen (category 1A, 1B or 2)) €

2 Concentration limits converted from % (w/w) to mg/kg. b REACH Regulation (EU) No. 2020/2081 [10]
cross-references Cosmetics Regulation (EC) No. 1223/2009 [63] because the EU Commission considers that if
a substance is restricted for use on the skin, it must also be restricted for use in products that penetrate the
skin [64]. ¢ The substances and concentration limits shown are taken from Annex 13 of REACH Regulation (EU)
No. 2020/2081 [10].

0.5mg/kg

Most of the PAAs detected are listed in Annex II of Regulation (EC) No. 1223/2009 [63]
as prohibited substances for use in cosmetic products, as the ingredients of tattoo inks, in
particular pigments, may either degrade to or contain residual PAAs that are classified as
carcinogenic or mutagenic [10]. These substances, which are restricted for use in cosmetic
products that are applied to the skin, are also restricted for products that penetrate the
skin, such as tattoos and permanent makeup [64]. A cross-reference has been introduced
between REACH Regulation (EU) No. 2020/2081 and Cosmetics Regulation (EC) No.
1223 /2009, which allows lists of substances banned in Regulation (EC) No. 1223 /2009 to be
collectively restricted in Regulation (EU) No. 2020/2081 for tattoo inks [64]. This means
that most of these substances could only be present in concentrations below 0.5 mg/kg to
be acceptable in tattoo inks under REACH Regulation (EU) No. 2020/2081. An exception is
made for substances that are listed in Annex 13 of REACH Regulation (EU) No. 2020/2081.
The concentration limit of Annex 13 of REACH Regulation (EU) No. 2020/2081 applies to
all compounds in tattoo inks listed in Annex 13, regardless of other regulations. However,
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almost all of them have concentrations higher than 0.5 mg/kg and 5 mg/kg, which are the
most used concentration limits in REACH Regulation (EU) No. 2020/2081. This means
that most of them violate this regulation if they are present in tattoo inks. Almost every
measurement showed at least one PAA contaminant. This could be because most of the
pigments in the color spectrum are azo pigments, so it is expected that at least some of the
contaminants in these colors will be aromatic amines or PAAs, as this chemical structure is
part of the basic structure of azo pigments.

PAAs can be found in almost all tattoo inks, but the concentration and the specific PAAs
vary between the different colors of the tattoo inks (see Table 1). The carcinogenicity of PAAs
for oral and dermal exposure has been established for decades [65]. The carcinogenicity
of PAA via intradermal exposure has not been studied as extensively as other exposure
routes [66]. However, there is some evidence that PAAs are also carcinogenic when inserted
under the skin [67], which would be the exposure route of PAAs through tattoos.

Inorganic contaminants such as cobalt, cadmium, chromium, mercury, nickel and lead
have specific concentration limits for their occurrence in tattoo inks (see Table 3). Only the
concentrations of mercury are within these limits, as all measured samples have a mercury
content below 0.5 mg/kg. This is an acceptable level of contamination in tattoo inks under
REACH Regulation (EU) No. 2020/2081. Cadmium, cobalt, chromium, nickel and lead do
not always meet the concentration limits set by REACH Regulation (EU) No. 2020/2081.
In particular, the highest measured concentrations of lead, nickel and chromium are well
above the set criteria. This means that tattoo inks containing these levels of inorganic
contaminants could not be sold in the European Union after the implementation of REACH
Regulation (EU) 2020/2081 on 4 January 2022.

Nickel has a concentration limit of 5.0 mg/kg set by Annex 13 of REACH Regulation
(EU) 2020/2081. The measured concentrations of nickel in different tattoo inks range from
0.038-11.70 mg/kg, with three of the measured inks having a nickel concentration above
5 mg/kg. This means that almost all of the measured inks are below the concentration limit
and therefore REACH-compliant. For a 400 cm? tattoo with a nickel content of 11.70 mg/kg,
the nickel content for the whole tattoo would be 47 pg or 0.12 pg/cm?. In a study comparing
two types of patch tests on people with a nickel allergy, people began to react to nickel at a
concentration of 0.5 pug/ cm? [68]. This concentration is four times higher than the scenario
of the maximum measured nickel content in tattoo inks. Since publications on intradermal
testing for nickel allergy are quite rare, patch testing could be an indication of how much
nickel should be tolerated in tattoo inks [49]. Another consideration for the concentration
limit should be the type of nickel in the tattoo. Most nickel in tattoos is an impurity from
iron oxide pigments and is not soluble [49,69]. Therefore, it is not known whether allergic
reactions are caused only by soluble nickel or also by insoluble nickel [69]. Tattoo inks with
a nickel concentration above the established concentration limit of 5.0 mg/kg in tattoo inks
may not cause allergic reactions to nickel. However, to protect people with nickel allergies,
the concentration limit should be strictly adhered to.

Adverse effects associated with chromium include contact dermatitis and skin irrita-
tion [70]. In particular, chromium(VI) is recognized as one of the most common sensitizers
in humans, causing most of the observed adverse effects associated with chromium [70,71].
Studies have shown that there may be an elicitation threshold for chromium(VI), which
would be the lowest concentration that elicits a positive response. This threshold would
be 2 ppm or 0.02 pg/cm? [72,73]. With a maximum concentration of 4.1 mg/kg in tat-
too ink (0.04 ug/cm? in a 400 cm? tattoo), this product could cause an allergic reaction.
With a concentration limit of 0.5 mg/kg, the concentration in a 400 cm? tattoo would
be 0.005 pg/cm?, which would be below the triggering threshold. Considering that this
threshold was measured with a patch test and not intradermally, the concentration limit set
by REACH Regulation (EU) No. 2020/2081 should be followed.

Cobalt is known to cause allergic reactions such as contact dermatitis [74]. There
have been limited studies investigating the elicitation threshold of cobalt, such as the
study of Fischer et al. [75]. One study determined the elicitation threshold of cobalt
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using patch testing [75]. This study found the elicitation threshold to be 30.8-259 ppm or
0.07-2.0 ug/ cm? [75]. The highest measured concentration of cobalt in tattoo inks was
6.4 mg/kg, so the concentration of a 400 cm? tattoo would be approximately 0.07 pg/cm?.
This concentration reaches the determined lower elicitation threshold determined by Fischer
et al. [75]. However, taking into account the different exposure between patch testing
(dermal) and tattooing (intradermal), the concentration limit of 0.5 mg/kg in tattoo inks set
by REACH Regulation (EU) No. 2020/2081 should be respected.

Cadmium has been shown to be carcinogenic when injected subcutaneously into rats
at a concentration of 30 umol/kg [76,77] and is also classified as a Group 1 carcinogen by
the IARC [78]. Therefore, the concentration of cadmium in tattoo inks should be as low as
possible to minimize the risk of cadmium carcinogenicity.

The main adverse effects of lead are reproductive and neurotoxic effects [79]. Therefore,
the concentration of lead should be as low as possible and comply with the concentration
limit set by REACH.

REACH Regulation (EU) 2020/2081 does not specify a concentration limit for man-
ganese, strontium and vanadium.

5. Conclusions

From this literature review, it is clear that contaminants in tattoo inks have not been
adequately evaluated by tattoo ink manufacturers, because tattoo inks tend to contain large
amounts and a large number of different types of contaminants. However, most of the
findings are repetitive, because most of the quantitative measurements are repetitions or
refinements of the same analyses using the same standard substances. This could be due to
the focus on substances that are considered to be of concern for human health or suspected
to be the cause of most adverse effects after tattooing. Another explanation could be that
other qualitative substances found were not considered to be of as much concern to human
health as these other substances. It could also be possible that other contaminants require a
more specific and advanced chromatographic analysis to be detected.

Due to REACH Regulation 2020/2081, many tattoo inks could no longer be sold in
the EU [11], some because of high levels of contaminants or other chemicals and others
because of banned pigments. This meant that the market needed new REACH-compliant
tattoo inks. It also meant that there was a need for new tattoo ink formulations and new
pigments to replace the old ones. To date, there are many new tattoo inks, black, white and
colored, that claim to be REACH-compliant [80,81].

The limitations of this literature review are that only retrospective data prior to the
implementation of REACH Regulation 2020/2081 were considered and that only publicly
available data were used. In the future, the specific contaminants and their concentration
ranges for each tattoo ink color are likely to change due to new ingredients and new
pigments of tattoo inks. But because of these changes, it is necessary to look beyond these
known contaminants to better analyze the hazards of tattoo inks. Thus, this review can be
used as a benchmark for comparison with future data to see what has changed in terms of
contaminants in tattoo inks.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cosmetics10050141/s1, Table S1: Overview of contaminants
found in tattoo ink sorted by tattoo ink color with percentages of occurrence in tattoo inks; Table S2:
Contaminants in tattoo inks with possible adverse effects; Table S3: Contaminants in tattoo inks with
quantification method and limit of detection and limit of quantification if known; Table S4: Overview
of inorganic contaminants in tattoo inks sorted by color.
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