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Abstract

Since tattoos became overwhelmingly fashionable worldwide, the demand of removal has
proportionally increased, Nd:YAG Q-switch laser being the most commonly used tool to the
purpose. In this framework we investigated the composition and products of laser treatment of a
green tattoo ink, the Green Concentrate from Eternal. The ink characterization has been carried
out by IR, UV-Vis, EDX spectroscopies and SEM imaging. It revealed the presence of the pigment
PG7, rather than PG36 as reported on the bottle label, along with non-fully halogenated analogues.
The morphology is an extended sheath with embedded grains. Subsequent laser treatments were
performed on both dried and extracted inks, dispersed either in water or in propan-2-ol, chosen
for their different polarities, as it is the case in the skin layers. The products were analyzed by gas
chromatography-mass spectrometry, UV-Vis spectroscopy, SEM imaging and dynamic light
scattering. The outcome is a complex fragmentation pattern that depends both on the solvent and
on the initial aggregation state. The fragment compounds are toxic at various degrees according to
the Classification Labelling and Packaging (CLP) regulations. Several shapes of aggregates are
produced as an effect of both downsizing and re-aggregation, with potentially harmful aspect
ratios.
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Introduction

Since losing their maverick image, tattoos are no longer fringe groups markings, but a widespread
practice with estimated 120 million people tattooed worldwide (Evert 2016) in 2016. Fatally,
tattoo regrets come along with the permanent marking procedures. Recent statistics indicate that

a significant part of the tattooed population is having second thoughts, the number of remorseful
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people ranging from 17% up to 50% depending on the sampled population (Laux et al. 2016,
Klitzman 2013). Reasons for regretting may be merely esthetical, related to a different outcome
upon execution than planned, purely practical, when seeking a profession where tattoos are
forbidden, medical, due to allergic reactions to one or more components of the tattoo inks, or may
simply recall an unpleasant memory. Statistical analyses are being made on the type of regretted
tattoos as well as size, content, typical body spots and how long it took before having
afterthoughts (Stastics, see website in the references). Since most of the regretted tattoos was the
result of an impulsive action, or were made under alcohol of recreational drug influence (Laumann
and Derick 2006), the natural conclusion would be to “think-before-you-ink”. Once it has been
decided a tattoo needs removal, methods for deletion may be mechanical, when employing wire
brushes, diamond coated fraises, sand papers (dermabrasion) or abrasive salts (salabration)
(Bernstein 2017). By now, the most commonly used method of tattoos removal is laser treatment,
typically by Q-switched Nd:YAG which appears to be effective, because of the selective
photothermolysis of the chromophores. The efficacy also depends on the chromophore size, it is a
function of the pulse duration (Anderson and Parrish 1983) and works through a photoacoustic
mechanism (Ara et al. 1990, Taylor et al. 1991). Addressing tattoos with lasers usually carries an
unknown, because the composition of the earliest inks on the market did not need to be declared,
and in many countries it is still the case. In countries where regulations were enforced on tattoo
inks labeling (Code of Federal Regulations 2015, ResAP 2008, TatoV 2008, Swiss Regulation 2005),
systematic violations and false declarations (Bauer et al. 2019, Hauri 2014) jeopardize suited laser
treatments.

However, even when the composition of the inks is known, there are inherent risks related to the
generation of potentially harmful fragments, both from the pigment and the vehicle (i.e. the two
components of a tattoo ink). In this regard, red pigments were primarily investigated as removal
target since they tend to be the most allergenic (Gaudron et al. 2014, Kaurr et al. 2019). The
cleavage of monoazo red pigments PR22 (C.l. 12315) and PR9 (C.l. 12460) upon irradiation with
Nd:YAG laser vyielded potentially hazardous 2-methyl-5-nitroaniline, 4-nitro-toluene, 2-5-
dichloroaniline and 1-4-dichlorobenze (Vasold et al. 2004). A systematic study on decomposition
products of red pigments was performed by Hauri and Hohl (2015), by comparing sunlight and (a
non-specified) laser treatment. In some cases, 2-amino-4-nitrotoluene, 3,3-dichlorobenzidine and
o-toluidine were identified as laser decomposition products. The Nd:YAG laser irradiation of pig
skin tattooed post-mortem produced the toxic hexachlorobenzene when marked with the yellow

chinophthalone PY138 (C.l. 56300) and phenyl isocyanate, benzene, aniline, 3,3’-dichlorobenzidine,
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when marked with the orange diazo-pigment PO13 (C.| 2.1110) (Hering et al. 2018). 1,2-benzene
dicarbonitrile, benzonitrile, benzene, and hydrogen cyanide were produced by ruby laser
irradiation of the blue pigment PB15:3 (C.1.74160) (Schreiver et al. 2015).

When dealing with risks associated to the laser treatment of tattoo inks, a second aspect tends to
be underestimated, i.e. the generation of particles potentially harmful by size and shape (Golka et
al. 2004, Kluger and Koljonen 2012, Trouiler et. Al 2009, Pan et al. 2009). Inks tend to aggregate as
nanoparticles of different sizes as pointed out in a survey of 58 inks of 2011 by Hggsberg et al. who
analyzed the average size as a function of the colors. In 2017, Bocca et al. analyzed 9 inks of
different colors and found a large size polydispersion, with particles continuously distributed from
tens to hundreds of nanometers. TiO, nanonaparticles in the 20-30 nm range were found in a
green ink, with the white pigment as lightening agent (Bauer et al. 2019). As for the fate of the inks
nanoparticles and aggregates upon laser treatments, to date, we found only one paper reporting
ink re-aggregation and ejection at high speed (Murphy 2018), which is of potential harm to
personnel removing the tattoos, and may have consequences for the treated person. On the other
hand, it is important to gather information on morphological changes of treated inks, since they
are likely part of the removal process. The discoloration of the tattooed skin is a complex process,
which partially occurs at the very moment of the treatment, and mostly goes on afterwards, to the
level that it is usually recommended to take 6 to 8 weeks between laser removal sessions
(Pothiawala et al.2014). This hints at a double removal mechanism: from one side the molecular
fragmentation of the pigment with immediate discoloration, on the other side the morphological
and size changes of the ink allowing the intervention of macrophages in the removal, though in
longer time scales. In either case, the products of the laser treatment are potentially harmful.

In this overall scenario, we investigated the effects of a Nd:YAG laser irradiation of the Green
Concentrate by Eternal Ink, Inc, i.e. a green phthalocyanine-based ink. We targeted this ink,
because green is one of the most difficult colors to be removed by laser (Ho and Go 2015), and
among green inks on the market, the Green Concentrate is one of the few reportedly containing
one pigment only. Furthermore, we took into account that, though the ink mainly deposits in the
dermis, different polarities characterized the skin layers as well as different areas in the same layer
(Muroyama and Lechler 2012, Lu et al. 2018). In order to tackle the issue of generation of harmful
components we performed Nd:YAG laser treatment of the ink dispersion in water and propan-2-ol,
the second largest component of the ink vehicle, and solvent of a different polarity than water.
Furthermore, we proceeded with the pigment extraction form the ink, as for a mimicking a

possible stripping of the vehicle from the pigment under the skin, and for gathering information by
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comparison with the ink. Also in this case we performed laser treatments of the dispersions in the
two solvents.

The decomposition products were analyzed by gas chromatography/mass spectrometry, UV-Vis
spectroscopy, scanning electron microscopy (SEM), and dynamic light scattering (DLS) in order to
determine the fragmentation pattern, size and shape of the particles upon irradiation. Prior to the
laser treatments, the ink was subjected to UV-Vis and IR investigations, in comparison with
pigments PG7 and PG36 to assess the correspondence between the label and pigment content.
We found that the ink contains PG7, rather than PG36, as reported on the ink bottle. The
morphology of the ink is a sort of extended sheath with embedded grains. Upon laser treatment a
complex envelop of toxic fragments is produced which depends both on the solvent and on the
initial aggregation. Size and shape of the particles are an effect of downsizing and re-aggregation

with various shapes and potentially harmful aspect ratios.

Materials and Instruments

The ink Green Concentrate by the brand Eternal Ink, Inc. was purchased in regular tattoo shop
located in Rome (ltaly). The pigment PG36 was purchased from Schminke Kiinstlerfarben, PG7
from Kremer Pigmente GmbH from a local store specialized in raw materials for Arts &
Conservation. All chemicals used in this investigation were of reagent grade and used without any
further purification. Sulfuric acid and acetone were purchased from Carlo Erba. Ethanol, propan-2-
ol, DMSO and ethyl acetate were received from Merck. All solutions were prepared with deionized
water. The UV-Vis spectra were recorded with a Perkin Elmer, Lambda 950 spectrophotometer.
Infrared spectra were recorded with a Shimadzu Prestige-21 FT-IR instrument, equipped with an
attenuated total reflectance (ATR) diamond crystal (Specac Golden Gate), in the range 400-4000
cm?, with a resolution of 4 cm™. The laser treatments were performed with a Nd:YAG laser by
Quanta System, operated at 532 nm. GC-MS analysis were carried out using a Shimadzu GCMS
QP2010 Ultra equipped with a AQi20 autosampler unit. A SLB®-5 ms capillary GC column (L x 1.D.
30 m x 0.32 mm, df =.50 um) was used as the stationary phase and ultrapure helium (100kPa
pressure) as the mobile phase. GC/MS peak identification was conducted using the open source
Openchrom software (Wenig and Odermatt 2010). Scanning Electron Micrographs (SEMs) were
collected with a Zeiss Auriga Field Emission-Scanning Electron Microscope instrument operating at
7 kV. The EDX analyses were made by coupling the Field Emission Scanning Electron Microscope
(SUPRA™ 35, Carl Zeiss SMT, Oberkochen, Germany) with the Energy Dispersive Microanalysis

(EDS/EDX, INCAXx-sight, Model: 7426, Oxford Instruments, Abingdon, Oxfordshire, UK), operating at
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20 kV. Prior to take SEM images, dried and extracted inks were diluted in ethanol in a proportion
1:20 and sonicated at 59 KHz for 1h. Then, they were deposited onto a Si wafer used as sample
holder and dried in air. For morphology and size distribution purposes, SEM images were taken of
drops of inks dispersions upon 120 min laser irradiation, after deposition on Si wafers. Dynamic
Light Scattering (DLS) was used to determine the size and size distribution of ink and extracted in
water and propan-2-ol after 120 min laser treatment. A Malvern NanoZetaSizer apparatus
equipped with a 5 mW HeNe laser was employed (Malvern Instruments LTD, UK). Temperature is
controlled by a Peltier system and it was fixed at 298 K. The instrument uses a backscatter
detection, i.e. the scattered light is collected at an angle of 173°, which is less sensitive to multiple
scattering effects and dust than the 90° geometry. In DLS the autocorrelation function of scattered
intensity as a function of the decay times is analysed to obtain the distribution of the diffusion
coefficients D of the particles, which in turn are converted in a distribution of apparent
hydrodynamic radii Ru using the Stokes Einstein relationship Ry = kgT/6nnD, where kgT is the
thermal energy and n the solvent viscosity (Berne and Pecora 2018).

As preliminary analysis, the cumulant method has been considered to get the average
hydrodynamic size Ry and the polydispersity index (PDI) (Koppel 1972). The intensity-weighted Ru
obtained by cumulant analysis is the most direct and robust measure of the size since it does not
rely on the details of scattering. More, it is directly obtained from the initial part of the
autocorrelation function where the signal-to-noise ratio is largest. Unfortunately, Ry from
cumulant analysis represents an average value over the whole sample and it may not be a
significant representation when PDI values are larger than 0.2-0.3, where the size distribution
could show more than one maximum. To ascertain this point, intensity-weighted NNLS algorithm
is used to determine the size and size distribution of the different objects eventually present in the
dispersion (Lawson and Hanson 1974). Note that in the intensity-weighted analysis, being the
scattered intensity proportional to the sixth power of the particle size, the obtained Ry is biased on

larger size.

Methods

A part of the ink has been subjected to vehicle stripping and freeing of the pigment by treatment
with concentrated sulfuric acid and re-precipitation in water (Vicum et al. 2019). The sample
obtained by extraction and re-precipitation was labeled E-GC (extracted Green Concentrate),
whereas the dried ink was labeled D-GC (dried Green Concentrate). Treatments and subsequent

analyses were carried out both on D-GC and E-GC, dispersed in solvents. The samples dispersed in
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distilled water were labeled D-GC/H,0 and E-GC/H;0, those dispersed in propan-2-ol, D-GC/P20L
and E-GC/P20L.

The laser treatments were carried out by irradiating the samples with a power of 0.021 J over a
surface of 0.04 cm?, (i.e. a fluence of 0.525 J/cm?). Typically, each sample was a 18 ml dispersion of
9 mg/ml ink/dispersant. The dispersions do not need stirring during irradiation, due to the motion
triggered by the laser irradiation itself, thus guaranteeing a homogeneous treatment. The
treatments were carried out until the initial hue of E-GC/P20L faded, though did not discolor
completely, which corresponds to a total irradiation time of 120 min. Aliquots were sampled every
10 minutes treatment for GC-mass spectrometry, SEM analysis and UV-Vis spectroscopy. All
aqueous samples were extracted with ethyl acetate prior to GC-MS analysis.

Once the procedure was set for the first sample, the other ones were treated the same way. DLS

measurements were carried out on the dispersion after 120 min laser irradiation.

Results and Discussion

Controversies on pigment content of green inks: PG36 and PG7

The safety data sheet (SDS) of the Green concentrate by the Eternal reported PG36 as green
pigment up to 2016 and PG7 from 2016 onwards. However, according to the label of the bottle we
purchased, the ink still contains the pigment C.I. 74265, i.e. the PG36 (See Fig. SI1 of the
Supplementary Information). The mismatch between SDS and label may be somewhat related to
contradictory guidelines and legislations and necessity of clear declarations of market products.
Based on EU cosmetic regulation, the Council of Europe 2008 Resolution (ResAP 2008) on
requirements and criteria for safety of tattoos and permanent make-up highlighted PG7 among
the pigments which should not be used in tattoo ink formulations due to its restriction in hair dye
and eye products (ResAP 2008). This recommendation has been enforced into law, thus forbidding
PG7 in tattoo inks, earliest in Germany in 2008, with clarifications and corrections in 2016 (TatoV
2008), recently followed by Spain, France, Sweden and the Netherlands (Regulations in single
European countries). The national laws in force in Belgium and Norway are still based on the
previous Council of Europe 2003 Resolution (ResAP 2003) but also in these countries PG7 has been
excluded (ResAP 2003). The use of PG7 in tattoo inks is currently in a gray zone, as a derogation
has been proposed by a 2016 REACH (Registration, Evaluation, Authorisation and Restriction of
Chemicals) regulation of the European Chemical Agency, based on deficiencies of the risk

assessments (Compiled RAC and SEAC). The proposal has been evaluated on Nov. 20, 2018 by the
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Committee for Risk Assessment (RAC), without providing conclusive indications (Compiled RAC
and SEAC). On Nov. 29, 2018, the Committee for Socio-Economic Analysis (SEAC) assed that tattoo
inks must be regulated by the REACH organism and, on the specific issue of PG7 use, supported “a
1 year transitional period as a reasonable timeframe for implementation” of the risk
assessments*'. According to the 2016 REACH proposal, PG36 might also enter a gray zone, since
no specific use is indicated, thus leaving room for restrictive interpretation. Due to the mismatch
between bottle label and recent SDS of the Green concentrate ink, we proceeded with IR, UV and
EDX analyses of ink and of the reference pigments PG36 and PG7, in order to assess the real

content, prior to perform laser treatments.

Ink characterization

The assessment of pigment type in the Green concentrate ink was primarily made by comparative
infrared spectra of inks D-GC, E-GC and the pigments PG36 and PG7. The ensuing spectra are
reported in Fig. 1a), whereas, the list of the peaks are reported in Table SI1 of the Supplementary
Information. The features of PG36 and PG7 were previously analyzed (Bauer et al. 2019) and the
assignments are briefly summarized here. The most significant bands and largest differences
between the two pigments are in the region 1800-400 cm™. In particular, PG7 only has appreciable
peaks in the spectral region 1600-1500 cm™, due to aromatic C = C and C-N stretching and C-N-C
in-plane bending of the macrocyclic phthalocyanine ring. Bands characteristic of completely
substituted copper phthalocyanine derivatives appear in the spectra of both pigments in the
region between 1400 and 1000 cm™ (C-H related features are missing, Barszcz et al. 2011 ). Almost
all bands of PG7 in the region 1000-400 cm™ are stronger as compared to PG36. The medium to
strong broad absorptions around 750 cm™, i.e. 777-768 cm™ for PG7 and 775-765 cm™ for PG36
are tentatively assigned to the C-Cl stretching vibrations, Achar et al. 2007), whereas the
broadening of the band around 745 cm™ in the FT-IR spectrum of PG36 can be an effect of the C-Br
bonds (Venugopala et al. 2002). The subsequent comparison of D-GC and pigments spectra reveals
a one-to-one correspondence between the ink and PG7 features, leaving no room for
interpretation, and leading to the unequivocal assessment that the label reports a wrong
indication. The only slight difference worth noticing is a lower intensity of the features in the range
5500-700 cm™, for the D-GC as compared to PG7. In particular the PG7 stronger bands at 606 cm™
and 648 cm™ are still visible in D-GC, whereas the less intense ones at 667 cm™, 689 cm™ and 710
cm™ are concealed in the baseline. This small difference is not ascribable to PG36, because the

relatively intense peak at 459 cm™ is absent in the D-GC spectrum. A possible explanation may be
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a hampering effect of the vehicle. As it is shown in the SEM images of Fig. 2, the vehicle is a sort of
sheath around the pigment and may have an effect on the vibrations of the phthalocyanine, with
an impact more perceivable at lower energies. The infrared spectra of E-GC and D-GC are very
similar, thus indicating that the extraction procedure did not alter the pigment. The only features
of interest in the region 2000-4000 cm™ are the peaks at 3030 cm™%, 2922 cm™ and 2850 cm? (Fig.
SI2), which appear only for D-GC and E-GC, clearly ascribable to C-H stretching in aliphatic and
aromatic compounds, which result from the presence of the vehicle. However, the C-H stretching
in aromatic rings may also derive from an incomplete alogenation of the phthalocyanine, in the

synthesis process of the pigments (Herbst and Hunger 2004).
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Fig. 1 a) Infrared spectra and b) UV-vis spectra of PG36 (—blue solid line), PG7 (—pink solid line), D-
GC (—green solid line) and E-GC(—red solid line). The infrared spectra are taken on powder
pigments or dried ink. The UV-vis spectra are recorded on dispersions in DMSO.

UV-Vis spectra

UV-Vis spectra of D-GC, E-GC, PG36 and PG7 were taken in the range 300 nm to 800 nm, in DMSO,
which is a better dispersing agent (Fig. 1b), than ethanol, water and THF (Bauer et al 2019) and
ensures better resolved spectra (peaks position and intensity are solvent-dependent). The UV-Vis
spectrum of PG36 is distinguishable from the PG7 one, for the red shift of both Soret and Q band,
due to the substitution of chlorine with bromine. Furthermore, the intensity ratio between the
peaks in the 320 nm and 370 nm regions of PG7 is reverted as compared to PG36, and a shoulder
at 640 nm is more pronounced. D-GC and E-GC display spectra similar to PG7, both for peaks

positions and intensity.

EDX analysis
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The EDX analysis was carried out on D-GC, E-CG and on the pigments of reference PG36 and PG7.
The spectra are reported in the Supplementary Information, Fig. SI3. The PG7 spectrum is
compatible with a chlorinated copper phthalocyanine. Two deviations from the theoretical
composition, i.e. the excessive amount of carbon and the presence of oxygen, can be related to
the toting of additives, to the way the sample is prepared, i.e. depositing from a suspension in
ethanol, and to the contribution of the sample holder to the oxygen signal. In the PG36 spectrum
the presence of the bromine is quite evident also due to the high cross section. However, the Br:Cl
ratio is 3.5:1, i.e. much different than the nominal Br:Cl=3:5, as in a hexabromodecachloro
phthalocyanine. No bromine is evidenced in D-GC, or E-GC spectra, hence providing one more
indication that PG7 is the pigment used in the ink formulation. Traces of Al in D-GC can be ascribed
to a dispersant agent (Bauer et al. 2019). The Si peak in two of the spectra is due to the silicon
sample holder, not completely covered with the inks or pigments. Occasional traces or fluorine
can also be ascribed to the sample holder. The atomic percentages are reported in Table 1,

normalized for the Si (or Si+F) signal, where necessary.

Element PG7 Atomic % PG36 Atomic% D-GC Atomic% E-GC Atomic %

63.0 84.3 69.5 61.2
9.3 2.5 6.1 11.2
6.8 7.7 8.2 6.6
Br 4.8
cl 19.8 1.4 15.2 19.6
Cu 1.1 0.3 0.8 1.3
Al 0.2

Table 1 EDX elemental analysis of PG7, PG36, D-GC and E-GC. The atomic %s are normalyzed for
the contribution of the sample holder, i.e. the atomic % of Si or Si+F (PG36).

SEM
SEM images of the inks are reported in Figs. 2 a through d. D-GC displays an extended sheath, with

blunt grains inside of both elongated and roundish shapes. The aggregates of rod-like shape have
the longest dimension ranging from 15 nm to 85 nm; the roundish ones have diameters between
15 nm to 30 nm (Figs. 2 a and c). Commercial PG7 was reported (Bucella et al. 2018) and presents
mostly roundish aggregates with average diameter of 70 nm (Fig. 2 of Bucella et al. 2018). On the
other hand, the binding of substituents in meso positions of metal-phthalocyanines favors a rod-

like aggregation (Wang et al. 2014). The sheath extends without disruption over the whole size of
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Fig. 2a), i.e. 5x5 um (and beyond in lower magnification non-shown images), and is damaged by
interaction with the electron beam of the microscope, though operated at low power. This is
shown in Fig. SI4 of the Supplementary Information, where the damaging appears as darkening
upon swiping of an area, visible after subsequent imaging of a larger area at lower magnification.
Upon treatment with sulfuric acid and re-precipitation, the sheath around the pigment is partially
removed with a consequent disruption of the extended, regular embedding structure (Figs. 2 b

and d). More important, large platelets appear, up to 0.5 um x 0.5 um size, and, in general,

lamellar structures are observed. The typical rod-like and roundish aggregates do not emerge.

Fig. 2 SEM images of D-GC (a and c) and E-GC (b and d) at different magnifications.

Ink after laser treatments

Once established the pigment content of the ink, we preceded with the laser treatments of D-
GC/H20, E-GC/H,0, D-GC/P20L and E-GC/P20L. We analyzed the residuals in the dispersion with

several techniques to have an insight on both the composition and the morphology changes.

Gas chromathography/mass spectrometer
The GC/mass spectra were taken every 10 min laser irradiation for all four dispersions. The peaks

intensity of the chromatograms after 10 min and 20 min is marginal, therefore the analysis was
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carried out from 30 min irradiation onward. A careful analysis of the spectra revealed the presence
of the same types of fragmentation compounds at increasing extent as a function of the irradiation
time. Therefore, we report the analysis of the 120 min irradiation spectra, only. The GC/mass
spectra of D-GC/H,0, E-GC/H,0, D-GC/P20L and E-GC/P20L, after 120 min irradiation, along with
a sketch of the corresponding identified fragment compounds are reported in Fig. 3. The eluted
compounds were identified either through the NIST database or literature references (LaBrosse et
al. 1984 Giumanini et al. 1989) by pinpointing the mass fragmentation pattern with a confidence >
95%. The list of fragmentation products of the four samples upon 120 min irradiation is reported
in Table 2, along with the retention time, the main mass losses corresponding to each compound,
hazard class and category code. Most of the chlorinated compounds typical of the phthlocyanine
fragmentation are eluted after 23 min retention time with differences among the four samples.
The laser treatment of D-GC/H,O and E-GC/H,0 mostly produces isomers of tetrachloro-
benzendinitrile. In addition, 1,3,5,7-tetrachloro naphthalene is generated from the treatment of E-
GC/H;0, whereas chlorobenzene is produced in D-GC/H,0. The fragmentation pattern changes
significantly in propan-2-ol. In D-GC/P20L also tetrachloro benzene is produced, along with
pentachloro benzene, 1,3,7-trichloro naphthalene, pentachloro benzonitrile and diethyl phthalate,
which are not present in the water dispersion counterpart. Overall, this scenario points at a more
complex envelop of compounds due to fragmentation and rearrangement of the chlorinated
indole units of the phthalocyanines. The fragmentation of E-GC/P20L upon laser irradiation
produces fewer fragment compounds as compared to D-GC/P20L, i.e. tetrachlorobenzonitrile,

pentachlorobenzonitrile, and diethyl phthalate.
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Fig. 3 GC/mass spectra taken after 120 min irradiation of a) D-GC/H,0, b) E-GC/H,0, c) D-GC/P20L
and d) E-GC/P20L. The sketch of the identified compounds is included in the corresponding panel.
The * symbols indicate solvent-related peaks. The molecules corresponding to peaks observed at
3.97 min and 4.92 min of D-GC/P20L and E-GC/P20L are reported in the bottom panel only, for
crowding reasons.
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The difference of produced compounds indicates a cooperative effect of the vehicle to the
fragmentation upon laser irradiation, which is altered when the ink is partially stripped of the
vehicle layer and the pigment is aggregated. There are two additional fragments, the 1,2,3,5-
tetrachloro-4-ethoxybenzene, and 2,3,5,6-tetrachloro-1-phenol which cannot be directly ascribed
to the chlorinated phthalocyanine fragmentation and can possibly have two origins. They ate
either the outcome of an interaction with the solvent during the irradiation, or the residual of an
additive. Two more considerations are in order at retention times below 5 min. The 2,2’-
(ethylidenebis(oxy)) bis-propane and 2,2’-(methylenebis(oxy)) bis-propane are generated in
propan-2-ol which can be easily related to the irradiation of the solvent. Upon irradiation of the
inks in water solvent, hexene and heptene derivatives are eluted, non-compatible with the
fragmentation pattern of chlorinated phthalocyanines. According to the label on the bottle and
the SDS, the ink contains propan-2-ol and benzisothiazolinone alongside with witch hazel (or
Hammamelis Virginia extract CASH# 68916). Hexene and derivatives are not compatible with the
fragmentation upon irradiation of benzisothiazolinone (Varga et al. 2020) or propan-2-ol (Steibach
and Schmidt 1975), but not much can be asserted on witch hazel-derived additives, which are
reported to contain a huge number of constituents (Safety Assessment 2017), none of them
observed in this work, and deemed harmless (Safety Assessment WHO 2002). Other ways to
introduce hexane derivatives in the ink are through the addition of antifriction agents in the
pigment milling or through the pigment finishing procedure. It has been proposed that
phthalocyanine laser treatments are thermic processes and, as such, produce the same fragment
compounds as pyrolysis (Schreiver et al. 2015). Later on it was suggested that the main masses of
the fragmentation compounds in ink treatments can be used for pigment identification, including

PG7 among the detectable ones (Schreiver et al. 2015).
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Compound D-GC/H,O0 E-GC/H,O D-GC/P20L E-GC/P20L Main m/z Hazard Class and Category Code
RT (min) RT (min) RT (min) RT (min)
3,4-dimethyl-2-hexene / 3.20 / / 112,97, 83, 69, 55, 27 NF
2,4-dimethyl-2-hexene 3.20 / / / 112,97, 83, 69, 55, 43, H225 Flam. Lig. Cat. 2
41, 29, 27 H304 Asp. Tox. Cat. 1
2,4-dimethyl-1-hexene 3.33 / / / 112, 83, 70, 69, 57, 56, H225 Flam. Lig. Cat. 2
3.68 55, 41, 29, 27 H304 Asp. Tox. Cat. 1
5-methyl-1-heptene 3.46 / / / 112, 83,71, 70, 69, 57, NF
55,43,42,41, 29, 27
4-methyl-1-heptene / 3.47 / / 71,70, 55, 43, 39, 29, 27 NF
3,5-dimethyl-2-hexene 3.50 3.52 / / 112,97, 83, 69, 70, 55, NF
27
Heptil hexyl ether / 3.70 / / 85,70, 57,43, 29 NF
1,2-dimethyl-cyclohexane / 3.89 / / 112,97, 70, 69, 56, 55, H225 Flam. Lig. Cat. 2
27 H304 Asp. Tox. Cat. 1
H315 Skin Irr. Cat. 2
H336 STOT SE Cat. 3
2,2’-(methylenebis(oxy)) / / 3.97 3.99 131, 117, 89, 87, 73, 59, H225 Flam. Lig. Cat. 2
bis- propane 51, 45, 43, 41, 39, 27, 15 H315 Skin Irr. Cat. 2
H319 Eye Irr. Cat. 2
H335 STOT SE Cat. 3
2,2’-(ethylidenebis(oxy)) / / 4.82 4.84 131, 89, 87, 69, 61, 59, NF
bis- propane 58, 45, 53,41, 27
Chloro benzene 5.44 / 5.43 / 114, 112,77, 51, 50, 38 H226 Flam. Lig. Cat. 3
H315 Skin Irr. Cat. 2
H332 Acute Tox. Cat. 4
1,2,3,5-Tetrachloro benzene 23.95 220, 218, 216, 214, 181, H302 Acute Tox. Cat. 4
108, 74, 73
3,4 5,6-tetrachloro-1,2- 25.88 25.90 25.68 / 270, 268, 266, 264,233,  H312 Acute Tox. Cat. 4
benzendinitrile 26.25 26.24 25.89 231,229,196, 194,168,  H315 Skin Irr. Cat. 2
26.59 159, 133, 124, 118, 109, H319 Eye Irr. Cat. 2
98 H332 Acute Tox. Cat 4
2 4.5 6-tetrachloro-1,3- 25.88 26.24 25.68 / 270, 268, 266, 264, 233,  H317 Skin Sens. Cat. 1
benzendinitrile 26.25 25.89 231,229,196, 194,168,  H318 Eye Dam. Cat. 1

159, 133, 124, 118, 109,

98

H330 Acute Tox. Cat. 2
H335 STOT SE Cat. 3
H351 Carc. Cat. 2
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2,4,6-trichloro-1-benzonitrile

27.34

27.41

209, 207, 205, 170, 134,

109, 50, 37

H302 Acute Tox. /
H312 Acute Tox. /
H315 Skin Irr. Cat. 2
H319 Eye Irr. Cat. 2
H332 Acute Tox. /
H335 STOT SE Cat. 3

Pentachloro benzene

29.05

254, 252, 250, 248

H228 Flam. Sol. Cat. 1
H302 Acute Tox. Cat. 4

Diethyl Phthalate

31.22

31.26

222,177, 176, 150, 149,
121, 105, 104, 76, 65, 50

H315 Skin Irr. Cat. 2
H319 Eye Irr. Cat. 2
H331 Acute Tox. Cat. 3
H373 STOT RE 2 Cat. 2

2,3,4,5-tetrachloro
benzonitrile*

31.62

31.62

31.40

31.44

245, 243, 241, 239, 149

H302 Acute Tox. Cat. 4
H312 Acute Tox. Cat. 4
H315 Skin Irr. Cat. 2
H319 Eye Irr. Cat. 2
H332 Acute Tox.Cat. 4
H335 STOT SE Cat. 3

1,3,7-trichloro naftalene

35.46

35.51
36.19

234, 232, 230, 197, 195,

160

H302 Acute Tox. Cat. 4
H312 Acute Tox. Cat. 4
H315 Skin Irr. Cat. 2
H319 Eye Irr. Cat. 2
H332 Acute Tox. Cat. 4
H335 STOT SE Cat. 3

1,2,3,5-tetrachloro-4-ethoxy

benzene

37.64

260, 236, 234, 232, 230

NF

2,3,5,6-tetrachloro-1-phenol

37.73

37.73

236, 234, 232, 230

H301 Acute Tox. Cat. 3
H315 Skin Irr. Cat. 2
H318 Eye Dam. Cat. 1
H335 STOT SE Cat. 3

Pentachloro benzonitrile

40.50

40.59

279, 277, 275, 273, 238,

205, 203, 133, 118

H302 Acute Tox. Cat. 4
H312 Acute Tox. Cat. 4
H315 Skin Irr. Cat. 2
H319 Eye Irr. Cat. 2
H332 Acute Tox. Cat. 4
H335 STOT SE Cat. 3

Table 2 Fragment compounds produced upon laser treatment, along with the retention times, the main mass losses and the corresponding hazard

codes and categories. The identification was performed by inquiry of the NIST database. * This compound was identified through literature data

48, 49
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This kind of approach might have some limitations, because the types of compounds produced
upon irradiation can be affected by the dispersing agent, in first instance, and also by the vehicle,
or its residuals. To this purpose, we compared the products of fragmentation in this paper with
the compounds produced upon pyrolysis of PG7 at 800°C (Germinario et al. 2015) and found some
non-negligible differences. In particular, the pyrolysis produces benzonitrile and derivatives,
trichloro benzene, hexachlorobenzene, and diethyl phtalate, along with lower masses molecules
such as benzene and tetrachloroethene we did not find in any of our treated samples. Other
compounds such as tetrachlorobenzene and as tetrachlorobenzonitrile coincide in PG7 pyrolysis
and laser treated GC ink. The proposed identification of PG7 through the main fragments
(identified through a single m/z value per compound, Schreiver et al. 2015) foresees the singling
out of 8 compounds listed in Table 3. We found only the two ones marked with a star in our
treated inks. The absence of hydrogen cyanide and cyanogen chloride may be related to the lack
of capturing gaseous fragments in our case. But, in general, relying on shortlisted fragments leaves

room for incorrect identification of the pigment.

Fragments m/z
Hydrogen cyanide 36
Cyanogen chloride 61
Carbon tetrachloride 152
Tetrachloroethylene 164
Hexachlorobenzene 282
Pentachlorobenzonitrile * 273
3,4,5,6-tetrachloro-1,2-benzendinitrile * 266
4,5,6,7-tetrachloroisoindoline 257

Table 3 Main pyrolysis compounds proposed for PG7 identification according to Schreiver et al.
2015. This table is reported from with modifications. The star * indicates the fragments in
common with the present investigation.

Safety issues of the fragments come on top on assignment issues, since the fragments generated
upon laser treatments are toxic at various extent. The toxicological evaluation was made according
to the Classification Labelling and Packaging (CLP) regulation (Classification, labelling and
packaging regulation (CLP) at ECHA) issued by the REACH-ECHA and aligned with the Globally
Harmonized System (GHS). The hazard code of each fragment is reported in the most right column

of Table 2 and consists of a letter (typically H) and a three digits number, which expresses the type
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of risk. The code is followed by a category, ranging from 1 to 4 indicating the level of danger: the
lower the number, the higher the danger. Whether not available by the ECHA database, the
hazard statements were taken from the CHEM SPACE associated database (CHEM SPACE). The
exact correspondence between hazard code and associated risks is reported in the Table SI2 of the
Supplementary Information. The chlorinated compounds and the diethyl phthalate, directly
deriving from the pigment fragmentation, display at least one of these three hazards codes, H312,
H315 and H317, related to skin harm, irritation or allergy, respectively. Other hazards such as eye
damage and irritation (H318, H319) may become relevant depending on the location of the tattoo.
All chlorinated compounds but 1,2,3,5-tetrachloro benzene are classified harmful if inhaled (H332).
Diethyl phthalate and 2,4,5,6-tetrachloro-1,3-benzodinitrile also carry the codes H331 and H330,
toxic and fatal if inhaled, respectively. If these fragments are produced under the skin, the
effective harm, then, depends on the translocation from the skin to the blood and lymphatic
vessels. 2,4,5,6-tetrachloro-1,3-benzodinitrile is also suspected carcinogenic (H351). As for the
hexane derivatives, the available hazard codes mainly indicate flammability besides causing skin

irritation or drowsiness or dizziness.

UV-Vis spectra

UV-Visible spectra were recorded on the solutions after laser treatments. In Fig. 4 a) through d)
the spectra after 60 min irradiation are reported, in comparison with the corresponding non-
treated samples (some of the intensities at 120 min irradiation are too low to display). As far as
the samples in water are concerned, the features before and after irradiation can be largely
described as an overall decrease of intensity. The copper phthalocyanine (CuPc) UV-Vis spectral
intensity is related to the aggregation state. It increases whether the CuPc dispersion forms
aggregates of a size which can remain as a suspension in the solvent (Kihara et al. 2019). In case
the CuPc is fragmented and/or forms aggregates too large to remain in suspension, the intensity
decreases. The samples irradiated in propan-2-ol, not only display a marked reduction of the ink-
related intensity, but a new feature is also present, peaked at 708 nm, which is not typical of the
ink, nor of any of the fragments detected by GC-mass spectrometry. This newly emerged feature
can be ascribed to Cu octachlorophthalocyanate (Barret et al. 1939), a compound which has been
reported as “inactive” by EPA (TSCA Inventory 2020) and is under registration by the REACH-ECHA
since 2009 (ECHA substance Infocard). It cannot be ascertained, at this stage, whether this is a
product of a laser induced de-halogenation of the PG7, or if it is a by-product already present in

the ink and emerged by removal of the PG7 features. The C-H stretching in the infrared spectra
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does suggest the incompletely halogenated phthalocyanine is already there. Either way, this

feature emerges better upon ink treatment in propan-2-ol.
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Fig. 4 UV-Vis spectra before and after 60 min laser irradiation: a) D-GC/H,0, b) E-GC/H;0, c) D-
GC/P20L and d) E-GC/P20L.

SEMs: fragmentation vs. aggregation

Along with GC/mass and UV-Vis spectrometroscopies, the irradiated samples were analyzed by

SEM, to appraise the average size of the solid residuals and their morphology. At the end of the

process several types of fragments and aggregates can be observed along with different damages

of the sheath originally around the phthalocyanine grains. SEM images of D-GC/H0, E-GC/H,0,D-

GC/P20L and E-GC/P20L, upon 120 min irradiation are reported in Figs. 5 a) through I). The

overall set of morphology-related phenomena is summarized as follows:

Downsizing;

Change of texture of the sheath, or residual sheath around the phthalocyanines;

Aggregations in “blocks”;
Aggregation in compact structures;

Aggregation in layered structures;

Aggregation in radially distributed fiber structures;
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- Aggregation in flower-like structures.
The first three effects are common to all the samples, whereas the other ones are more peculiar of
single types of samples. More in detail, in all treated samples we clearly found nanoparticles with
size in the 20-30 nm range, but the presence of even smaller nanoparticles in the order of 2-3 nm
could be evidenced by contrast enhancement of selected areas of high magnification SEM images.
This feature is highlighted in Fig. 5a for the sample D-GC/H,0. Other features common to all the
samples are the aggregations in blocks, i.e. large agglomerates in the micrometer range as shown
in Fig. 5b for the sample D-GC/H,0 and the changes of texture of the overall solid residual. The
textures upon laser treatments may be characterized by a prevalent merging and flattening of the
structures as in Fig. 5¢c D-GC/H,0. A characteristic feature of the E-GC/H,0 sample is the additional
population of agglomerates in the 350100 nm range (Fig. 5d) while the D-GC/H,0 sample also
shows layered and compact structures (Fig. 5 e, f and g). Compact structures are typically
rectangular, in the order of the hundreds of nanometers, without evident inner features, as if the
original sheathed grains or portions of them were tightly melted all together. Two types of layered
structures were evidenced, the degrading ones where the layers stack one on top of the other,
mutually shifting in the plane perpendicular to the stacking directions (Fig. 5e) and the open ones
where the layers are folded in random directions (Fig. 5f). The radial structures pertain to E-
GC/H20 sample and it is formed of fibers radially arranged around a fulcrum (Fig. 5 g). The aspect
ratio of the generated fibers ranges between 10 and 40, with the smallest dimension of typically 1
um. Fiber structures are also generated upon irradiation of D-GC/P20L samples, though with a
fiber arrangement in a flower-like over-structure, (Fig. 5 h) sized in the micrometer range. Along
with this, a peculiar texture is observed with more pronounced melting and hollow appearance
(Fig. 5 j) with blocks islands in between (Fig. 5 i). EDX analyses carried out of the various solid
deposits revealed the presence of chlorine both in the solid residue and in the deformed sheathed
structures, indicating the incorporation either of non-fragmented phthalocyanines or of
chlorinated fragments or a mixture of both. Additional features of the D-GC/P20L sample are

coalescing blocks (Fig. 5 k) and areas of pierced solvent with large pores (Fig. 5 I).
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Fig. 5 SEM images of D-GC/H,0, E-GC/H,0, D-GC/P20L, E-GC/P20L, after 120 min laser treatment.
a), b) and c) are selected for the samples reported on the top left of each panel, but they
represent morphologies common to all the treated samples. e) through |) are morphologies typical
of the sample indicated on the top left of each panel.

The processes taking place during the irradiation, leading to the morphology changes are likely
related both to the temperature at the focusing spot and to the solvent. It must be added that the
Brownian movement of the dispersion accelerates during the irradiation, with effective mixing
within the volume of the dispersion and consequent temperature gradient. The downsizing is
common to all inks/solvent combinations and it is likely to be an effective pathway in the tattoo
removal process. The aggregation processes and sheath deformations are possibly the combined
effects of heating and beam piercing, affecting pigment and vehicle (or vehicle residual for the
extracted ink) simultaneously. CuPcs aggregation by physical vapor deposition is commonly used
for synthesis of air stable n-type semiconductors. Nanorods formation has been reported to be
induced by Nd:YAG laser treatment of copper hexadecafluoro phthalocyanine (FisCuPc) as a
function of time and solvent (Kihara et al. 2019). In this case, the length and aspect ratio of the
rods, was correlated to the solvent viscosity, i.e. the lower the viscosity, the longer the rods, (the

faster they were formed). Temperature effects play a role in the production of ultralong CuPc
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fibers. A synthesis was carried out by differential heating under nitrogen in a tubular quartz
chamber set at 480 C, 440°C, and 180°C in different zones each 30 cm long (Wang et al. 2010) and
yielded fibers up to 1.4 cm. Flower-like arrangements are also reported, but they are generated by
electrospinning of hyperbranched iron phthalocyanines with the addition of polyarylene ether
nitriles (Meng and Liu 2014). The major differences are the building blocks, which appears to be
fibers in the present investigation, rather than the nano-petals as reported by Meng and Liu (2014).
In the present investigation, we find fiber structures in the micrometer range for the sample E-
GC/H20, thus supporting the proposed mechanism that favors the formation of longer structures
in lower viscosity solvents (water is less viscous than propan-2-ol). However, this kind of growth is
only possible if the ink is partially stripped from the vehicle. The D-GC/H;0 laser treated sample
presents peculiar compact and layered structures which indicate a contribution of the vehicle in
keeping the structure tight along the layer plane and across planes. In a higher viscous and less
polar solvent, the aggregation is no longer of the rod type, but it occurs only in blocks with
reduced presence of the vehicle (E-GC/P20L, common morphologies). If the vehicle is present, the
laser treatment in propan-2-ol (D-GC/P20L) leads to a mixed situation where small fibers in the
low um range are arranged in a flower-like shape and branching additives also play a role. All in all
the generated morphologies are quite heterogeneous and some of them potentially harmful when
in contact with the skin, or when ejected from the skin. In particular, small nanoparticles are
candidate for toxic to carcinogenic reactions (Schréder et al. 2014), whereas large blocks are
deemed to be less risky. The fibers might be dangerous due to their large aspect ratio. Asbestos
fibers are considered most toxic when their aspect ratio is > 5 (Boulanger et al. 2014). Carbon
nanotubes (CNTs) also have toxicity issues in the skin due to inflammatory reactions and even
tissue disruption, though damages are reported also for organs and brain (Mohanta et al. 2019),
the longer the nanotube, the more toxic. The aspect ratio of CNTs can be as high as 500, with the
smallest dimension down to 10 nm. The actual toxicity of the fibers is an association of
composition and aspect ratio, and the generation of the fiber alone is not sufficient to determine
the real harm. Part of the vehicle sheath may act as a protective coating against potential harm.
On the other hand, the aggregates, including the fiber-shaped ones, do contain chlorinated
compounds, possibly the toxic ones too. The fiber-shaped aggregates may act as needles able to
inoculate the toxic fragments, thus operating as carriers of toxic compounds, even though they are

not harmful themselves.

DLS
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The average size and size distribution was evaluated by DLS for samples treated for 120 min. The
results of analysis of DLS measurements are reported in Table 4, where 2Ry and PDI represent the
mean value of hydrodynamic diameter and the polydispersity, respectively, obtained from
cumulant analysis. 2Ry - Peakl and 2Ru - Peak2 refer to the mean values of the two distributions
obtained by intensity-weighted NNLS analysis. It is immediately apparent that the DLS size of the
ink dispersions are very heterogeneous, with a behavior depending both on sample and solvent.
As preliminary observation, it is important to note that D-GC/P20L sample has the lowest PDI,
with respect to the other inks, thus indicating a comparatively higher homogeneity of this
dispersion. The associated NNLS distribution analysis confirms the homogeneity of this sample by
indicating the presence of a single population with average size of 2700 nm. This value is in
agreement with values obtained by cumulant analysis, the slight difference being dependent on
the used method. The micrometric objects revealed by DLS can be easily identified with the well
separated roundish fibrous aggregates (Fig 5i) or aggregates formed by more compact blocks,
coalescing due to dehydration and flattening (Fig 5k). On the other hand, samples with PDI index
larger 0.3 are characterized by two distinct populations with very different size, as revealed by
NNLS analysis. In all these samples, large aggregates with size of several microns (Peak 2) coexist
with smaller aggregates (Peak 1), with an evident difference between E-GC/P20L and E-GC/H,O.
Notably, in E-GC/P20L the smaller objects show a hydrodynamic size well below that of the inks
dispersed in water, thus confirming the effect of the viscosity of the solvent in the final size of the
aggregates forming after laser treatment. SEM microscopy gives evidence of this important
difference. Small objects with submicron size are observed for E-GC/P20L (Fig. 5d) coexisting with
larger aggregates. The micrometric aggregates found in E-GC/H,O are representative of the
different micrometric agglomerates with layered or more compact structures found by SEM
investigation (Figs. 5 b,e,f,g and h).

As conclusion, it is important to note that in such heterogeneous samples, DLS is not able to reveal
the presence of objects with size smaller than 100 nm, which are observed in all the samples, as
common structures (panel a Fig. 5). In spite of their relative large number, as visible in SEM image,
since in the DLS technique the scattering intensity according to Mie theory has a power-law
dependence on the radius, it is reasonable that the scattering contribution of the larger

aggregates completely masks the one of the smaller structures observed by SEM.
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2R (nm) PDI 2Ru- Peakl (nm)  2Ru- Peak2 (nm)

Sample

(Cumulant) (Cumulant) (NNLS) (NNLS)
D-GC/H,0 5100+680  0.560+0.080 1320420 8000+1000
E-GC/H,0 1330+16 0.391+0.010 1030+28 7500£1000
D-GC/P20L 2500490 0.250+0.015 2700150 -
E-GC/P20L 5300160 0.814+0.026 353.5+5.8 8600+ 20

Table 4 Average hydrodynamic diameter 2Ry from DLS measurements on D-GC/H,0, E-GC/H,0, D-
GC/P20L and E-GC/P20L after 120 min laser treatment, determined by cumulant analysis and
intensity-weigthed size distribution by NNLS algorithm.

Conclusions

We have investigated the composition and Nd:YAG laser treatments of a phthalocyanine based
green tattoo ink, the Green Concentrate from Eternal Ink Inc. The ink characterization points at
the presence of a pigment, the PG7, different from the PG36 reported on the bottle label and
restricted in the countries where tattoo inks regulations are issued. An extraction with sulfuric acid
and re-precipitation with water has been carried out to remove, at least partially, the vehicle from
the ink and to release the pigment, as it may be the case upon injection under the skin. The laser
treatments were performed both on dried and on extracted ink dispersed either in water or in
propan-2-ol, solvents of different polarities and viscosities. The laser irradiation causes
fragmentations of the green pigment and variations of the morphology of the ink aggregates, in
terms of both size reduction and re-aggregations. Both processes are solvent dependent and
differences can be reconducted to the initial sample, whether it is dried or extracted ink. The
fragment compounds generated upon laser irradiation are toxic according to the Classification
Labelling and Packaging regulations issued by the REACH-ECHA. The hazard statements include
skin harm, irritation or allergy, may be toxic or fatal if inhaled, cause eye damage and irritation.
One of the fragments, the 2,4,5,6-tetrachloro-1,3-benzendinitrile, is suspected carcinogenic.
Additional hexene derivatives fragments can be related to ink additives and carry lower risks. The
morphology of the laser treated samples is very heterogeneous, and includes nanoparticles in the
20-30 nm range and lower, hence potentially harmful when produced under the skin. The re-
aggregation in blocks is common to all samples, whereas layered compounds, fibers and flower-

like arranged microfibers are typical of the ink-solvent specific combinations. Fibers, in particular,
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are exclusively found for the extracted ink sample dispersed in water (low viscosity, high polarity

solvent).
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