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ABSTRACT

Tattoos have become increasingly popular as a means of cultural identity aexpsetfsion, leading

to a corresponding rise in tattoo removal procedures. Despite this growing trend, concerns about the
chemical composition of tattoo inks and the safetlasér removal treatments remain insufficiently
addressed. This thesis investigates the chemical and toxicological implications of laser tattoo

removal, with particular emphasis on the transformation of ink constituents under laser exposure.

Chapter One provides a comprehensive review of the history of tattooing, ink compaosition, and laser
based tattoo removal techniques. It also discusses related health concerns, as well as the chemical an
cytotoxic profiles of tattoo inks and their lasegdalation byproducts.

Chapter two evaluatettie components of commercially available tattoo ifiké, GY, GR, BO and
reference pigments PY14, PY65, PO13, PBI8)rough analysi@nd using range of analytical
techniquesjncluding IR, NMR, XRD, Raman, ED>SEM and ICPOES the components were
identified It was discovered that seve the tattoo inks studiedwere mislabelled, containing
undeclared pigments and additional elements not listed onbibitie labelsor safety data sheets
Thesenewfindings highlight significant inconsistencies in labelling practices, raising concerns about
consumer safety, regulatory oversight, and the transparency of tattoo ink manufacturers. The presence
of unlabelled components in inks suggekespotential for unknown health risks and underscores the

need for stricter regulations and monitoring of the tattoo ink industry.

Certain tattoo inks are resistant to removal using laser methods because of their composition. This
includes the removal of yellow pigments and tattoo inks containing titanium dioxidg).(Re3earch
outlined in chapter thregescribes a novel studgcused on advancing the understanding of tattoo
pigment photodegradation by investigating hbw Ca common additive in tattoo inks, influences

the degradation of yellow pigments under 532 nm laser [igfis. study investigated several yellow
pigments and t#oo inks before and after exposure to 532 nm QS Nd:YAG laser irradiation. A variety

of analytical techniques were employed, including E®EM, DLS, XRD, and G&MS, to
characterise the pigments and their degradation proddatss ul t s i ndi cated th
degradation pathway, forming large partielgglomerates with ink components. This interaction
reduced the amount avolvedof volatile fragments during laser irradiation, which could have
implications for the effectiveness of tattoo removal and the safety of the degrduapomducts
Thebehaviourof Ti O in tattoo inks provides valuahb
removal and the complexity of pigment interactions during the protesaldition, some of the

degradation products were identified to be potentially harmful to the human body.



Chapter fouladdressed a critical gap in the literature by exploring the effects of laser treatments on
tattooed dark skin. Melanin, a natural pigment abundant in darker skin tones, was found to interfere
with laser therapies, leading to suboptimal results. The spelifically investigated the degradation

of yellow pigments in the presence of melanin under laser irradidtellow tattoo inks, reference
pigments, and pigmemhelanin mixtures were treated with a 532 nm QS Nd:YAG laser. The resulting
degmdation products, as well as their morphology and particle size, were analysed udihg, GC
SEM, and DLS.Fi ndi ngs reveal ed t hat mel anin behav
degradation pathways and reducing the formation of volatile fragments. These results provide a better
understanding of the interaction between tattoo pigments and melanin, offesiglgts into the
challenges faced during laser tattoo removal on darker skin tones and emphasizing the need for
tailored treatment protocols.

Chapter fiveof this projecused GEMS to identify the degradation products formed on the irradiation

of yellow pigments and inksThe chapter reports the formationrtoluidine, 2methoxyphenyl
isocyanate, and-toluene isocyanateompounds that have not been reported previously for these
pigments.These compoundsnd the inksvere assessed for their cytotoxic effects on HaCaT skin
cells as breakdown products of tattoo iaksl is one of the first cytotoxicity assessments of this kind.
Experimental results showed that unirradiated inks and pigments reduced cell viability to
approximately 50%, indicating inherent toxicity even before laser treatment. However, irradiated ink
samples exhibited significantly heightened toxicity, with higt@mcentrations causing severe cell
death. These findings underscore the potential health asdociated with both the use of tattoo inks
and their breakdown during laser removal, raising concerns about théetomgafety of these

practices.

In conclusion, ltis study further advances the analytical understanding of tattoo inks and their laser
induced transformatiorhe findings emphasize the urgent need for improved regulatory standards
for tattoo inks, greater awareness of the health implications of tattooing and laser removal, and the
development of safer practices in the tattoo indugtnyough the application @nalyticaltechniques

this research contributes valuable insight into pigment betvamnitder laser irradiation particularly
regarding challenges associated with darker skin tones and lays a scientific foundation for future

investigations into the chemical safety and efficacy of tattoo removal technologies.

Vi
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1 CHAPTER 1: INTRODUCTION

1.1 History of tattooing

Tattooing is a form of permanent body art, created by applying decorative ink to the skin, and has
been practiced since ancient tifle$attoos have a history dating back to 12,000 BC and have been
discovered on early mummies from Peru, Egypt, and Russia, suggesting that tattooing was a global
occurrence. A¥tzio, the ol dest E3W0W®P andimas 6lc e ma
tattoos spread throughout his bad$ For thousands of years, tattooing was a laborious and agonising
process that included manual piercing of the skin for each tatfiee introduction of the electric

tattooing instrument in the late 1800s changed the artform

People tattoo their skin for a variety of purposes, sudntagpretations of feelingsepresenting

cultural or spiritual beliefs, commemorating significant life events, or simply for aesthetic and
personal identity reasofs’’. In comparison to some cultures, such as Polynesian tribes, the purpose

of tattoos in the Western world has become more ambiguous throughout the c&fuhesecent

years, the global population of tattooed individuals has grown dramatit&llydriven by
technological advancements in tattooing and reduced costs of these sér¥id®ssearch indicates

that over 25% of the worl dobés popul a’tdiwitntheb et we
prevalence rates of tattooing ranging from 11.7% to 31.5% in industrialized cotmthreaddition,

most currently accessible surveys indicated that tattoos are becoming increasingly common in
Western countrie&®. Approximately 20% of people in Germany, 25% of people in Australia, and

29% of people in the United States of America have tatfo8s

1.2 Tattooing proceduresand biological distribution

The word tattoo is derived from the Ta¥%imi an
the past, sharp devices, such as flint knives, were used to incise the skin, allowing the subsequent
insertion of colorants into the resulting wounds for the purpose of pigmentation. Conversely, current
tattoo artists utilise disposable needles thatimked and affixed to rotary machir@sThis enables
accurate pigment implantation in the human skin, decreasing the wounded skin area and allowing for
more complicated tattoo patter¢igg. 1.1)*2%2% Tattoos are usually applied in private homes or in
specific tattoo parlours. Tattoos can be either black or multicoloured. A survey done in Germany in
2010 found that over 60% of tattoos are either totally or partly Bk Tattoos can be found on

almost every part of the human body, including the mucous membranes and the?&yEtitteos

are categorized into five types, as outlined in Tabl&
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Figure 1.1: Tattooing procedure refers to the injection of pigment (via tattoo ink) into the dermis of the skin.

Table 1.1: A summary of the tattoo types.

Types of Mechanism Description Reference
tattoos
Professional Pigment insertion Most common type of tattoo 41024

using a tattoo machine
Applied using a machine with a

rapidly vibrating needle

tattoos

Produces uniform and high
density ink deposition

Use professionajrade inks
composed of organic, inorganic

and organometallic pigments
4,10,24

Amateur Manual or homemade Created using readily available 20410.25
devicebased ink pigments such as charcoal, per

tattoos ) ; f
insertion ink, or soot

Applied with hanéheld needles
or improvised tattoo machines

Typically, less intense and more
variable in colour compared to
professional tattoo®
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Needles are not hollow, resultin
in less ink penetration

Generally easier to remove due
to superficial ink placement®2®

Cosmetic
tattoos

Micropigmentation
using fine needles

Increasing in popularity for 10.24
aesthetic purposes

Use colours such as brown, pin
and red to mimic makeup (e.qg.,
eyebrows, eyeliner, lipSf

Common pigments include
titanium dioxide TiO2) and
ferric oxide

Removal is challenging due to
pigment composition

Laser treatment may cause
pigment oxidation, leading to
paradoxical hyperpigmentatidh

Traumatic

tattoos

Pigment deposition vi:
abrasion or explosive
force

Occurs unintentionally through 41026
skin injuries (e.g., road rash or
blast trauma)

Inks become trapped in the
dermis following wound
reepithelialisatiorf-?

Caused by exogenous material:
embedded in the skin following
mechanical trauma

Removal may be difficult if
particles are located in the deey
dermis or contain explosive
residueg®

Medical

tattoos

Pigment insertion for
clinical purposes

Used for medical indications 2624
such as marking radiation

therapy sites, medical device
access points, or corneal tattoo

26

Typically, grey or blueblack in
colour

Commonly made with Indian in}
or carbonrbased pigments




Serve as permanent reference
points in clinical procedure$

A tattoods colour is caused by pigment parti
certain spectral wavelengtiihe concentration of tattoo pigment injected into the skin can exhibit
significant variation, with experimentally recorded values spanning from 0.60 to 9.42 TAg#m
Following tattooing, a portion of the tattoo ink injected into the skin exits through the wounded
surface. Another portion of the tattoo ink injected into the skin is either actively carried by migrating
cells or removed passively by lymph or blood ves$el This transport has been reported to be
influenced by the size of the colourant partid®$mmune system cells identify tattoo pigments as
foreign materials when the pigments are injected into the skin. These cells try to phagocytose the
pigments or break them down so the pigments can be eliminated from the skin and transported into
the lymphéic systen?. However, tattoo pigment particles are often quite large, have a low chemical
reactivity (fairly inert), and are difficult to phagocytose or break; the immune system eventually
becomes compromised by encircling and isolating the pigment, which helpspta ke®m moving

around and ultimately fixes the pigment in pldteAs time passes, immune cells may persist in their
attempts to phagocytose and move the pigment particles, and some patients may have strong and
effective immune systems that finally manage to break down or transport part or all of the pigments
31 As a result, tattoo pigments can be seen in the local lymph nodes, but they can also move to other
organs, including the liver, lungs, or kidn&y32 Studies in mice have shown that Kupffer cells in

the liver capture pigment particles from tattoo solutions, as shown by particle analysis using electron

microscopy*3.

1.3 Composition of tattoo inks

In the past, tattooists used smeiixed black soot to create traditional tattoo ink, and certain inks are
still produced in this manner todd$ Commercial tattoo ink suspensions may comprise numerous
distinct chemical compounds that include vehicles (water, glycerine, and other alcoholic derivatives),
additives (surfactants, polycyclic aromatic hydrocarbons, nanoparticles, and polymers)namiig
835,36 golvents, preservatives, and a variety of other ingredients are blended with the colouring

pigment®. The composition of tattoo ink is described in Fig. 1.2.



Inorganic pigments: e.g. Titanium dioxide, iron oxide,
Pi chromium oxide, carbon black, barium sulfate. Organic
igments . K : S
pigments: e.g. Azo pigments, polycyclic aromatic pigments, lake
pigments precipitated with metal salts
Binders (prevent Polyethylene glycol, polyvinyl pyrrolidene, block copolymers
. sedimentation) (acrylates, poloxamers), sugars (traganth, gummi arabicum)
Tattoo ink |
compositions |
Solvents Water, simple alcohols, polyols
Additives Preservatives thickening agents, surfactants

Figure 1.2: The basic ingredients of tattoo inks'“.

Historically, inorganic compounds such as mercury (ll) oxide (red), cobalt (Il) aluminate (blue),
chromium (lll) oxide (green), manganese violet, titanium dioxide (white), and iron oxides (brown)
were commonly used as tattoo pigmetftsOver time, these organometallic pigments have been
gradually supplemented, and in many cases, replaced by organic pigments, which now make up the
majority of modern tattoo ink¥. To achieve specific tones or enhance brightness, metals such as
aluminium, calcium, and cadmium are often incorporated into organic pigment formuf&tiths
Nevertheless, inorganic pigments remain prevalent in micropigmentation inks used for permanent
cosmetics, including eyebrow makeup, eyeliner, and lip colour, due to their superior resistance to
light and heat, improved setting characteristics, and largeicie sizes that make removal more

challenging®® *°

1.3.1 Pigments

In chemical terms, colourants can be classified as either pigments or dyes. Although tattoo inks are
frequently referred to as dyes, this terminology should be avoided because dyes aselulazzand

cannot be used to permanently decorate the*8KTattoo inks may contain various inorganic and/or
organic pigments to achieve the desired coldliThe use of insoluble pigments ensures the stability

of a tattoo in the skin. Pigment particles are synthesised in the chemical industry sonfalirsolid

state particles, with dimensions ranging from a few micrometres to fewer than 100 nan&metres
Inorganic pigments

In tattooing, titanium dioxide (white) and other carbon derivatives (black) are the predominant

inorganic pigment§ 7. Black pigments are created via flame soot methods. One class of coloured
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inorganic pigments is based on iron oxides, which exist in yellow (Fe O[OH]), rg@sfFand black

(FesO4). Another colour category is based on heavy metals like cadmium sulphide (CdS, yellow),
mercury sulphide (HgS, red), chromium oxidexQ green), or cobalt spinel (Cofs, blue)®. Due

to the danger associated with such heavy metal compounds, their use has decreased. Two major
inorganic pigments that continue to be used are,Ti@inly for lightening colours, and carbon black,

primarily for black tattoo$§ 4%
Organic pigments

The preference for using organic pigments in tattoo inks stems from their exceptionat colour
matching strength, lightfastness, resistance to enzymatic degradation, dispersion, and modest
production costé2 Quinacridones, azo dyes, phthalocyanines, and black carbon dyes are the four
classes into which the majority of pigments beldhg® Table 1.2 presents the chemical structure

and colours of each type. Such pigments have a high light absorption, resulting in great colour
intensity and, as a result, a dazzling colour in the skin, which may be the primary reason for their use
in tattoos®. Pigments are characterised chemically as azo or polycyclic pignieatspigments

include moneazo (greenish to medium yellow, reddish yellow to orange) ararali(greenish,
reddish to orange red) compounds. Polycyclic pigments often have a condensed aromatic or
heterocyclic ring structure and can includedphthol (orang to medium red), naphthol AS (medium

red to violet) moieties*. Organometallic pigments with nickel, copper, or coBaktan include
phthalocyanines (green and blue) and quinacridone pigments (bluish red, red?4iolet)



Table 1.2: Chemical structure of different type of organic pigments® 44

Group of pigment Example Chemical structure
Azo Pigment Yellow 74 e |
’O/N o O]©
\Q\N’%N
/o (o) H
Quinacridones Pigment Violet 19 H It

Phthalocyanines Phthalocyanine Green EC'
Cl Cl
NZ*Cy---N
Cl o Cl
o NsMeN g
Cl Cl
Cl Cl
Black carbon Pigment Black 32 -

giéﬁ
e

Polycyclic pigments Naphthol AS

1.3.2 Solvents and additives

Powdered pigment must be combined with a fluid medium because tattooing with dried powder is
almost impossible. They are also nearly insoluble in many of the solvents that may be applied to
human skin?’. To minimise particle sedimentation, emulsifiers, binding agents (such as
polyvinylpyrrolidone and polythene glycol), and thixotropic additives are employed to incorporate
pigment particles into aqueous solutions. This includes a mixture of heterogeoegusnents in

which the solute particles do ndissolve buinstead become suspended in most of the solvent and
float around freely in the medium. Antifoam agents, such as polydimethylsiloxane, are utilised in the

suspension to inhibit foam production hgy agitation?.



1.3.3 Preservatives

Preservatives are commonly used into tattoo ink compositions at concentrations of up to 1.5% by
weight to prevent microbial contamination pogening “6. Preservatives such as phenol,
phenoxyethanol, benzoic acid, different isothiazolinones, and formaldehyde are found in tattoo inks.
Even when the compounds are authorised to be used according to cosmetics standards, preservative:

are seldom documented on the list of ingrediérits

1.4 Regulation of tattoo ink compaosition

Numerous tattoo pigments were originally designed for purposes other than tattooing and often lack
established safety profiles for this specific applicatfof?. Due to the diverse chemical compositions

of tattoo pigments, which influence their properties and associated risks, developing comprehensive
and effective regulatory frameworks for these substances presents a significant, but essential

challengé™.

In Australia, tattoo inks are not classified as therapeutic goods and therefore fall outside the regulatory
scope of the Therapeutic Goods Administration (TGA). Instead, regulation of the chemical
components in tattoo inks is managed by the National Industhemicals Notification and
Assessment Scheme (NICNAB)SL NICNAS generally does not regulate the importation of tattoo

ink chemicals if they are already listed on the Australian Inventory of Chemical Substances (AICS)
50, 51

Although limited data are available on the contamination or adulteration of tattoo inks, some evidence
points to issues such as incorrect labelldg A 2016 NICNAS report examining tattoo ink
composition in Australia found that several products wereaoompliant with regulatory standards,
inaccurately labelled, or unsuitable for u¥e This report has provided a foundation for risk
assessment and the development of public health management strategies Additionally, a survey
conducted among tattoo artists in central Brisbane and Melbourne revealed a general lack of
awareness regardingetthemical composition of the inks they used, as well as the potential health

risks associated with these substarifes

I n Europe, tattoo inks are regulated by>the I
According to this directive, a producer is required to place only safe items on the market, and a
comprehensive list of contents must be included on the product label, accomplished through

classification, labelling, and packagthg



1.5 Tattoo regret

Tattoo art has been practiced in many cultures for thousands of years and is now popular among
people of all ages, social classes, and jobs. ifbeeased prevalence of tattoos has led to a
corresponding increase in the rate of tattoo rerét A 2016 American study found that 23% of
tattooed individuals regretted their tattoos, up from 14% in 20 Research in Saudi Arabia, which
included 181 tattooed participants, indicated that 58% regretted their tattoo, and 42.5% tried to
remove it!3. Although most people are satisfied with their tattoos, many are obtained impulsively,
often before the age of 18, or under the influence of alcohol or recreational substaficesefore,

these people may experience emotions of humiliation, lonesedem, and stigma as a result of their
tattoos, and many may want to have them remév&dCommon reasons for regret include getting

the tattoo at a young age, changes in personality or lifestyle, pressure from family or spouse, poorly
designed or meaningless tattoos, and medical issues such as allergic reactions or irritation, which may
increase over timé3 54 %8 59 Additionally, pruritus is the most frequently reported issue associated
with tattoos in Saudi Arabie.

1.6 Tattoo removal

There is a growing demand for tattoo remé¥ahnd tattoo removal efforts can be dated back to
ancient Egypt, with a variety of methods attempted over the past c&hfTinyoughout history, many
techniques, such as surgical excision, dermabrasion, and chemical destruction, have been employed
to eliminate tattoos. Some of these old methods have caused harm to adjacent skin tissues, leading to
scars and only partial remdwat the tattoo itselt® 24 In the last 20 years, lasers have revolutionised

the process of tattoo removal and have become the prevailing treatment paradigm. Advancements in
laser techniques with a higdmergy, short pulse have improved tattoo removal treatments, making

them more fiective with fewer adverse outcom¥s*

1.6.1 Mechanical methods

For centuries, tattoo removal relied primarily on chemical and mechanical methods, much like those
practiced in ancient Rome, until more advanced techniques emerged approximately 50 y&ars ago
Salabrasion appears to be the most effective method for removing amateurfaftbisstechnique

was first documented by the Greek physician Aetius approximately 1479 yedr's Sgtabrasion
involves abrading the skin, followed by the application of salts or other chemicals to the wounded
area, which is then covered with a surgical dres&ingio decrease scarring and hypopigmentation,
this procedure is modified by removing the salt directly after salabr¥ésidowever this procedure

has fallen out of favour over the last decade and is currently rarely used due to the danger of scarring
60



Another method islermabrasion, which involves destroying the skin and the tattoo pigment within it
with a wire brush or diamond frai8& During this procedure, a rapidly spinning diamond fraise wheel

or a wire brush abrades the skin, which is normally prepped with a skin refrigerant to form a hard
surface®®. Traumatic tattoos are typically superficial, requiring only one treatment. Professional and
amateur tattoos appear to be deeper and may demand multiple tresfinémus complicated
traumatic tattoos, dermabrasion has also been utilised in conjunction with surgical eXtision
Der mabrasion removes the tattoods superficial

medically eraseff.

The third method involves a simple surgical approach for tattoo removal. Ideally, this procedure
results in a linear scar; however, tattoos are often located in areas with limited excess tissue,
necessitating staged removaBurgical excision is a viable method for eliminating small tattoos in
regions with sufficient skin laxity, as well as cosmetic or traumatic tattoos. In areas with greater skin
laxity, surgery may produce an optimalstaOne advantage of surgical excision is the potential for
complete tattoo removal in a single procedure. However, for larger tattoos, particularly in areas with
higher skin tension, successful removal may require multiple surgeries, each carrying aedncrea

risk of complication$°.

Mechanical tattoo removal methods are less 4mesuming and more affordable than thermal
techniques. However, their primary drawback is the high risk of scarring. Hypertrophic scars often
occur when tissue is extensively dissected to eliminate all takd. Additionally, residual tattoo
pigment is commonly left behind after treatm&hitOther adverse effects of these invasive methods
include postoperative pain, potential bleeding, and an increased risk of infections or other

complicationg?: 66 67

1.6.2 Thermal methods (Laser techniques)

Pigment particles are believed to remain within the dermis for two primary reasons. First, they are
phagocytised by stationary macrophages within the détn8gcond, their size often exceeds the
capacity for phagocytosis or transport through lymphatic collectors, causing them to remain in place
8 Consequently, any method that reduces particle size can decrease the amount of pigment retained
in the skin. A key factor in particle size reduction is the lglkiuced degradation of pigment

molecules, which occurs continuously when tattooed skin issexpto light 45

A significantly safer and more effective method for tattoo removal emerged in 1966 when Goldman
et al. (1965) documented the first use of a laser for tattoo renfé&vEhree years later, a case series

using a qualityswitched (QS) Ruby laser was published, marking a pivotal advancement in the field
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26 Since then, laser treatment has become the gold standard for tattoo removal. Historically, QS lasers
were the primary choice for this procedure. The first commercially available QS laser was the Ruby
laser, followed by the QS neodymittioped yttrium alumimm garnet (Nd:YAG) and QS
Alexandrite lasers. These three lasers remain widely used by practitioners today. However,
picosecond lasers are increasingly popular and are marketed as offering higher efficacy compared to
QS lasers?®. Key factors influencing the effectiveness of laser tattoo removal include skin
pigmentation, pulse duration, spot size, and fluénéelditionally, different laser wavelengths are

more effective for targeting specific pigment colours (Table 1.3), a topic explored in greater detail in
Section 1.7.3.

Table 1.3: Efficacy of Q-switched lasers for specific tattoo colours®¢®,

Q-switched laser Wavelength (nm) Tattoo  colours  most
effectively removed

Nd: YAG 1064 Black, blue

Nd: YAG 532 Red, orange, yellow, brow
Alexandrite 755 Black, blue, green

Ruby 694 Black, blue, green

The principle underlying laser tattoo removal is the theory of selective photothermolysis. First
introduced by Anderson and Parrish (1983), this concept forms the foundation for using lasers to
target specific materials in the skin, such as melanin, piggermter, and oxyhemoglobin, while
minimizing damage to surrounding tissiésThese materials, known as chromophores, effectively
absorb laser energy at specific wavelengths, with different chromophores exhibiting peak absorption
at varying wavelength®.

When a chromophore absorbs a photon of a particular wavelength, a chemical reaction occurs,
generating heat that disperses through the surrounding tissue. This heat leads to rapid thermal
expansion, fragmenting the target material into smaller partidtes, accompanied by shock waves

(Fig. 1.3)*% "L Additionally, this process may cause molecular decomposition, producing potentially
harmful by-products such as hydrogen cyanide and aromatic arfiriés
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Figure 1.3: General principle of laser tattoo removal’

The thermal relaxation time (TRT) of a chromophore refers to the time required for it to dissipate
50% of the heat absorbed during laser treatnt®nt® According to the theory of selective
photothermolysis, a chromophore can be effectively destroyed without harming surrounding tissues
if it is heated for a duration shorter than its TRT* Notably, TRT is directly proportional to the

size of the chromophore, the larger the chromophore, the longer its TRT, and vice versa. In practice,
the TRT of a chromophore is calculated as the square of its diameter in millimetres. For example, a
chromoghore with a diameter of 0.1 micrometres (10 mm) has a TRT of a |
nanoseconds (1seconds}: 19 26. 70

Beyond the thermal effects, photon absorption by chromophores also generates pressure forces, which
form the basis of inertial confinement time (ICT). Similar to TRT, ICT represents the time threshold
within which mechanical stress is applied to destrpgréicle®®. When a chromophore is struck with
sufficient energy in a period shorter than its ICT, the resulting mechanical disruption is known as the
photoacoustic effec®. As a result, shorter pulse durations than the TRT of the targeted region are
significant in cosmetic laser pigmentation treatment prototblsiowever, a laser with a pulse
duration range still requires several treatments to fully destroy the tattoo ink into smaller particle
sizes. Many tattoo pigments are estimated to have a TRT in the picosecond ramgejcestudies

have shown that their particle sizes typically range from 40 to 30&'nAccording to the TRT
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formula, the TRTs of carbon particles with diameters of 40, 100, 200, and 300 nm are 19.12, 119.5,
478, and 1,060 ps, respectivéty

Picosecond laser pulses are considered more effective for targeting tattoo particles, as they deliver
thermal energy more precisely and produce stronger photothermal and photomechanical effects
compared to conventional nanosecalwinain lasers. Tattoo fragmentation is caused by
photoacoustic impacts rather than photothermal effects with shorter picosecond pulse ddrations
terms of side effects after laser irradiation, such as tattoo darkening, applying a picosecond laser
creates less heating, allowing additional darkening to be prevented and othesldiedtadverse

effects to be minimised.

The picosecond laser may also provide better mechanical breakdown of pigment particles (breaking

up particles into smaller fragments that are more easily phagocyt8skti}Soo Choiet al.(2018)

1 uysed Hartley guinea pigs to study the impacts of picosecond laser on multicoloured tattoo treatment

11 Their study clearly showed that the 53® wavelength laser with a picosecond pulse duration

was the most useful in erasing orange and yellow tattoos (Fig. 1.4). Picosecond lasers showed less
epidermal injury and faster healing than 532 nm nanosecogis ta's.

Post Week 3 Post Week 3

532nm
: Nano
755nm

: Pico

1064nm

: Nano

1064nm

: Pico

Figure 1.4: Clinical photos of alteration in orange and yellow pigments over timé?:.

532nm
: Pico
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1.7 Factors that affect tattoo pigment degradation by laser

Understanding the variables involved in tattoo removal is essential to evaluate the laser response rate.
Three key factors should be considered: the type of laser used, the type of skin, argpéaifao
parameters such as the style, depth, and sitedéttoo (Table 1.47.

Table 1.4: Summary of the primary variables and factors that influence pigment degradatiori®.

Main variable Characteristics

Tattoo Type of tattoo, aged, depth, volume surface area, colot
tattoo, size, and morphology of particles.

Laser Type of QS laser, wavelength, spot size, fluence, pulse dur:

Host Factors Age and type of skin.

1.7.1 Particle size

Tattoo ink particle size is a critical factor in laser tattoo removal, because it influences the absorption
of laser energy and the subsequent breakdown of pigments. According to the principle of selective
photothermolysis, lasers with pulse durationshi@ hanosecond range or shorter are required for
effective removal of tattoo particles, which typically range from 30 to 300 nm if®si2e&Short TRT

of around 10 ns are characteristic of such particle &tz€s

Research using transmission electron microscopy (TEM) has provided a broader perspective on
pigment size$%. One study analysed boih vitro andin vivo human tattoo biopsies, revealing that
tattoo pigments can range from as small as 10 nm to as large as 5000Spacifically, black

pigments were identified within intracellular lysosonesivo, wi t h si Z2€s O 100 n

Building on this, Hagsbergt al.(2011) classified tattoo pigments based on their colour and®size
Their analysis of singkpigment inks revealed that black pigments were the smallest, while white
pigments, typically composed @fi Qwere the largest (Fig. 1.5J.oloured pigments such as blue
(PB15), red (PR170), and yellow (PY74) fell in between, with average sizes of 81 riri421fin,

and 154 nm, respectively. In contrast, white pigments had mean diameters ranging from 317 to 738

nm 3¢,
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Figure 1.5: Laser diffraction particle size characteristics of six tattoo inks®.

The study further explored how pigment aggr ec
distribution®®, As shown in Fig. 1.6, TiO not only i
bulk aggregation. This was especially evident in inks combining multiple pigments. For example, a
yell ow ink containing PY65, P GgJgregatesnidits Uinfill®ed e x h
form. When filtered through syringe filters with a 200 nm pore size, these aggregates were
significantly reduced. Inks with single pigments were typically analysed without filtration, while

combination inks, particularly thosesw h Ti O , were evaluatéd both

Mor eover, the presence of Ti O may alter how
studies®® 77 like those by Hagsbergt al. (2011), examined pigment aggregation across 58 tattoo
inks, they did not fully assess how different

degradation process under | aser exposuree Giyv

deserves further investigation.

The effectiveness of laser tattoo removal is also highly dependent on both pigment size and colour.
A study hypothesised that black ink responds more effectivelyswi@hed lasers due to its high
absorption and smaller particle siZe Conversely, white ink, with its larger particles and lower
absorption capacity, shows poor responsiveness. These findings underscore the importance of

understanding pigment characteristics for optimising {aased removal techniqués
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Figure 1.6: Filtering a yellow ink to remove aggregates from TiQ in a sample of lemoryellow ink 6,

1.7.2 Morphology of particles

Carbon black, commonly used in black tattoo inks, is an inorganic pigment known for its diverse and
complex morphologied®. Depending on the manufacturing process, carbon black particles can
exhibit four main shapes: linear, spheroidal, ellipsoidal, and branching struttutescontrast,
coloured tattoo inks typically contain organic pigments, such as azo and polycyclic compounds,
which are generally more amorphous than ideal crystalline structures. However, these organic

pigments often undergo various psghthesis treatrmgs to enhance or modify their crystallinfty

80

Despite these treatments, it is nearly impossible to determine the exact crystallinity state of pigment
particles at the time of tattoo application. Once deposited into the dermis, the pigments may undergo
further change®’. For example, different phagocytic processes in the skin can lead to aggregation of
the initially dispersed particles. Consequently, both black and coloured tattoo pigments in the skin

can display a wide range of particle sizes and shpes

These morphological variations have significant implications fordfés&ue interactions. Differences

in particle structure and aggregation can influence how pigments absorb and respond to laser energy,
potentially leading to varied fragmentation meckars and treatment efficacy. This variability
underscores a critical gap in current knowledge and highlights the need for further investigation into

the influence of pigment crystallinity and morphology on laser tattoo removal outcomes.
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1.7.3 Wavelength range

Selecting the appropriate laser wavelength is crucial, as different tattoo pigment chromophores absorb
light at specific wavelength® For effective treatment, the chosen wavelength must match the
absorption peak of the pigmefit For example, black and dark blue pigments strongly absorb 694
nm light wavelength, making the-fitched ruby laser particularly effective for treating these

colours. However, other pigment colours absorb this wavelength to a lessef .extent

In addition to pigment absorption, the penetration of light into the skin is influenced by wavelength
(Fig. 1.7)8L. When optical radiation enters turbid media such as skin, scattering occurs, which
complicates light transmissid& However, as the wavelength increases, photons are scattered less,
resulting in greater penetration degth For example, ultraviolet (UVB) radiation (~300 nm)

penetrates only a few tenths of a millimetre, while infrared light (e.g., Nd:YAG at 1064 nm) can reach
several millimetre$®. However, this trend reverses beyond approximately 1100 nm, where increased
absorption by water in the skin reduces penetration dégthThe balance between absorption and

penetration depth must be considered when selecting a laser for different tattoo colours and depths.

Ultraviolet Visible Infrared
Radiation Radiation Radiation
(<400nm)  (~400-700nm) (>700nm)

Tattoo particles
embedded in the
dermis

Hair Follicle

Dermis (~3mm)

O%ga% &O%OOC@OO(%OWOOOQOO%)OCSD

Figure 1.7: Skin crosssection showing the relative penetration levels of various wavelength areas of
electromagnetic radiation Reproduced with permission from?&.
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The QS Nd:YAG laser is versatile, emitting both 1064 nm infrared and 532 nm green light using a
potassium titanyl phosphate (KTP) crystal. This dualelength capability allows it to treat a wide
range of ink colours: the 1064 nm wavelength is aseitedfor black and blue inks, while the 532

nm wavelength effectively removes red, orange, and yellow pigments (Fig* 1M panwhile, the

QS 755 nm alexandrite laser is particularly effective for green inks, and the QS 694 nm ruby laser

remains the best option for purple pigmelts
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Figure 1.8: The wavelengthdependent absorption of different pigments. The symbols inside the picture indicate
the wavelength of Qswitched lasers used for tattoo removalFigure is adapted from?*4).
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Comparative studies of the 694 nm ruby, 755 nm alexandrite, and 1064 nm Nd:YAG lasers for
treating blueblack tattoos have shown that while the ruby laser clears pigment effectively, it is more
frequently associated with lofigrm pigmentary changes, suchs hypopigmentation or

hyperpigmentation, especially in darker skin types

Importantly, light with longer wavelengths also interacts less with epidermal melanin. This reduces
the risk of unwanted pigmentary side effects and enhances laser safety in individuals with darker skin
4. As summarised in Table 1.5, the clarity and safety of tattoo removal largely depend on choosing a

| aser wavel ength that bot h mat ches t he pi gm

interactions.

Table 1.5: Summary of the condition used to remove tattoo ink by laser with different colours

Chemical class Pigment Optimal Q- Number of Percentage Reference
colour  wavelength Switched treatments of
(nm) Laser clearance
Carbon black  Black 1064 Nd: YAG 34 75-95% 84
Phthalocyanine Green 694, 755, Ruby and 4-8 90% &
532 Alexandrite
phthalocyanine Blue 694, 755, Nd: YAG 36 75100%  ©°°
1064
Az0 Red 532 Nd: YAG 6 >90% 86, 87
Azo Yellow 532 Nd: YAG 24 >75% 88
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It should be noted that additional laser parameters can affect tattoo removal efficiency in addition to

wavelength. Table 1.6 below indicates how other laser parameters might affect tattoo removal

efficiency26: 89 90

Table 1.6: Summary of the parameters of laser device that should be taken into consideration for tattoo removal
methods?®: 8% 90

Parameter Definition High application Low application

Pulse width The length of time A pulse width higher In accordance with
that each pulse of  than TRT is not the TRT idea and th:
the laser is employe' practicable to size of the tattoo
directly to the skin. achieve tattoo particle, a maximum
This factor removal. of a nanosecond
distinguishes @ pulse is required to
switched from achieve the best
picosecond lasers. results.

Fluence Referred to as the  High fluence is used Low fluence is
il ocal do whenthe target applied to tattoos
laser device, it is the chromophore that have layered
energy per unit area amount is low. designs or strong
(I/cn?). colour.

Spot size The laser beam Greater photon When a small spot

diameter, measured
in millimetres, is
known as spot size.

preservation due to
increased spot size,
increases skin
penetration and
reduces epidermal
damage.

size is used, photon:
are more likely to be
scattered, resulting
in less laser
penetration and an
increased danger of
epidermal damage
(as the action of the
energy will tend to
be more superficial)

Repetition rate

The repetition rate
(RR) is the rate at
which pulses are
fired in one second;
1 Hz corresponds
one pulse fired even
second.

In broad and flat
lesions, a high RR i<
frequently employed
to decrease the
course of treatment.

Low RR is
employed when higfr
precision is required
such as when the
lesions are discrete,
tiny, or placed on an
uneven surface.
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1.7.4 Age of tattoo

Following tattooing, pigment particles are randomly dispersed within the dermis at depths ranging
from 0.2 to 3 mnt° The exact position of these particles within the skin depends largely on the age

of the tattoo. In relatively new tattoos excess pigment may still be present in the epidermis within the
first one to two weeks. However, as keratinisation and epidermaheegtion occur, this superficial

pigment is typically eliminated through sloughing at the damaged epidermal dermal jdhction

Following this initial phase, the remaining pigment becomes embedded in various layers of the
der mi s. The bodyds i mmune response 1is trigge
pigment particles, transporting some to nearby lymph néde3ver time, this ongoing immune

activity contributes to gradual pigment fadittg

The age of the tattoo is a critical factor in determining the number of laser treatments required for
removal. Older tattoos tend to have already undergone years of immune system processing, which
reduces the amount of residual ink. The natural degradaitisigment molecular structure over time

may also make older inks easier to fragment with laser treatmentrast, newer tattoos contain a
higher concentration of intact pigment, making removal more difficult and requiring more sessions.
Additionally, a tattoo must fully heal through all skin layers, typically over three to six months, before
laser treatment is advisaldteé®. Initiating treatment too soon increases the risk of poor outcomes and

side effects such as scarring or pigment chafides

Environmental exposure, particularly to UV light, also plays a role in tattoo fading. Tattoos located
on sunexposed areas of the body may undergo pigment degradation over time, even without laser
treatment®. UV radiation, with wavelengths between 280 and 400 nm, is efficiently absorbed by

most tattoo pigments, leading to slow, lelegm colour fading following repeated sun expostre

1.7.5 Skin colour

Laser tattoo removal depends heavily on the interaction between laser light and skin chromophores,
primarily melanin and oxyhemoglobin Among these, melanin is the dominant chromophore in the
epidermis and plays a critical role in determining treatment effectiveness, especially across different

skin tones.

Skin tone significantly influences las&ttoo removal outcomesdndividuals with lighter skin
contain less melanin, allowing the laser to focus more directly on tattoo pigments. This typically
results in faster and more effective removal with fewer treatment sessions. In contrast, those with
darker skin have higher melanin content, higher, whichpetes with tattoo ink for laser absorption.

As a result, lasers may inadvertently target melanin, increasing the risk of pigmentary complications
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such as hypopigmentation or hyperpigmentattariTo minimise these risks, lower laser fluence and

adjusted parameters are used, which usually necessitate more sessions to achieve full ink-clearance
S Despite these challenges, tattoo removal can still be successfully achieved in darker skin types
with careful laser selection and precise technique to avoid damage to surrounding tissue and reduce

the risk of dyspigmentatich >,

This relationship between melanin and | aser
absorption spectrum, which spans wavelengths from 250 to 1200Tinis wide range enables most
visible-light and neainfrared lasers to effectively target pigmé&he However, in darker skin tones,

the high concentration of melanin in the basal layer increases the risk-spacific thermal injury,

leading to adverse effects such as focal atrophy, permanent dyspigmentation, textural changes, and
scarring®. Competitive absorption by epidermal melanin also reduces the amount of laser energy
reaching deeper dermal layers where tattoo pigments reside. This decreases treatment efficacy and

increases the potential for complications if laser settings are notrlyrapgustec®? *°

Al t hough darker skin absorbs more | aser energ
coefficient decreases with increasing laser wavelergth For example, the epidermis absorbs
approximately four times more energy from a 694 nm ruby laser than from a 1064 nm Nd:YAG laser
under the same exposure settifg making longer wavelengths safer for darker skin tyjes.
alexandrite laser (755 nm) and QS Nd:YAG laser (1064 nm) are considered safer alternatives for
these individuals, as melanin absorbs these wavelengths less effiGiently

In addition to skin tone, pigment colour plays a crucial role in wavelength selection. The QS 694 nm
ruby laser is highly effective for removing black and blue tattoo pigments, while the 532 nm green
light is best suited for targeting red, orange, ancyepigment$*. However, both wavelengths are
strongly absorbed by epidermal melanin, making them less suitable for darker skin types due to the
increased risk of lonterm dyspigmentation and other adverse efféctBy comparison, the longer
wavelengths of 755 nm and 1064 nm not only provide better safety in melanized skin, but also

maintain sufficient energy for pigment targetitig

Even when targeting tattoo pigments, melanin magtgorbpart of the laser energy, reducing the
light intensity that reaches the ink particles. This interaction must be considered carefully, especially
in darker skin types, to ensure effective pigment fragmentation while minimising damage to

surrounding skin stictures.
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1.8 The difficulty and hazards of removing particular colours of tattoo ink

1.8.1 Titanium dioxide

TiO2 is referred to as pigment white 6, has a C.I. of 77891, and is found in D¥&Sto] tattoo inks

97 It is commonly used in the range from%8o 95% to make blue inks and to change the brightness

of other pigment&, In nature, the minerals anatase, rutile, and brookite are all examples of titanium
dioxide, and the crystalline structures for Ti@e tetragonal, brookite orthorhombic, respectively,

with rutile being the most stable phase and the others being met&8ta®@, works well as an
opacifier in paints, plastics, coatings, papers, inks, pharmaceuticals, sunscreens, toothpastes, and
cosmeticsThe opacity is controlled by optimisingthe B@Os par ti cl e si ze, whi

few nanometres to several micromeftes

Under UV irradiation, the anatase form of titanium dioxide particularly displays photocatalytic
activity 1°° creating radical specie§iO.0 S chemi c al characteristics
between 280 and 400 nMiO; allows light transmission, with negligible absorption at wavelengths
greater than 400 nrilowever, due to the high intensity of the nanosecond pulses commonly used in
laser therapy, even a small relative absorption of other wavelengths is sufficient to notice a darkening
response based on a bi€@duction in the compoundt is unknown whether the quantity of TiO
influences the degree darkening®®. Tattoos with a high Ti@content, such as (8007) white (98.55

% TiOz), might darken faster than those with a lowerzlé@ntent, although this can only be verified
through experimentatio?f. A better understanding of the identity, shape, and particle size of the

darkening material produced after being exposed to laser light is required.

Titanium dioxide was classed as 2B by the International Agency for Research on Cancer in 2010,
indicating that it may be harmful to humafs TiO2nanoparticles have also been studied in a number

of genotoxicity investigations involvinQNA that has been oxidatively damaged in cell cultures and
animal models, as well as comet test endpdifitsTiO, has the potential to produce DNA strand
breaks in a concentratiadependent manner unaffected by exposure Wrstandard comet test was
shown to be capable of distinguishing between the genotoxicity of various formspiittQanatase

form having the highest genotoxic potentf&l After being exposed to titanium dioxide, cell culture

experiments show elevated amounts of oxidatively damaged $NA

While many nanoparticles interact with cells without causing acute toxic responses, metal oxide
nanoparticles such as Ti(hanoparticles have been shown to be associated with autophagy
dysfunction with toxic consequenc¥$. In addition, Viviana et al. (2016) investigated the impacts

of TiO2 nanoparticles (18 nm) on autophagy in human keratinocytes (HaCaT) cells@ttotmxic

levels% They found that Ti@nanoparticles caused aiP%% loss of cell viability, above the 1SO
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noncytotoxic threshold of 7@0. Under norcytotoxic conditions, Ti@nanoparticles uptake resulted
in a dosedependent increase in autophagic eft€ttThe mitochondria were also revealed to be the
primary target of tattoo ink toxicity in HaCaT celfS, and this may be due to the existence of;TiO

nanoparticles, as previously observed with HaCaT g&lls

In a study conducted by Hering (2022), the interaction of UV light and laser light with tattoo pigments
and the consequent effects on human skin cells were investigated in order to gain a better
understanding of the phoetoduced side effects reported iattbos ?L. Electron microscopy
demonstrated dermal fibroblast absorption of the tattoo pigments employed, includiran@i@se

and rutile, pigment orange 13, and carbon black, @i@tase dramatically lowered cell survival and
elevated interleuki8 release in 2D monolayer cultured fibroblasts. This study also raised issues
about TiQ anatase and azo pigments like PO13 and their application in tattod.inks

TiO2 has been found to make the tattoo removal more diffféuit® In most clinics, laser removal

of pigments based on Tids not achievabfé 1% TiO, acts strangely, changing colour after the
treatment from white to filthy green, dark grey, blue, and even pale purple, or does not respond to
laser light at all. Repeated laser removal treatment of titarizontaining tattoo ink generally results

in skin scarring or the tattoo becoming weakdn a study conducted by Kim et al. (2006), several
tattoo ink colours were analysed using quantitative energy dispersive spectrometry (EDS) to
determine how they reacted to the-MAG laser in animal studie¥®. According to this study,
titanium is a key ingredient in blue tattoo ink that causes resistance to Nd:YAG laser tréatment

The mechanisms behind how tattoos darken after laser therapy remain dficl@are possible
explanation is the lasénduced reduction of metallic compounds such as TaOnd in some tattoo

inks ®.When tattooed skin is exposed to laser light, it experiences reduction and changes from white
to black. This transformation is frequently unattractive from an aesthetic stantfioinhen a @
switched ruby laser was used to remove tattoos with pigment, a black colour was obser/éd

The reduction of white and other titanitcontaining inks is suggested to be the mechanism.-High
intensity laser irradiation has been found to caus@Vlto be reduced to Tlll), causing the blue
colour. By exposing a titanianriched sunscreen to radiation, this study also showed how the colour
changed?”.

Currently, there is no research confirming how 2Ji® laser tattoo removal behaves in rbf
environments, including both living organisnrs\{ivo) and controlled test settinga {itro). Existing

studies are limited to laboratory experiments and do not reflect environmental or biological
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conditions. Therefore, further research is required to understand the role@f Th® poor response

to laser treatment and to determine whether this metal is the underlying cause.

Little is known about how the density of ink nanopatrticles affects laser tattoo removal. One research
paper reported ink raggregation and ejection at high speed; however, no analytical data were
presented to support these claiths Reaggregation would make it potentially difficult to remove
tattoos, and this may have ramifications for the treated individnalerstanding the removal process
requires collecting data on morphological changes in treated inks, as they likely play a key role.

Thus far, there has been a lack of research on the degradation products created by tattoo laser
treatment. Due to the large number of patients treated with these laser systems, it is necessary and
important to investigate the degradation products formewh fihe tattoo pigments based on TiO
treated with high laser intensities.

1.8.2 Yellow pigments

Organic yellow pigments can be classified as monoazo and diazo pigifeAtsiumber of studies

have assessed commonly used different pigments in tattoo inks, with yellow pigments found in
dermatome shave samples taken from 104 individuals who had adverse responses télt@hoos

74 had the highest frequency (5%) among yellow pigments that were identified in all biopsies N =
1041 In addition, Hauri (2011) reported that the frequency of PY74 in the samples was 7%, which
was the highest proportion among yellow pigmEidt$lowever, the frequencies of PY 65 and PY 14
were 2.1 and 0.5 percent, respectiviély

Unregulated organic pigments include those that contain carcinogenic aromatic amines as a structural
component (PY 74, PY 65, PY 14, PO13). These pigments frequently fail when examined under the
authorized azalyes standard EN 14362 due to their inabtiitydissolveThis is a concern, because
carcinogenic amines are sometimes produced when tattoo inks are exposed to UV light or laser
treatment!'2 There is considerable cause to be concerned that these pigments may emit toxic

compounds when exposed to light or when tattoos are erased using laser rédiation

Fading of a tattoobdbs colour is the most I mp o |
development of the laser techniques such as alexandrite picosecond has resulted in the more efficient
removal of green and blue pigmen@n the other hand, yellow pigments have no proven and final
therapy,as they do not absorb existing laser wavelengths effectively and are therefore more difficult
to remove®®, Yellow pigments, which are commonly composed of cadmium sulphide, ochre, PY74,
chrome yellow, or curcuma yellow, are now treated using a QS frequency doubled Nd:YAG laser
with a nanosecond pulse duration, although clearing remains challenging and ¥nkvaddition,
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invitroi nvestigations have shown that the wavel en
match the current wavelengths available in QS laser systems (440 aB370n)% 113 varma
(2002) also reported that yellow tattoo ink has been found to darken in two out of every 31 tattoos

114 However, this hue change did not occur following the initial thet&py*>

Yellow ink has traditionally been hard to remove using QS laser instrument; thus, using picosecond

lasers for effective therapy of yellow ink is of particular intéfe€t For example, six patients with

yellow tattoo inks had >75% removal after one to four laser treatments using picosecond frequency
doubled 532 nm Nd:YAG®. Sci enti sts suspected that picose
effects were more important for ink breakdown than the direct photothermal impact on the targeted

yellow chromophoré®,

1.8.2.1Photodegradationand metabolismof yellow pigments

A previous study investigated the effect of UV light on pigment yelloWf7&he authors used a 6.5

kW xenon arc lamp with the emission filtered through WG320 glass filters (0.6 mm; Schott Glass
Technologies, Puryea, PA) to achieve a spectrum with UV light content consistent with sunlight (UV
A. UV- B, -2I: I). This study foundHat the three maiphotodecomposition products wemg(2-
methoxyphenyh3-oxobutanamidectacetoacetanisidide) -@ydroxyimine}N-(2-methoxyphenyh
3-oxobutanamide,Nnjbis(2-methoxyphenyl)uréd®. In addition, Cui et al. (2005) investigated PY7
metabolism and discovered that PY74 was metabolised by the cytochrome P450 (CYP450) enzymes
CYP1A1 and CYP1A3'" They also observed that the enzymes CYP1B1 and CYP3A4 metabolised
PY74, although not as much as the other two, showing a lesser effidley. was also discovered

to be metabolised in two stagé®/74 is hydroxylated first, and therdemethylated, as shown in
(Fig. 19) 7,

In another study, pigments (PY16, PY3, PY12, and PY100) were exposed to artificial light and
analysed using pyrolysis GKIS to investigate their photochemical degradatiSnArtificial ageing

was performed using a Ci4000 Xenon weatbraeter (Atlas, USA) equipped with a 6500 W water
cooled Xenon lamp, under conditions of 0.35 W/m?2 irradiance at 340 nm with 100% light exposure,
reaching a total radiant exposure of 510 kJiim3- 118 Colorimetric analysis showed significant
changes in the yellow pigments (PY3, PY12, and PY100), including a reduction in the
yellowness/blueness value, indicating a decrease in the yellow component, and darkening, evidenced
by a decline in the lightnessfikness value. Pyrograms of both unaged and aged samples revealed
peaks for benzene, isocyanato, and aniline, with the aniline peak increasing after ageing due to greater
availability of this pigment component for pyrolysis. This increase was attributbe breaking of

the amide bond during photoaging, leading to structural changes and associated colour attérations
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Investigating laser irradiation, one study reported the photodecomposition products of irradiated
pigment yellow!*®. In this investigation, poghortem tattooed pig skin and the breakdown products

of the pigment yellow138 in aqueous solutions were both exanXiyézhe, benzene, and chlorinated
benzenes like hexachlorobenzene were the main products of laser irradiation of PY138 in post

mortem tattooed pig skilt®.
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Figure 1.9: Metabolism of PY74(Reproduced with permission from?!?).

Prior research has not clearly determined which fragments result from using laser to irradiate PY74,
PY14 and PY65. In practice, laser treatment has not successfully removed yellow pigments, meaning
that clearance of yellow pigment remains a challengecaiksbe seen from the limited number of
studies reported above, further research is required to understand how fragments vary in shape and

size when yellow pigments and Ti@re irradiated by QS laser.

1.9 Health concerns due to tattoo ink components

1.9.1 Tattoosin vivoand in vitro

Unlike pharmaceuticals or implants injected into the human Bddiattoo inks often lack stringent
safety regulations. The specific compositions of these inks vary based on the practices of individual
manufacturers®®. Additionally, the pigments used in tattoo inks are typically not developed
exclusively for tattooing; instead, they were originally intended for industrial applications such as

paints, plastics, coatings, or textiles, which generally adhere to lowéy stamdards’ 121

Several studies have been conducted in recent years to examine tattoo inks and their degradation
products inin-vitro and in-vivo skin specimens. Chemicals within tattoo pigments and their
breakdown products may present health conc&riBhese will depend on the composition of the

tattoo inks and the concentration of pigments that used during tattooing.
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Tattoo ink particles exhibit a wide size distribution, ranging from as small as 5 nm to ovet’l pum
hence, inks comprise nanoparticles and microparticles. Because of their high-suvialcene ratio,
nanoparticles can pass through membranes, be carried in the blood, and enter tissue cells, leading tc
oxidative stress, inflammation, and de¥thin the production process, carbon black particles initially

range in size from 15 to 300 nm, but rapidly agglomerate into irreversible agglomerate30qfith
37

The injection of foreign chemicals into the skin during tattooing may cause a toxic or immunological
reaction. The timeframe of these hypersensitivity reactions can range from immediately after the
tattoo application to several years later, and they canahseed by further tattooimty > For
example,a 40yearold man had Candida endophthalmitié and a case of zygomycosis was
identified following tattooing?® 125 Another patient also experienced an allergic response to three
tattoo inks containing pigment yellow 65 a few weeks after tattooing, which affected the entire
tattooed area?®. Aside from the conventional types of responses in tattoo intolerance or allergy,
incidences of morphelgke lesions and significant pseudoepitheliomatous hyperplastic lesions have
been documented’.

While clinical case reports highlight a range of adverse reactions following tattoouiigo studies

have also been conducted to further investigate the cytotoxic and sensitisation potential of various
tattoo inks under controlled laboratory conditions. The effect of 16 distinct colours of tattoo inks on
mitochondrial metabolic activity was inw@gated using 3D recreated human skin (RH8) This
investigation found that red tattoo ink significantly reduced metabolic activity of RHS to
89.9% N 0.8%, i ndi cat'® Ampthes stugly Selécted five tattoa igks rt o X |
evaluation using the RHS model to assess their propensity for skin irritation and senstfisatios

work demonstrated that two inks, red and black, elicited a significant release of intefl8u(Kia

18) into the culture supernatant of RHS compared with the other three tattoo inks, suggesting that
these inks may possess sensitisation potentialddiition, tattoo ink was added to the culture media

to simulate intradermal exposure. This research found that that tattoo inks cause inflamrm&8ory IL

to release from HaCaT cef€ These data show that inks may cause skin sensitisation, inflammation,

and allergic reaction's®.

1.9.2 Laser tattoo removalin vivo and in vitro

Even when the inksd composition is understood,
of potentially dangerous particles, from both the carrier and the pigment (i.e. the two components of
a tattoo ink).One significant, yet often overlooked hazard in laser treatment of tattoo inks is the

formation of potentially harmful degradation produtcts
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Studies have shown that laser or sun exposure can degrade tattoo pigments in the skin, potentially
raising health concerns about hazardougtwgucts®®: 4% Breakdown products, including toxic and
carcinogenic substances like benzene, benzonitrile, hydrogen cyanide, and aniline, can form as
pigments fragment into smaller particRs*® The quantity of these degradation products is related

to the amount of degraded pigment. Pigment movement within the skin typically stabilises by the

time of removal, allowing for the isolation and evaluation of pigments years after tatt&oing

Several studies have investigated the photodegradation of azo pigments under laser light and natural
or simulated sunlight, with findings indicating that light exposure can selectively break azo bonds,
resulting in the formation of potentially harmful aratic amines and other toxic substances present

in tattoo inkst®,

Butterfield (2022 summarises the photochemical degradation of numerous azo pigments used in
tattoo ink®”: 132 |t is widely recognised that red pigments produce several allergic responses, even
when not exposed to laser irradiati@ardinal red and pigment red 48 monoazo pigments with

azo groups that cleave following light absorption, either by thermal energy or in an electrically excited
state. Raising the temperature of azo dyes over 28C r esul t s i n t-he f ¢
dichlorobenzidine, a confirmed carcinogen of human lymphoc$tetn such materials, laser

irradiation should induce a higher localised temperature than 280 °C

In addition to the risks posed by azased red pigments, other commonly used tattoo ink components
such as carbon black and titanium dioxide G)iave also been implicated in toxicological effects,
particularly through mechanisms involving reactive oxygen species (ROS) and photocatalytic activity
’T_The formation of ROS is thought to be a cause of carbon black tattoo to%iBIQS are extremely
reactive chemicals created from.@hese molecules have unpaired electrons, which allows them to
undergo oxidative processes that can harm DNA, proteins, and cell membiddigienally, the
photocatalytic activity of Ti@can lead to oxidative damage and DNA strand breaks, rendering it
genotoxic when exposed to sunligfit In tattoo inks, the white rutile form of Tids commonly
recommended. Given its prevalence in most modern tattoo inks and its photocatalytic properties,
TiO: likely plays a role in various phototoxic reactions associated with tattoos

Some immediate effects of laser tattoo removal repartedvo are pain, blisters, crusting, and
pinpoint bleeding. These effects are reported more frequently in darker skins and require a high
fluence. An acute allergic response in the form of urticarial lesion has been reottfe@ine most
common consequence is pigmentary changes, either hypopigmentation or hyperpigmentation, which
appear 46 weeks following laser therap$. Kirby et al.(2010) found hypopigmentation in 8% and
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hyperpigmentation in 22% of individuals with darker skins following laser tattoo rertovalfter
laser tattoo removal of permanent eyeliner, leukotrichia with permanent whitening of the eyelashes

was reported33 134

Beyond these common and immediate skin reactions, laser tattoo removal has also been associatec
with a variety of delayed, pigmespecific, and systemic responses. Wong and Cheung undertook a
case report about a 4&arold female patient who had a mapgmverse response to both her treated

and untreated tattoos after two picosecond laser therdpiescal allergic responses, particularly in
response to the red and yellow pigments, might manifest as pruritic papules, nodules, or scaly plaques.
Systemic effects have rarely been documented as a result of laser therapy for tattoos. Photoallergic
reactionsmay arise from red or yellow ink, manifesting immediately or after months or years

following tattoo removat® 3

In in vitro investigations, pig skin has been tattooed with the yellow quinaphthalone PY138 and PO13
followed by laser treatments of this skin, which led to the formation of hexachlorobenzene, phenyl

i socyanat e, -dichleabensdne, ,and 3anilBédf. The chronic carcinogenic laser
degradation products were tested for cytotoxicity and genotoxicity using human keratinocyte
(HaCaT) and fibroblast (BJ) cell lines, assessed via lactate dehydrogenase (LDH) release and LDH
contentin the remainingadherent cell layer. The resulshowed that3 ,-dcNjorobenzidine
suppressed growth and dramatically elevated LDH release beginning at 10 uM after 24%htiurs

also induced DNA double strand breaks in cell lif€sAnother research project reported that laser
irradiation of copper phthalocyanine created hydrogen cyanide, particularly relevant given its high

toxicity to human HaCaT cells and observed significant impact on'ATP

1.10Chemical profiling of tattoo inks and their degradation products

A variety of chromatographic and spectroscopic methods, includinddlSCHPLC, IR, U\AVis,
NMR, and Raman spectroscopy, have been used to examine the chemical composition of tattoo inks

and their constituent compountfs3814L,

1.10.1 Spectroscopic techniques

Spectroscopic techniques are essential tools for chemical structural identification, providing detailed
molecular insights widely applied in the analysis of pigméft§**. The analytical profiling of
pigments used in tattoo inks plays a crucial role in ensuring product quality and safety. Recent
research has demonstrated that when combined with chemometric technicqiés &hd FFIR
spectroscopy can effectively estimaigrpent content in tattoo ink8%. This approach enabled the
identification of components and impurities in pigments such as PR170, PR 254, and PBA4S. UV
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spectroscopy proved valuable for monitoring pigment concentration and structural variations, while
FT-IR provided insight into functional groups and characteristic fingerprint regions of the sfiectra
Another study using UWis, IR, and Raman spectroscopy to compare PG36, PG7, and mint green
ink confirmed the presence of PG7, rather than PG36 in the tatté®.ink

Raman spectroscopy has also proven to be particularly useful for pigment identification due to its
nontdestructive nature and sensitivity to molecular structure. In a study byePabrattoo pigment

analysis was performed using a pig skin tattoo model, allowing for the classification of six specific
pigments*?. The study also noted that rinsing tattoo inks on glass slides led to a strong fluorescent

background when exposed to a 632.8 nriNédaser, which interfered with spectral clafity

NMR spectroscopy has been employed to investigate the presence of additives in tattoo inks.
Mosemaret al.conducted a study using NMR spectroscopy to analyse additives in commercial tattoo
inks 148 Glycerol, the most frequently listed additive, was reported in 36 out of 54 ink products.
However, NMR analysis detected glycerol in only 29 of the 54 inks, with no observable signals in
any of the One Tattoo World inks or in the Solid Ink Lining Bla&é#ditionally, NMR revealed the
presence of characteristic peaks for propylene glycol in 15 inks, despite none of the surveyed products
listing it as an ingredient. This highlights the utility of NMR in verifying the presence of undeclared

or inaccuratelyeported additives in tattoo ink&. These findings highlight the importance of multi
technique spectroscopic methods in accurately characterising both pigments and potential
degradation products in tattoo inKs,

1.10.2 Chromatographic techniques
Gas chromatography (GC) and higarformance liquid chromatography (HPLC) are widely

recognised analytical techniques for the separation of complex mixtures. GC is particularly effective
for the analysis of volatile and thermally stable compounds, wheiea€ is more suitable for nen
volatile, thermally labile, and polar substart¢és“® Both techniques are extensively applied in
pigment analysis to identify and quantify chemical structdtéé®and degradation products in tattoo

inks 146 149151 Eor example, Bauast al. (2025) reported that GC analysis of irradiated green tattoo
inks (green concentrate and PG7) revealed the formation of compounds such-as 1,4
dichloronaphthalene, trichlorobenzonitrile, and 4,5{6fvachlore2,3-dihydro-1H-isoindole1,4,2

149 In addition, GEMS was used by Hggsbeeg al.to analyse organic compounds extracted from
various coloured tattoo ink$’. The analysis identified the presence of polycyclic aromatic
hydrocarbons such as benzo[b]fluoranthene, pyrene, benzo[a]pyrene, and naphthalene in black tattoo
inks ”’. In a study by Cuet al.on the photodecomposition of PY74, seven different yellow tattoo

inks were examinett®. The inks were first mixed with water and extracted using methylene chloride.
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The resulting samples were then analysed using HPLC with a diode array detector. By comparing the
retention times and absorbance spectra of the eluted components to those of authentic standards, PY74
was identified in six out of the seven ikksFinally, a study by Cecchett al.assessed the chemical
degradation of tattoo pigmenissing U\:Vis and GC)ollowing laser treatment using five different

lasers: Nd:YAG (nanosecond and picosecond, standard and array modes) and a Ruby nanoseconc
laser®®2 UViVis spectroscopy of the treated samples showed an overall decrease in absorption
features, indicating pigment degradation. GC analysis of the irradiated samples revealed the
formation of several degradation -pyoducts, including butanoic acid, chlbenzene, and 2,6
dichlorobenzonitrile. Additionally, pigment fragments and siloxanes were commonly produced
across all treatments, with hydrocarbons being more abundant following Nd:YAG nanosecond laser

exposure®2,

1.11 Methods for determining cytotoxicity tattoo inks

Cytotoxicity means a substance is toxic or damaging to’é2IBests with a wide variety of cytotoxic
outcomes are currently utilised to assess cellular responses to a harmful substance. The selection of
an appropriate assay for cytotoxicity study of a toxicant is influenced by a number of factors,
includingin vitroc e | | culture models, the substancebs ¢
platforms, outcomes, cytotoxicity mechanism, and evaluation or detection techrfigBegeralin

vitro cytotoxicity tests have been used and classed based on their objectives. For example, trypan
blue, methylene blue staining assay, alkaline phosphatase (ALP) assay, resazurin, and sulforodhamine
B assay are used to determine cell numbers. Additionally, BBy ,Alamar blue, fluorescein
diacetate, and CalceihM are used for cell viability. For membrane permeability(43 5
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT), LDH, annexin, granzybssed, and

caspasdased assayse used

1.11.1 Trypan blue assay

The trypan blue stain assay was established in 1975 to detect alive cells and is currently used as a
confirmatory test for determining changes in viable cell numbers, induced by a medication'dt toxin

156 One of the simplest techniques for measuring live cells is the use of trypan blue stain, which is a
large, negatively charged molecule. The rationale behind this test is that living cells have intact cell
membranes that reject the trypan blue stain bhadl tytoplasm will be transparent, while dead cells

do not reject the stain with trypan blue and they appeat®bitié
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1.11.2 MTT assay

Cellular viability is measured using the colorimetric MTT-(43 5dimethylthiazol2-yl)-2,5
diphenyltetrazolium bromide) tést It can be utilised for toxic substance hazard evaluation. MTT is

a tetrazolium salt (watesoluble yellow dye) quickly absorbed by live cells and converted to purple
formazan by mitochondrial succinate dehydrogenase in living cells. MTT reduction occurs
exclusively in metabolically active cells (Fig.10), with activity levels used to determine cell
viability. Dead cells lose their capacity to convert tetrazolium salts into coloured formazan products.
An organic solvent, commonly dimethyl sulfoxide, is used to dissolve insoluble formazan crystal,
resulting in a purplecoloured product that is quantified with a spectrophotoniet&t. The quantity

of formazan generated is directly related to the number of live cells in the S&fiple

J\\ NADH  NAD* N|/§
©_<N:}:T‘ S U N::"-“‘N)\ S
N \O Mitochondria reductase \N/ N

MTT Formazan

Figure 1.10: Formation of the formazan by the reduction of MTT 59,

1.11.3 LDH assay

Lactate dehydrogenase (LDH) is an oxidoreductase enzyme present in almost all living cells
(including animals, plants, and prokaryotes) released into the cytoplasm during céflyEiss is

a colorimetric cytotoxicity test that assesses membrane intégtitfhe concentration of LDH is
higher in damaged cells relative to normal cells. The activity of LDH is quantified by the conversion
of lactate to pyruvate. LDH converts nicotinamide adenine dinucleotide (NAD) to reduced NAD
(NADH) and releases Hons, which catalyse the reduction process of the tetrazolium salt to produce
the coloured formazan molecule, which has an absorbance -&24090m. The oxidation of NADH

to NAD" is determined spectrophotometrically, with absorbance at 340 nm. NADH absorbs more
than NAD" at 340 nm. The amount of colour product generated is dependent on the activity of LDH

in the sample$®3: 164

1.11.4 CV assay

Crystal violet (CV), also known as triphenylmethane dye, is widely used as a biological stain in

human and veterinary medicine, as well as a textile dye in the textile processing ifthudtng
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cationic dye CV, also referred to as gentian violet (impure form), has one dimethylamino group on

per phenyl ring®.

During cell death, adherent cells detach from the culture plate. This property may be utilised to
indirectly quantify cell death and to identify changes in proliferation following stimulation with
deathinducing chemicalg®. One straightforward method for detecting cell adhesion is to stain
connected cells with crystal violet dye, which binds to proteins and DNA. Cells that die lose their
adhesion and are therefore removed from the cell population, lowering the quantytgtalf wiolet
staining in a culturé®” %8 This protocol presents a simple and accurate screening approach for

determining the effect of chemotherapeutics or other drugs on cell survival and growth inHibition
Cell line types

Typically, animals are used to assess a sub
consuming, costly, morally contentious, and often of low reliab#itfy These realities compel
researchers to endorse alternate technitfieBundamental cytotoxicity assays use cell cultdfés

171 Cell lines are valuablén vitro models for the evaluation of harmful impacts generated by
chemicals and their use have significantly contributed to understanding of the mechanisms involved

in toxicity 4

The skin serves as our primary barrier against environmental hdZartise determination of cell

types for use ifn vitro cutaneous testing is not straightforward. The skin consists of a variety of cell
types, including keratinocytes, fibroblasts, melanocytes, Langerhans cells, mast cells, and Merkel
cells. These cells are organised into two distinct tissues: the epid@nmisrily composed of
squamous epithelial cells and keratinocytes, and the underlying dermis, largely formed of dermal
fibroblasts!’2 Several culture models have been created, including skin explant or organ cultures,
traditional (submerged), and &Kkposed cell cultur&® In cytotoxicity studies of tattoo inks vitro,
researchers typically select certain cell lines that accurately represent the behaviour of human tissues

possibly impacted by tattooirt§t. Table 1.7 shows often utilised cell line types for these studies.

Table 1.7: Cell Types and Models for Tattoo Ink Toxicity Assessment

Cell/Model Type Description Relevance Reference
Keratinocytes Immortalised human  Predominant epidermal 3% 130.161
(HaCaT cells) keratinocyte cell line  skin cells relevant to

commonly used in tattoo ink exposure as
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dermatological ink is introduced into
research. the epidermis.

Fibroblasts (NIH-3T3 Cells that constitute the Crucial for investigating 1’4

or primary human dermal layer of the skin prolonged ink retention,
dermal fibroblasts) where tattoo ink immunological
particles are typically  responses, and tissue

found. reactions.

Macrophages (RAW  Immune cells involved Provide insight into 175

264.7) i n the bod)yinflammatory and
tattoo ink particles. cytotoxic responses to

tattoo ink ingredients.

Liver Cells (HepG2 Cells used to model  Useful for assessing 3170

cells) liver metabolism and  metabolism and
potential systemic systemic impact of
effects when ink tattoo ink components
components enter once they reach the
circulation. liver.
Human Skin 3D tissue models that Offer more 177,178
Equivalent Models simulate complex skin physiologically relevant
(3D tissue culture structures better than results compared to
models) monolayer cultures. monolayer cell cultures

providing insights into
interactions within a
more realistic skin

model.

1.12 Conclusion

Tattoos have evolved from cultural and ritualistic practices into a widespread formeXmefsion
and artistry. As the popularity of tattoos continues to grow, it is essential to examine their multifaceted
implications,from their historical and cultural significante their health and safety concerns. This

literature review has highlighted key aspects of tattooing, including the history of tattoo inks, their
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composition, and the processes involved in creating tattoos. The composition of tattoo inks, once
simple and natural, now includes synthetic pigments, metallic additives, and other chemicals that vary
widely in quality and safety due to inconsistent regoia

Despite the cultural and personal significance of tattoos, many individuals experience tattoo regret,
fuelling a growing demand for tattoo removal services. Among various methods, laser tattoo removal
remains the most effective and commonly used. The yh&melective photothermolysis underpins

this technique, allowing targeted destruction of tattoo pigments with minimal damage to surrounding
tissues. However, the process is not without complications. During laser treatment, tattoo pigments
are fragmentethto smaller particles, some of which may enter the lymphatic system or other parts

of the body. These fragments pose potential health risks, as some studies have suggested cytotoxic ot
even carcinogenic effects from both the original inks and their Bosak products.

The lack of standardised regulations governing tattoo inks further exacerbates these concerns. With
varying compositions and limited oversight, individuals may unknowingly be exposed to harmful
substances during tattooing and removal. This underscoreséuefor global efforts to establish
stringent safety standards for tattoo inks and their use. Public education about the risks of tattoos and

their removal, as well as improved training for practitioners, is also essential to minimise health risks.

Health concerns associated with tattoos extend beyond the removal process. The cytotoxicity of tattoo
inks themselves, coupled with the potential dangers of-ladaced fragmentation, demands further
investigation. Comprehensive toxicological studiescaneial to understanding the lotgrm effects

of tattoo inks and their bgroducts. Additionally, regulatory frameworks must be designed to ensure

safer tattooing practices and to address the emerging challenges of tattoo removal.

This review also highlighted the need for interdisciplinary collaboration among researchers,
healthcare professionals, and policymakers to address these complex issues. By understanding the
chemical, and biological aspects of tattoos and their removkEhsiflers can develop evidence

based guidelines to protect public health. Ultimately, addressing the safety of tattoos and their
removal not only enhances individual wk#ing, but also supports the sustainable growth of the

tattoo industry as a form oftestic and cultural expression.

1.13Research Aim

This project aimed to study the composition and laser degradation products of yellow tattoo inks and

pigments, focusing on the roles of key components and resulting toxicity

Main objectives
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1- Evaluate the components in commercially available tattoo inks (presented in Chapter
2)

- Select tattoo inks and their reference pigments

- Analyse the tattoo inks and pigments using suitable analytical techniques

- Compare the ingredient labels on tattoo inks \@&hlaration in the SDS

- Evaluate the potentidlealth implications of undeclared ingredients

2- Assess the effect of Tieon the laser degradation of yellow tattoo inks using wavelength
of 532 nm and identify the character of the fragmentations (presented in Chapter 3)

- Develop a method for dried sample preparation of pigments and TiO

- Develop a method for laser irradiation

- Develop a GEMS headspace method to identify volatile degradation products

- Conduct SEM, XRD, and DLS analyses to assess changes in particle shape and size

- Investigate the health implications the las&tuced degradation products

3- Investigate the impact of melanin pigment on laser degradation of yellow tattoo inks
(presented in Chapter 4)

- Develop a method for dried sample preparation of pigments, inks, and melanin

- Develop a method for laser irradiation

- Conduct headspace @@S, SEM, and DLS analyses to identify volatile fragments and

morphological changes in the particles

4- Estimate toxicity of laser degradation products on HaCaT skin cells (presented in
Chapter 5)

- Develop a method for laser irradiation of pigment and ink suspensions

- Prepare serial dilution of pigments and tattoo inks

- Perform cytotoxicity testen both unirradiated and irradiated pigments and inks

- Develop a GEMS method for liquid injection analysis to identify the soluble laser fragments

- Evaluate the cytotoxic effects of the identified compounds using relgvaitto assays

A nanosecond laser was used throughout these projects because it is the type commonly available in
clinical tattoo removal settings and remains widely used in practice; it is also the laser system

available at Flinders University

By conducting this comprehensive investigation, this project aims to contribute to the advancement

of laser tattoo removal, making the procedure more effective and safer for patients with various tattoo
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types and skin characteristics. Additionally, this research may lead to the development of standardised

guidelines for practitioners in the field.
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Four tattoo inks were selected for examination throughout this thesis. Given that previous
research has highlighted frequent mislabelling and discrepancies in tattoo ink ingredients,
Chapter 2 begins by evaluating the chemical composition of the selectedks. Establishing an

accurate understanding of their ingredients is essential, as it provides the foundation for

interpreting the results of following experimental studies presented in the following chapters.

Abstract

Permanent body art has grown in popularity in recent years, with millions of individuals having black
or coloured tattoos. With this comes risk; injecting colouring compounds into the skin has been
reported to cause allergies, various skin inflammations sgstemic disorders. Currently, despite the
growing number of tattooed individuals, there are few regulations, laws, and safety criteria for tattoo
and permanent cosmetic formulations. The goal of this study was to identify the pigments in a set of
commecially available yellow tattoo inks. A set of previously unstudied yellow tattoo inks (Lemon
Yellow (LY), Golden Yellow (GY), Golden Rod (GR) and Bright Orange (BO)) and reference
pigments (Pigment Yellow 14 (PY14), Pigment Yellow 65 (PY65), Pigment BRBi5), and

Pi gment Orange 13 (PO13)), were examineldl-fias |
IR, NMR, XRD, Raman, EDXSEM and ICPOES. This work shows that the combined use of these
techniques can provide significant insight into the inknposition without the requirement for
difficult and timeconsuming sample preparation. Results of this study indicate that the ink
compositions differed from what was described on the labels. Furthermore, we demonstrated that the
tattoo inks tested includeadditional elements that were not listed as ingredients such as Al, Na, and

Si. This raises concerns about the regulation, health impacts, and degradation products of tattoo inks.
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2.1 Introduction

Body decoration by tattooing has increased in popularity over recent years. It has been reported that
40% of young adults in the United States, and 2B%ustralian adultiave at least one tattdo

4 Tattoo ink suspensions can contain various chemical compounds, including vehicles such as water,
glycerine, and other alcoholic derivatives, as well as additives like surfactants, polycyclic aromatic
hydrocarbons, nanoparticles, and polymers, along wiiments of varying purity®. This may

include compounds that were designed for use in paintstatimo inks, or plastics.

Throughout historythe composition of tattoo pigments has evolved from natural extracts and metal
salts to a mix of inorganic oxides, salts, inorganic pigments and azd.dyissorically, inorganic
compounds like mercury(ll) oxide (red), cobalt(ll) aluminate (blue), chromium(lll) oxide (green),
manganese violet, titanium dioxide (white) and iron oxides (brown) tones weré®}$add often

blended with other organic and inorganic components to enhance colour vibtahowadays,

tattoo ink manufacturers use artificial organic and organometallic pigments alongside inorganic
compounds to make tattoo inkswith metals still present as chromophores, shading additives, or
impurities & 12 However, inorganic pigments based on metal salts are currently used in
micropigmentation inks in permanent cosmetics such as permanent eyebrow makeup, eyeliner, and
lip colour*2. This is due to their higher durability against light and heat, better setting capacity, and

larger size, which makes their removal more difficult.

Modern inks used for tattooing vary greatly in composition and may contain hazardous ingredients
not originally intended for this purpostand may not have a proven track record of safety in tattooing

16, 17 There are increasing concerns about their effects on human health, including potential
carcinogenicity*® '° It has been reported that tattoo inks can also trigger acute allergic reactions
immediately or lead to hypersensitivity after letegm exposuré: 2% 2 For example, Kliigkt al

reported that over 70% of 3411 tattooed persons experienced issues with their skin immediately or
within a few weeks following their tattdd. Moreover, allergic responses to tattoos, especially with

red inks, have been reported to persist for months or $ears

Given the growing popularity of tattooing and the possibility of dangerous ingredients in tattoo
products, regulations are required to reduce the hazards caused by inappropriate taftom inks
Australia, tattoo inks are not considered therapeutic materials and are not regulated by the Therapeutic
Goods Administration. Instead, the National Industrial Chemicals Notification and Assessment
Scheme (NICNASjegulatethe chemicals found in tattoo inks. NICNAS typically does not legislate

the import of chemicals used in tattoo ink if those chemicals are listed in the Australian Inventory of

Chemical Substances (AIC3)owever, isknown about tattoo ink contamination or adulterafiyn
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however there is some evidence of incorrect labelling. In 2016, a NICNAS report into tattoo ink
composition advised that certain tattoo inks in Australia werecoompliant with regulations,
marketed with incorrect ingredients, or not suitable for dsén addition, according to a survey
conducted among tattoo artists in downtown Brisbane and Melbourne Central, tattoo artists were
unaware of the ingredients in their inks, or the possible dangers associated with theBurope,

tattoo inks are regulated by the European Union's General Product Safety Directive. According to this
directive, a producer is required to place only safe items on the market, and a comprehensive list of
contents must be included on the prodlatiel, which is accomplished through classification,

labelling, and packaging’ 2.

In 2011 Hauri reported 34 prohibited pigments in 30 tattoo ink samples throughout their &Aalysis
For example, the pigment green 36 (PG36, C.I. 74265) was declared in three green inks, but the
samples were demonstrated to include the prohibited pigment green 7 (PG7, C.l. 74260).
Furthermore, a yellow and a blue pigment were stated for one ink, biunkthnas again found to
contain PG7, not the stated yellow and blue pigments. The ingredient list on a violet ink was evidently
incorrect: the ink included the pigment white (titanium dioxide) and the pigment blue 15 (PB15, C.I.
74160), which when combideproduce a light blue. The violet colour, on the other hand, was shown
to be created with the prohibited pigment violet 23 (PV23, C.I. 5181@pncerningly, mislabelling

and undeclared ingredients continue to persist in commercial tattoo ink formulations. A study
conducted by Pooet al(2008) for 190 tattoo inks indicated that 37% included forbidden substances
and 53% contained one or more of i) excessive levels of nitrosamine, ii) unreported material, or iii)
claimed material that was not found in the #iK® In 2021, a decade after the reporttduri, Wang

and coeworkers reported that for 50% of the tattoo inks they tested, labelling inaccurately stated at
least one pigment componénfurthermore, a recent 2024 study showed significant discrepancies
between tattoo ink composition and ingredient labels, especially for thepigument (e.g.
carrier/vehicle) componentd Considering tattoo safety and the possibility of allergic sensitisation,

it is likely that some pigments had been removed from the ink formulations due to the EU regulations
banning its use in tattoo inks®.

Identifying pigments in commercial tattoo inks presents a significant challenge due to their complex
composition, the diverse combinations of pigments used to achieve subtle colours, poor solubility of
pigments in traditional solvents, and other additipessent that enhance pigment dispersion
Previous studies have primarily relied on mass spectrometry for pigment analysis. Botff atadiri
Wanget al “ used MALDFTOF MS to identify pigments in tattoo inks, however this approach has
limitations. For example, Wargg al. showed that certain pigments were unable to be detected using

MALDI -TOF MS due to poor ionisation or low masg®. Furthermore, mass spectromebgsed
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techniques often require extensive sample preparation, making the analyst®risuening and
challenging for label compliance assessments. Given the complex and varied chemical nature of
tattoo ink ingredients, this study aimed to develop a novel appfoagigment identification by
utilizing a combination of spectroscopic techniques. Unlike previous studies that primarily analyse
tattoo inks after extensive pteeatment, digestion, or extraction, our approach focuses on examining
inks in their dried, ntreated state or with minimal sample preparation. Compared to mass
spectrometry, spectroscopic techniques sudilak, NMR, XRD, Raman, and EDX enable rapid,
minimally-destructive, analysis of pigment molecular structures, crystallinity, and elemental
composition with minimal sample preparation requiremé&ht' 3 Whilst most prior research uses
these techniques in isolation, this work leverages the combined information from spectroscopic and
elemental analysis techniqueskai-IR, NMR, XRD, Raman, EDX, and IGBES, to rapidly assess

the pigment composition of a set of yellow inks that have not been previously examined.

2.2 Method

2.2.1 Material and instruments

Intenze brand.emonY ellow (LY) GoldenY ellow (GY), GoldenRod (GR) andright Orange (BO)

tattoo inks were purchased from Tattoo Direct, Victoria, Australia. Pigment yellow 14 (PY14, C.I.
21095) (97% purity), pigment yellow 65 (PY65, C.l. 11740) (98% purity), pigment white,(Ti©
77891) (99.5% purity), pigment blue 15 (PB15, C.I. 74160) (technical grade), pigment orange 13
(PO13, C.I. 21110) (technical grade), and barium sulfate (BaSO 77120) (99%) were purchased
from AK Scientific, Union City,California. Methylene chloride (99.9% purity) was purchased from

RCI Labscan, Australia.

Except for the tattoo inks, all chemicals utilised in this study were not purified further. Tattoo inks
were pipetted onto microscope slides and dried in open air at ambient temperature for 48 hours prior
to characterization. To extract the pigments fiaqid tattoo inks, approximately 25 mg tattoo ink

was added to a 50 mL conical glass tube containing 2 mL water. The contents were mixed vigorously
and extracted three times with 15 mL methylene chloride. The methylene chloride extracts were
combined, ded, and analysed as dry tattoo ink extracts.

2.2.2 Instrumental analysis

Fourier Transform InfrdRed Spectroscopy (FIR) was used to generate an infrared spectrum of the
pigments and dried inks using a Perkin Elmer Spectrum 1a&Epectrophotometer equipped with

an attenuated total reflectance (ATR) diamond crystal, in the rangd@@D cm? with a resolution
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of 4 cni®. The energy of electromagnetic radiation is expressed in wavenumbers, and the intensity is

expressed as a percentage of transmittance.

Solid state**Carbon nuclear magnetic resonanE€KMR) experiments were undertaken using a
Bruker Avance IIl 400 MHz spectrometer operating at 100 MHZ2¥2rChemical shifts are relative

to adamantane. Approximately 100 mg pigment sample/dried ink extract was placed in a Bruker 4
mm rotor and spun at 5 kHH-13C crosspolarisation magic angle spinning spectra were recorded
using an acquisition time of 18.4 ms, a recycle delay of 2 s, a contact time of 4 ms with a 50% ramp
and decoupling during acquisih (Spinal 64). Sideband suppression was achieved using the standard

TOSSa sequence.

X-ray diffraction (XRD) was recorded for pigment samples and dried tattoo inks. Data were collected
using a Bruker Advanced D8 di f fr @@°ttimepertstepr= wi t
0.5 second). All samples were ground to a fine powder with a mortar and pestle before being loaded

onto an XRD sample stage.

Raman spectra were collected using a Horiba Scieifficre Plus Raman spectrometer at both 786

nm and 532 nm. The analysis was carried out at from 200t@r8000 cm' wavenumbers, with the

laser intensity reduced using 10% and 25% filteos each sample, 12 scans ofs#tond pulses

were recorded. In all cases dried pigment/ink powder was placed onto a glass slide and mounting the

slide on the Raman spectrometer's sample holder for analysis.

Scanning electron microscopy (SEM) was undertaken with a FEI F50 inspect system equipped with
an Octane Pro energy dispersivaay (EDX) detection system. Samples were prepared by directly
spreading pigment powder onto sticky carbon tabs. The workingndstwas 10 mm, and the
acceleration voltage was 10 kV. PY14, GR, and GY inks were coated with platinum with a thickness
of about 2 nm to increase their electrical conductivity.

Inductively coupled plasmaptical emission spectrometry (IGPES) was conducting using a Perkin
Elmer Optima 8000 ICIDES. Prior to analysis, around 100 mg of the dried ink samples were digested
in 5 mL of HNG; using a microwave digestor. After digestion, the samples were diluted to 50 mL in
MQ water, giving a HN®concentration of 10%, and an aliquot was diluted twice in ultrapure water
(18 Mq), gi wcomcgntragionS-tallyltNeBamples were filtered using a@dBylon

filter prior to analyss. Calibration standards (5 ppb to 1 ppm) were prepared in 5% aqueous HNO
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2.3 Results and discussion

Ink characterisation
Reported ingredients

As prior research has shown that tattoo inks ingredients are sometimes misidentified on thé& label
.2t his research examined the reported ingred
provided Safety Data Sheet (SDS)) of the four inks used in this study. Table 2.1 shows the SDS
ingredient lists are for inks as of 2018, 2022 and 2023, and theatetoigredients on the label. As

can be seen, there are some differences in reported ingredients on the SDS over this time. Inks used
in this research were purchased in 2019, so it could be expected that the reported ingredients on the
label would matclihose of the SDS from 2018. Despite this, there are some discrepancies between
the label and the 2018 SDS. For example, the label for LY ink indicates that it contains PY65 (Fig.
2.1a), butitis not mentioned in the 2018 SDS. Similarly, PY14 (Fig. Zho}ilisted as an ingredient

on the label of LY ink, but it is listed in the 2018 SDS. The labels for GR and GY inks reported that
they contain PO13 (Fig. 2.1c), however PO13 was not listed on the 2018 SDS. Finally, PB15 (Fig.
2.1d) is reported on the laband in the SDS for LY in 2018, 2022, but it is no longer listed on the
2023 SDS. Similarly, there were discrepancies on other ingredients such as barium sulfate that is not
listed on the label of GY an BO inks.
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Figure 2.1: A schematic representation of the pigments that are reported to be present in the LY, GY, GR, and
BO tattoo inks.
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Table 2.1: The reported ingredients of tattoo inks used in this study according to the manufacturers label and the SBS

Tattoo ink INTENZE Lemon Yellow INTENZE Golden Yellow INTENZE Golden INTENZE Bright Orange
Rod
Declaration SDS Confirmed Declaration SDS Confirmed Declaration SDS** Confirmed in Declaration SDS Confirmed
ingredients* in the ingredients* in the ingredients* the study ingredients* in the
study study study
2018 2022 2023 2018 2022 2023 2018 2022 2023
TiO, X X X X \ X X X X \Y - - - X X X X \%
BaSO, X X X X \% - X X X \% - - - - X X X \%
PB15 X X X - \% - - - - - - - - - - - - -
PY65 X - - - U - - - - - - - - - - - - -
PY14 - X X X \% X X X X \% X X \% X X X X \%
PO13 - - - - - X - - X U X X U X X X X \%
Agqua X X X X - X - X X - X X - X X X X -
Glycerine X X X X - X - X X - X X - X X X X -
Hamamelis  x X X X - X - X X - X X - X X X X -
Virginiana
extract
Isopropyl - X X - - - X X - - X - - X X X -
alcohol

* (according to label on bottle inks that were purchased in 2019)
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** Golden Rod ink has the same composition according to the three SDS in 2018, 2022, and 2023.
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Pigment characterisation

Reference pigments, dried inks-(ik) and inkextracts (Eink) were compared using HR, NMR,
XRD, Raman, EDX and IGPES in order to identify the likely pigments in the inks. Results of these

analyses are presented below.

2.3.1 FT-IR spectra

Fig. 2.2 depicts the FIR spectra of pigments obtained from ink extractd ¥ E-GY, E-GR, and

E-BO) and reference pigments (PY14, PY65, PB15 and PO13) between 1906 660 cm'. The

full range of the spectra (4000 ¢ro 550 cm') and assignment of functional groups to thelRT
spectra can be found in (Fig. &L and Table S2.1). PO13 had characteristic peaks at 1653, 1493,
1371, 1331, 1235, 1144, 1044, 998, 907, and 682 dihese peaks were not observed in the ink
extracts indicating that me of the inkextracts contained PO13, or if they did it present at levels
below the instrumental limit of detection. Similarly, PY65 had distinctive absorption peaks at 1546,
1302, 1187, 1135, 1030, and 763 tthat were not observed in the igktracts. This indicates that
PY65 was not present in any of the inks, or if so, it was present at levels below the instrumental limits
of detection. The IR spectral of PB15 shows several peaks at 1612, 1464, 142128331,166,

1119, 1087, 901, 877, 778)d725 cm®. The absence of these peaks in LY ink indicated that the FT

IR spectra could not confirm the existence of this pigment in this ink. PY14 had peaks at 1670, 1515,
1360, 1245, 1171, 950, 860, 782, 750, 606 cm' were correlated to the presence o€ and N

C=0 bonds®2 All four ink-extracts yielded FTR spectra that appeared very similar to the spectra
from PY14, indicating that they likely contained PY14-IRTspectra from the dried inks {Dv, D-

GY, D-GR, D-BO) were consistent with those of the extracted inks (Fig. 3l
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Figure 2.2: FT-IR spectrum of pigments and inks obtained using the Perkin Elmer Spectrum 100 FIR. A
magnification of the IR spectra is in the 1908600 cm range with a resolution of 4 cri! to demonstrate the
characteristics more accurately FT-IR spectra comparison of inks and pigments reveals the presence of PY14
instead of PY65 in the LY ink. GY, GR, and BO inks did not have PO13.

2.3.2 NMR

In case the pigments were at concentrations that were below the limits of detection forlithe FT
study, NMR analysis was also undertaken. Fig. 2.3 showsSG@heMR spectraf PY14, PY65, and

PO13 along with dried inks from LY, GR, BO, and GY. NMR spectra of PB15 were not collected
due to paramagnetic characteristics of copper that generate local magnetic fields which might
interfere with NMR measurements. There were distinct peaks in the PYBdrakianately 38 ppm,

and 58 ppm, which associated to tliesence of methyl groups (G, CH-C=0). Peaks at 145

ppm and 155 ppm were correlated to the presenceN®£and ArO groups, which were only found

in PY653* These peaks were not found in any of the inks, suggesting that none of them contained
PY65. Moreover, PY14 had peaks between 130 and140 ppm and at 20 ppm and 30 ppm that can be
attributed to the presence of theGCand methyl group (€Hz and O=CCHz). These peaks were
identified in all inks which confirmed the presence of PY14 in them. In addition, NMR
characterisation did not confirm the presence of PO13 in LY, GY and GR inks. This is because PO13
had distinguishing peaks between 150 and 160 pptwi@ not detected in these inks. There was
also a slight chemical shift of the peak at 12 ppm, which was assigned tolgeoGplin PO13. The
presence of PO13 in BO ink was consistent wit

58



as identified in the NMR spectra. These NMR spectra for the three pigments were consistent with

those reported in the literatuie

The presence of PY14 was confirmed byIRTand NMR analysis in all three inks. The results from
FT-IR and NMR analysis clearly show that LY ink contains PY 14 instead of PY 65cdittiadicts

the manufacturers label claim that LY ink contains PY65 (not PY14) but is consistentheith
declaration in the SDS which indicates PYRdrthermore, the presence of PO13 in both GY and GR
inks could not be confirmed, as the-FH and NMR spectra did not contain the characteristic peaks
expected from PO13. The a@me of PO13 in the GY ink is consistent with the SDS for the ink (at
time of purchase) and indicates that once again the ink bottle may have been mislabelled. The absence
of PO13 from GR ink is in contrast with the label and SDS for thisAtikrnatively,the amount of
PO13 used in these inksay have been too lofer detection bythis instrumenti(e., less tha2 mg

of PO13 in 100 mg of dried tattoo ink). This was confirmed by the control experiment to identify the
limits of detection of the NMR instment (Fig. SR.3).

GY INK

fi . I\
) i fv v AWA AW
N A Y IS~ SR P A

PY14

. LY INK
[\ ."nu'\\ A AA

|

Y A NP A VY e e et e e

A f M i | I
dmjr\www S | U\\Jﬁa__whj A »M\J L)\_NMM,M“,__WJ \_,_Wu_v,,/ [
200 ‘ ' |;o 1{‘)0 ‘ I 5|o ) I [ppm

Figure 2.3: Solid state3C NMR spectrum of reference pigments (PY14, PY65 and PO13) and inks (LY, GY, GR
and BO). Spectral analysis confirms the presence of PY14 in all inks, PO13 is in BO ink, while PO13 is absent in
GY and GR inks. NMR spectra also confirmed that LY ink did notcontain PY65.

2.3.3 XRD

XRD analysis was carried out to confirm th&@-IR and NMR results along with verifying the
existence of inorganic ingredients. The XRD diffraction pattern of all inks revealed amorphous and
crystalline phases (Fig. 2.4). The vehicles and organic pigments are associated with the amorphous

phases of thimks. As shown in this figure, the diffraction pattern oL ink is similar to PY14 but
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not to PY65 or PB15, further confirming the presence of PY14. Furthermore, when comparing the
XRD pattern of PO13 with that of GY and GR inks, the peaks differed, which was predicted and
corresponded with the IR and NMR findings.

TiO2 has been recognised as one of the most common crystalline oxide peaks inBfotand D

GY inks. The intensity of Ti@peaks, however, was greater irRBD ink than in DGY ink. This

might be because the quantity of Fi@ the DGY ink was smaller than that in theBD ink, and

this is according to the clarification on the manufacturer's website in the SDS of thesé inks
However, the absence of the Bi@eaks in BLY ink suggests that the amount of Bi@as smaller

than the level detectable by XRD. These results of analysing XRD data on pigments and inks were
compared with those in the refereficBossible presence of Basid BO ink was evidenced by low
intensity peaks in the XRD however this could not be confirmed using XRD alone as some of these
overlapped with Ti@Qpeaks.
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Figure 2.4: XRD data analysis of organic and inorganic pigments, where theses spectra compared with LY, GY,
GR, and BO inks. TiOz was identified in BO and GY inks.

2.3.4 Raman spectra
Furthermore, Raman analysis was conducted to confirm the previous instrument examination data
and the presence of PY65, PO13, PB15, and the other inorganic ingredientg é8dS@) (Fig.

2.5).The full range of the spectra (200 ¢no 2500 cmt) can be found in Fig. $1.4.A study of the
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Raman spectra of LY ink revealed that PY 14 is a prominent component and PY 65 is not present.
The challenge in resolving these separate pigments for this specific shade of ink can be due, primarily,
to the quantity of PY14 vs. PB15 (Fig6p.which causes signals from the PY14 to overwhelm those
from the PB15. Many aspects of the comparatively narrow PY14 spectrum corresponded with and
overlapped with the few peaks (e.g., 1598.5merived from PB15 due to similar structural
vibrations. For example, ¢normally noticeable 1332 ¢h€-C bond stretching in PB18is hidden

by a rather weak feature in PY14 at 1310'crdditionally, the allocated peaks from PB15 at 1414

and 1136 cm were shifted to 1456 and 1148 ¢nrespectively. While the BP15 peak of 584 tm

was masked in LY ink. Therefore, Raman spectra could not confirm the presence of PB15.
Furthermore, the Raman spectra of GY and GR inks were consistent with previous characterisation
(e.g.,FT-IR, NMR, and XRD) studies, confirming the absence of PO13 in these inks. This is because
PO13 had a peak at 8% cm! and this peak was shifted t01600tim the GY and GR inks. The
Raman spectra of TiGand BaSQ@revealed two distinct peaks at 441tand 603crit (Fig. S12.6),

which were not observed on the Raman spectra of dried inks at the same region. This could be because
the quantity of elements was inadequate to be detected by Raman analysis. Therefore, EDX were

carried out.
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Figure 2.5: Baselinecorrected Raman spectra of LY, GY, GR inks and PY14, PY65, PO13.
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Figure 2.6: Baselinecorrected Raman spectra of PB15 and PY14. That Raman intensity for both pigments
differed which clarified the overlap between the peaks in the LY Raman analysis.

2.3.5 EDX

The pigments and dried inks were analysed using EDX to identify the element composition (Table
2.2 and Fig. S2.6-10). As expected, the pigment reference samples contained C, N, O, Cu, Ba, S and
Cl. The presence of Cl in the Dy ink spectrum is a further proof that PY14 is present in this ink. It
was expected that copper (from PB15) and barium (from Ba8@uld have been observed in LY

and GY inks. However, the EDX did not show elemental copper and barium in the case of either ink.
Interestingly, the EDX data indicated that the stated inks contained impurities not listed on the product
label. For examplaghe D-GY ink had excessive levels of Na, and th&80 ink had a small amount

of Al and Si. EDX analysis was consistent with XRD data and revealed t{B& Ik contains a

higher concentration of Ti than-BY inks, which have the same ingredients accortinipe label

on the ink's bottle. Carbon, oxygen, and nitrogen contents were all high in all the inks analysed. The
carbon tape holder, which was not entirely covered by the inks or pigments, is responsible for the
high intensity peaks of carbon in the spectra. Thstexce of components revealed in the SEM and

EDX examinations was confirmed by XRD analysis, but in different quantities.
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Table 2.2: Element composition analysis of pigments and inks using EDX provides supportive evidence of the
presence of certain pigments in inks and establishes a match between LY ink and PY14 pigment. The (%)
represents the average atomic percentages from surfaceadysis of three spots on a sample.

Element (%) C N O Cl Cu Ti Ba S Si Na Al
PY14 66 19 14 2 - - - - - - -
PY65 62 20 14 - - - - - - - -
PB15 76 18 6 - 2 - - - - - -
PO13 70 21 5 2 - - - - - - -
BaSQu - - 48 - - - 30 19 - - -
TiO2 4 3 70 - - 23 - - - - -
D-LY 7% 11 7 3 - 3 - - - 3 -
E-LY 70 16 8 2 - - - - - - -
D-GY 65 9 18 2 - 4 - - - 12 0.3
E-GY 65 21 10 2 - - - - - - -
D-GR 67 20 10 2 - - - - 1 - -
E-GR 69 16 11 15 - - - - - - -
D-BO 60 5 20 2 - 10 - - 0.7 - 0.8
E-BO 63 5 18 3 - - - - - - -
ICP-OES

XRD and EDX exhibited limited sensitivity when detecting small amounts of Ti, Cu, and Ba.
Consequently, ICROES proved valuable in verifying the existence of these elements (Table 2.3).
ICP-OES analysis was conducted to assess tattoo inks, with ink sasupjested to acid digestion

(utilizing HNOs and HO») in an Ethos UP microwave. It should be noted that titanium cannot really

be digested in HN@(it requires HF), so those results are not accurate for quantitative analysis.
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However, it is clearly shown that GY, LY, BO inks contain Ti, and this was consistent with the EDX
and XRD data. Only LY ink contained concentrations of Cu that could be properly measured by the
ICP-OES. The presence of Ba in LY and BO inks was confirmddwever, a closer look at the
spectra shows that GY contain Ba, although below the limit of quantification. The detection of Ba
could be just a match to the SDS of GY and BO and not to the label.

Table 2.3: ICP-OES data of GY, GR, LY, and BO tattoo inks confirm the presence of PB15, Ti)and BaSQ in

inks.
Sample ID Ba 455.403 (mg/qg) Cu 327.393 (mg/q) Ti 334.940 (mg/qg)
Golden Yellow Trace - 0.0565
Golden Rod - - -
Lemon Yellow 0.0062 0.0035 0.0525
Bright Orange 0.0058 - High quantity

2.4 Health implications related to tattoo ink

The inconsistency between the ingredients reported on the SDS and the experimental data highlights
a significant issue, namely that these manufaciurevided sheets cannot be relied upon for a
comprehensive and accurate characterization of tattoo inkpauents. They also fall short in
accurately reporting of the quantities of each ingredient present. From both consumer and medical

perspectives, ingredient mislabelling is a critical concern due to its potential health implications.

This study found PY14, PY65, PB15, PO13 in tattoo inks that are prohibited under European Union
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) regulations in 2015
7,28, 37,38 These pigments have been banned because they contain substances such as polycyclic
aromatic hydrocarbons, metals, and primary aromatic amines (PAAs), all of which pose toxicological
risks to human healtf?. Pigments such as PY14 and PO13 have been detected in skin biopsies with
reported adverse effects, albeit less frequently. Chronic allergic reactions were the most common type
of adverse response observed in these skin sarffpsPY14 contains an azo functional group,
raising particular concerns due to its potential to release PAAs. Recent research by Laclenmeier

al. (2023) found that red and yellow tattoo pigments emitted significant levels of PAAs
Furthermore, there has been a documented case where a patient experienced an allergic reaction tc

tattoo inks containing PY65 (Intenze brand), affecting all tattooed Hteas
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Research on the metabolic breakdown of tattoo inks beneath the skin remains limited, resulting in a
substantial knowledge gap in this até&®igments identified in this study are known to degrade under
sunlight or during laser irradiation (such as that used in tattoo removal), raising additional health
concerns due to the potential formation of toxiecpogducts.For exampleo-toluidine, a known

human carcinogen, has been identified as a decomposition product of various organic pigfaents
According to the literature, compounds derived from commonly used pigments, such as PO13, are
classified as sensitizers by both manufacturers and the European Chemical Agency. Notable examples
include the carcinogens aniline and @li®hlorobenzidine, with are degradation products of various
pigments® 4> 44 The disazopyrazolone pigment PO13 has also been shown to affect cytokine release
in reconstructed human skin mod&ilsAnot her pi gment , PB15, i's |is
cosmetics code, which restricts its use in tattoo #8k$B15 pyrolysis can produce hazardous
substances such as hydrogen cyanide, benzene, atenkz@nedicarbonitrilé®. Concerns also

extend to TiQ, a potential human carcinogen, possibly due to the formation of reactive oxygen
species that may lead to lung canterBarium, present in tattoo inks as BaS0 brighten dark
colours®® and act as a stabilizer, may not pose a major issue itself, however, soluble impurities can

induce severe effects, including respiratory paralysis, cardiac arrest, of*d&ath

2.5 Conclusion

In summary, the pigment composition of a set of previously unstudied yellow tattoovénks
investigated in this study. Characterization using IR, NMR, XRD, Raman, EDX, an@®ESR
showed that the pigments in the commercially available inks tested differed from what was described
on the label. The ink characterization indicates the existen®Y14 in the LY ink, which differs

from the PY65 mentioned on the bottle label. According to both the label and the SDS, PO13 was
predicted to be present in the GY and GR inks, but none was detected. Additionally, Na, Si, and Al
were found in the stadeinks, but none of these elements have been reported either on the label or in
the SDSThe significant discrepancies between the actual and labelled ingredients of tattoo inks raise
serious health concerns, underscoring the need for stricter regulations and more accurate labelling to
ensure consumer safetyhe integration of different techniques for analysis provides a broader
understanding of ink composition, while removing the necessity for intricate andaimseming

sample preparation.
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In previous chapter, the compositional analysis of four tattoo inks (LY, GY, GR, and BO)
revealed that three of them (LY, GY, and BO)
these findings, the present Ch apt ephototheBrnal i nv e
response of these inks under laser irradiation. Additionally, the organic pigment (PY14) was
identified in all four inks, which provided further rationale for its selection as the focus of this

chapterodés study.

Abstract

As tattoos have grown increasingly popular, there has been an increase in their removal. This is
commonly achieved using laser treatments. However, certain tattoo inks are resistant to removal using
laser methods because of their composition. This inclingesemoval of yellow pigments and tattoo

inks containing titanium dioxide (TR This research examined a series of yellow pigments (PY14,
PY74, PY65) and tattoo inks, pamdpost irradiation, with a QS Nd:YAG laser irradiation at 532

nm. The pigmentsind products were analysed using a range of techniques, includingSEBIX

DLS, XRD and GEMS. Results of this study indicate that the presence of @lters the laser
degradation process of the pigments studied, with observable changes to particle morphologies,
particle size and evolved volatile products. In addition, some of the degradation products were

identified to be potentially harmful to the hambody.
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3.1 Introduction

Tattooing is an increasingly common practice that involves injecting tattoo inks into the skin to create
a permanent mark or a visual desfgiNotably, cespite the growing popularity of tattoos, there is
also a growing demand for their removal as people experience tatto?réghéth the development

of improved technology and treatment approaches, tattoo removal processes continue td*ifnprove
Laser tattoo removal is presently the most commonly used approach, often using quality switched
neodymiumdoped yttrium aluminium garnet (QS Nd:YAG), which seems to be successful due to
selective photothermolysis of the chromophdré& The presence a&sidualtattoo colour is one of

the most important indicators of the effectiveness of laser tattoo remogéaklps to assess how

much pigment remains in the skin, which guides further treatment decisions

Tattoo ink is made up of insoluble pigments suspended in a sdlaeat binder along with additives

and preservatives that are used to stabilise it and avoid microbiological degratidfieen when

the inks' ingredients are understood, there are dangers associated with laser removal. This includes
the creation of potentially dangerous particles, both from the pigment itself, and the medium (i.e., the

two components of a tattoo ink)*: 1*%3,

Moreover, it has been recorded that the ingredients and colours of tattoo inks contribute to the
effectiveness of laser removal procedures, potentially influencing the number of treatment sessions
12,14 For example, dark coloured tattoo inks can be efficiently removed with a limited number of
treatments using laser such as picosecond alexandrité.lagght colours such agellow and white
pigments, on the other hand, have been found to be difficult to completely eliminate, since the existing
accessible laser wavelengths are not well absorbed by the pigneritsIn addition, in vitro
investigations showed that the wavelength of
485 nm) do not match the current wavelengths that are available in QS laser 8ystér@se study

has indicated that using a QS Nd:YAG laser with a nanosecond pulse duration can be effective to
remove yellow tattoo inks pigments. However, the complete removal of these yellow inks remains
challenging and uneven'’. Yellow ink had traditionally been a recalcitrant colour to remove using

the QS laser instrument, until the development of the picosecond lasers, which effectively remove

this ink colour® ®,

Certain tattoos might be resistant to treatment not only due to poor absorption of the laser's radiation
by the tattoo pigment, but also due to oxidatigductive alterations in some metals when excited by

laser light One example is the phenomenon where tattoos containing iron oxides tend to darken when
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treated with higkpowered laser therag§?%. Titanium dioxide (TiQ) is commonly used to enhance

the brightness of various coloured tattoo inks such as blue, yellow, green, and?puilEhe
presence ofiO2 has been widely reported to make tattoo removal more difficult, and in most clinics,
laser removal of tattoo ink based on Ti®not achievablé& 1 24 Tattoos containin@iO2 have been

stated to act strangely, with the Bi® hangi ng col our after the tre
green, dark grey, blue, or pale purple, or not responding to laser light?atRidlor research has
indicated that Ti@can undergo a transformation from white to black under laser treatmérhers

have reported that T&kds an exceptionally strong substance that is difficult to break down without
several laser removal treatments This is problematic as, in terms of laser removal of 2TiO

containing tattoos, it has beennotedfhate peat ed vi sits usu&dlly caus

It has been proposed that the reduction of white and other titesoataining inks causes the
blackened colour of irradiated tattoos (Ressl 2001), and showed a similar effect for a titanium
enriched sunscreen exposed to radiafforThis was attributed to the reduction of'Tio Ti**, as
demonstrated by Torimoto and-emrkers?® 26 Because of the intense nature of the nanosecond
pulses typically employed in laser therapy, even slight absorption of other wavelengths can lead to a
darkening response, primarily driven by the reduction o TiEhin the ink?®. The impact of TiQ
guantity on the extent of darkening remains uncerfgmany yellow tattoo inks commonly include
TiO2 to enhance their brightness, this is also likely contributing to the phenomenon where yellow
tattoo inks turned black after laser expostr&@his is consistent with a report by Kim and colleagues
(2006), who showed that blue tattoo ink containi@: exhibited resistance to Nd:YAG laser
therapy'®.

In addition to colour changes, there is limited knowledge on the effects of laser treatment on ink
particle size and morphologylurphy (2018) suggested that ink may beaggregated and ejected at

high speeds, but no analytical data were offered to back up these ¥laeaggregation of the ink
particles would make it potentially increasingly difficult to remove tatttids.vital to understand

how laser treatments affect ink particles since size and morphological changes in treated inks are
likely to occur throughout the removal process.

This research investigated the influence of2I0@ the laser degradation of pigment yellow, a typical
component of tattoo inks, to determine the effect on resulting colour, particle size and morphology.
The study purposefully used a simple model, combining the pigment with onhyamdlexposing it

to laser irradiationThis deliberate exclusion of other components mimicked the controlled conditions
relevant to laser tattoo removal, specifically aiming to reduce the complexity introduced by other skin

components during the procesBhe study examined {lew pigments, tattoo inks, and the
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degradation products produced when these samples are treated with high laser intAnsities.
comprehensive array of instrumental techniques, includingSCSEM & EDX, XRD and DLS,

were employed for the characterization of both unirradiated and irradiated saniplss.
multidimensional approach facilitated a thorough understanding of the chemical and morphological
changes occurring in the studied systems, shedding light on the potential applications and

implications of TiQ in laserassisted tattoo removal.

3.2 Method

3.2.1 Material and instruments

Lemon Yellow (LY), Golden Yellow (GY), Golden Rod (GR) and Bright Orange (BO) Intenze®
brand inks were purchased from Tattoo Direct, Victoria, Australia. Pigment yellow 14 (PY14) (C.I.
21095) (97%), pigment yellow 65 (PY65) (C.l. 11740) (98%), pigmenbwell4 (PY74) (C.I.

11741) (tech), and Ti®X(C.l. 77891) were purchased from AK Scientific, Union City, California.
Methylene chloride (99.9%) was purchased from RCI Labscan, Australia. Methanol (LC MS grade)
was purchased from Honeywell, Australia. All ohieals used in this investigation, except the tattoo

inks themselves, were used without any further purification. The reported ingredients of tattoo inks
used in this study according to the manufacturers label and the safety data sheets is shown in Table
3.1.

Table 3.1: The ingredients of tattoo inks that used in the projects based on the SDS and the label on the bottles.

INTENZE INTENZE INTENZE INTENZE
Tattoo ink Lemon Yellow  Golden Yellow Golden Rod Bright Orange

Declaration SDS Declaration SDS Declaraton ~ SDS Declaration  SDS

ingredients ingredients ingredients ingredients
TiO2 X X X X - - X X
BaSOy X X - X - - - X
PB15 X X - - - - - -
PY65 X - - - - - - -
PY14 - X X X X X X X
PO13 - - X - X X X X
Aqua X X X - X X X X
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Glycerine X X X - X X X X

Hamamelis X X X - X X X X
Virginiana
extract
Isopropyl alcohol - X - - - X - X

3.2.2 Sample preparation and laser experiment setup

The general method used in this research is presented in Fig. 3.1 and chemical structure of reference
pigments is shown in Fig. 3.22a Tattoo inks were pipetted onto microscope slides and dried in open

air at ambient temperature for 48 h prior to irradiatand/or characterization. Dried inks were
scraped from the slide and placed in a GC vial prior to laser treatment. The pig@gsamples

were made by mixing various pigments (PY14, PY74, PYG65) in separate GC glass vials with different
particle size¢300 and 500 nm) of Tig)rutile form) with a 50:50 w/w % ratio.

Dried tattoo inks and a mixture of PY14, PY74, PY65 with,M@re irradiated using a QS Nd:YAG
laser (Spectra Physics Quaiitay GCR12at 532 nm. Each sample was exposed to 20 laser pulses
(each with a duration of 6 nanoseconds) over a period of are@nditutes. The laser pulses were
157 mJ/pulse over an area of 2 mm diameter (i.e., a fluence of §.Jsna negative control, PY14,
PY65, PY74 and Ti@were irradiated individually. The photodegradation products were analysed
using a headspace @@S to identify volatile fragments. In addition, SEM, DLS, and XRD were

used to study the changes in crystal structure, particle shape and size following laser irradiation.

2%
5P

( O O% Breaking down

Change the type of
the fragnentatlons =

- <
Laser radiation P
igment &Ti02 Heated p@.uents
(532 nm) —
GC-MS analysis

Agglomeration

Figure 3.1: General methodologyused inthis project (schematic experimental setup
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Figure 3.2: A schematic representation of the chemical structures of a) PY14, b) PY74, and c) PY65.

3.2.3 Instrumental analysis

Headspacegas chromatography mass spectroscopy-M&8) analysis was carried out using an
Agilent Technologies 7890A GC system with a 5975C inert XL EI/CI MSD Triple Axis Detector and

a 7693 sampler. The apparatus was fitted with an Agilent Technologi&818%5% Phayl Methyl

Siloxane column (29.4 m x 250 pm x 0.25 um) with a Kebile phase at a flow rate of 3.5 mL/min.

The headspace injection volume wagl5 The GC was operated isothermal mode with an oven
temperature of 40 °C and an inlet temperature of 180 °C throughout the arfdigd\dS ion source

and quadrupole temperatures were set at 230 °C and 150 °C, respegtively.values between 40

and 500 were taken in scan modée presence of volatile hazardous chemicals in the irradiated
pigments and inks or the eluted compounds was identified by comparison of the mass spectra using
the NIST database and comparison to literatut&®. To help determine the identity of the organic
volatile compounds, the retention index was measured using the Kovats approach from the headspace
GC-MS analysis obtandardalkanes (CBC9) 3¢,

Scanning electron microscopy (SEM) was undertaken with a FEI F50 inspect system equipped with
an Octane Pro energy dispersiveay (EDX) detection system. Pigment samples were prepared by
directly spreading pigment powder onto sticky carbon tabs. Theingodistance was 10 mm, and

the acceleration voltage was10 kV. PY14, PY74, GR, and GY inks were coated with platinum with a
thickness of about 2 nm to increase their electrical conductivity.

Dynamic light scattering (DLS) measurements were achieved using a Malvern Nano Zeta Sizer
apparatus equipped with a5 mW HeNe laser and a Peltier temperature control system. Backscattering
detection at an angle of 173° was used to determine the hydroaysiamaiand size distribution of
pigments, inks and Ti&samples. This configuration is less vulnerable to multiple scattering effects
and dust than the 90° geometry. Measurements were taken at 20 °C and were repeated three times
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Before DLS measurements, all dispersions were prepared by dilution of the pigments with deionized
water or methanol, followed by 30 minutes of sonication at 40 kHz, at a ratio of 0.1 mg pigment to 1

mL of solvent.

X-ray diffraction (XRD) was recorded for pigment samples and dried tattoo inks. Data were collected
using a Bruker Advanced D8 di f f r &0°ttimerperstep= wi t
0.5 second). All samples were ground to a fine powder avittortar and pestle before being loaded

onto an XRD sample stage.

3.3 Results and discussion

PY14,TiQ, PY14TiO2 and dried ink samples were irradiated with a 532 nm QS Nd:YAG laser as
outlined in sectior.2.2 Visibly, the pigment and ink samples were observed to change colour from
yellow (preexposure) to a brownish green (posadiation) (Fig.3.3). The TiQ samples were
observed to turn slightly grey after irradiation. This contrasts with prior reports that have indicated
that TiQ: turned black post irradiatioff. This is because the study used a 532 nm |&ssvever

TiO> does not absorb radiation at this wavelength. Samples were characterissttpost
irradiation using GEMS, SEM, DLS, and XRD to examine changes in sample chemistry,

composition, morphology, and particle size. Results from these analyses are discussed below.

Irradiated BO  Irradiated GR  Irradiated GY  Irradiated LY Imadiated GR GR Irradiated PY 14-TiO, PY 14-TiO, Irradiated PY 14 PY 14 Imadiated TiO,

Figure 3.3: Photographs of pigmentgPY14, TiO2) and inks (LY, GY, GR, BO) pre- and postirradiation.

3.3.1 GC-MS

Headspace G®IS was carried oub identify volatile breakdown products resulting from the laser
irradiation of reference pigments, pigmdan©. mixtures and inks. Fig. 3.4a shows the -GIS
chromatograms of irradiated PY14, and two irradiated P¥iD% mixtures with different TiQ
particle sizes. The G®IS chromatograms of tattoo inks pastdiation (LY, GY, GR, BO) are
shown in Fig. 3.4b. The G@IS chromatograms of the irradiated empty vial, unirradiatec, TiO
unirradiated PY14, and unirradiated inks dat exhibit any peaks (see supporting information Fig.

Sl 3.1), confirming that the volatile compounds resulted from the irradiation process. Table 3.2

provides details on fragmentation products identified in the sampledagesttreatment including
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retention time and primary mass losses for each component. Notabbytadyne benzene and
toluene were present across all sampiteaddition, dried inks produced@iopenoic acieethyl ester,
methyl methacrylate, and styrene, while PY14 producedt8nyl methacrylate, and a peak at 1.7
minutes that was tentatively assigned as eithBi-dimethyl1,2-bis(aminooxy)ethane, or methy 1
dideutrere2-propenyl ether. Neither of these are readily attributed to fragmentation of the pigment
or rearrangementfwolatile fragments, and further work is required to confirm the identity of this
peak. Both PY74 and PY65 generategr@penenitrile whereas benzyl alcohol was formed from
PYG65.

The presence of benzene, toluene, and styrene is consistent with previous studies on the laser
irradiation of suspensions containing pigment blue 15, pigment green 7 and 36, pigment yellow 138,
pigment orange 13, pigment violet 19, as well as pigmentsl7@dand 2451 32 34 35 405
propenenitrile was reported to be formed by thermal chain scissions of the binders, solvents, and
additives of Edding feltip pen inks*. The formation of the remaining compounds {tiRadiene,
2-propenoic acieethyl ester, methyl methacrylatep8tenyl methacrylate, benzyl alcohol) from the

dried inks and pigments has, to our knowledge, not previously been reported. These products could
potentially be attributed to the impurities present in the pigments during the manufacturing process
or other ingredients in the tattoo inks which could later degrade under laser irradidtidgranally,

the intense energy from the laser might inducaresmgement or fragmentation of the pigment
molecules themselves, leading to the formation of new compounds not originally present in the
pigment. The variation in the products formed implies an influence of the ink matrix on fragmentation
during laser iradiation, which is changed when the ink is partially removed from the vehicle layer

and the pigment aggregated.

When the GEMS chromatograms from irradiated dried tattoo inks were compared to that of the
irradiated organic reference pigments, the inks exhibited higher intensity peaks. It is hypothesized
that the particles in the inks have a greater specific sudigee compared to agglomerated pure

pigments, leading to altered response rates to the laser light.

The number of peaks observed in the-M6 chromatogram from the irradiated PYI#D> mixtures

was decreased when compared to irradiated PY14. Fragments observed in irradiated PY14 at 0.92,
1.458, and 1.702 min were absent from the-l@& chromatograms of the PYIO, mixtures.
Additionally, a reduction in peak intensity was observed in the chromatograms of irradiated PY14
TiO2 mixtures when compared to the irradiated PY14. This appears to be dependent orpthe TiO
particle size, with mixtures of PY14 and 50t TiO; having lower intensities than the mixture

containing 300 nm Ti@ In addition to these changes, an additional peak with low intensity at 1.144
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min was detected as a photodegradation product from irradiated R®14ut not in the irradiated

PY14. Based on the MS data, this could be attributed to either benzamide or benzonitrile. Both are
potential degradation products based on the structure. Benzonitrile was reported as a laser
decomposition product from PO$#38 Similar changes in the GRIS chromatograms were observed

for PY75 and PY65 when irradiated in the presence of [H@. S| 3.2). These results are consistent

with previous research that stated that sla@ers the photodecomposition of PG%3and are likely

to be attributable to the presence of 7&0d its capacity to absorb or reflect laser light, which changes
how laser light interacts with these yellow pigments. The presence phid@reduce the energy of

light available to breakdown the PY14, hence reducing the intensity of the volatile fragments in the
GC-MS peak decreases. Additionally, this might result in novel interactions between volatile
compounds produced during laserdiedgion and the rearrangement of the volatile fragmevtigsh

would produce new molecules.

The effect of TiQ on laser degradation of inks was verified by comparing the GC chromatograms of
GR and BO inks (Fig. 3.4b). These inks have a very similar ingredient list, only differing in that GR
does not contain Ti&) whilst BO is listed as containing Ti@25%, according to the label). In BO

ink, the intensity of the peaks at 1.635 and 1.722 min frggropenoic acieethyl ester and methyl
methacrylate were reduced significantly. Furthermore, the signal intensity of additional fragments
was lower in BD ink than in GR ink. This result provides further evidence to suggest that the presence
of TiO: alters the way the inks interact with laser light and reduces amount of fragmenting.
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1000000 7 JNL Irradiated PY14-TiO,(500 nm)

800000
2 Irradiated PY14-TiO,(300 nm)
>
(@]
£ 600000
b A——A Y s St
G
c
g
£ 400000
T
S Irradiated PY14
(7))

200000 —

0 WJ T T T |A 'J T

0 2 4 6
Time (min)

78



b)

5000000 —M Irradiated BO
A A

m
£ 4000000
3
o .
~ Irradiated GR
2 3000000 w
(%3]
5 | L
£
?_9 2000000 - |
S ] Irradiated GY
) L A
1000000 - —) L A N

n Irradiated LY
4 A

0 T T T T T T
0 2 4 6

Time (min)

Figure 3.4: GC-MS chromatogram of irradiated a) PY14, PY14TiO2 and b) dried LY, GY, GR and BO tattoo
inks.
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Table 3.2: The volatile fragmentation products released during laser irradiation of pigments and inks were
evaluated along with their retention times, retention indices, and major mass losses. *The volatile fragments
were tentatively identified.

Reten Compound Main  Observed Reten

tion fragm tion

: PY PY PY TiO2 .

time ents index

. 14 74 65
(min) (m/z) PY PY PY
14 74 65
0.849 1,3butadiyne 50,49,V V V V V V -
48

0.920 3-butenyl 69, 54, V. - - - - - 594.29
methacrylate 51

0.953 2- 53 - v V - vV Vv -
propenenitrile

1.144 benzamide/ben 103, - - - vV - - 631.37
zonitrile 76, 50

1.397 benzene 78,50 V. VvV V V V V 667.25

1.635 2-propenoic 99,55 - - - - - - 768.33
acid-ethyl ester

1.70 N, - 120, * - - - - - -
dimethyt1,2 74
bis(aminooxy)
ethane

1.70  methyl r 74 * - - - - - -
dideutrere2-
propenyl ether

1.722 methyl 100, - - - - - - -
methacrylate 69
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2.412 toluene 9,65,V VvV V V V V V V V V 770.86

51

5.701 styrene 104, - - - - - - V V V V 891.27
78,51

7.208 benzyl alcohol 108, - - \ - - - - - - - 931.74
78

3.3.2 SEM

PY14, TiQ, PY14TiO2 mixtures and tattoo inkaere examined prandpostlaser irradiation via

SEM to ascertain any morphological changes (Fig. 3.5). As can be seen, prior to irradiation, the SEM
images of TiQ showed cuboid rectangular shapes with edges and corners, typical :pfafitD
consistent with previous stud¥(Fig. 3.5a). Irradiated rutile Tihanoparticles revealed a change in
morphology when compared to unirradiated Zi®here are some agglomerated, larger spherical
nanoparticles, long rods as well as tiny nanoparticles in this sample (identified in the Fig. 3.5b). Rather
than simply breaking apart the Ti@e laser irradiation appears to have a heating and melting impact
on TiO; particles. Lasemduced fragmentation of larger particles leads to the formation of smaller
particles. As the irradiation proeged, the smaller nanoparticles remaining might be heated and
melted at high temperatures above 1003, These shape alterations could be caused by laser
photon energy absorption (including nlomear absorption and heating or melting of the
nanoparticles) causing alterations in their phase and crystalline structure. Unirradiated PY14
consisted of finely agregated powders, however, pasadiation the PY14 sample was reorganised

into thinly layered smooth sheets 6621m in length (Fig. 3.5¢c and d). Interestingly, the SEM images

of the irradiated PY1Z102 show that the particles had agglomerated, wighTi®©2 appearing to be

Agl uedo onto the PY14 surface as smaller, irr
it appears Ti@ forms clusters around PY14 particles. This may play a role in preventing the
fragmentation of PY14 into smaller particles and contribute to the decreased signals inNt& GC
which are presented in Fig. 3.4a.

Similar results demonstrating the effect of the photoactivity ob Wére also observed in the SEM
images of irradiated PY##O2 and PY65TiO2. In comparison with the unirradiated mixture of
PY74TiO (Fig. 3.5i),the irradiated mixture demonstrated that Z#&gyglomerated around PY74
particles as a coating layer (Fig. 3.5j). It is interesting to note that PY65 exhibits unique micro

morphologies including cubes, rods, spheres, and undestmgaed microcrystals (Fig. 3.5k). The
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smoothness was also seen in the irradiated PIY©5, with more intense melting and a vacuous look
with small floating particles in between (Fig. 3.5n). In additi®8&BM of the irradiated PY6%iO>
showed TiQ particle adhesion on the surface of PY65. The adhesion ettditBe pigment's surface
supports the hypothesis of the photoactivity of white pigment upon exposure to laser light, causing
the pigments to heat up and agglomerate with these yellow pignieD¥s.was carried out to

distinguishbetween ydbw pigments and Tigparticles (Fig. 3.6).

Tattoo inks are a combination of pigments and other components, therefore, their morphologies vary
depending on their content, and various particle shapes and sizes show up in the sanf€.sample
Smoothness of surface was the shared feature between GY, GR, and BO inks (Fig. 3.5q, s, and u).
However, SEM analyses are performed on dried ink samples, and the behaviour of the particles in
solution may differ, i.e., the removal of solvent may increaggemation and agglomeration in the
original inks*’. After irradiation,damage to the smoothness of the dried inks' surface was observed.
Pits formed that extended to the entire surface, with the remaining intact surface creating islands
between them and the structure became more porous. Following laser irradiation, fibre structures
sized in the micrometer range and arranged in a randoniws®wf LY ink were melted (Fig. 3.50

and p). Other characteristics of the irradiated tattoo ink sample include coalescing blocks and
punctured regions with wide holéthe formation of cavities and pores). Moreover, it has been
reported that Cu (found in PB15) is a promoter and one of the ingredients in LY ink, therefore, particle
agglomeration mapccur®. In this work, irradiated BO ink had a different morphology compared
with the GY and GR ink¢Fig. 3.5r, t, and v)SEM images of irradiated BO inks revealed greater
heterogeneity, with spheres and tiny particles aggregated on the ink's surface. An EDX investigation
of the irradiated sample revealed that the surface alterations were due to a large amount of TiO
appearing on the surface (Fig. 3.7). This is likely due to a higher concentration.ah i@ ink,

when compared with the GR and GY ink.

The laser treatment indicates that the shape and size alteration of inks and pigments particles occurred
by particle melting. If this is the case, the measured laser fluence threshold for the transition should
correspond to the fluence at which the pagsttemperature surpasses the melting point of pigment

49 According to the literature, the optical properties of a pigment, specifically its colour and hiding
power, are determined by the shape and size of its paficlEserefore, thelarkening of inks and

yellow pigments Fig. 3.3 could be a result of the alterations of the size and the morphology after
irradiation with laserThe mechanism during irradiation that results in morphological changes is most
likely connected to the temperature at the focusing location. It has been assumed that all irradiated
pigments are broken into smaller particles, and as a result, laser ramgeakrally a successful

method in the tattoo removal process. However, in the presefii®pfthe particle size appears to
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increase, making the removal process difficult. The aggregation phenomena are presumably the
combined effects of heating and beam penetration, impacting both the pigment and the carrier in
tattoo inks at the same time.

Irradiated PY74
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Figure 3.5: SEM images at different magnifications of unirradiated and irradiated PY14, PY74, PY65, TiQ
mixtures of pigments with TiOz, and dried tattoo ink. This shows the change in the morphology of pigments and
inks after laser irradiation. TiO 2 aggregates around pigments.
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Figure 3.7: EDX analysis surface of unirradiated and irradiated BO ink
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3.3.3 DLS

The effect of laser irradiation on particle size was explored using DLS. The nanosized diameter of
suspensions of unirradiated and irradiated PY14, PM®4, and ink particles was examined (Fig.

3.8 and 3.9 and Table S13.1). As can be seen from Fig. 3.8, the DLS measurements provides the
overall average size and shows that 300 nmp Bi@yylomerated to a large particle size of around
4737 nm after laser irradiation. However, PY14 particles fragmented from 705+39 nm (unirradiated)
into smaller particles witla diameter of around 301+20 nm when irradiated. For, pi@ment
mixtures, the irradiated mixtures had a larger size of around 46iw2%hen compared to irradiated
PY14 and were similar in size to the irradiated 2iDhis research indicates that the Tifays a

major role in the overall final particle size of irradiated PY1@, mixtures. It is hypothesized that

this phenomenon is linked to reduced absorption of laser light by PY14 in presence wafhicd

hinders fragmentation into smaller particles during treatment. Furthermore, considering the elevated
local temperatures greater than 1000 °C during laser refiid¥7alt is more probable that the particles

melt and form larger particles.

These findings align with SEM results showing increased particle sizesrmadsition forming
spherical shapes. Notably, while SEM identified higher particle sizes than DLS measurements, this
discrepancy may be attributed to differences arising fromoaggiate dispersion within the DLS

solution.

A similar trend was also observed for PY65 and PY74. Laser irradiation of-PiggFesulted in a

size shift of the particles from 272 £16 nm (irradiated PY65) to 455+13 nm. Similarly, DLS analysis
showed that irradiated PY7HAO. exhibited a significant change in hydrodynamic diameter from
165+21 nm (irradiated PY74) to 3344 nm, attributed to varying amounts of pigresentFig. Sl

3.3).

Prior to irradiation, LY, GY, and GR have similar particle sizes of around 164+35 nm, with BO
having a larger average patrticle size of around 329+20 nm. The larger particle size of BO is likely
due to the large quantity of Ti@ompared with the remaining inks which had no 2I{GR) and
smaller quantities (LY and GY) (Table 3.1). All of the inks had larger particle sizes after irradiation,
however the magnitude of the change varied. Interestingly, BO ink showed only a small increase in
t he i nk 6z afierdaser treatinent, vghich could support the hypothesis that the presence of
TiO2 in high quantities limits the effect of the laser on particle breakdown and resulted in aggregates
of this tattoo ink. A larger increase in particle size was observed for GY and GR inks following laser
irradiation. Further suggesting that the small amaifitiO2 (1i 10%) has less effect on the particle

size. It would be expected that if the particle size from the ink was just dependent on the pigment, a
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smaller particle size would result after irradiation. However, the inks comprise both pigment and TiO

along with a number of other vehicles. These vehicles may also be playing a role.

The DLS data support the SEM observations, particularly concerning agglomerates, even though
large agglomeration structures may exceed the detection range of DLS. For irradiated pigments and
tattoo inks, both SEM and DLS indicate heterogeneous structuttesliameters ranging from 250

to 800 nm. In the case of the DLS technique, as per Mie's theory, where scattering intensity follows
a powerlaw relationship with radius size, it is plausible to infer that larger aggregates could

potentially mask smallermsictures that might be less than 100 nm in %ize
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Figure 3.8: DLS data of unirradiated and irradiated a)TiO 2, b) PY14, and c) PY14TiO2. Comparison of the
particle size of irradiated pigments with and without TiOz, showing the particle size of irradiated pure pigments
is smaller than irradiated PY-TiO2
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Figure 3.9: DLS data of unirradiated and irradiated a) BO, b) LY, ¢) GR, and d) GY inks.

3.3.4 XRD

XRD analysis was conducted on both unirradiated and irradiated pigments and inks to explore the

potential relationship between pigment darkening, molecular composition alterations, binding

90



medium degradation, and changes in phase structures. The XRD analysis of irradiased H®14
indicated a rearrangement of the crystal structure, as evidenced by decreased intensity of diffraction
peaks (Fig. 3.10a and b). LY, GY, and GR inks behaved similarly (Fig. SI 3.4). In contrast, the XRD
data of BO ink (Fig. 3.10c) showed morempoanced highintensity peaks after laser irradiation. This
increase in intensity is likely due to Ti® arrangement towards the surface of the BO ink after
exposure t®32 nm laser light, as shown in the SEM images (Fig. 3.5v). The SEM images, together
with the XRD results, suggest that BiOndergoes photoactivity or photoreaction upon laser light

exposure, potentially indicating a structural transformation from rutile to arfatase

The findings from this study support the hypothesis that pulsed laser irradiation induces changes in
the crystalline structure and phase of the pigments. Chemical or photochemical redox processes may
contribute to colour changes in inorganic and metlg@anic pigments. Given the high local
temperatures (>1000 °C) generated during laser rerffotfathese reactions are more likely to occur,
which could explain the common darkening of tattoos -fresttment. Additionally, local colour
changes might result from redox reactions involving photocatalytie 8n@ copper phthalocyanine
pigments, such as Blue 15 and Green 7. Organic pigments could decompose into colourless or
coloured fragments through chemical and/or photochemical reactions, which in some cases may pose
health risk$ 23 The most compelling evidence of the thermal effect is the observed colour shift and
pigment darkening following laser irradiation, likely driven by heduced changes in the crystal

lattice structure of each pigment.
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Figure 3.10: XRD analysis of unirradiated and irradiated a) TiOz, b) PY14, c) BO Ink. TiOz and PY14 presents
how the crystal structure change after laser irradiation. BO ink surface analysis shows high intensity peaks of
TiO2 after laser irradiation.
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3.4 Potential health concerns

This study raises significant health concerns related tontiveso formation of potentially toxic
molecules and aggregates upon the laser irradiation of pigments and tattoo iAWS @talysis
identified several volatile fragments, which all have potential health effects as outlined in their safety
data sheets obtaindtbm Chemwatct?®. These health hazards are summarised in the supporting
information (Table. 3.3). For example, compounds such -psof@enenitrile, benzene, methyl
methacrylate, toluene, and styrene are known to induce toxicity/harm (H311, H312), irritation (H315)
and allegic reactions (H317) upon contact with the skin. Furthermore, benzene is classified as
carcinogenic (H350), methyl methacrylate is recognised for causing severe eye damage (H319) and
is also a skin irritant, while toluene may harm the unborn child (H3&idlran cause organ damage

with prolonged or repeated exposure (H373). These hazardous chemicals are typically encountered
through inhalation or skin contact. This research indicates that these toxic compounds may be formed
within the body during laser g¢atment, adding a new route of exposuf@ere is limited
understanding of the risks from this new route of exposure when compared to exposure through skin
and respiratory routesn any case there is concern thavivo generation of these compounds icou

result in more significant health effects. Importantly, dutasgr irradiation the compounds are likely
concentrated at the treatment site, which could potentially lead to significant localised damage
Following this they may be distributed through the body through the blood and lymphatic systems.
The level of hazard will depend on their likelihood to be excreted from or accumulate within the
body. In addition, results from this study illustrates thatpresence of Tinakes laser pigment
removal nore challenging, thus additional sessions may be required. This would result in repeated
exposure to these volatile hazardous fragments, but at a lower dose per session.

In addition to the formation of volatile compounds, DLS results shows laser irradiation of PY14,
PY74 and PY65 led to the formation of smaller nanoparticles. These substances could be redistributed
in the body and cause harmful or even carcinogenic resgtin>> SEM of the irradiated pigments

also showed that the produced morphologies were highly diverse, with some of them potentially
hazardous when in touch with or expelled from the skin. For example, the fibre andsteguiid
structures observed in unirratkd PY65, unirradiated LY, irradiated PY74 and irradiated2TiO
might be harmfuf > It is known that the toxicity of fibrous nanoparticles rises as their aspect ratio
increases®’. Aspectratio-dependent toxicity is commonly observed in the lungs. Nanofibers
approximately 150 nm in thickness and 2, 5, or 10 um in length are indicative of lung cancer,

mesothelioma, and asbestosis, respectivily®”. It has been reported that Neediaped

93



nanoparticles demonstrate greater toxicity than spherical nanoparticles due to enhanced endocytic

processes, higher internalisation rates, and increased adhesiveness to target ceftseftfaces

In contrast, DLS showed an increase in particle size after irradiation of tattoo inks containing TiO
and pigmendliO. mixtures. This was supported by SEM images which revealed altered
morphologies, including large aggregates. When tattoo inks agglomerate rather than decompose
during laser therapy, significant toxicity issues may emerge. Initially, if the ink particiesgage

into larger clusters, the body might encounter difficulties to removing them. Larger aggregates are
less likely to be transporteda the bloodstream or lymphatic syst&h?® which means they can stay

in the body for extended periods. Over time, these aggregate particles may gradually release
hazardous decomposition products into surrounding tissues or the circulation, potentially resulting in
localised or systemic poisoningor example, release of polycyclic aromatic hydrocarbons (PAHS)
from black and yellow inks has been reportédProlonged exposure to such carcinogens could

increase cancer risk.

Additionally, if the body detects the aggregated particles as foreign, it might trigger a prolonged
immune respons®. Larger particles may persist in the skin or lymphatic system, perhaps resulting
in chronic local irritation or inflammation. It has been reported that nanoparticle aggregation has the
potential to cause inflammatory lung diseases in pebplén addition, agglomerated carbon
nanotubes have been shown to be more hazardous thadispelised carbon nanotubes, and longer
nanotubes in dimension have been observed to be moréaéxic

Ti O nanoparticles have been extensively stuc
surface area are often associated with increased reactive oxygen species (ROS) generation, which car
lead to oxidative stress and cellular dam¥g&tudies have shown that nanoparticles exhibit distinct
toxicological profiles based on their size, shape, and surface charactétiftics Whi | e s mal |
particles have been |inked to higher cytotox
observed in our study, could modify their interactions with cells or tissues. Larger aggregates may be
less efficiently taken up by celtait could contribute to local toxicity through prolonged retention or
deposition in tissues, potentially inducing inflammatory responses or cellular damage upon sustained
exposure. Additionally, the aggr eglesurfacemoftbef t i
BO ink following laser treatment not only alters the surface morphology but may also have

implications for the material's toxicity.

Depending on the distribution/elimination of the irradiation products within the body, the cumulative

effect of repeated exposure could pose serious health risks to individuals undergoing tattoo removal.
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More study is needed to examine ihevivo formation of these compounds and fate within the body.

Additionally, this study only examined a small number of inks. Further work is required to examine

a broader range of inks in order to comprehensively assess the likely toxicity of tattoo inkamadiat

products within the body.

Table 3.3: The toxicological evaluation and the hazard statement* were made according to ECHA database and

Chemwatch.
Retention Compound Hazard Hazard Description
time Codes* category
(min)
0.849 1,3-butadiyne H220 1A Extremely flammable gas.
H280 Compressec Contains gas under pressure n
gas explode if heated
liquefied
gas
dissolved
gas
0.920 3-butenyl NA NA NA
methacrylate
0.953 2-propenenitrile H225 2 Highly Flammable liquid
H301 3 Toxic if swallowed
H311 3 Toxic in contact with skin
H315 2 Causes skin irritation
H317 1,1A,1B  May cause an allergic skin reactio
H319 2/12A Causes serious eye damage
H331 3 Toxic if inhaled
H335 3 May cause respiratory irritation
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H350 1,1A,1B  May cause cancer
H361 2 Suspected of damaging fertility «
the unborn child
H411 2 Toxic to aquatic life with long
lasting effects
1.144 benzamide H302 4 Harmful if swallowed.
H341 2 Suspected of causing gene
defects.
benzonitrile H227 4 Combustible liquid.
H302 4 Harmful if swallowed.
H312 4 Harmful in contact with skin.
1.397 benzene H225 2 Highly flammable liquid anc
vapour.
H304 1 May be fatal if swallowed and ente
airways.
H315 2 Causes skin irritation.
H319 2/12A Causes serious eye irritation.
H336 3 May cause drowsiness or dizzines
H340 1, 1A, 1B  May cause genetic defects.
H350 1, 1A, 1B May cause cancer.
H360Fd 1, 1A, 1B May damage fertility
H372 1 Causes damage to organs throt

prolonged or repeated exposu

96



Suspected of damaging the unbc
child.

H401 2 Toxic to aquatic life.
1.635 2-propenoic acid NA NA NA
ethyl ester
1.702 N, - Mimethytl,2 NA NA NA
bis(aminooxy)ethane
1.70 methyl ZXdideutreiec NA NA NA
2-propenyl ether
1.722 methyl methacrylate H225 2 Highly flammable liquid anc
vapour.
H315 2 Causes skin irritation.
H317 1,1A,1B  May cause an allergic skin reactio
H319 2/12A Causes serious eye irritation.
H335 3 May cause respiratory irritation.
H336 3 May cause drowsiness or dizzines
2.412 toluene H225 2 Highly flammable liquid anc
vapour.
H302 4 Harmful if swallowed.
H304 1 May be fatal if swallowed and ente
airways.
H315 2 Causes skin irritation.
H319 2/12A Causes serious eye irritation.
H336 3 May cause drowsiness or dizzines
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H361d 2 Suspected of damaging the unbc
child.

H373 2 May cause damage to orga

through prolonged or repeate

exposure.
5.701 styrene H226 3 Flammable liquid and vapour.
H302 4 Harmful if swallowed.
H315 2 Causes skin irritation.
H319 2/12A Causes serious eye irritation.
H332 4 Harmful if inhaled.
H351 2 Suspected of causing cancer.
H361d 22 Suspected of damaging the unbc
child.
H373 2 May cause damage to orga

through prolonged or repeate

exposure.
7.208 benzene methanol H302 + 4 Harmful if swallowed or if inhaled.
H332
H319 212A Causes serious eye irritation.

*Association between hazards code and toxicity of fragments produced by laser treatment of inks was
according to globally harmonized system of classification and labelling of chemicals
(GHS).http://www.unece.org/fileadmin/DAM/trans/danger/publi/ghs/ghs _reve8GAC1030-

Rev8e.pdf

3.5 Conclusion

In conclusion, this study investigated the effects of laser treatment on tattoo inks, specifically focusing
on pigments, dried inks, and mixtures of PY14, PY74, PY65 with.Tife results revealed a diverse
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range of degradation products, along with variations in morphology and size. The laser degradation
process was significantly influenced by the presence of, Tiidh different aggregate morphologies
forming when pigmenTiO2 mixtures and Ti@-containing inks were irradiated. Additionally, the
presence of Ti@altered the chemical profile of volatile degradation products detected BY&C

along with reducing their concentration, suggesting thas &y decrease the extent of degradation.
This effect is lilkely due to TiQ aggregating around pigment particles, thereby limiting the availability

of the pigment for degradatiomoreover, the aggregation of Ti@ith pigment particles following

laser irradiation may impede the efficacy of laser tattoo removal, as the formation of larger particle
could reduce their clearance by the bodyds n
insight into the challergs and toxicity associated with the laser removal of tattoos and underscore
the need for further reseh and technological advancements in tattoo removal techniques.
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The previous chapter explored how the existen:
| aser tattoo removal. Ti O was shown tled cont
formation of potentially harmful by -products, all of which complicate the efficacy and safety of

the removal process. While these findings shed light on the chemical and physical barriers
introduced by certain ink components, laser tattoo removal can atsbe hindered by intrinsic

skin characteristics particularly melanin. Therefore, the following chapter aimed to investigate

the role of melanin, especially in individuals with darker skin tones, and how its high optical
absorption competes with tattoo pigments during laser treatment. This exploration aimed to
uncover how melanin contributes to reduced laser effectiveness, increased risk of adverse

effects, and further complicates treatment strategies for safe and successful tattoo removal.

Abstract

The popularity of tattooing has increased the demand for effective tattoo removal methods. Laser
techniques are standard, but their efficacy can vary, particularly for individuals with darker skin tones
due to melanin interference. This study aims to iigate the role of melanin in the effectiveness of

QS Nd:YAG laser treatments on tattoo inks and to provide experimental data on their interaction. A
532 nm QS Nd:YAG laser treatment was used on yellow tattoo inks, reference pigments, and
pigmentmelanin nixtures. The degradation products, along with their morphology and patrticle size,
were examined using GMS, SEM, and DLS. The results reveal that melanin significantly absorbs
532nm laser light, hindering the degradation of yellow pigments and inks.résenge of melanin
reduces volatile fragment formation, promotes ink conglomerates, and increases ink particle size. The
study'sin-vitro nature, which may not reflect live skin interactions. This paper examines yellow
pigments and inks only, at 532nmdibes not address what may happen for different colours or at
other laser wavelengths. The presence of melanin plays a crucial role in laser tattoo removal efficacy,
indicating the need for tailored approaches to improve treatment outcomes for individuaksrier

skin tones.
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4.1 Introduction

Tattoos, an art form with a history spanning thousands of years, have become increasingly prevalent
in contemporary social and cultural tretdélongside the rise in tattoo popularity, there has been a
corresponding increase in instances of tattoo regret, leading to a significant surge in demand for tattoo
removal over the past decattt Laser therapies are the standard method for tattoo removal due to
their superior efficacy compared to other technigulesThe laser tattoo removal process involves
targeting tattoo ink particles with short and intense laser pulses that fragment the pigments into
smaller components that are subsequently removed by lymphatic system procEsséseakdown

of tattoo ink particles is achieved by passing laser light through the epidermis and subsequent
photothermolysis of the tattoo pigmeritS. The mechanism behind this approach is believed to

involve inducing mechanical stress via thermal mechanisms during treatment se$%ions

Although using lasers for tattoo removal process is aegtblished protocol, it is far from being

the simple and ideal procedure for successful tattoo removal that many operators’agsaording

to the literature, multiple laser treatments are often required to achieve successful tattoo removal,
making it challenging for people with limited time. In addition, the number of treatments necessary
for a specific patient remain undeterminadd depend on three major considerations: the laser
settings used (e.g. wavelength, pulse energy, pulse duration, spot size), the skin pigmentation, and
tattoodependent parameters, which include the style, depth, and size of the tattoo along with the ink

used',

Skin pigmentation can have a significant impact on the efficacy of the tattoo removal prdéedure

As reported in the literature, patients who have lighter skin tones (Fitzpatrick skin types | to Ill) can
be treated with higher fluences and smaller spot sizes. On the other hand, low fluences and larger spot
sizes are recommended to treat patients eatier skin tones, including Fitzpatrick skin types IV to

VI 1314 1n addition, it has been claimed that by applying longer wavelengths, longer pulse durations,
and more effective cooling devices, laser treatments can safely and effectively treat individuals with
darker skin type$>!’. Furthermore, it has been reported that removing tattoos from eskikeed

people is often difficult, and it is thought that this may be complicated by the presence of melanin
pigments” 18

Melanin in the epidermis acts as a competing chromophore for the absorption of laser light used for
tattoo removat® 1® Natural melanin, which includes eumelanin, pheomelanin, and neuromelanin, is
created in biological systems through a sequence of enzymatic processes that begiynogimé.
Synthetic melanin is a melaniike substance created by the enzymatic omgbal oxidation of

various monomer€. Melanin chromophores can absorb laser radiation, and are reported to heat and
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cool faster than larger structures including blood ves8el$> This can cause cell damage,
dyspigmentation, blistering, and scarrifigt® As a result of melanin, there will be an increase in the
|l aser |l ight required to breakdown the intende

to an increase in the number of laser treatment sessions

QS 694 nm ruby laser, 755 nm alexandrite laser, and QS Nd:YAG (1064 nm and 532 nm) lasers are
commonly used in tattoo removal. However, the use of 532 nm and 694 nm laser light is not advised
for dark skinned peoples, as epidermal melanin absorbs a cagmiportion of the laser's energy,
making darkesskinned patients more prone to letagm dyspigmentation and other adverse effects

23 Thus, removing lighter tattoo ink colours will be hindered or more challenging on darker skin due
to the presence of melant 24 This is challenging for treatment of coloured tattoos, as longer
wavelengths have been reported to effectively remove blue and black tattoo édl&utsut red,

orange, and yellow colours are best treated with 532nm laser light.

The main objective of this study was to investigate the impact of melanin pigments on the irradiation
process of yellow pigments and inks, specifically focusing on changes in fragment size and
morphology. The QS Nd:YAG laser treatment was applied to auneixdf tattoo inks and melanin
pigments. Both natural and synthetic melanin pigments were utilized due to their shared
characteristics such as strong light absorption and free radical quenching?&Htlityas necessary

to verify the results using melanin pigments extracted from animal models before extrapolating them
for research involving human epidermal melanin. Laser radiation targeted the yellow pigment present
in the ink, aiming to eliminate anyffects from other components within the ink vehicle while

enabling comparisons with pure ink properties.

4.2 Method

4.2.1 Material and sample preparation

Lemon Yellow (LY), Golden Yellow (GY), Golden Rod (GR) and Bright Orange (BO) Intenze®
brand inks were purchased from Tattoo Direct, Victoria, Australia. Pigment yellow 14 (PY14) (C.I.
21095) (97%), pigment yellow 65 (PY65) (C.I. 11740) (98%), and pigyetaw 74 (PY74) (C.I.
11741) (tech) were purchased from AK Scientific, Union City, California. Methanol (LC MS grade)
was purchased from Honeywell, Australia. Synthetic melanin (SM) (M863) powder, produced by
oxidation of tyrosine with hydrogen peroxidend extracted melanin (EM) (M2649) (99%) from
Sepia officinaliswere purchased from Sigafddrich, Australia. All chemicals used in this

investigation, except the tattoo inks themselves, were used without any further purification. Samples
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were placed in standard 2mL wideouth GC vials equipped with a 200 uL small volume insert
(Rowe scientific,VV0055).

4.2.2 Sample preparation and laser experiment setup

The overall approach employed in this study is depicted in Fi¢.1S4nd the chemical structure of

the pigments tested is shown in Fig. 4cl& attoo inks were pipetted onto microscope slides and
dried in open air at ambient temperature for 48 h prior to irradiation and/or characterization. Dried
inks were scraped froitie slide and placed into a GC vial prior to laser treatment. Unadulterated
samples of pigments (PY14, PY65, PY74), inks (BO, GR, LY, GY), and melanin (EM, SM) were
used as controls. Praged mixtures were made by combining melanin (EM, SM) with the different
pigments (PY14, PY65, PY74) or dried inks (BO, GR, LY, GY) in individual GC glass vials. The
ratio of the combination was 50:50 by mass.

Control samples and prepared mixtures were irradiated using a QS Nd:YAGSpsetra Physics
QuantaRay GCR12)at 532 nm.Each sample was exposed to 20 pulses (with a duration of 6
nanoseconds) over a period of arour? hinutes.The laser pulses were 1435 mJ/pulse over an
area of 2 mm diameter (i.e., a fluence of #.4.2 J/cm). The photodegradation products were
analysed using a headspace-M6 to identify volatile fragmentsn addition, SEM and DLS were

employed to investigate changes in pagtsthape and size following laser irradiation.
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Figure 4.1: A schematic representation of the chemical structures of a) PY14, b) PY74, and c) PY65

4.2.3 Instrumental analysis

Scanning electron microscopy (SEM) was undertaken with a FEI F50 inspect system equipped with
an Octane Pro energy dispersiveay (EDX) detection system. Pigment samples were prepared by
directly spreading pigment powder onto sticky carbon tabs. Theimgodkstance was 10 mm, and
the acceleration voltage was 10 ®X14, PY74, GR, and GY inks weceated with platinum with
a thickness of about 2 nm to increase their electrical conductivity.
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Headspace gas chromatography mass spectroscopy@ @Gnalysis was carried out using an
Agilent Technologies 7890A GC system with a 5975C inert XL EI/CI MSD Triple Axis Detector and

a 7693 sampler. The apparatus was fitted with an Agilent Technologi&®8/%5% Phenyl Methyl
Siloxane column (29.4 m x 250 pum x 0.25 pm) with a kebile phase at a flow rate of 3.5 mL/min.

The headspace injection volume was 5 puL. The GC was operated in isocratic mode with an oven
temperature of 40 °C and an inlet temperature of 180 °C throughout the analysis. The MS ion source
and quadrupole tempaures were set at 230 °C and 150 °C, respectively. All m/z values between 40
and 500 were taken in scan motlsing the NIST database and published referefcé&g®, the
presence of volatile hazardous substances in irradiated pigments and inks or eluted compounds were
determined. The Kovats technique was used to assess the retention index (RI) of the organic volatile
chemicals®®33, This was done by analysing the headspacstasfdardalkanes (C8C9) using GE

MS.

Dynamic light scattering (DLS) measurements were achieved using a Malvern Nano Zeta Sizer
apparatus equipped with a 5 mW HeNe laser, a Peltier temperature control system. Backscattering
detection at an angle of 173° was used to determine the hydrodynaenand size distribution of
pigments and inks samples. This configuration is less vulnerable to multiple scattering effects and
dust than the 90° geometry. Measurements were taken at 20 °C and were repeated three times. Before
DLS measurements, all disgens were prepared by dilution of the pigments with deionized water

or methanoht a ratio of 0.1 mg pigment to 1 mL of solventlowed by 30 minutes of sonication at

40 kHz

4.3 Results and discussion

Pigments, inks, melanin, and melamk/pigment mixtures were irradiated with a 532 nm QS
Nd:YAG laser as outlined in sectigh?2.2. Mixtures and controls were analysed using SEM, DLS,
and GGMS to determine whether the presence of melanin led to changes in the morphology and
chemical composition of the mixtures. SEM and DLS were used to investigate the effect of laser
irradiationon particle shape and size while headspaceM®Gvas employed to identify any volatile
fragments. Results presented in this osmipt focus on PY14, EM, SM, BO and GR. Additional
tests were conducted on PY65, PY74, LY, and GY inks, and the corresponding results are provided

in the supporting information. All pigments behaved similarly, as did the inks.

43.1 SEM

Melanin, pigment, ink and melanink/pigment mixtures were analysed by SEM-pretpost laser

irradiation to examine morphological changes resulting from the irradiation process. Fig. 4.2 to 4.5
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show the SEM images of EM, SM, PY14, GR, and BO. The SEM images of PY74, PY65, LY, and
GY are presented in (Fig. 812 to S14.6).

As shown in Fig. 4.24 laser irradiation induced a noticeable variation in the surface morphology of
irradiated melanin when compared to the unirradiated samples. Unirradiated EM exhibited aggregates
with smooth spherical granules ranging from 100 to @2@0in diameter, consistent with previous
studies 3% 3 Following irradiation, the EM cluster had an irregular surface, indicating the
photoactivity of melanin towards laser light (Fig. 4aSimilarly, changes upon irradiation were
observed for SM. Irradiation caused the SM to develop a structure resgnsitiashed ice,
contrasting with the praradiation shape of SM particles which was spherical shape (Figf4.2d
These results contrast with previous studies reporting that a 755 nm laser does not affect the
morphology of melanin pigment. and insteatsas a heat source in picosecond laser treatrifents

Our study used short pulses of laser light at a wavelength of 532 nm rather than 755 nm and it is clear
that the absorption of 532 nm light by melanin particles results in changes in their morphologies as

observed in the SEM images.

Irradiation of PY14 resulted in melting and agglomeration of PY14 particles, primarily on the top
layer of the surface (Fig. 4.3 a and d). This is likely due to the limited penetration of the laser beam
in this area. To target deeper pigment depositstiaddl treatment sessions or higher fluences would

be required, similar to what was used in our previous research where increasing fluences from 4.1 to
5 J/cnt resulted in reaching deeper layers (Fig4<)3’. SEM images of irradiated PYZ2M and
PY14SM (Fig. 4.3e and f) reveal that laser irradiation of these mixtures resulted in amorphous
aggregates of pigment and melanin particles, in contrast to clearly differentiable pigment and melanin
deposits in the urradiated mixtures (Fig. 4.3b and c). This phenomenon is consistent with
observations of laser interactions with ink dispersfén€. Melanin pigment conglomerated on the
PY14, resulting in the formation of large clusters, whereas irradiated PY14 without melanin exhibited
smoothness from melting pigment particles on its surface. Similar results were observed for the

irradiated mixtureof melanin pigments with PY74 and PY65 (Fig4S3 and 4)

Dried GR and BO inks both had relatively smooth surfaces prior to irradiation (Fig. 4.4a and 4.5a)
which appeared to melt and form craters upon irradiation (Fig. 4.4d and 4.5d), likely representative
of the melting of PY14 particles that used to make thateo inks. In contrast SEM images of
irradiated inkmelanin mixtures did not exhibit significant appearance of melting (Fig. 4.4e, f, 4.5e,
and f). Instead, they showed numerous smaller melanin pigment particles were dispersed or adhered
to the ink surfce. These melanin particles were significantly smaller and more dispersed than those

observed prior to irradiation (Fig. 4.4b, ¢, 4.5b, and c). It seems that the presence of melanin led to
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an alteration in how the laser interacted with ink particles, reducing the breakdown of the inks.
Similarly, SEM images of irradiated GY and LY inks supported the hypothesis regarding melanin's
ability to absorb laser light since there was less effectrabdeon these ink surfaces by the laser
beam (Fig. S#.5, and 6)

Irradiated EM
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Figure 4.5: SEM images of unirradiated and irradiated BO samplesand BO-Melanin mixtures.

4.3.2 GC-MS

Headspace G®S analyses were employed to determine the volatile degradation products formed
upon the laser irradiation of reference pigments, inks, and metddpigment mixtures. Since SEM

data shows that melanin pigments absorbed 532 nm laser wabelBlgGCEMS analysis aimed to
investigate potential variations in the volatile degradation patterns of tattoo inks and pigments when

exposed to laser treatments, particularly in the presence of melanin.

The GCGMS chromatograms of irradiated EM, SM, PY14, PYAM, and PY14SM are presented in

Fig. 4.6a. GEMS analysis of irradiated PY65 and PY74 are included in the supplementary
information (Fig. SI4.7). The GEGMS results for tattoo inks and ifkelanin mixtures post
irradiation (GR and BO) are shown in Fig. 4.6b and c, with LY and GY data in Hg8She GC

MS chromatograms for the irradiated empty vial, unirradiated melanin, unirradiatednddin
mixtures, unirradiated inkshelanin mixtures showedo peaks, indicating that the volatile

compounds were produced as a result of the irradiation process (Ei§).SI

The list of fragmentation products from the irradiated samples is shown in Table 4.1, which also
includes the retention time and primary mass losses for each component. The major photodegradation
products that were produced from all irradiated samplesefgixg irradiated SM) were 1,3
butadiyne, benzene, and toluene. Furthermore, chloromethane was detected as a degradation produc
of EM, while 2propenenitrile was produced from EM, PY65, PY74, and LY. In contrast, 1
methoxybut2-yne was formed from PY14.hE formation of Zoropenoic acieethyl ester, methyl

methacrylate, and styrene as additional volatile chemicals was from irradiation of dried tattoo inks.

The detection of benzene, toluene, and styrene aligns with other investigations on the laser exposure
of suspensions including pigment blue 15, pigment green 7 and 36, pigment yellow 138, pigment

orange 13, pigment violet 19, and pigments red 170 and 2#8 3839 Chloromethane (observed in
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irradiated EM) and methyl methacrylate (observed in irradiated tattoo inks) have not been reported
in prior studies that examine the laser irradiation of tattoo inks and pigments. The presence of
chloromethane in the irradiated EM sample was unexpectedsihot observed in the unirradiated

EM, and melanin does not contain chlorine atoms. We hypothesise that this may result from a small
guantity of solvent residues remaining within the extracted melanin powder. Methyl methacrylate
was observed in three tfe tattoo inks, and one tattoo tmkelanin mixture. This chemical was not

listed as an ingredient in the tattoo inks, however this has been reported by others as a binding agent
in tattoo ink?® 4% Chloromethane and methyl methacrylate were also identified from the pyrolysis
GC-MS of FabetCastell felttip pen (AFC136) inks that contain violet dioxazine pigment and
pigment red 9 (PR 42

2-Propenenitrile was only observed in irradiated PY65, PY74, and LY ink, that did not contain
melanin. It has not been previously reported as a product of laser irradiation of pigments nor in yellow
tattoo inks. However, this compound was reported to bedd by thermal chain scissions of the
binders, solvents, and additives of Edding-figipen inks*. To our knowledge, the formation of the
remaining compounds (I3utadyne, 2propenoic aciekthyl ester, and-inethoxybu2-yne) from

the irradiated pigments and inks has not previously been stated.

An overall decrease in the peak intensity of the volatile fragments of thkl&€hromatograms
shows the effect of mel aninds capacity to ab:
fragments upon irradiation of yellow pigments and tattoo 1AK4 The low number and intensity of

volatile fragments from irradiated melariimk/pigment mixtures observed in @@S was expected

given that the SEM images confirmed that EM and SM absorb laser light which result in the alteration

on their morphology.

Irradiation of EM and SM with a 532 nm laser revealed distinct interactions with the laser light. The
GC chromatogram of irradiated EM displayed three major peaks at low retention times,
corresponding to the presence of chloromethane, benzene, and toluene. In contrast, these compound:
were absent in the GC chromatogram of irradiated SM. This difference matyribeted to the

thermal stability of these melanin pigments. EM appears to be less thermally stable than SM, leading
to its breakdown into multiplgolatile fragments. Supporting this observation, Prateal (2019)
demonstrated through thermogravimetric analysis (TGA) that synthetic melanin exhibits higher
thermal resistance at elevated temperatures compared to natural melanin. This finding may explain

the differing responses to laser irradiation betweeraeted and synthesized melanin pigmént¥.

114



The GC chromatogram of irradiated PY14 revealed volatile degradation products that are associated
with the presence of 1-Butadiyne, Imethoxybut2-yne, benzene, and toluene. These fragments were
detected in the absence of melanin pigments. Neverthétespresence of melanin resulted in a
significant decrease in the peak intensity associated with fragments released from irradiated PY14
EM and PY14SM. Furthermore, the peaks detected at 0.962 and 2.412 min vanished entirely,
suggesting the inhibition ¢tY14 degradation.

The GCGMS analysis of irradiated PY74 and PY65 mixtures with melanin pigments yielded findings
similar to those obtained with PY14 (Fig.4¥). Notably, the presence of melanin pigments resulted

in a considerable drop in the peak intensity of fragmented products, showing that breakdown of PY65
and PY74 was hindered.

Similarly, the presence of melanin pigments significantly reduced the peak intensity of volatile
products resulting from the laser degradation of dried tattoo inks, as observed with the yellow
pigments. The interaction between laser light and tattoo anki)e other hand, varied depending on

the variety of their composition. For example, GR, GY, and BO inks all contain PY14, but vary in
the quantity of TiQpresent. This variation along withepresence of melanin pigments had an effect

on the amount of volatile fragmentation generated after laser irradiation of inks (Fig. 4.6B1a8)d Sl

87 Furthermore, the composition of LY ink differs from that of the previously stated inks, as it also
contains PB15, resulting in a distinct GC chromatogram (Fig.831 For example, the peak intensity

of 1,3butadiyne that eluted at 0.849 min from irradiated LY inks was increased in the presence of
EM and SM. This might be due to the PB4Bich absorbs the 532 nm laser wavelength and degrade
to form 1,3butadiyne (Fig. 4.7).

Volatile chemicals were detected upon laser irradiation of reference pigments or inks, indicating that
the presence of melanin in the mixtures did not result in the formation of new volatile compounds
under the experimental conditions. However, melarstreng broadband absorption significantly
reduced the intensity of incident light that reaches the yellow pigment, thereby restricting the
pigments photodegradation and the formation of degradation products. Notably, some of the detected
degradation produs were unexpected based on the known chemical structures of the parent
molecules. This indicates the involvement of secondary reaction pathways, perhaps resulting from

interactions among volatile intermediates produced during the irradiation process.
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Table 4.1: The volatile fragmentation products released during laser irradiation of pigments, inks, as well as the retention times gtietention index, and major mass

losses.

Retentio Compound Mai Observed in Retentio
n time n n index
) Non-mixed with melanin Mixed with melanin
(min) (m/z
) E S PY1 PY7 PY6 G PY1L PY7 PY6 G
M M 4 4 5 R 4 4 5 R
0.849 1,3-butadiyne 50, - vV V V V V V V \Y V -
49,
48
0.809 chloromethane 50 vV - - - - - - - - - -
0.953 2-propenenitrile 53 vV - - \% \% - - - - - -
0.971 1-methoxybut2- 69, - - V - - - - - - - 542.04
yne 54
1.397 benzene 78, V V V V V V V V \Y 667.25
50
1.635 2-propenoic acid 99, - - - - - Vv - - - - 768.33
ethyl ester 55
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1.671

N-2-hydroxyethyl 74

urea

776.37

1.702

N, N dimethyt1,2 74

bis(aminooxy)etha

1.722

2.412

770.86

5.701

ne

methyl 100,

methacrylate 69

toluene 91,
65,
51

styrene 104,
78,
51

vV VvV
vV VvV
vV V

891.27
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4.3.3 DLS

In comparison to GBS and SEM images, DLS measurements offer additional insights into
fragment dimensions and the average size of clusters suspended in methanol post laser treatment. It
must be noted that DLS measures particles in suspension, and aggreggtdisaggregate in this
technique. Thus, the particle sizes measured using DLS may not reflect the SEM results. SEM
analyses are performed on dried samples, and the behaviour of the particles in solution may differ,
i.e., the removal of solvent may ie@ase aggregation and agglomeration in the original thks
Despite this limitation, DLS provides useful information about the effect of the laser on the particle

size and distribution.

DLS analysis of EM and SM before and after laser irradiation reveals varying effects on particle size
due to laser light exposure, with EM showing a slight increase from 155£32 nm to 228+33 nm (Fig.
4.8a), while SM remained unaffected (Fig. 4.8b). Théiglarsize of PY14 decreased from 705+39

nm to approximately 344.9+10 nm (Fig. 4.9a).

However, DLS analysis of irradiated PYEM indicates a slight decrease in particle size from
460£45 to 325+28 nm, whereas PY3M shows a significant increase ptester treatment from
459+39 to754 £100 nm (Fig. 4.9b and c). This discrepancy may beutgttito the smaller particle

size and lower thermal stability of EM compared to SM; where the lower thermal stability suggests
that EM readily absorbs laser light, breaking down into smaller particles forming conglomerates with
pigments and tattoo inks @nsmaller scale. Conversely, the higher thermal stability exhibited by SM
reduces the impact of lasers resulting in larger particles sizes observed feERIY Adsimilar trend

was also observed for PY74 and PY@Blanin mixtures (Fig. $1.10).

It is important to note that unirradiated and irradiated EM has a smaller particle size compared to SM,
which suggests that SM may have a greater impact in reducing the amount of laser light required to
irradiate pigments and inks. This observation aligih the GGMS results, where the presence of

SM with PY14 and dried inks was associated with a decrease in the formation of volatile fragments,

as indicated by the detection of lower peak intensity (Fig. 4.6a).

DLS analysis further indicates that the particle sizes of BO and GR inks increased post laser
irradiation (Fig. 4.10a and d), potentially influenced by other ink components. However, this increase
was not observed in the presence of EM (Fig. 4.10b ahkety,due to different interactions between

ink content and laser light, resulting in reduced particle size but increased nanoparticle agglomeration.
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The DLS analysis of irradiated B&M and GRSM (Fig. 4.6¢ and f) demonstrates a significant rise
in particle size attributed to large SM patrticles' size along with ink particle agglomeration. SM notably
impacted PY14 and BO, leading to the largest pastiafaong all irradiated samples.

The DLS findings supported by G@S and SEM data suggest melanin's critical role in limiting

pigment and ink fragmentation by lasers, resulting in larger clusters formation.

4.3.4 Implications of laser tattoo removalon dark skin

These results underscore the challenge posed when removing tattoo pigments from dark skin, which
may necessitate additional laser treatment sessions or different treatment conditions for complete
removal. It should be noted that laser removal works bykbrgadown pigments into smaller
particles and molecular fragments, which are then transported away from the skin by phagfcytosis
Phagocytosis is a mechanism that requires actin polymerisation to take particles larger than 0.5 pm
into cells*> 4¢ The target aspects impacting the physical process of phagocytosis that have already
been discovered is the morphological characteristics such as shape and dimension or aspect ratio
Target size is considered as a significant factor in determining uptake. Maximum target internalisation
takes place in the-3 um size rangé®. Therefore, the DLS analysis indicated that the particle size of
irradiated samples is within the range at which phagocytes can engulf these materials, but these
measured sizes could be due to the dispersal of agglomerates in the DLS solution, wh8ielsts the
image shows a larger cluster dimension of irradiated pigments and inks. As a result, the phagocytosis
process might be affected by the geometric properties of irradiated pigments and inks with varying
morphologies and dimensions. Hence, this couldfglthe difficulties of removing tattoo inks from

dark skin. The findings demonstrate that treatment of tattooed dark skin using a 532 nm laser

wavelength is ineffective and results in poor removal efficacy.
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4.4 Conclusion

In conclusion, this study investigated the response of melanin pigments to 532 nm laser irradiation, a
process commonly used in the removal of yellow tattoos. The findings highlight the crucial role of
melanin in absorbing 532 nm laser light during thadiation of yellow pigments and tattoo inks.

The observed reduction in peak intensity in the-l@E€ chromatograms, along with the presence of
numerous agglomerations in SEM images and larger particle sizes in DLS, are indicative of melanin's
ability to hincer the breakdown of pigments and inks. These results suggest that melanin pigments
significantly influence the behaviour of tattoo inks and pigments under laser treatment, providing

insight into why certain tattoo colours are more challenging to remonedesker skin.
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Building on the chemical characterization of lasefinduced degradation products, this chapter
assesses their potential biological impact to determine whether these compounds pose risks to
human skin cells. Chapter 5 investigates the cytotoxic effects of tho irradiated and

unirradiated inks and pigments on HaCaT skin cells.

Abstract:

Tattooing has grown significantly in popularity, leading to increased demand fobksea tattoo
removal. However, limited studies have examined the chemical toxicity of tattoo inks, and their
degradation products formed during laser irradiation. Ttuslysinvestigates the cytotoxic and
chemical profiles of commonly used tattoo inks (PY14, PY65, GR, BO) before and after exposure to
a Qswitched Nd:YAG laser.The toxicological profiles of both unirradiated and irradiated
pigments/inks were assessed usithg HaCaT keratinocyte cell line. @@S and U\Vis
spectroscopy were used to characterise pigments, inks, and theinthszyd degradation products.
Irradiated pigments and inks showed increased cytotoxicity compared to unirradiated samples. The
MTT assay demonstrated a dedependent decrease in cell viability. Unirradiated PY14, PY65, GR,
and BO reduced cell viability to around 50%, while irradiated forms caused significant cytotoxicity,
with 0% cell viability observed at higher concentrations-ldEanalysis showed thattoluidine, 2
methoxyphenyl isocyanate, anetoluene isocyanate were predominant laser degradation products.
These compounds exhibited considerable toxicity at concentrations over 10 pg/mL. The results
highlight potential health risks associated with laser tattoo removal, as laser irradiatitwoahtes,
particularly at higher concentrations, significantly increases cytotoxicity. This may pose risks to skin
cells and overall tissue health, emphasizing the need for further evalaedtiasertattooremoval

safety.
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5.1 Introduction

Tattoos are popular among people of all ages, genders and socioeconomic backfnwitihds
reported prevalence rates ranging from 11.7% to 31.5% in industrialized cotinifiaét®oing is the
permanent application of coloured chemicals under the skin using a solid needle, resulting in the
colouring of the skirf % Tattoo inks consist of pigments and additional components such as carriers
(water, glycerine, and other alcoholic derivatives) and additives (surfactants, polycyclic aromatic
hydrocarbons, nanoparticles, and polymér$)® It is estimated that, during the tattooing process,

large quantities of tattoo ink are deposited in the dermis, ranging between 0.60 and 9.428rfig/cm
7

Considering the growing popularity of tattooing, tattoo inks have been poorly evaluated for human
use, as the inks are generally developed for use in printing and pdifitihdnas been reported that

tattoo inks have the potential for adverse health effects. For example, they can undergo photochemical
degradation into carcinogens and allergens, resulting in health issues and allergic responses, as
indicated by clinical andkicological studie$ 1 A limited number of studies have been conducted

to evaluate the potential health effects of widely used tattooink% Results from these studies

show that many harmful compounds included in tattoo inks and their metabolic products might
constitute a threat to health, not just for the skin but also for other dffy&ws instance, black and

red tattoo inks have been detected in the liver, indicating that the tattoo pigment was transported from
the inked skin via the bloodstream to this key organ of detoxificitidrattoo inks may potentially

reach excretion organs via the liver or kidney, and pigment particles from tattoo suspensions have
been detected in Kupffer celtd. Furthermore, tattoo inks have been shown to have detrimental
effects on humans, resulting in skin probleéfdacterial and viral infections, and eczematous skin
reactions'®18, Joeyet al. (2021) found that injecting tattoo inks into rebuilt human skin results in
different levels of decreased metabolic activity and histological cytotoficliyis study also shows

that cytotoxicity of tattoo inks was detected as cellular swelling, dermal fibroblast karyolysis,
epidermal loss of laminar organization, and karyorrh&xisks can be associated with cytotoxicity

and oxidative stress, which happen mostly when using inks containing azo pigments, such as red and

yellow inkst 2,

With the rising number of people getting tattoos, a significant percentage of the population is currently
seeking tattoo removal treatment. Tattoo removal can be driven by cultural factors to enhance self
perception or avoid social stigma, or merely that individual no longer likes their tattéd 2t A

survey conducted between 2017 and 2020 found that tattoo regrets were most prevalent among
educated individuals in South America, with sixty percent of the patients requesting tattoo removal

services??. In addition, fifty-eight percent of tattooed people in Saudi Arabia regretted their tattoo,
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and 42.5% attempted to remove®it This study also reported that tattoo regret was linked to

symptoms such as localized itching, pain, and infection.

Tattoos are typically removed using laser technidéi€Bhe basic concept of laser tattoo removal is
selective photothermolysis, in which tattoo ink particles absorb laser light of a particular wavelength
and are heated for a shorter period than their thermal relaxation time. Tattoo removal of black and
bluetattoos often yields good outcomes, particularly in those with light skin tones. Removing yellow,
red, and green tattoos has been shown to be more difficult and typically results in a significantly faded
but still visibly present*. Laser irradiation fragments tattoo ink into smaller particles, which are
engulfed by macrophage®;2® stored in lysosomes within skin cells, and cleared via the lymphatic
systen¥’.

The removal of tattoos by laser has raised health concerns due to the creation of potentially hazardous
products from both the pigment and the delivery matrix (the two components of tattdé k)
Previous laboratory based studies have identified compounds such as benzene, toluene,
hexachl or ob e n z e-diehlorobenzidine iaspetentiablaser degradation prodérds
Furthermore, it has been reported that laser therapy on tattooed skin has the potential to cause an
immune system response to the foreign particles that are created, resulting in a range of

immunological reactions such as hypersensitivity, allergy, aagrahaxis®..

There is limited knowledge of the effects of laser degradation products on skin cell viability, with
only one study examining tattoo inks and degraded tattoo inks products effects on skin cells. The
work conducted by Aubnet. al? found that exposing PO13 to simulated sunlight resulted in the
formati on of - B,(YBhi3pha rcyhll Joir L3phehyiRjddihydeon y | ) 1
3Hpyrazot3one (DCBP). Subsequent cell exposure to both photoaged PO13 and DCBP caused a
statistically sigificant decrease in HaCaT cell viabiltyThis study was limited to a single ink, and
broad spectrum irradiation with simulated sunligH€ In contrast, laser removal uses higbwer

pulses of discrete radiation, thus the fragmentation process, resulting degradation products and their
concentrations may vary from those observed using solar irradi@omsequently, this study aimed

to perform a cytotoxicity assay of a selection of yellow pigments and tattoo inks, along with their
laserinduced breakdown products on human skin cell lines, specifically HaCaT skin cells. MTT
assays were conducted to ev#duthe effects on HaCaT cell viabilitigments and inks were

irradiated and analysed using @4S and U\AVis.
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5.2 Materials and methods

RPMI-1640 media (R8758), fetal bovine serum (FBS) (SIN&3, Penicillin-Streptomycin (P4333)
MEM Non-essential amino acid solution (100x) (M127), and Trypan Blue (15250061) (0.4%) were
purchased from Thermo Fisher Scientific. Phosphate buffered saling (PB813), Dimethyl
sulfoxide (DMSO) (D8418§ (99.7%), 3(4,5dimethylthiazol2-yl)-2,5diphenyltetrazolium bromide
(MTT) (M2128), hydrogen peroxide ¢B,) (216763) (30% wt. in kD), and trypsiFEDTA solution
(T4049) were purchased from Sigildrich (AU). Golden Rod (GR) and Bright Orange (BO)
Intenze® brand inks were purchased from Tattoo Direct, Victoria, Australia. Pigment Yellow 14
(PY14) (C.1. 21095) (97%) and Pigment Yellow 65 (PY65) (C.1.11740) (98%) were purchased from
AK Scientific, Union City, Glifornia. All chemicals were used without any further purification. 2
Methoxyphenyl isocyanate (547078) (98%Yoluene isocyanate (T40703) (99%), antbluidine
(185426) (99%) were purchased for SigAidrich.

The general method used in this research is presented in Fig. 5.1. The additives and (azo) pigments

included in the analysed inks, together with hazard identification, are displayed in Tal3#& 5.1

Unirradiated Irradiated
Pigment-ink Pigment-ink

Laser Radiation
(532 nm)

R 28 - "‘:"u.‘:‘”’;w - -
1 M s _

| 1 g
< e’y )
; ~ el ®0 il
HaCaT skin Harvest and Seeding cells Cells treatment ~ Cells cytotoxicity Data analysis
cell culture count the cells 24 hours assay

Figure 5.1: General methodologyused inthis project (schematic experimental setup).
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Table 5.1: Commercial tattoo inks and the risks associated with their ingredients.

Tattoo Batch number Chemical C.l.x  CAS* Hazard
ink listed in ink  no. identification 3°
Intenze  HCY020087IMX40 PY14 21095 5468 Respiratory irritation.
Golden 757
Eye irritation.
Rod y
(GR) Skin irritation.
Possible risks of
irreversible effects.
May cause cancer.
Very toxic to aquatic
life.
PO13 21110 3520 Skin sensitizer.
72-7
Eye irritant.
Respiratory toxicity.
Glycerine NA 561 81-5 NI
Hamamelis NA 84 16 NI
Virginiana 195
extract
Isopropyl NA 671630 Eye irritant.
alcohol
Intenze  HCYO010W139085IMX40 PY14 21095 5468 Respiratory irritation.
Bright 757
Eye irritation.
Orange
(BO) Skin irritation.

Possible risks of

irreversible effects.
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May cause cancer.

Very toxic to aquatic

life.
PO13 21110 3520 Skin sensitizer.
72-7
Eye irritant.

Respiratory toxicity.

Glycerine NA 561 81-5 NI

Hamamelis NA 84 16 NI

Virginiana 195

extract

Isopropyl 67163-0 Eye irritant

alcohol

TiO2 77891 1 3 14 Suspected
67-7 carcinogen.

Eye irritant.

Organ damage upon
prolonged/repeated

exposure.

*Abbreviations: CAS no = Chemical Abstracts Service number; €dolour index; NA = not

available; NI = none identified.

5.2.1 HaCaT cell culture

Cell lines
The HaCaT cell line, derived from human mmancerous keratinocytes, was provided by the

Department of Medical Biotechnology, College of Medicine and Public Health, Flinders University,

134



Australia. These cells were cultured using RPMI medium witPolPetal Bovine Serum, 1% non
essential amino acid, and 1% penicifitneptomycin. Cultures were initiated by seeding cells in tissue
culture flasks and then maintained in a fully humidified environment at 37 °C with 5% CO
Subculturing was performed twice a week when the cell confluence react®®d®80r higher. The

cell concentration and viability of the HaCaT cell culture intended for assay were assessed using a

trypan blue staining methpds described below.
Trypan blue assay

The trypan blue assay is the most frequent way to determine the viability of cells. Trypan blue is a
crucial stain that stains nonviable cells (dead cells with a broken membrane), which take up the dye
and give the cells a colour that is blue when seemrmuadnicroscope, whereas viable cells remain

unstained (owing to intact cell membran&s)

To prepare the hemocyt omet e rcell suspersien whsodiluted lell | C
with 10 €l of 0.2% trypan blue dye. The mixtu
chamber.Cells in the four corner squares were counted to calculate the concentration using the

following formula:

DO G
6 QdéEE OQE 01—6'20 Qil)an $ WO OOB'Q 60 p T

The average number of cells multiplied by the dilution factor (DFfyitlded the cell concentration
per nL. In this experiment, the dilution factor was 2 (due to the 1:1 dilution with trypan blue), and

the constant f0accounts for the volume of one square of the hemocytometer (0.0001 mL).

Cell treatment

To determine the cytotoxicity of unirradiated and irradiated pigments (PY14, PY65) and tattoo inks
(GR, BO) to HaCaT cells, a methyl tetrazolium (MTT) assay was performed. HaCaT cells were
seeded into 96vell plates at a density of 1 x 4€ells per well and incubated for 24 hours at 37 °C in

5% CQO to allow for cell adhesion. Following incubation, the media was aspirated, and each well
was supplemented with 200 €L of the treatment
in fresh medium. Ctd were incubated with the different concentrations of treatment solution of tattoo
inks or pigments (ranging from 0.006810 0 € g/ mL) for 24 h before in
The treatment solution was then removed, and the cells were washeavtwvitcehn 200 &L of
eliminate any remaining treatment solution. Untreated cells served as the negative control (O dose).

All experiments were conducted in triplicate.
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Table 5.2: Preparation of treatment solutions at various concentrations for cell exposure experiments. Stocks
were prepared by mixing the pigments or inks with deionized water (1mg/mL).

Final Final Conc. Stock Used Stock Media Total Notes
Conc. (mg/mL) Volume  Volume  Volume
(Hg/mL) (L) (HL) (mL)
500 0.500 100% stock 1500 1500 3.0
250 0.250 100% stock 750 2250 3.0
200 0.200 100% stock 600 2400 3.0
150 0.150 100% stock 450 2550 3.0
100 0.100 100% stock 300 2700 3.0
75 0.075 100% stock 225 2775 3.0
50 0.050 100% stock 150 2850 3.0
25 0.025 100% stock 75 2925 3.0
10 0.010 100% stock 30 2970 3.0
5 0.005 100% stock 15 2985 3.0
1 0.001 1%  stock 300 2700 3.0 Prepared fromr
(0.01 1% intermediate
mg/mL) stock
0.5 0.0005 1% stock 150 2850 3.0 Prepared fromr
1% intermediate
stock
0.1 0.0001 0.1% stock 300 2700 3.0 Prepared fromr
(0.001 0.1%
mg/mL) intermediate
stock
0.05 0.00005 0.1% stock 150 2850 3.0 Prepared fromr
0.1%
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intermediate

stock
0.01 0.00001 0.01% stock 300 2700 3.0 Prepared fromr
(0.0001 0.01%
mg/mL) intermediate
stock
0.001 0.000001  0.001% 300 2700 3.0 Prepared  from
stock 0.001%
(0.00001 intermediate
mg/mL) stock
0.0001 0.0000001 0.001% 30 2970 3.0
stock
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Inducing oxidative stress to assess the level of protective activity.

As a positive control, cells were exposed to various concentrationgafikétead of the treatment
solution to determine the concentration that reduces cell viability to 40@g.dtl concentrations of

100 pm and 60 pm was used as the positive control (Fig. 5.2).
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Figure 5.2: Effects of H:O2 on HaCaT cell viability determined by the MTT assay. Cells were exposed to
different concentrationsof H202f or 24 h. Each k8D (standapddevigtions)t s me an

To normalize the cell viability data following exposure to irradiated and unirradiated pigment/ink
suspensions, a control experiment was performed to account for the potential effects of media dilution
(reduction of nutrition). Serial dilutions of cell tute media were prepared using only distilled water

in the same ratios as those used for the pigment/ink treatments (Table 5.2). Thesaedier
concentrations served as control treatment solutions and were applied to the cells under identical
conditions(24 hours at 37 °C in 5 % G Cell viability measurements (Fig. 5.3) obtained from the
controls were used to normalize the viability results of cells treated with the corresponding
pigment/inkmedia solutions. This normalization step ensured that the observed effects on cell

viability were specifically due to the ink components rather than dilution of the culture media.
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Figure 5.3: Effects of media dilution with water on HaCaT cell viability determined by the MTT assay. Cells
were exposedo various water-diluted media concentrationsf or 24 h. Each ©B&D(standapdr e sent
deviations).

Methyl tetrazolium cytotoxicity assay (MTT)

The MTT assay, derived from the tetrazolium salt, relies on a colorimetric method to assess
mammalian cell proliferation and viabilifyf. It hinges on the capacity of viable cells to metabolise
the soluble yellow tetrazolium sdft *8 Metabolic function can be assessed through the colorimetric
transformation of thiazolyl blue tetrazolium bromide, resulting in the formation of purple formazan
crystals by NAD(P)Hdependent oxidoreductases found within functional mitochondria, following

the methodology as previously outlingd® 4°

Following the treatment, an MTT solution, with a concentration of 0.5 mg/ml, was introduced and
all owed to incubate for four hours at 37 AC.
of DMSO was added to each well and incubated at 37 °C for hOtonsolubilize the formazan
crystals. The absorbance (ODs) was measured on a spectrophotometric plate reader using a reference
wavelength of 570 nm. These absorbance values were plotted against known cell concentrations to
create the standard curve, whighs used to quantify HaCaT cells under a variety of experimental
circumstances. A standard curve was used in each experiment to convert OD values to cells per well.

The total number of cells were determined by converting the average absorbance vadliss to c
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number using the equation from the standard curve. The percentage of cell viability is calculated
using the following equatioft:
L AAQT ORI AIABE ARAIKDARAOIT Al

. o
POEAAENECST 0 o1 AABE ARATATG 001"

Standard curve

In order to create standard curves for HaCaT skin cells, the initial step was placing 200 pL of the cell
suspension with a concentration of 4%t@lls in the first well of a 98vell plate. Further serial
dilutions were carried out in order to get a variety of defined cell concentrations. This procedure
entailed transferring a 100 pL volume of the cell suspension from one well to the next, ensuring
complete mixing at each stage, and repeating the process. As a result, each well was filled with a
distinct cancentration of cells, which formed the basis for the standard curve. Following seeding, the
cells were allowed to adhere for 24 hours under ideal culture conditions, particularly in a suitable
medium at 37 °C and 5% GOro avoid contamination and maintain cell viability, all processes were

carried out in a sterile environment.

Data analysis

Data were collected from three different trials. Mean results for each experiment condition were
compared with the mean rank of unexposed controls. Tage ANOVA for multiple group
comparisons was used (and Tuknmdgifferences commpareiwith t e ¢
untreated cells were defined as *P O 0.05 **P

5.2.2 Laser irradiation and characterization of samples

All dispersions were prepared by mixing the pigments or inks with deionized water (1mg/mL)
followed by 30 min sonicationA dispersion containing pigment or ink was subjected to laser
irradiation at 532 nm (QS Nd:YAG laser, Spectra Physics QiRayaGCR12; 126140 mJ pulse
energy, 10 Hz, 6 ns pulse duration) until transparency was observed (Fig. 5.1), indicating sample
fragmentation. For most samples, this was achieved within approximately 15 minutes. This irradiation

process aimed to induce degradatiothef pigments in dispersion.

Following irradiation, the aqueous suspension containinafieegenerated fragmemmss subjected

to extraction using ethyl acetate. To extract laser tattoo fragments, 1 mL of ethyl acetate was added
to 1 mL of the irradiated sample. The mixture was gently agitated for a few seconds to ensure
thorough mixing, then allowed to settle angpa®te into two distinct layers. The organic tattoo

fragments dissolved in the ethyl acetate layer, facilitating their isolation for further anBhesethyl
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acetate layer was then collected using a glass syringe and transferred to a clean glass vial for GC
analysis The photodegradation products in agueous suspension were analysed usifig UV

spectroscopy .

5.2.3 Instrumental analysis

GC-MS

Gas chromatography mass spectroscopy -M&) analysis was carried out using an Agilent
Technologies 7890A GC system with a 5975C inert XL EI/CI MSD Triple Axis Detector and a 7693
sampler. The apparatus was fitted with an Agilent TechnologieSN® 5% Phayl Methy! Silox
column (29.4 m x 250 um x 0.25 pm in size) walHe mobile phase at a flow rate 6f9 ml/min.

The injection volume was 1 yL. Thwren temperaturevas set at 40 °C, and remained for 1 min
followed by the first ramp with 30 °C/min to 8C;the second ramp with 10 °C/min to 260 °C, and
the third ramp with 99 °C/min to 320 °C, which was held for additional 4 Ta.GC analysis for
PY65 differed from the other samples because the oven temperature was $€&.toIion source

and quadrupole temperatures were set at 230 °C and 150 °C, respectively. All m/z values between 40
and 500 were taken in scan modée fragment compounds produced upon laser irradiation of

pigments, inks, were identified using the NIST database and litefatffé3

UV-Vis

Unirradiated and irradiated samples were transferred into 10 mm optical path length quartz cuvettes.
The UV Vis spectra was measured in the range 300 nm to 800 nm with a Cary 50 and Agilent 60
UV-vis spectrophotometer.

5.3 Results and discussion

5.3.1 Pigment and ink selection

PY14 and PY65 (Fig. 5.4a and b) were selected as they are both azo pigments, with PY 14 representing
a dirazo type pigment and PY65 representing a memmtype pigment. These pigments are known
ingredients in yellow tattoo inks, and they possess a steuctursisting of four and two aromatic

rings, respectively. Azo pigments are potentially toxic and may decompose into hazardous substances
with small particle sizé 7 446, A comprehensive review of the literature yielded no reports on the
laser irradiation of PY14 and PY65 leading to the formation of hazardepsobycts. However, our
Py-GCMS analysis reveals that these pigments degrade into harmful compounds, indjudime} s

aniline, otoluene isocyanate;tluidine, benzene isocyanate, anekyfidine (Table SI 5.1). Given

that lasefinduced tattoo pigment degradation is reported to proceed via a thermal mecHefiigm

is plausible that laser irradiation of these pigments could result in the formation of toxic compounds.
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The potential toxicity on skin cells from these pigments both before and after irradiation remains
unexplored. In addition to these reference pigments, GR and BO tattoo ink were selected for study.
These inks were chosen ey are reported to contaiRY14 andwere readily available to the
researchers. Neither of these inks, nor their laser degradation products have been evaluated for their

potential toxicity to HaCaT cells.

a) b)
“ i

@i)‘ 0 \CK“IM@

Figure 5.4: A schematic representation of the chemical structures of a) PY14 and b) PY65.

5.3.2 The toxicity impact of pigments and tattoo inks

This study evaluated the impact of unirradiated and irradiated inks/pigments on mitochondrial
metabolic activity, a key indicator of cell survival. Fig. 5.5 shows the MTT results, which
demonstrated a doskpendent decrease in cell viability, indicatingotoxicity. Specifically,
exposure to both PY14 and PY65 (unirradiated) led to a reduction in cell viability to approximately
25-50% at concentration ranges from 10 to 500 pg/mL. Cytotoxicity was increaseidraodsttion.
Irradiated PY14 further inducedsignificant decrease in HaCaT cell viability with complete loss of
the cell viability (0%) for concentrations larger than 75 pg/mL (p < 0.001). Irradiated PY65 exhibited
the highest toxicity, reducing cell growth to 0% across all tested dosé&(5agmL) (p < 0.05)

after 24 hours Although, PY65 has not been associated to any haeated outcome¥, the MTT

results demonstrate that this pigment exhibited the highest level of toxicity among the samples tested.
This finding is consistent with a previously reported medical case, where a patient developed an
allergic response a few weeks after being tattooed with inks containing PY65. The allergic reaction

affected all areas of the tattoo where PY65 was injéted

Unirradiated GR and BO inks displayed high levels of cytotoxicity, reducing survival rages to
70% at concentrations ranging from 0.01 to 500 pg/bdser irradiation of both inks (GR, BO)
significantly increased the cytotoxicity of both inks, with a statistically significant reduction in cell
viability to 1520% (p < 0.001)at concentration 100 pg/mL and 0% at concentrations 500 pg/mL.
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The observed toxic effects of GR and BO tattoo inks align with previous studies demonstrating that
ink injection leads to varying degrees of reduced metabolic activity in reconstructed humén skin
Significant reductions were reported for Eter
Light Red ink (88.7% N 1.9%), Kuro Sumi Gl ow
(65.0% N 14.1%), and | ntenze WhilshthesaenksRypichlly i n k
contain pigments such as Pigment Red 170 and carbon black (an amorphousaadaopigment)

which differ structurally and chemically from the diarylide yellow pigments (e.g., PY14 and PY65)
examined in this study, Pigment RELD is a monoazo pigment (akin to PY65). These studies provide
useful insight into the general biological responses induced by different classes of tattoo pigments,
andconfirm the potential for high cytotoxicity of these tattoo inks, consistent with the results of our
spectral analysés

The different toxicity levels of unirradiated and irradiated tattoo inks could be related to changes in
particle size. As identified in our previous stiyDLS analysis of both inks showed that BO inks
have a larger particle size than GR inks. Additionally, EDX analysis along with 2018 safety data
sheets (SDS) revealed that both inks have the same ingretijentsept for the presence of Tl

BO ink, which could be associated with its larger particle $iz&herefore, the larger particle size

of BO ink may reduce its toxic effects on cells, whereas the smaller particle size of GR ink might
contribute to a stronger toxic impact on HaCaT cells. However, after laser irradiation, both inks
exhibited high toxidly, which might be due to a reduction in particle size or the formation of toxic

degradation fragments

Notably, all irradiated samples showed statistically significant toxicity at concentrations larger than
50 pug/mL. Despite this, irradiated GR and BO inks exhibited lower toxicity compared to PY14 and
PY®65, likely due to differences in their chemical comias, which may influence the fragmentation
process during laser treatmeroreover, the variation in toxicity effects on cell survival may also
be attributed to the fact that this study usedsmgpension consisted of 26- 50 % pigments along

with additives and preservatives, as stated in the $@Bthese, whereas the pigment suspensions
consisted of pure pigment powders dispersed in solvent without additional ink formulation
componentsThis increases the likelihood of generatingraater quantityf toxic fragments from

pure pigments compared to inks after laser irradiation.

In addition, the inks examined in this study contained chemicals classified as skin or eye irritants, and
those with pronounced irritating properties were associated with lower metabolic activity if3.cells

Prolonged exposure times may further exacerbate cytotoxic effects.
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Figure 5.5: Effects of unirradiated and irradiated PY14, PY6, GR and BO ink on HaCaT cell viability
determined by the MTT assay. Cells were exposed to different dilutions of unirradiated and irradiated pigments
and inks for 24 h. E a c($tandaml deviatienp) ISwtsteallyt sgynificaat alifierefcesS D
compared with untreated cells were defined as *P

5.3.3 Characterization of laser tattoo fragments
Optical images of the irradiated samples reveal that the ink/pigment dispersions were transparent after
laser exposure (Fig. 5.IJhe UV-Vis spectra and the GC chromatogram of pigments and tattoo inks

were obtained from the prepared samplesgmepost laser treatments.

UV-Vis spectra

The UV-Vis spectra of pigments and tattoo inks were acquired from the dispersions following laser
treatments in the 26800 nm range. The spectra of the piastdiated samples of PY14, PY65, GR,

and BO ink and the reference unirradiated aqueous dispem@iershown in (Fig. 5.63. In water
basedsample dispersiongradiation resulted in a noticeable reduction in absorbance intensity, as
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observed in the spectral characteristifsis confirmed the capability of these pigments and inks to
absorb 532 nm laser light, hence breaking down the chromopleedJV-Vis spectral intensity is
contingent upon the state of aggregation and rises when the size of aggregates permits the creation of
stable colloidal suspensions in the solv@nAdditionally, some additives are designed to enhance

the stability of pigments in a watbased dispersion. The presence of these additives could increase
the turbidity of the dispersiott leading to an overall rise in intensity and broadening of the spectrum,

as observed in the unirradiated samples.

While considering the distinctions between polychromatic and laser light, it is important to note that
laser treatments of pigments and additives (two components of tattoo inks) have the potential to
produce soluble species that absorb green visible [idtg. UV-Vis spectra of irradiated samples
suggest dowssizing and/or decomposition of the chromophores after laser treaasamdicated by

the decrease in peak intensity.
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Figure 5.6: UV-Vis spectra before and after laser irradiation of a) PY14, b) PY65, c) BO, and d) GR inks
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GC-MS and Py-GC-MS

Using the GEMS, soluble fragments from irradiated pigment and ink suspensions were analysed.
Fig. 5.7ad shows the G@®IS chromatograms of irradiated PY14, PY65, GR, and BO inks. As
observed in the GC chromatogram of the irradiated sample suspensiongiimaoy peaks of
differing intensities were detected. The BAS analysis of the ethyl acetate, unirradiated PY14,
PY65, and inks had no peaks (see to supporting information Fig. SI 5.1). This indicates that these
peaks correspond to fragments that werelpeced during the irradiation and breakdown processes
that occurred during the laser treatment. The cleavage products from irradiated samples were
identified as benzene$ocyanate2-methyl (-toluene isocyanate) andr2ethyltbenzenamineof
toluidine) at Rt of 5.7 and 5.8 min, respectively (Table 5.3). Notably, the detected peaks in PY14
were more intense compared tB @nd BO inksThis result is expected, given thmthinks contain

PY14 in addition to various additives that form the suspension mediuttmeadfattoo ink. This
discrepancy in peak intensity could be attributed to the presence of these additional components. The
GC chromatogram of irradiated PY 65 shows one peak at 7.28 min which correlated to the presence

of 2-methoxyphenyl isocyanate.

To confirm the formation of the three fragments detected in the GC chromatograms of PY14 and
PY65, Py GEMS analysis was conducted for these pigments. The findings, as interpreted from the
pyrograms of the two pigments, are presented in Fig. SI 5.2 ahel S&b.1. A comparison between

the pyrolysis products and the GC analysis revealed additional fragments, especially in PY65, which
exhibited a range of compounds, several of which are known to be hazardous and potentially
carcinogenic to humari& Among the additional fragments identifiedanisidine, 2methoxyphenyl
isocyanate, and-Bhethoxybenzofurazan have been reported in the literature as hazardous substances
35 However, these compounds were not detected in our ethyl acetate efunattsr work would

need to be done to determine if these compounds are formed on laser irradiation of PY65.

Based on the GC chromatogram of irradiated BO ink and its constituents, includingvhi€h is

known to generate reactive oxygen species (ROS) when exposed to laser irradiation, it was expected
that this ink would exhibit significant toxicity impact to cetfs However, the MTT assay results
revealed that the GR ink exhibited slightly higher toxicity than the BO ink. This discrepancy might
be attributed to the specific laser wavelength used in this study (532 nm), which is not well absorbed
by TiO», and the high concentration of T the ink, as reported in our previous wéfklIt has

been suggested that Ti@nay reflect or fail to absorb this laser wavelength effectively, thereby
reducing the likelihood of ink fragmentation and led to the formation of the brown solid during laser
irradiation (Fig. SI 5.35°.
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These findings, together with previous studies involving femtosecond laser treatment of tattoo
pigments?®, highlight a broader concern: laser irradiation regardless of the specific laser type or
pigment structure can induce the formation of potentially toxic degradation products. For example,
prior work showed that PO13 and PY138 resulted in the formatitvexachlorobenzene, aniline,

and -dichidobenzidine?®, whilst other work on PG7, showed thatlorinated benzonitriles,
benzonitriles, phthalimides, benzaldehydes, and benzene chlorinated byproducts are produced by
femtosecond lasér.
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Figure 5.7: GC-MS taken after irradiation of a) PY14, b) 65, c) BO ink and d) GR ink.The spectra present from
5 t010 minutes, as no detectable peaks were observed prior to this time.
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Table 5.3: The soluble cleavage products released during laser irradiation of pigments, inks, as well as the
retention times, major mass losses and hazard statement.

Chemical/ CAS Rt(min) Main Present Hazard Hazard Description >
(m/z) in code category
o-toluene 5.70 133, 104, PY14, H227 4 Combustible liquid.
isocyanate/ 91, 78, GR,BO
51 H302 4 Harmful if
614-68-6 swallowed
H312 4 Harmful in contact
with skin.
H315 2 Causes skin
irritation.
H319 2/12A Causes serious eye
irritation.
H331 3 Toxic if inhaled.

H334 1, 1A, 1B May cause allergy
or asthma
symptoms or
breathing
difficulties if

inhaled.

H335 3 May cause
respiratory

irritation

o-toluidine/ 5.81 106, 77, PY14, H227 4 Combustible liquid.

43, 32. GR, BO
95-534 H301 3 Toxic if swallowed.

H319 212A Causes serious eye

irritation.
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H331 3 Toxic if inhaled.

H350 1, 1A, 1B May cause cancer.

H400 1 Very toxic to
aquatic life.

2- 7.28 149,134, PY65 H302 4 Harmful if
methoxyphenyl  min 106, 78, swallowed.
isocyanate/ 51

700-87-8

H312 4 Harmful in contact
with skin.

H315 2 Causes skin
irritation.

H317 1, 1A, 1B May cause an
allergic skin
reaction.

H319 2/12A Causes serious eye
irritation

H332 Harmful if inhaled.

H334 1, 1A, 1B May cause allergy
or asthma
symptoms or
breathing
difficulties if
inhaled.

H335 3 May cause

respiratory

irritation.
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H351 2 Suspected of

causing cancer

5.3.4 The toxicity impact of laser-generated fragments

Our GCMS analyses identified the formation @ktoluidine, o-toluidine isocyanate and-2
methoxyphenyl isocyanate. These chemicals are likely to be causing toxicity seen in the HaCaT cells.
Moreover, etoluidine is a carcinogenic compound that has been identified apedyct of laser
degradation from red pigmesff.

The cytotoxic effects ob-toluene isocyanat@-toluidine and2-methoxyphenyl isocyanatan cell

viability were evaluated using the MTT assay (Fig. &£BaTo assess their impact, a series of
concentrations of these compounds (0.080Q pg/mL) were prepared. The results indicate that at
lower concentrations (0.008L1 pg/mL), o-toluene isocyanate did not significantly impact cell
growth, suggesting that cells can tolerate low levels of exposure to this compound. However, as the
concentration increased.6-10 pg/mL), cell viability declined to 6Q0%, indicating a dose
dependent cytotoxic effect. Complete loss of cell viabilit§ojOvas observed at concentrations above

10 Og/mL, confirming the compounddés toxicity

In contrast,o-toluidine exhibited cytotoxic effects at very low concentrations. Cell viability was
reduced to approximately 7 within the range of 0.0000.01 pg/mL, highlighting its higher
toxicity compared too-toluene isocyanate at low doses. A further decline in cell viability was
observed at concentrations between @.Q&g/mL, reaching 2A0 %, while complete inhibition of
cell growth was noted at 5 ug/mL and higher. This suggests-tbhatidine is more potent in affecting

cell viability at lower concentratiathano-toluene isocyanate.

Laser irradiation of PY5 resulted in the identification em2thoxyphenyl isocyanate as a major
degradation fragment, which demonstrated a distinct cytotoxicity profile on HaCaT skin cells in
comparison to the fragments produced from irradiated PY14.duxedo lower quantities of-2
methoxyphenyl isocyanate (0.000101 pg/mL) reduced cell proliferation by roughly 6& As
concentrations increased (A6 pg/mL), cell viability decreased by approximately-48D %.

Notably, concentrations over 25 pg/mL riésd in full cell viability loss (0%).
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Figure 5.8: Effects of a)o-toluene isocyanate, bp-toluidine, and ¢c) 2methoxyphenyl isocyanate on HaCaT cell
viability determined by the MTT assay. Cells were exposed to different dilutions of this chemical for 24 h. Each
bar represents mean N SD.

5.4 Conclusion

In conclusion, this study highlights significant health concerns associated with the use of tattoo inks
and the breakdown products generated during laser tattoo removal. Our findings demonstrate a
marked reduction in the survival rate of human skin cedidi(HaCaT) when exposed to irradiated

inks compared to neimradiated ones, indicating the potential for adverse effects on human health.
The process of irradiation was shown to produce hazardous chemicals, indttdingline, o-

toluene isocyanate, arddmethoxyphenyl isocyanate, all of which negatively impact the viability of
HaCaT cells. These harmful fragments, released during laser treatments, may not only damage the
skin locally but also pose systemic risks by entering the body and affectingsghes. To safeguard

patient health, it is essential to implement comprehensive toxicity assessments and further research
the characteristics of laserduced tattoo ink degradation products. Additionally, limiting the amount

of ink removed during eachss®on and spacing laser treatments at regular intervals would allow the
body time to process and eliminate these hazardous substances, thereby reducing potential health

risks.
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6 CHAPTER 6: CONCL USION AND FUTURE WORKS

6.1 Conclusion

This thesis has explored the challenges surrounding the safety and behaviour of tattoo inks and the
impact of laser treatments on their degradation. In Chapter 2, an evaluation of commercially available
tattoo inks revealed substantial discrepancies gllialg, with numerous products containing unlisted
pigments and elements. These findings underscore a need for stringent regulatory measures to ensure
consumer safety and transparency within the tattoo industry. The potential health risks associated
with these undeclared components highlight the importance of implementing robust monitoring

systems and enforcement of labelling standards.

Chapter 3 explored the photodegradation of tattoo pigments, focusing on the role.oh TiO
modifying the degradation pathways of yellow pigments during laser irradiation at 532 nm. The study
demonstrated that TiOsignificantly influences the behaviour of pigments by forming complex
aggregates, which in turn reduce the production of volatile fragments. These insights provide an
understanding of the chemical interactions occurring during laser tattoo removal, ghegidion

both the challenges and safetyncerns associated with the process.

Chapter 4 involved the examination of laser treatment effects on darker skin tones, where melanin
pigments complicate the tattoo removal process. This research highlights the role played by melanin
pigments in absorbing laser light, which reduces yell@gmgint and ink degradation during treatment
processes. Melanin's presence influences how lasers interact with these substances by decreasing
volatile fragments while promoting conglomerate formation and increasing particle size. This
underscores the needrfpersonalized treatment approaches to address the unique requirements of

individuals with darker skin to ensure more effective outcomes.

Chapter 5 assessed the cytotoxic effects of tattoo ink degradation products, revealing that both
unirradiated and irradiated inks exhibit toxicity. While unirradiated pigments reduced skin cell
viability by approximately 50%, irradiated products displageéater toxicity to the cells. These
results bring to light the potential health hazards associated with both the application and laser
removal of tattoos, emphasizing the importance of understanding thtelomgmplications of these

practices.

In conclusion, this thesis highlights the multifaceted issues related to tattoo inks and their removal,
emphasizing the need for regulatory oversight, public education, and advancements in laser

technology. By addressing the gaps in knowledge regardingepiy composition, degradation
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behaviour, and health risks, this study provides a foundation for future research and the development
of safer practices. These findings contribute to the ongoing effort to protect public health while

supporting innovation and informed decisimaking in he tattoo and laser removal industries.

6.2 Future Directions Based on Preliminary Method Development

6.2.1 Advanced characterization of laser degradation products

The nature and behaviour of degradation products formed by laser treatment needs to be further
explored using advanced analytical techniques such as mass spectrometry, spectroscopy, and imaging
techniques. Initial work on this is described below. In Chrapeand 4, all studied samples were
irradiated in their dried form and analysed using-K8S to examine volatile degradation products.

To investigate noiwolatile laser degradation products, IMS should be used. The following
outlines the initial methodeyelopment for this LEMS analysis, representing work that has been

initiated and remains in progress.

Sample preparation and laser irradiation set up

PY74, PY14, and PY65 were prepared and irradiated using the same laser setup described in Chapter
3 with a varied number of pulsesthyl acetate (1 mL) was added to a GC glass vial containing
irradiated pigment and vigorously shaken for one minute. 200 uL of the extracted sample was diluted

with ethyl acetate for LAMS analysis.
LC-MS instrument analysis

Thermo Scientific Vanquish UHPLC equipped with an autosamplerVig\etector, and an 1SQ

EC mass spectrometer was used to analyse the unirradiated and irradiated samples.

Various solvent gradients were trialled using water in combination with one of the following:
methanol, acetonitrile (ACN), dilute aqueous formic acid, or tetrahydrofuran (THF), in an attempt to
improve separation. Similarly, different columns (C18 and, G8lvent extraction methods (ethyl
acetate, methanol, isopropanol), and gradient conditions were tested to further improve separation.

The results of this method development are discussed in sections below.

The optimal LC method was performed using arME system equipped with a ZORBAX 300SB

C3 column (4.6 x 250 mm, 5 um). The column was operated at a flow rate of 0.6 mL/min with a two
phase solvent system: water (A) and acetonitrile (ACN, B). The beshsghaglient began with 70%

A, held for 4 minutes, then linearly decreased to 10% A over 20 minutes. This composition was
maintained for 6 minutes, followed by a return to 90% A over 6 minutesrérosbnditioning was

performed using 30% water and 70% AQild for 5 minutes. The sample injection volume was 2
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pL. The ISQ EC mass spectrometer operated with an ionisation energy of 70 eV and was set to detect
positive ions in the range of 10 to 1000 amu.-\Ui¢ detection was carried out in the range ofi190
680 nm

Preliminary results

Initial LC-MS work was conducted using a Phenomenex Kinetex column (150 mm x 4.6 mm, 2.6
pm), operated at a flow rate of 0.6 mL/min with a {pltase solvent system: water (A) and UPLC
grade methanol (B). The initial gradient started with 95% A, held fomirdutes, then linearly
decreased to 55% A over 10 minutes, followed by a further decrease to 5% A over the next 10 minutes.
This was maintained for 2 minutes before returning to 95% A over 2 minutegsuRasinditioning

was performed with 30% water and@% methanol, held for 5 minutes. The ISQ EC mass
spectrometer operated with an ionisation energy of 70 eV and was set to detect positive ions in the

range of 10 to 1000 amu. WVis detection was carried out over a wavelength range afaBIonm.

The LGMS chromatogram of irradiated PY74 showed that increasing the number of laser pulses led
to its degradation. This was evidenced by the appearance of several new peaks with higher retention
times (Fig. 6.1). Notably, peaks at 15.05 and 15.4 minuéze wbserved in the irradiated samples,
whereas the unirradiated PY74 displayed a primary peak at 13.9 minutes. The intensity of-the 13.9
minute peak decreased significantly with an increasing number of laser pulses, while a new peak at

14.5 minutes appeed, suggesting the formation of degradation products.
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Figure 6.1:LC -MS chromatogram of unirradiated and irradiated PY74 with different number of pulses.

Based on the previous observation, PY74 was further irradiated with 20 pulses (Fig. 6.2), as previous
studies typically used a pulse duration of 26-hsAs shownin Fig. 6.2, some fragmentation peaks
were detected with increasing the pulse duration to 20 pulses. WhbtSL&halysis was performed

for PY74, the signal intensity of most of the analytes was low (peaks at 12.3 min and 14.9 min). This
indicated that theanalytes protonated poorly in the wabeethanol mobile phase conditions.
Therefore, individual analyses were performed with the MS in electrospray positive ionisation mode

to optimise LGMS parameters.
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Figure 6.2: LC-MS chromatogram of unirradiated and irradiated PY74 with 20 pulses laser radiation using
water: methanol mobile phase conditions.

Addition of the formic acid

Previous research found that the pH of mobile phase solvents affects the MS detection of aromatic
amines noticeably. As a result, mobile phase additives such as formic acid are necessary to increase
ionisation and fragmentation signal intensityAdding 0.1% or 0.2% of formic acid to the solvent
system was examined to enhance the mol ecul es¢
modifier in the mobile phas&his is owing to formic acid's comparatively low capacity to suppress

ion detection during light MS analysis employing electrospray ionisation (ESI) of samples, which is
why formic acid was chosen as a mobile phase modifier.

Therefore, the first step in optimising the IMS analysis was the addition of formic acid to water in

an attempt to increase the signal strength. Results from this experiment showed that the addition of
0.2% formic acid in both organic and aqueous matiases provided adequate retention and peak
characteristics (shape and intensity) (Fig. 6.3).
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Figure 6.3: LC-MS chromatogram of unirradiated and irradiated PY74 using water: methanol mobile phase
conditions & 0.2% formic acid.

Extraction solvents

To improve the detection of laserduced degradation products, alternative sample preparation
solvents were explored. Signal intensity remained suboptimal despite initial adjustments (the addition
of formic acid). The MS peak intensity of the PY74 fragtagon remained relatively low when
compared to unirradiated PY74. Consequently, the second step was to use organic solvents such as
methanol and isopropanol and test for their ability to dissolve different types of yellow pigments and

their degradation pducts.

PY14 has been irradiated and analysed using the same laser condition-&t®&irh€thod that was

used to irradiate and analyse PYW4th the only variable being the organic solvent udéd. 6.4
depicts the LEMS chromatogram of irradiated PY14 that dissolved in two different solvEngs.
resolution of peaks corresponding to degradation products was significantly improved when
isopropanol was used, compared to ethyl acetate and methaittionally, the intensity of

photodegradation product peaks increased when samples were dissolved in isopropanol.
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Figure 6.4: LC-MS chromatogram of unirradiated and irradiated PY14 dissolved in different organic solvents
(methanol, isopropanol, and ethyl acetate).

Furthermore, PY65 was exposed to the same laser conditions as PY74 and PY14. Interestingly, the
LC-MS chromatogram of irradiated PY65 shows higiensity peaks that are associated with the
degradation products when the sample was dissolved in isoprqpand.5).
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Figure 6.5: LC-MS chromatogram of unirradiated and irradiated PY65 dissolved in theisopropanol.

Gradient conditions

Building on the improved detection achieved by optimizing solvents, further refinement of the LC

MS method was necessary to enhance separation of degradation products. One unexpected
observation with separation of the breakdown products is that the gwttdie elution) between
stationary phase and mobile phase at 22 minutes (Fig. 6.5) resulted in an intense peak, which means
there may be some degradation products thatluted later. Therefore, L-®IS analysis was

performed with a new gradient elution tined.

The new gradient condition of waterethanol was 95% of water, which was decreased to 1%
gradually over 20 min and then maintained at 1% of water for 6 min. After that, the initial conditions
were restored from 26 to 32 min and kept for 2 min, allowingsyts¢em to equilibrate (Table 6.1).

The total run time was 35 min, and the curve was kept at 5 (linear). The new gradient had a noticeable
effect on eluting the photodegradation products early. This was confirmed by detecting peaks between
10-20 minutes irthe LGMS chromatogram of irradiated PY65 (Fig. 6.6).
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Figure 6.6: LC-MS chromatogram of unirradiated and irradiated PY65 using a new gradient elution.

Curves

Following the implementation of the new gradient method to improve separation, additional

optimisation focused on improving peak intensity and elution efficiency for irradiated PY65.

The intensity of the peaks detected in the LC chromatogram of irradiated PY65 (Fig. 6.6) remained

very low. Therefore, the previously described gradient was retained, but the curve setting was
adjusted from 5 to 3 and 7 (Table 6.1). Results from thesstatgats showed that, in all cases, the

degradation products were stiliagly retained (Figs. 6.7 and 6.8). Changing the curve to 7 was not

effective in eluting the products, whereas curve 3 eluted them at approximately 17 minutes

Table 6.1: Gradient condition used in the analysis of irradiated PY65 by LCEMS.

Time/min  Water (%) Methanol (%) Curve5 Curve?7 Curve 3

(linear) (concave) (convex)

0 95 5 5 5 5
20 1 90 5 7 3
26 1 90 5 7 3
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Figure 6.7: LC-MS chromatogram of unirradiated and irradiated PY65 using a new gradient elution (curve 7).
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Figure 6.8: LC-MS chromatogram of unirradiated and irradiated PY65 using a new gradient elution (curve 3).

Mobile phase concentration:

After adjusting the gradient curve to improve elution time, further optimisation was necessary to

address the poor peak intensity and retention issues observed in earlier trials.

Even when low intensity peaks corresponding to ealdying products were detected, as shown in

Fig. 6.8, a high concentration of organic solvent was required to elute them from the column.
Therefore, the initial mobile phase concentration was modifige @rganic solvent content
(methanol) in the LEMS parameters was incrementally increased to 25% and 50% (Figs. 6.9 and
6.10). The degradation products began to elute at 20 minutes and 17 minutes when the concentration
was raised to 25% and 50%, respedyiviowever, these increased concentrations did not effectively
elute the products, as peak intensity and shape remained suboptimal. As a result, a different mobile

phase solvent was explored

165



250

200 Irradiated PY65

150 ~

1004 Unirradiated PY65

Signal Intensity

504 Iso propanol N
| System Blank ﬂ
0 -

Time (min)

Figure 6.9: LC-MS of unirradiated and irradiated PY65 using a new gradient elution and changing the mobile
phase concentration was increased from 5 to 25%.
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Figure 6.10: LC-MS chromatogram of unirradiated and irradiated PY65 using a new gradient elution and
changing the mobile phase concentration was increased from 5 to 50%.
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Mobile phase type

Following the limited success of increasing methanol concentrations in the mobile phase, alternative
organic solvents were evaluated to further enhance product elution and pealkOspape solvents

such asACN and THF were tested as mobile phase additives to assess their efficiency in eluting
degradation products from a C18 column under different gradient conditions (Table 6.2). Selection
of these solvents was based on their polarity indices, (5.8 @, And 4.0 for THF), which are

higher or lower relve to methanol. The use of ACN resulted in a significant improvement, with
degradation products eluting earlier at 13 minutes and displaying more optimal peak shapes (Figs.
6.11, 6.12, and 6.13). Furthermore, using 25% THF led to product elution ire Befminutes.
However, increasing the THF concentration to 50% caused irregular peak shapes and shifts in

retention time, likely due to column compatibility issues.
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Figure 6.11 LC-MS chromatogram of unirradiated and irradiated PY65 usingAcetonitrile.
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Figure 6.12 LC-MS chromatogram of unirradiated and irradiated PY65 using THF 25%.
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Figure 6.13. LC-MS chromatogram of unirradiated and irradiated PY65 using THF 50%.
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Table 6.2: Gradient conditions used to optimize the LEMS analysis of irradiated pigments. The mobile phase
consisted acetonitrileor tetrahydrofuran, with water containing 0.2% formic acid.

Time/min  CAN (%) THF (%) THF (%) Curve

0 50 25 50 5
20 99 75 99 5
26 99 75 99 5
32 50 25 50 5
35 50 25 50 5

Column type

Due to irregular peak shapes and retention shifts observed with the C18 column, likely caused by
column degradation, a new column with a C3 stationary phase was trialled to improve separation of

laser fragmentation products.

A new column with a C3 stationary phase was trialled with different concentration of acetonitrile
and water mobile phase to improve laser fragmentation separation (Table 6.3). -h8 W@s
outfitted with a ZORBAX 300SBC3 4.6 x 250 mm, 5 um LC column arah at 0.6 mL/min with a
two-phase solvent gradient of water and ACN. This gave improved results when compared with the

C18 column.

Table 6.3: LC-MS condition using ACN as a solvent and C3 column.

Time/min ACN (%) ACN (%) ACN (%)

0 10 20 30
20 90 90 90
26 90 90 90
32 10 10 10
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The results from these attempts indicate that using ACN is the best solvent that could elute the
breakdown products before the switch between the stationary phases (Fig. 6.14). Therefore, the final
LC-MS method that could be used in future studies is destbelow.

The optimal LC method was performed using arME system equipped with a ZORBAX 300SB

C3 column (4.6 x 250 mm, 5 um). The column was operated at a flow rate of 0.6 mL/min with a two
phase solvent system: water (A) and acetonitrile (ACN, B). The beshsghaglient began with 70%

A, held for 4 minutes, then linearly decreased to 10% A over 20 minutes. This composition was
maintained for 6 minutes, followed by a return to 90% A over 6 minutesrérosbnditioning was
performed using 30% water and 70% A(ild for 5 minutes. The sample injection volume was 2

pL. The ISQ EC mass spectrometer operated with an ionisation energy of 70 eV and was set to detect
positive ions in the range of 10 to 1000 amu.-Wi¢ detection was carried out in the range ofi190

680 nm

a) 14.1 |Irradiated PY65) b) 33 [Irradiated PY65 C) 20.4 |Irradiated PY65
9.4 2 136
47 1 6.8 ,J
0.0 0 \ 0.0 ]
az0 |Unirradiated PY65 360 |Unirradiated PY65 171 |Unirradiated PY65
280 240 114
140 120 \ 57
0 g o

2 2 2
= =
2 S 2
é 26 Iso propanol §15v Iso propanol % 13.2 |Iso propanol
® K] = 88
S 18 104 g
2 a 2 44
9 00 0 52 ’J a4 B‘Lﬁ_’_’;dlj
13 o >
"~ |System blank 20.1 |System blank 17.1 |System blank
46
13.4 11.4
2.3
6.7 5.7 L\
0.0 J
0.0 DW L S 0.0
1 1 1 L L 1 1 1 1 1 i 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min) Time (min)

Figure 6.14: LC-MS chromatogram of unirradiated and irradiated PY65 using a C3column with different
concentration of ACN: a) 10%, b) 20%, and c) 30%.
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6.2.2 Extended photodegradation studies on other pigments and ink colours

Future research can broaden the scope to examine the photodegradation of a wider range of pigments
and inks, including other colours frequently used in tattoos. This would provide a more
comprehensive understanding of pigment behaviour and breakdownlaseteireatment.

Research presented in Chapter 2, 3, 4, and 5 primarily focused on yellow tattoo inks, a popular but
challenging colour to remove. The reference pigments were selected based on their simple chemical
structures containing elements such as H, C, O, N, atb@lever, other pigments, like PG7, PG36,
PG50, PB15, and PV32, contain additional atoms such as Cu, Br, S, and more Cl. These differences
may alter their interactions with laser light in the presence of di@elanin pigment. Future work

should investigte pigments such as PV1, PB15, PG36, PG7, and PO13 mixed withsiinQ the

laser irradiation method described in Chapter 3-M%; DLS, and SEM imaging should be
conducted on these mixtures before and after laser irradiation.

Sample preparation and laser experiment setup

Preliminary work was undertaken for PV1, PB15, PG36, PG7, and PO13 mixed witiwfie@ the
pigments were irradiated using the same conditions as outlined in Chapter 3(Section 3.2.2). The
resulting pigment morphologies examined by SEM. The SEM analysis was conducted as described
in Chapter 3 (Section 3.3.2).

Preliminary results

Preliminary SEM analysis, presented below, suggests that different pigments exhibit various
morphologies and distinct TiE&ggregation behaviours after laser treatment (Fig. 6.15). Therefore, it
is expected that Tigs influence on volatile fragments and particle size following laser irradiation
may differ from that observed with yellow pigments
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Figure 6.15: SEM Images of unirradiated PV1, PB15, PG36, PG7, PO13, and irradiated mixture of these
pigments with TiO2.
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6.2.3 Influence of picosecond pulse duration on the photodegradation gellow pigments

Tattoos are becoming more widespread in society. According to reports, up to a quarter of the
Australian and US populations have at least one tattoo. Although tattoos have grown in popularity in
recent years, it's estimated that about 17% of people withosaare considering having them
removed, with roughly one in five expressing a desire to have their tattoos refnbvEde most
effective method for removing tattoos iss@itched lasers; however, the mechanism underlying
tattoo ink fragmentation remains relatively unknown. As a result, there is little agreement on the best
laser settings for first and future therapyssess. According to a recent study, eight or more sessions
are frequently required for a desirable outcome. Greater knowledge of the mechanisms of pigment
reduction is required to optimise laser parameter selection, increase the effectiveness of each
treament session, and reduce the total number of treatment sessions réduired

Conventional laser techniques utilised for tattoo removal have pulse lengths within the nanosecond
range® 1° with more recent technology exploiting picosecond lasers as most tattoo chromophores
possess a thermal relaxation time of less than 10 nanosecorfis(1Ricoseconadlomain lasers

have been gradually gaining popularity because of their shorter pulse durations, which heat the
targeted chromophores more quickly and improve tattoo renio\faPicosecond laser technology

was first developed for commercial usage in order to enhance tattoo clearing by more effectively
breaking nanometrsized tattoo ink particles accumulated within macrophages and fibroblasts than

nanosecond domain laséfs

When compared to nanosecond lasers (NSLs), picosatmmedin laser§PSLs)target chromophores

by irradiating the tattooed skin at greater peak power and extremely short pulse Hutatlaser

therapy with picosecond pulse duration allows more efficient energy transfer to target chromophores
of smaller size than nanoseceddmain laser treatment. Tattoo fragmentation is caused by
photoacoustic impacts as described in Chapteatier than photothermal effects with shorter
picosecond pulse duratiotfs In terms of side effects after laser irradiation, such as tattoo darkening,
applying a picosecond laser creates less heating, preventing additional darkening and reducing heat
related adverse effects. Moreover, PSLs may provide better mechanical bneaddgwgment
particles (breaking up particles into smaller fragments that are more easily phagoéytdsed)
addition to improving the effectiveness of treatment, picosecond technology allows for lower fluences

to be given during treatment, which presumably reduces the chance of undesirable sidé éffects

Picosecond lasers have not only improved tattoo clearing efficithbut frequencydoubled
Nd:YAG at 532 nm picosecond lasers have been demonstrated to be particularly successful in the
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removal of yellow ink. Yellow tattoo inks have historically been challenging to remove using lasers
because their absorption peaks (440 nm, 470 nm, and 485 nm) do not match the current wavelengths
that are available in QS laser systems. Therefore, it is important to integtiganpact of PSion

yellow tattoo inks.

Alabdulrazzacgt al.(2015) used a 1064/532 nm PSL on 6 yellmgmented tattoo®. All obtained

75% or higher clearance, with twbirds approaching it in one to five sessions. In ¥6 & instances,
hypopigmentation was seen, whereag®hbad bullae or blisterS. Alabdulrazzag's achievements in

the removal of yellow ink are encouraging for more dependable treatment of this challenging pigment
20 However, greater sample size investigations should be undertaken in the future in order to verify

these findings.

A picosecond frequenegoubled 1064/532 nm Nd:YAG was evaluated on 31 tattoos with various
colours by Bernsteint al.(2015)?1. An average clearance of 79 % was noted following an average
of 6.5 sessions. The pigments that were most effectively removed were black, red, and yellow.

Furthermore, 16% of patients had hyperpigmentation, while 9.7% had hypopigmefitation

Short pulses, in the picosecond range, are characteristic of picosecond lasers. Theoretically, PSLs
should perform better than NSLs in terms of the effectiveness of tattoo removal, given that the thermal

relaxation period of tattoo ink particles is oftdroger than 10 n& 23,
PicosecondaserversusNanosecond laser

In a splitlesion technique, Pintet al.?* contrasted the QS NSLs with the PSLs on 30 black tattoos.
After two sessions, there was no statistically significant difference in the two types of techniques.
There was no substantial distinction in cases of hyperpigmentation and hypopigmentation.rHoweve
during the QS nanosecond laser therapy, individuals experienced noticeably higher dig¢éomfort

The study by Rosst al. used 16 tattoos with various colours over the course of four sessions to
compare a 3%S and a NS Nd:YAG ¥ On a scale of 0 to 10, clearance was scored; a score of 10
indicated 90% or higher removal. The mean score for a picosecond laser was 6.72, whereas the mean
for a nanosecond laser was 3.16. The NSLs group showed no hyperpigmentation, whereas the PSLs
half showed 6.25%. PSL resulted in no visible scarring, compared with NSL, where scarring was

visible 14 22

Lorgeouet al?® used a randomised splision technique to compare two PSLs with one $1$b
comparison to nanosecond laser, picosecond laser showed a statistically significant improvement in

blue-black tattoos. Both showed similarities between hyperpigmentation and hypopigméhtation
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In Chapter 3, yellow tattoo inks, reference pigments and mixtures of yellow pigments anglasio
irradiated using nanosecond pulse duration. The result shows partial breaking down of these samples.
It is proposed that future research investigate the effect of various laser parameters such as pulse
durations (e.g., picosecond lasers) on the plegi@iation of samples used in Chapter 3. This will

offer insights into the optimization of laser protocols for safer and more efficient tattoo removal.

Sample preparation and laser experiment setup

Tattoo inks were pipetted onto microscope slides and dried in open air at ambient temperature for 48
h prior to irradiation and/or characterization. Dried inks were scraped from the slide and placed in a
GC vial prior to laser treatment. The pigmdin®. samples were made by mixing PY14 in separate

GC glass vials with Ti@(rutile form) with a 50:50 % ratiby mass

Dried tattoo inks and a mixture of PY14 with Bi®@ere irradiated using a QS Nd:YAG laser at 532

nm. Each sample was exposed to 3140 laser pulses. The laser pulses were 157 mJ/pulse over an are
of 2 mm diameter (i.e., a fluence 0.1 JA&nThe photodegradation products were analysed using a
headspace GMS to identify volatile fragments. In addition, SEM and DLS were used to study the
changes in particle shape and size following laser irradiation.

Preliminary results

It is important to note that the laser irradiation conditions used in this study were not optimized to
match those detailed in Chapters 3 andiu to limited access to a picosecond laser at the University

of Adelaide.Given this constraint, we anticipate that having the option to increase the laser fluence
could enhance the fragmentation of pigments and inks. Future work should focus on optimizing these

laser parameters to improve the efficiency and safety of tattocovedmprocesses.

The pigment and ink samples were seen to change colour from yelleexfpysure) to black in one
small area (postradiation) (Fig. 6.16)Samples were characterised before and after irradiation using
GC-MS, SEM, and DLS to determine alterations in sample chemistry, composition, morphology, and
particle size. Results from these analyses are discussed below.
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Figure 6.16: Photographs of pigments and inks preand postirradiation.

GC-MS

Headspace GMIS was used to detect volatile breakdown products produced by the laser irradiation
of PY14 and GR, as shown in Fig. 6.17. The GC chromatogram of the irradiated samples shows a
peak corresponding to chloroform residues from the blank systemm.lGw-intensity peaks were
observed in the GC chromatogram of the irradiated GR and BO inks, which were associated with the
presence of methyl methacrylate at 1.7 min. Overall, theMSCanalysis indicates that the laser

conditions were less effective lmeaking down the pigments and particles.

It has been suggested that the photoacoustic mechanism of picosecond lasers can break down tattoc
ink particles. If this is the case, we would not expect to detect new volatile fragments, while changes
in morphology and particle size would be observed.rdfoee, SEM and DLS analyses were

conducted to examine this hypothesis.

177



300

1 Irradiated BO Ink
250

- | Irradiated GR Ink
£ 200-

S fwn A Irradiated PY14-TiO,
2 1504

2

g

E 100 Irradiated PY14
g 1 MLWVWN%W
() 50 4

Time

Figure 6.17: GC-MS chromatogram of irradiated PY14, PY14TiO2, GR, and BO tattoo inkswith Picosecond
laser.

SEM

The SEM images and DLS data of unirradiated and irradiated GR and PY14 are displayed in Fig.
6.18 and 6.19. As evident from these images and diagrams , the morphology and the particle size of
both PY14 and GR ink did not change upon laser irradiation.eTtessilts align with the GBIS

data, which confirmed that the laser irradiation method, employing low power energy and low

fluence, was insufficient to heat the sample beyond its thermal relaxation time (TRT).
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