IZMIR KATIP CELEBI UNIVERSITY

GRADUATE SCHOOL OF SCIENCE AND ENGINEERING

TATTOO DYE REMOVAL USING COLD ATHMOSPHERIC PLASMA
(CAP)

M.Sc. THESIS

ELiF CUKUR

Department of Biomedical Technologies

Biomedical Technologies Programme

JANUARY 2019



iZMIR KATIiP CELEBI UNIVERSITY

GRADUATE SCHOOL OF SCIENCE AND ENGINEERING

TATTOO DYE REMOVAL USING COLD ATHMOSPHERIC PLASMA
(CAP)

M.Sc. THESIS

ELIF CUKUR
Y 160204004

Department of Biomedical Technologies
Biomedical Technologies Programme

Thesis Advisor: Asst. Prof. Dr. Utku Kiirsat ERCAN

JANUARY 2019



iZMIiR KATIiP CELEBI UNIiVERSITESI

FEN BiLIMLERI ENSTITUSU

SOGUK ATMOSFERIK PLAZMA (SAP) KULLANARAK DOVME BOYASI
SILME

YUKSEK LiSANS TEZi

ELIF CUKUR
Y 160204004

Biyomedikal Teknolojileri Anabilim Dah
Biyomedikal Teknolojileri Programm

Tez Damgmani: Dr. Ogr. Uyesi Utku Kiirsat ERCAN

OCAK 2019



Elif CUKUR, a M.Sc. student of IKCU Graduate School Of Natural And
Applied Sciences, student ID Y160204004, successfully defended the thesis entitled
“TATTOO DYE REMOVAL USING COLD ATHMOSPHERIC PLASMA
(CAP)”, which she prepared after fulfilling the requirements specified in the
associated legislations, before the jury whose signatures are below.

Thesis Advisor : Asst. Prof. Dr. Utku Kiirsat ERCAN ...

[zmir Katip Celebi University

Jury Members:  Prof. Dr. Murat ELIBOL ...

Ege University

Prof. Dr. Aydin AKAN

[zmir Katip Celebi University

Date of Submission : 14 January 2019

Date of Defense : 23 January 2019



To my lovely family,



FOREWORD

First of all, I would like to thank my honorable advisor, Asst. Prof. Dr.Utku Kiirsat
ERCAN, for determining this thesis topic and for helping me and enlightened me at
this thesis studies. He never embarrassed me by not mentioning this situation in spite
of the fact that | broke the plasma device countless times or make it inoperative. He
was very helpful and consoled to me when | turned the events in my head too much
and | was desperate. Thanks to my advisor, dear department academicians and
colleagues in a friendly and efficient work environment, | completed all my studies.

I would like to thank all academicians in the Department of Biomedical Engineering
and the Department of Biomedical Technologies, especially our dean and our head of
the department, Prof. Dr. Aydin AKAN. | would like to thank them, me and all my
master student and research assistant colleagues for being friendly, supporting and
sharing their valuable knowledge with us.

| would like to thank Prof. Dr. Murat ELIBOL for his valuable time and gave me the
opportunity to read my thesis. I hope you like and share your criticism with me.

We would like to thank to the Scientific Research Project council of our university
for their value in funding this thesis.

It was very nice to come to school every day thanks to my esteemed master,
bachelor, research assistant and lecturer friends you provided me with the family
environment and the sincere cooperation. | hope it goes on for years together with
every person arrived and departed.

I would like to thank my dear family for their love for me, their support, their soft
criticism and the happiness of being together at all times. Even though I was the first
child, I think they did a great job in raising me.

I would like to thank my teachers, my family and my friends for helping me to come
today and write this thesis.

January 2019 Elif CUKUR



TABLE OF CONTENTS

Page

FOREWORD ..ottt ettt ettt eene e iii
TABLE OF CONTENTS ..ottt iv
ABBREVIATIONS ...ttt Vi
LIST OF FIGURES .....cooiiiiit ittt sttt vii
ABSTRACT ..ottt e bt e et bt eene e renre s iX
L0 /. D P EPPP TSR PPRRPR X
LINTRODUCTION. ..ottt e save e s sba e e s neeesneeesnaeesaeeeas 1
O T 1= 0 o B TSP P PP PPRTPPRR 1
1.2.Tattoo Removal Methods and Disadvantageous of Lasers.............ccccceevenee. 3
1.3.Cold AtMOSPNEriC PIASMA ........coiiiiiiiiiee e 6
1.3.1.P1aSM@ PRYSICS ....c.veeiiiiiiiisiieiieiee s 6
1.3.2.P1asma ChEMISTIY ......cc.ooiiiiiiiecee e 8
1.3.3.P1asma MEAICINE. ........cccuerreiiiieie et neees 10
1.3.3.1.P1asma diSINFECHION ......cc.eveeieeiecie e 11
1.3.3.2.P1asma dentiStry ........cccuriiiiieieiese e 12
1.3.3.3.Plasma applications in wound healing and dermatology................. 13
1.4.Color and COolOr SPACES .......ccveiviiieiieeie et 15
1.4.1.CIE RGB COIOF SPACE ....cvveiieiiicie ettt 15
1.4.2.CIE XYZ and CIE YXY COIOI SPACES.........cccveieeireiieieerie e sieesie e 16
1.4.3.CIE Lab COIOF SPACE ......veeiiieiieciie ettt 18
2.MATERIALS AND METHODS .......cotiiiiictceet e 21
2.1.Cold Atmospheric Plasma (CAP) Treatment ..........ccccocvevvvivieiiieciee s 21
2.2.Cold Atmospheric Plasma (CAP) Treatment on Tattoo Dye.................... 21
2.3.Cold Atmospheric Plasma Treatment on Liquid Form Tattoo Dye......... 21

iv



2.3.1.Absorbance measurement of tattoo dye .........cccccevevivevvicccieneeieennn 21

2.3.2.Reflectance measurement of tattoo dye..........cccccevvveeve e iiece e, 22
2.4.Cold Atmospheric Plasma Treatment on Tattooed Agarose Gel.............. 22
2.5.Application of Cold Atmospheric Plasma Treated Distilled Water on
TATEOO DYE ...t 24

2.5.1.Color space changes on plasma treated distilled water applied tattoo

(0 )Y TSRS STS SRS 25

2.5.2.pH measurements of plasma treated distilled water applied tattoo

(0 )Y SSTUS SRR 25

2.5.3.Absorbance change of potassium iodide (K1) solution of plasma

treated distilled water applied tattoo dye...........cccceeiveiieiiiie v, 25

BIRESULTS .o bbbttt bbb e et 27
3.1.Cold Atmospheric Application (CAP) on Liquid Form Tattoo Dye......... 27

3.1.1.Absorbance measurement of tattoo dye ..........ccccceeevvieiieeie e, 27

3.1.2.Reflectance measurement of tattoo dye...........cccccveveviieieiie e, 27
3.2.Cold Atmospheric Plasma Treatment on Tattoo Dyed Agarose Gel........ 30
3.3.Application of Cold Atmospheric Plasma Treated Distilled Water on
JLIE: L (o JO I B TP PR PR 35

3.3.1.Color space changes on plasma treated distilled water applied tattoo

(0 )Y TSRS RTPRTRR 35

3.3.2.pH measurements of plasma treated distilled water applied tattoo

(0 )Y TSP PTUSRRTOS 40

3.3.3.Absorbance change of potassium iodide (K1) solution of plasma

treated distilled water applied tattoo dye..........cccccceevvevieii i, 40

A.DISCUSSION ..ottt sttt r e nens 42
B5.CONCLUSION ...ttt sttt r e s e 48
REFERENCES. ... ..ottt st 50
CURRICULUM VITAE ...ttt 59



ABBREVIATIONS

CAP

BC

AD
Nd:YAG
DBD

RF

uv

RS

ROS
RNS
RONS
DNA
CIE
RGB

DC

AC

LED
PT-DIW

: Cold Atmospheric Plasma

: Before Christ

: anno Domini

: Neodymium Yttrium Aluminum Garnet
: Dielectric Barrier Discharge

: Radio Frequency

: Ultraviolet

: Reactive Species

: Reactive oxygen species

: Reactive nitrogen species

: Reactive oxygen and nitrogen species

: Deoxyribonucleic Acid

: Commission Internationale d’Eclairage
: Red, Green, Blue

: Direct Current

: Alternate Current

: Light Emitting Diode

: Plasma Treated Deionized Water

Vi



LIST OF FIGURES

Page
Figure 1.1 : Structure of human SKiN..........cccooi i 2
Figure 1.2 : A: Brown shells (A), inflammation (B), and whitening (C) images on
the skin as a result of tattoo removal applications with laser............cccccoevevviiciiennenn, 5
Figure 1.3 : Cold atmospheric plasma in air jet form. .........cccoooeveieininiininicee 7
Figure 1.4 : DBD plasma diagram. .........ccccerereieniiiiinesieeieseese s 8

Figure 1.5 : Cold atmospheric air jet plasma application on tooth (A) and before
(image B left side) and after (image B right side) the application of cold atmospheric

plasma with hydrogen PeroXide. ...........ccooeieriiriiiiiiise e 13
Figure 1.6 : CIE 1931 xy color space diagram. ...........ccccoeeevieiveresiieseene e 18
Figure 1.7 : CIE Lab COIOr SPACE. ...cvviuiiiieeieiie ittt 19
Figure 2.1 : Figure of the photographing SEtUp..........cccecveiiiiiiiciiceceee e 23

Figure 2.2 : Tattoo dyed agarose gel figures with %0,01 concentration diluted at a
rate of 1/10 percent each time. The dilution sequence starting with the upper left
corner and ends at the bottom right corner, for each color indicated by the letters
(A:Blue, B:Green, C:Red, D:Yellow, E:White, F:Black). ..........cccccevvniirinieiinnnnn, 24
Figure 3.1 : Figure of of blue (A), green (B), red (C), yellow (D), white (E) and
black (F) tattoo dyes with concentration of 0.01% in multi well plate. Each group
starts from the top respectively; control group, 5 min plasma treated tattoo dye, 10
min plasma treated tattoo dye, 15 min plasma treated tattoo dye. ............ccccceeveneee. 28
Figure 3.2 : Tattoo dyes with 0.01% concentration in 1 ml cuvettes that was not
photographed in the setup, the left side of images are control groups (untreated with
plasma) and the right sides are 15 min plasma treated samples............c.cccevvervriernnn. 28
Figure 3.3 : Comparison of the reflectance values of the tattoo dyes with 0.01%
concentration after 15 minutes plasma treatment (Plasma) and control group
(Control). Reflectance spectrum of colors are: 450-495 nm (blue), 495-570 nm
(green), 570-590 nm (yellow), 620-750 nm (red), 400-900 nm (white and black).... 29
Figure 3.4 : Tattoo dyed agarose gels with concentration of 0.01%. First line of the
image consists of control groups of agarose gels. The second line shows 15 minutes
plasma treated samples (A:Blue, B:Green, C:Red, D:Yellow, E:White, F:Black).... 31
Figure 3.5 : The control groups of each tattoo dyed agarose gel were assumed to
have a 100% saturation. The color intensity of agarose gels after 15 minutes of
plasma treatment was calculated with the values in the CIE Yxy color space. ......... 31

vii



Figure 3.6 : Coordinate of tattoo dyed agarose gels with 0.01% concentration in CIE
Yxy color space. The starting points of the arrows in the graphs show the coordinates
of the control groups of each color. And the end points were indicated their position
plasma treated samples for 15 minutes. The values next to the arrows indicate the
displacement between the starting and ending points, i.e. the absolute color change
between the plasma and coONtrol groups. .......cocvevveiiiie s 32
Figure 3.7 : Coordinates of tattoo dyed agarose gels with 0.01% concentration in
CIE Lab color space. For L*, a*, and b* axes, there are two points on each image.
The dark spots indicate the control group, while the light colored spots show 15

minutes plasma treated SAMPIES. ... 34
Figure 3.8 : Difference in delta e value due to color change in agarose gel after 15
minutes of plasma treatment according to control group..........cccceevvercieniiieiiennenn 35

Figure 3.9 : AE value obtained from the CIE Lab color space of the tattoo dyes
added with plasma treated water is shown in the graph above. The color codes that
appear just below the bars in the graph show parallelism with the legend. In other
words, it proceeds from 0 to 24 hours, 48 hours and 72 hours from left to right for
2216l o0 ] o PSSR 36
Figure 3.10 : The effect of plasma treated water on tattoo dye after 72 hours and the
control group are included in CIE Lab color space for each color. For L*, a-, and b*
axes, there are two points on each image. The dark spots indicate the control group,
while the light colored spots show 72 hours later plasma treated water on tattoo dye.

Figure 3.11 : 72 hours after the addition of PT-DIW to the tattoo dye and control
group are shown above in CIE YXy color space. The starting points of the arrows in
the graphs show the coordinates of the control groups of each color. And the end
points were indicated their position 72 hours after the addition of plasma treated
water. The values next to the arrows indicate the displacement between the starting
and ending points, i.e. the absolute color change between the plasma and control
groups. All colors tend to approach white point (0.33, 0.33).......cccccevvevieiieieiiennn, 38
Figure 3.12 : Images of tattoo dye interacted with PT-DIW giving CIE Yxy and CIE
Lab values above % in multi well plate. Each group starts from the top respectively;
control group, 0 hour interaction with PT-DIW and tattoo dye, 24 hours interaction
with PT-DIW and tattoo dye, 48 hours interaction with PT-DIW and tattoo dye, and
72 hours interaction with PT-DIW and tattoo dye (A:Blue, B:Green, C:Red,

D:Yellow, E:WHhite, F:BIACK).......ccceiiieiiee e s 39
Figure 3.13 : pH graphs of control groups and 0, 24, 48, and 72 hours after the
addition of PT-DIW to the tattoo dye are shown respectively..........c.ccccoovviiiniennen. 40

Figure 3.14 : Absorbance graph of the mixture of PT-DIW and tattoo dye with KI
solution at 680 nanometers. In order to observe the difference in absorbance of the
control group after the interaction with PT-DIW, the absorbance values of non-
treated samples in 680 nanometers were excluded from the absorbance values after 0,
24, 48, AN T2 NOUIS. ..ooeieeiee ettt ettt e et e s et r e e s e b e e e s sebae e e e s eabeneeseares 41

viii



TATTOO DYE REMOVAL USING COLD ATHMOSPHERIC PLASMA
(CAP)

ABSTRACT

Tattoo has been used as a method of self-expression of mankind since ancient times.
The tattoo removal process with primitive methods is based on the process of peeling
the skin layer on which the tattoo is placed. Besides being used today, laser is
preferred by more people. The tattoo removal with laser is based on disintegration
into smaller pieces by breaking the target tattoo pigment by absorbing the transmitted
beam. It is then transferred to the nearest lymph node or disintegrated by the
macrophages by means of blood or lymph circulation. The most common difficulty
with laser tattoo removal application is that the laser wavelength is designed to
ensure that the wavelength is not matched with the melanin pigment in red, yellow
and green colors close to the skin color. In addition, tattoo dyes containing iron and
titanium (mostly red and black tattoo paints), instead of absorbing most of the laser
beam onto it, reflects both darkening of the tattoo dye and thermal side effects in the
surrounding tissue. Except in these special cases, laser tattoo removal can cause skin
rashes, hyperpigmentation, hypopigmentation, itching, allergic reactions, wound
formation and bleeding.

Considering the disadvantages of laser tattoo removal, and tooth whitening effect of
cold atmospheric plasma treatment for tattoo dye degradation was investigated on six
different color tattoo dyes. The fourth state of matter, plasma, in this study in cold
form and ambient air conditions used as color fading effect on tattoo dyes. The aim
of this study is to investigate the direct and indirect efficiency on tattoo dye by
reactive species and ultraviolet radiation during the formation of plasma. In the light
of the results, treatment of the cold atmospheric plasma both directly and indirectly
to the tattoo dye has been accomplished color degradation in all colors. Plasma,
which was advantageous compared to laser applications by providing color fading
especially in red, yellow and green colors, showed a parallel behavior with the color
fading on black tattoo dye.



SOGUK ATMOSFERIK PLAZMA (SAP) KULLANARAK DOVME BOYASI
SiILME

OZET

Dovme antik c¢aglardan beri insanoglunun kendini ifade etme yoOntemi olarak
kullanilmuistir.

flkel metotlar ile dévme silme islemi, dévmenin yerlestirildigi deri katmanimin
soyulmasi islemine dayanmaktadir. Gliniimiizde hala kullanilmalarinin yani sira lazer
daha fazla kisi tarafindan tercih edilmektedir. Lazer ile dovme silme islemi, hedef
olan dévme pigmentinin gonderilen 151n1 absorbe etmesi ile parcalanip daha kiigiik
parcgalara ayrilir. Daha sonra kan veya lenf dolagim1 yardimi ile en yakin lenf noduna
aktarilir veya makrofajlar tarafindan parcalanir. Lazer ile dovme silme islemlerinde
en c¢ok karsilasilan zorluk, lazer dalga boyunun melanin pigmenti ile eslesmemesini
saglayacak sekilde tasarlanmasindan dolayr deri rengine yakin kirmizi, sar1 ve yesil
renklerde goriilmektedir. Ayrica demir ve titanyum igerikli, lizerine gelen lazer
1s1ninin ¢ogunu absorbe etmek yerine yansitan dovme boyasi pigmentleri (daha ¢ok
kirmiz1 ve siyah renkli dévme boyalar1) hem dovme renginin koyulasmasina hem de
cevre dokuda termal yan etkilere sebep olmaktadir. Bu 6zel durumlar haricinde lazer
ile dovme silme islemi deride kizarikliklara, deri renginin koyulagmasina veya
acilmasina, kasint1 ve alerjik reaksiyonlara, yara olusumuna ve kanamalara sebep
olabilmektedir.

Lazerin dezavantajlarindan ve soguk atmosferik plazmanmn dis hekimligi
uygulamalarindan yola ¢ikarak bu ¢alismada, ddovme boyas1 degradasyonu i¢in soguk
atmosferik plazma uygulamasi alt1 farkli renk dovme boyasi lizerinde arastirilmistir.
Maddenin dordiincii hali olan plazma, bu calismada soguk formda ve ortam gazi
olarak hava kullanilarak dovme boyas1 lizerinde renk agic1 6zellik gostermistir. Bu
arastirmanin amaci soguk atmosferik plazmanmn olusumu sirasinda ortaya ¢ikan
reaktif tiirler ve ultraviyole 1sinlar sayesinde dovme boyasi iizerindeki dogrudan ve
dolayl etkinligi arastirilarak lazer uygulamalarina yardimci veya alternatif bir dovme
silme metodu ortaya koymaktir. Elde edilen sonuglar 1s1ginda, soguk atmosferik
plazmanin hem dogrudan hem de dolayli olarak dévme boyasina uygulanmasi
sonucunda tiim renklerde acilma gdzlemlenmistir. Ozellikle kirmizi, sar1 ve yesil
renklerde renk agilmasi saglayarak lazer uygulamalarina gore avantaj saglamis olan
plazma, siyah dovme boyasindaki renk agilmasi ile lazere paralel bir davranig
gostermistir.



1. INTRODUCTION

1.1. Tattoo

Tattoos have been fascinated human being from all cultures and degrees of society
for centuries and the aim of tattoo designs varies from culture to culture and its place
on the time line. The word tattoo is derived from the word “ta-tu” in the Tahitian
language which meaning "to strike" [1].

According to the historical records, the oldest tattoos were found in the Egyptian
civilization and as the Egyptians expanded their boundaries, the tattooed people
increased proportionally [2]. After Egypt, tattoo art was adopted by Greek, Persian
and Arabian civilizations. About BC In 2000, a spread of tattoo from Egypt to China
has been seen. In Greek society, the tattoo was designed in a variety of ways to get to
know each other by government officials who were in a secret position. While in
Romans used criminals and slaves to separate them from the rest of society. In early
Britain societies, the tattoo became an important place for the noble class and was
widely used in the family armaments until it was banned by the pope in 787 AD [3].
In ancient times; various bones, rock fragments and wood tools were used to transfer
tattoo pigments to the skin. While the tattoo pigments were obtained from natural
materials such as various plants, flowers, juices or dried tree barks [4]. By 1891,
tattooing became more common in the society with the invention of the first electric
tattooing device. Tattooing with the invention of electric tattoo device has become a
common pleasure to be achieved for plenty of people. With such a spreading of the
tattoo, unfortunately, in cases where adequate hygiene conditions are not provided,
hepatitis, blood poisoning and other diseases caused by tattoos have been observed.
Especially in 1961, these diseases were the most common [5]. By the 21st century,
the demand for tattooing has been increased and the popularity has reached which
has never been shown before.

The tattoo tools have a 2000-year history according to known sources. The first
tattoo tools are made of a durable wood or mine with a pointed tip and a hole in the



center that contains pigments to be used for tattooing. Nowadays, the creation
mechanism of permanent tattoo can be defined as puncturing the skin with needles to
mechanically deliver ink, which contains tiny fragments of pigments situated in a

carrier, into the dermis of an individual [6].

Current electric tattooing equipment consists of 3-5 small tattoo needles which are
very small and thin needles that are arranged in a row in the electric tattoo device and
moving synchronously. Whereby the fast vibrating movement of needles, pigment-
containing ink is transferred from the epidermis and down to the dermis as shown on
figure 1.1. In principle, permanent tattooing, ink containing insoluble and non-
biodegradable colorants is the process of mechanically opening holes in the upper

surface of the epidermis by the needles and placing them in the dermis layer [6].

Arrector pili muscle

Sebaceous gland

Epidermis —
Hair shaft

Dermis—
' Sweat gland

Hypodermis—

Lamellated

Cutaneous plexus corpuscie

Nerve fibers

Figure 1.1 : Structure of human skin.

The so-called basement membrane found in the epidermis inhibits the passage of the
tattoo pigment from the epidermis and the punctures created by the needles can only
allow 1/3 of the tattoo to remain in the dermis [6].



42 days after the tattoo, the tattoo pigment that was left in the epidermis and dermis
initially decreased to 32% of the amount of pigment transferred. In the so-called
initial phase, weeks after the tattoo is made, tattoo ink starts to migrate from where it
was first placed or to create other compounds similar to the chemical composition
own itself first times [6].

During the healing process, 70-80% the ink particles are eradicated by fibroblasts
and macrophages or are held on to the extracellular matrix of dermis and the
remaining ink particles are found such that 10-15% of the ink particles lie flattened
on collagen fibers and 5-10% of the ink particles lie attached on the serosal side of
capillaries [7]. That is, approximately one third of the first injected tattoo paint
remains in the skin as permanent tattoo.

The chemical components of permanent forging tattoo products vary widely
according to the color of the pigment and the manufacturer. In this study, since six
color tattoo dyes are selected to examine the degradation of tattoo dyes, the chemical
compounds seen in these tattoo dyes are summarized. Black color of permanent
tattoo dyes consist of generally iron oxide and carbon and also they are quite rarely
bring about allergic circumstances. Red color of tattoo dyes involves mercuric
sulfide (cinnabar), cadmium red and iron oxide compounds usually. Cinnabar and
cadmium pigments are poisoned. Cadmium yellow and ochres uses for create yellow
color tattoo dye. Yellow pigments seldomly occasion allergic circumstances.
Chromic oxide, lead chromate and phthalocyanine dyes utilizes for green color
pigments. Blue colored tattoo dyes contain cobalt, copper phthalocyanine and cobalt
aluminate. In pigments that give a green and light blue color, allergies are often
associated with chromium, aluminum or chloride cobalt compounds. White color of
tattoo dyes instore them inside lead carbonate titanium dioxide and zinc oxide.
Titanium oxide is white color tattoo pigment that shows minimum allergic response

but, it reflects most of the beam sent when laser tattoo removal method is used [8].

1.2. Tattoo Removal Methods and Disadvantageous of Lasers

The person with the tattoo may decide on the tattoo removal process for the tattoo to
lose its meaning, blur, or for other reasons. Over the years, many different tattoo
removal methods have been investigated. Until the methods of laser tattoo removal,

the old methods were based on mechanical, chemical and thermal processes which



arised from peeling the epidermis. Such as, dermabrasion is a skin regeneration
method by sanding the skin's outer layers [9]. And the other mechanical method,
salabrasion uses table salt for peeling the outer skin layer [10]. Cryosurgery is the
method in which liquid nitrogen is used to pare the epidermis [11]. And the thermal
method, the stripping of the surface of the skin to the desired depth with a metal
probe at high temperature is carried out in cauterization [12].With the development
of technology, the aforementioned painful tattoo removal methods were replaced by
laser treatment. Permanent tattoo removal method with laser is performed by
wavelength applied according to selective photothermolysis [13] principle of laser
according to the color, size and the position of tattoo. In that the wavelength makes
use of tattoo removal should link with the absorption spectrum of tattoo ink [14]. The
tattoo pigments disjunction by the laser are carried by the lymphatic system and
tattoo color begins to appear lighter. Determination of the most appropriate laser
wavelength for the tattoo to be removed is committed according to the absorption
and reflection characteristics of the pigment or pigments [15]. The laser wavelength
should be selected so that the color of the targeted tattoo dye as well as keeping
absorption at minimal level by primary endogenous chromophores, hemoglobin, and
melanin. In order to avoid damaging the skin with the laser, the pulse duration should
be kept briefer than the thermal relaxation time and brief pulses should be utilized at
the nanosecond level. [16]. Multicolor tattoos, molecules that should not be targeted
and nanosecond pulses require the use of highly demanding tattoo removal
processes.

Nowadays, the lasers used for tattoo removal are generally matched by the color of
the tattoo to be faded and the wavelength of the laser to be used. The oftenest
employed wavelengths are; 510 nm (pulsed-dye laser) for degrading yellow inks,
1064 and 532 nm (Nd:YAG laser) for degrading black and red inks respectively, 694
nm (ruby laser) for degrading blue, black, and green inks, and 755 nm (alexandrite
laser), for degrading blue and black inks [9]. Due to monochromatic structure of the
lasers, the laser type should be selected according to the color of targeted tattoo dye.
For this reason, multicolor tattoos require multiple laser types to be preferred during
the removal process or more sessions are required. This causes the enlarged time for

the tattoo removal process to increase and the cost to increase [17].



Like multicolor tattoos, laser-based tattoo removal methods have additional
shortcomings. For example, lasers induce heating of the skin and can cause burns,
undesirable tissue damage, scarring or color variations that are likely to remain after
healing. Current laser-based procedures could be somewhat ineffective at complete
removal of tattoo inks, require multiple treatments at a high cost, cause pain, and can

result in scarring, disfigurement, and depigmentation of the treated skin [17].

A variety of deformations could occur on the skin surface as a result of applying the
tattoo removal with laser (Figure 1.2). In the epidermis, superficial whitening of the
skin can be seen in which melanocytes, due to the absorption of energy by melanin,
cause the balloon and become hyperchromatic. The most common side effects with
Q-switched ruby laser include textural changes, scarring and pigmentary changes.
The reason why hypopigmentation, which often observed temporarily, have seen is
the absorbance of the laser which is spreading at 694 nm wavelength by the melanin
pigment [18]. Fitzpatrick et al. emphasized that Q-switched alexandrite laser,
transient hypopigmentation in as much as 50% of patients and a 12% incidence of
textural changes has been reported [19]. In other cases, reduced melanin
pigmentation and brown shells were observed in a manner similar to a worn wound
[20]. The pain associated with the balloons formed in the epidermis and dermis layer
was found to be more severe in dark-skinned individuals and in tattoos containing
dense tattoo pigment [21]. Whitening and graying of the skin after application, small
size bleeding in some areas, inflammation and tissue splattering in some patients
were observed. Large-scale bleedings, tissue scattering and inflammation were

beheld after administration at high doses [22].

23 LR

Figure 1.2 : A: Brown shells (A), inflammation (B), and whitening (C) images on
the skin as a result of tattoo removal applications with laser.

Aim of the present study was to analyze possible effects of non-thermal atmospheric
DBD air plasma on degradation of tattoo inks in vitro for possible future utilization



of cold plasma technology in clinical tattoo removal procedures either by itself or as
an assistive method to laser.

1.3. Cold Atmospheric Plasma

Irving Langmuir named after ‘plasma’ by inspiring the non-cellular part of blood
which can be defined as the fourth state of matter, this is also described as an ionized
gas community [23].

1.3.1. Plasma physics

Plasma was described by Sir Crooke in 1879 [24] and was firstly named after by
Langmuir in 1929. Plasma can be found in various forms and can be built in
diversified paths. Plasma is an ionized gas. lonization is described as a process that
an atom or molecule gains or losses of electrons. In consequence of ionization the
molecule or atom turns into positive or negative form depending on the gain or loss
of electron respectively. When the temperature rises, molecules gains energy, it
occurs transform plasma as a fourth state after solid, liquid, gas phases. During
generation of plasma, electrons take energy much faster than heavier particles with
the effect of electrical field. Electrons and ions cause plasma electrically conducting
and responsive [25]. In the entire plasma that is provided by electric field, the
electrons take the external energy much quicker than the heavier ions and have the
possibility of warming up to thousands of degrees before the surrounding area heats
up. In thermal plasma, the energy flow from electrons to heavy particles is balanced
when the temperature of the heavy particles is nearly even to the electron
temperature. While in non-thermal plasma, the ions and neutral molecules remain
cold, which is more effective than the energy transfer from electrons and the gas
maintains at low temperature. Therefore non-thermal plasma is named non-
equilibrium plasma, as well. Thanks to this feature, non-thermal plasma (because it
does not expose to thermal side effects) is widely preferred in medical applications
(Figure 1.3) [26].
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Figure 1.3 : Cold atmospheric plasma in air jet form.

In direct plasma treatment, the plasma discharge is applied directly to the targeted
sample. That is, one of the electrodes is living tissue itself, plasma treatment on live
tissue. In direct cold plasma treatments where the electric field is formed in high
voltage (1040 kV) and ambient air, the discharge current must be kept at certain
limit values in case treatments carried out on living tissue. [26]. In indirect plasma
treatment, the plasma discharge is generated in a region that is not in contact with the
treated material and the plasma products are carried with a gas flow. In addition to
direct and indirect applications, in fluid mediated plasma treatment a fluid is treated
with direct plasma, which leads chemical modifications in the fluid, and then the
treat fluid is transferred to the target substance. In fluid mediated plasma treatment of
fluid is considered as direct and transferring fluid to a substance is considered as
indirect plasma treatment [26].

In various studies to date, non-thermal plasmas have been used in various gas
mixtures, pressure values and flow rates, and have undergone specific changes in
material to be applied with various power supplies and electrode designs. Dielectric
barrier discharge (DBD) plasma is a kind of the direct application method used in
plasma medicine commonly due to its flexibility. DBD set up consists of one high
voltage and one grounding electrode and quite a few DBD devices are employing at
high frequencies (Figure 1.4). In design of DBD electrode, at least one of the
electrodes could be coated to show dielectric property with an insulating material
such as glass, ceramic, quartz. Presence of dielectric material is used to avoid arc
formation and limits and it distributes the current over a large area. DBD is largely

implemented for ozone product in UV-source [27].
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Figure 1.4 : DBD plasma diagram.

1.3.2. Plasma chemistry

Cold atmospheric plasma influences viruses, bacteria and eukaryotic cells through
ultra violet (UV) radiation, free radicals and reactive species (RS) generated by the
electric field. While the electric field is implemented to gas that is in the
environment, electrons are accumulated to get higher energy. These electrons collide
with gas atoms and molecules. It causes to generation of positively charged ions
because of electron lost from ambient gas. It makes their contribution important in
plentiful plasma-chemical process. Moreover, for high chemical activity, atom and
molecule ions are able to have substantial kinetic energy that decides their additive in
reactions [25].

At cellular level, atmospheric cold atmospheric plasma may exhibit beneficial and
detrimental effects due to reactive oxygen species (ROS) and reactive nitrogen
species (RNS) relative to the molecules in which the plasma is formed [28]. When
began with malignant influences of over-produced reactive oxygen and nitrogen
species (RONS) in cellular level, it causes destructive effects including lipids, cell
membranes, proteins and DNA that cause oxidative stress. [28]. On the other hand,
the beneficial influences of RONS are seen in moderate values. Some of the most
preferred areas in the plasma medicine section are given.

It has long been a proven fact that reactive species produced by mammalian immune
system cells play an important role in creating resistance to viral and bacterial
diseases [29]. At cellular level, reactive species organize cell differentiation,
division, migration and apoptosis [30-33]; they check cell-to-cell adhesion [33],
biosynthesis of growth factors and collagen production [34]. For example, Sen et al.
examined of hydrogen peroxide (H,O,) at different concentration ranges either

stimulates or inhibits cell proliferation or induces cell apoptosis [35].



Reactive species are generated through various collisional pathways, such as electron
impact excitation and dissociation. Reactive species play an important role in all
plasma-surface interactions. Reactive species produced by excited electrons give rise
to excitation and separation reactions by having a significant impact in the
interaction of plasma with the surface to which it is applied. A number of reactions

that give rise to produce of some species in plasma treated environment:

0+ 0,+M- 0;+M
N+ 0+ N, = N,+NO
NO + 03 & NO,+0,
NO + O3 & NO,+0,
NO,+0;, + hv - 03 + NO
H,0+0; & 0, + OH™
e+H,0-0H +H+e
0 + H,0 -» 20H" (1.1)

When the electric field was supplied to an environment to create cold atmospheric
plasma, ultraviolet radiation formed with reactive species. The environment in which
the electric field is passed affects both the reactive species to be formed and the
formation of UV radiation. For example, in experiments with bacterial inactivation
with DBD plasma only in an environment with argon gas, bacterial inactivation was
observed because of UV luminescence based on noble gas, argon [36]. In contrast
with argon gas due to the high chemical activity of oxygen radicals in atmospheric
air, it is less efficient in plasma discharge and does not emit UV. [36]. Thus, whether
UV is formed or radiation intensity depends on the gases in the electric field
generated environment and their chemical activity.

When we look at the cellular effects of UV radiation at the molecular level, it is
observed that direct applications cause cellular oxidative stress. Direct effects of UV
radiation include modifications of DNA and macromolecules, UV radiation induces
the release of intracellular RS, which in turn cause oxidative degradation of lipids
and oxidative DNA damage [37].



The interaction of ions and reactive species formed by plasma treatment can change
pH of the medium and the sample applied to the plasma. As the electric field applied
to water, by dissolving the nitrogen oxides (NOy), water will become acidified by
cold plasma in ambient air [38]. The RONS components (O¢, NOe, NO,, O3, and
OH?e) formed as a result of plasma applied to atmospheric air can show the following
reactions that cause acid formation and the corresponding pH drop [39]:

2NO + H,0 + 05 — 2HNO,

NO + 05 — NO, + 0,

In applications of cold atmospheric plasma with water, it has been identified that
hydrogen peroxide (H20,) and nitric oxide (NO,) components are repeated in acidic
conditions. Hydrogen peroxide (H,O,) and nitrite (NO;) combined in acidic terms
(presence of H™ or H3O™) cause the formation of peroxynitrite and then transform to
OH and NO,:[40]

NO? + H,0, +H* — 0 = NOOH + H,0

0 = NOOH © OH + NO, (1.3)

Therefore, the bactericidal effect of the cold atmospheric plasma after interaction
with water includes at low pH ambient, nitrites and peroxide, toxic effect of
chemically active species (NO, NO2, OH and ONOOH) and addition of ozone to the
liquid by the effect of plasma [28].

1.3.3. Plasma medicine

Plasma medicine is an area where thermal and mostly non-thermal plasma
interactions are widely researched in various fields.

Thermal plasmas can be used for cauterization, tissue removal, cutting tissue,
sterilization of medical tools. Also non-thermal plasma treatment employed for
protecting resistant microorganism to antibiotics, and hospital infections. In addition
to the topics such as wound healing, bleeding controlling, dental treatment, and
cancer which have been emphasized recently in plasma medicine, promising issues
such as surface modification on biomaterials, creating new drugs are also studying
[26].
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The antimicrobial activity of the cold atmospheric plasma with oxidative stress is
provided by reservoir of charged particles in electrostatic force applied environment.
The diffusion of ROS bring about to local harm by oxidation to the cytoplasmic
membrane, proteins, DNA material and lysis of bacteria consequently the
fragmentation of membrane [41]. Cold atmospheric plasma causes apoptosis and
necrosis at cellular level due to reactive species due to ambient gas and presence
density. CAP has been used to treat antimicrobial properties as mentioned above, as
well as in the treatment of cancer.

RONS are therapeutically active agents in some cases by neoplastic cells by
enhancing the density of oxygen and nitrogen species. The formation of reactive
species from radiation and inflammation is thought to be connected with
carcinogenic cells [42]. CAP studies on cancer cells have shown that low doses of
treatments cause apoptosis. It includes of specific structural changes such as cell
contraction, core fragmentation and chromosome concentration after plasma
treatment. The apoptotic cell fractions are then swallowed and eradicated by
phagocytic cells. Thus, it demonstrates the advantage of CAP according to other
methods of cancer treatment, with the absence of toxic cellular particles that are
frequently seen in the case of necrosis and the absence of inflammatory changes [28].
Prion inactivation, one of the most challenging areas of medical sterilization, is one
of the areas where cold atmospheric plasma is applied. Prions, in which traditional
sterilization methods have failed, can be defined as a misfolded protein. Prion is so
compelling that it is more resistive to outer influences than bacterium, viruses and
fungus [43].

1.3.3.1. Plasma disinfection

Disinfection with cold atmospheric plasma has an important place in plasma
medicine especially when medical devices and operations are concerned with
sterilization of instruments [44]. The process of disinfection with cold atmospheric
plasma has been tested in gram-positive, gram-negative bacteria, biofilms, viruses
and fungi [45]. These studies show that the effect of plasma on microorganisms
differs in two ways. The first is to seriously damage the physical structure of
microorganisms and cause sudden cell death. And second, to create holes in the cell
membrane that cause less serious damage and to change the physical and chemical

structure of the membrane to cause gradual cell death [44].
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Plasma sterilization depends on an assembly of factors like ozone, UV photons and
reactive species. It is called as oxidative stress in living organisms in case of

regression of homeostasis by increasing the number of reactive oxygen species.

Some antimicrobial trials with CAP can be summarized as follows. Deng et al.
demonstated that in cold atmospheric surface microdischarge plasma applications on
Candida albicans, Bacillus subtilis, Bacillus pumilus, Bacillus atrophaeus and
Geobacillus stearothermophilus, indicated the high inactivation rate was independent
of the material of the test specimen [45]. Klampfl et al. developed an indirect plasma
device in 2005 the Max Planck Institute for Extraterrestrial Physics in Garching,
Germany, called MicroPlaSter (built by ADTEC Plasma Technology Co. Ltd.,
Hiroshima, Japan and London, U.K.). The system was indicated a bacterial load drop
of 99.9% on MRSA (Methicillin-resistant S.aureus) after 2 minutes plasma
treatment. The above examples showed significant results in terms of plasma
disinfection and showed that it could inactive microorganisms that cause hospital
acquired infections. [46]. As the direct cold plasma applications show antimicrobial
activity, the plasma-treated carriers have been shown to exhibit this effect. As with
the direct effect of cold atmospheric plasma, indirectly it causes bacterial inactivation
by the effect of reactive species and UV radiation. In cases where plasma is imposed
indirectly, bacterial inactivation may also lead to various chemical and physical
changes due to reactive species and UV in the material where charged particles are
expected to produce indirect effects, and are transferred to secondary target materials
[48].

Antimicrobial properties of cold atmospheric plasma have been used not only in
clinical studies, but also in agriculture since the reactive species formed by the
plasma do not cause penetration from the surface of the substance, formal changes

are only observed on the surface of the food [48,49].

1.3.3.2. Plasma dentistry

The applications of plasma in dentistry can basically be summarized in two groups
[50]. The first of these is to provide the creation of optional, qualified surfaces by
utilizing the surface modification properties of the material that plasma is applied to,
and also to use the antimicrobial property of plasma. The other is the use of cold

atmospheric plasma in the mouth for therapeutic goals. Titanium implants, which are
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widely used in dental applications, showed changes in the hydrophilicity of the
titanium surface when plasma treatment was performed, and cellular adhesion rate
increased due to the change of surface roughness [51,52], besides no residues after
treatment. When it comes to plasma treatment of zirconia implants were
demonstrated titanium-like effects [53,54]. It was confirmed by various studies that
the polymerization after plasma treatment was increased [55] with the dental filler
and adhesive polymers used in dentistry and the compounds synthesized by the
plasma were successful in terms of high polymerization and binding to the tooth
surface [56]. In contrast to the heavy chemicals used in traditional cleaning methods
in dentistry, it creates wastes in the non-toxic gas (CO,, H,O, and N,) after plasma
application [57,58]. Hydrogen peroxide (H,O,) is a prevalent bleaching chemical
compound in dentistry and known as effective and safe [59]. Traditional teeth
bleaching methods usually utilize a 30%-44% H,O, bleaching gel and a high-
intensity light source [60,61]. This source of light used can increase bleaching but
unfortunately cause thermal side effects on the tooth surface. In contrast to
conventional tooth bleaching methods, it was seen that toxic side products were not
produced by plasma-produced reactive species and has successfully provided teeth
bleaching as shown at figure 1.5. [62,63].

Figure 1.5 : Cold atmospheric air jet plasma application on tooth (A) and before
(image B left side) and after (image B right side) the application of cold atmospheric
plasma with hydrogen peroxide.

1.3.3.3. Plasma applications in wound healing and dermatology
In addition to dentistry and sterilization, wound healing applications are one of the
most studied areas of cold atmospheric plasma.
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When a wound is opened, the skin begins to repair and renew itself through regular
biochemical work. The wound healing process can be briefly summarized as cellular
migration from other parts of the area where cells are separated, localization,
proliferation, differentiation and apoptosis. It has been confirmed that the wound
inflammatory process is shortened and the proliferation of fibroblasts and other cells

Is accelerated by the reactive species formed in the plasma applied medium [64].

Besides performing the targeted effect in cold atmospheric plasma applications on
the skin surface for antimicrobial activity or wound healing, skin physiology
variables containing barrier function, hydration, skin temperature and carotenoid
grade were transient affected by plasma treatment. Cold atmospheric plasma
treatment is considered safe in terms of skin physiology applications, since plasma
does not damage the skin surface and the mechanism of operational structure of skin
[65].

Plasma applications in dermatology briefly collected as the treatment of eczemas,
dermatitis, ulcerous injuries with local and systemic angiitises, and a couple of other
skin diseases [66]. For example, a reduction in S.aureus colonization on the skin and
a decrease in atopic eczema-induced itching were observed as a result of DBD
plasma treatment [67]. Fetykov et al. examined an in vivo study, and it was found
that the time of complete wound healing in diabetic foot disease was halved by using
an indirect cold plasma jet system called Plasmafon. In addition, there was a
decrease in pain within 5 days after treatment and first re-epithelialization of the
borders after 10 days of plasma treatment [68]. In a study conducted with the
MicroPlaSter plasma torch, patients which have chronic infected dermal wounds
were exposed to cold atmospheric plasma application for 5 minutes daily and there
was a high incidence of decrease in plasma-treated bacterial colonization compared
to untreated sites [69]. In another study conducted with MicroPlaSter by Isbary et al.,
individuals with Hailey-Hailey disease were treated with argon plasma cure for 5
minutes and after 4 treatments the skin lesions were healed with relief of the stinging
sensations [70]. In one of the cold atmospheric plasma studies involving plasma
medicine in dermatology and cancer applications, plasma device using Surface Micro
Discharge (SMD) operated in ambient air was applied on melanoma cells.

Irreversible melanoma cell inactivation and induction of apoptosis were observed
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after 2 minutes of plasma application on malignant melanoma with the
miniFlatPlaSter [71].

1.4. Color and Color Spaces

Color perception arises from the stimulation of cone cells in the human eye by
electromagnetic radiation in the visible spectrum. The classification of colors and the
measuring of wavelengths are realized by comparing the wavelength of the beam
reflected from the surface of the object. By defining a color space as internationally
accepted by the International Commission on Illumination (CIE) in 1931, the colors

can be expressed in numerical terms with specific coordinates [72].

1.4.1. CIE RGB color space

RGB color space is depicted as the three chromaticities, which means quality of a
color regardless of its luminance, of the red, green, and blue additive primaries, and
can generate any chromaticity that is the triangle identified by those primary colors.
For example, the RGB color space is divided into three wavelengths similar to the
excitation wavelengths of cone cells in the human retina: long wavelength (564-580
nm) matches with red color, medium wavelength (534-545 nm) matches with green
color and short wavelength (420-440 nm) matches with blue color. RGB is a color
model suitable for computer graphics because the human visual system operate in a
similar way to RGB color space [72,73].

The standardized CIE RGB color matching functions #(1), g(A), b(X) obtained using
three monochromatic primaries at standardized wavelengths of 700 nm (red), 546.1
nm (green) and 435.8 nm (blue). For example, #(A) and g(\) are zero at 435.8 nm,
7(A) and b()) are zero at 546.1 nm, and g(A) and b()) are zero at 700 nm, since in

these cases the test color is one of the primaries [72].

The RGB values for a color with a spectral power distribution S() would then be

given by [72]:

R = J oos@)r(x)dx
0

G = f ooso\)g () dA
0
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B =/"S(b®dA (1.4)

After spectral power distribution operations, the color value in each pixel of the
object image that is digitized takes a value between 0 and 255. When each of the
RGB values is 0, the color of the pixel is black and white when it is 255. Again, each
of the RGB values will have gray tones when they get the same numerical value
between 0 and 255. The differentiation of the RGB values between each other causes

the image to become reddish, greenish and bluish.

1.4.2. CIE XYZ and CIE Yxy color spaces

The color spaces defined by the CIE in 1931 were the first to describe the connection
between the color in the color perception process and the place in the
electromagnetic spectrum [74]. Since color of the observed object varies according to
the conditions of the environment and the type of light source, the RBG color space
will be insufficient when the image needs to be digitally reconstructed. This can be
exemplified by the same object photographed in sunlight and in a room illuminated
by fluorescence, giving different RGB values in the specified pixels. When the color
matching functions between the specific pixels of the objects displayed in two
different environments are considered, CIE XYZ color space is more successful than
RGB [75].

The CIE XYZ color matching functions x(1), y(A), and z(A) give the relative
contributions of light with wavelength A to the CIE tristimulus values X, Y, and Z.
The color matching functions were detected by calculating the mean color perception
of a sample of human observers over the visual range from Ayioler=380 to Areq=780
nm. To calculate CIE X, Y, and Z values for light with spectrum P(A) we sum, over
the visual spectrum, the products of the color matching function weights at each
wavelength and the intensity emitted at a constant narrow wavelength interval

centered there:
X = AT %5 P
}\Vi e
Y = AAZHI 53 P(Y)

Z = AT,V 73 P(A) (1.5)
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The X and Z components give the colour or chromaticity of the spectrum. The
detected color only depends on the relative magnitudes of X, Y, and Z, we

determined its chromaticity coordinates as:

_ X
T X+Y+2)

Y
Y= v
X+Y+72)

Z
Z=-————Fr
X+Y+72)
_ X4Y+Z _
X+y+z=535-%

z=1—(x+Yy) (1.6)

Thus, chromaticity coordinates are generally given as just x and y [76]. Each X, y, z
data takes a value between 0 and 1, in CIE XYZ color space. The derived color space
specified by x, y, and Y is known as the CIE xyY color space and is often employed
to indicate colors in practice. While the x and y components give information
chromaticity, the Y component contains luminance data. While the chromaticity
value changes between 0 and 1, the brightness is between 0 and 100. The value of 0
represents black for each variable (X, y, and Y), while 100 represents white for only
brightness (Y value). For the x and y axes, which give the chromaticity values, the
point (0.33, 0.33) represents the white color, showed below figure 1.6. Because of
containing brightness data and moves the color space to a two-dimensional plane, it

IS easy to process and recover the data in CIE xyY color space [76].
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Figure 1.6 : CIE 1931 xy color space diagram.

1.4.3. CIE Lab color space

The CIE Lab color space has become the globally approved colorimetric reference
system for measuring and transmitting color in 1976 and published by CIE in the
same year. CIE Lab is the reference color space used by the papermaking and
graphic art industries. The CIE Lab is the basis for color management and is the ICC
(International Color Concercium) profile connection area, which is usually used for
gamut mapping. [77]. The base of processing principle of the CIE Lab color space is
to stimulate cone cells as in the same RGB and to determine the brightness of the
color. One of the three different components in the CIE Lab color space gives
information about lightness, one gives information about redness greenness and
finally the other component gives information about blueness yellowness. CIE Lab is
a coordinate system that contains all the colors in the visible spectrum and defines a
color defined in this space with three components. In the three dimensional
coordinate system, the chromatic a* axis lengthen from green (-a*) to red (+a*), and
the chromatic b* axis lengthen from blue (-b*) to yellow (+b*). The lightness
dimension, named by L*, enlarged from 0 (black) to 100 (white), as shown in figure

1.7. The point at which the a* and b* axes cross, at the L* value of 50, is neutral gray
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[78]. The leveling and limits of the a* and b* axes will be bound up the specific
implementation but they generally run in the range of —128 to +127. The CIE Lab
color space was root from the prior "master" CIE 1931 XYZ color space, which
foreseen which spectral power distributions will be comprehended as the same color

but is not especially conceptually uniform [78].

White
L*(100)

*
-a*}
Green : "~

L*o0
Black
Figure 1.7 : CIE Lab color space.

Color changes can be measured as the relative distance between two reference points
within a color space. This difference is typically expressed as delta E (AE) and is
calculated by comparing reference and sample L*a*b* values how far apart two
colors reside within the color space. Delta E calculations will quantify the magnitude
of a color difference but do not necessarily predicate the direction of the difference

[79].

L' =116 f(Yln) — 16
a® = 500 (f(%) - f(%))
b* = 200 (f(Yln) - f(%))

AL = Lsample — Lstandard

Aa = Asample — Astandard
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Ab = bsample - bstandard
AE = /(AL)? + (Aa)? + (Ab)2 (1.7

A positive sign for delta L* indicates that the brightness of the sample is greater than
the standard, and a negative sign indicates that the sample is darker than the standard.
The sign of the delta a*, positive mark denotes that the sample is more red than the
standard, and a negative sign denotes that the sample is greener than the standard.
When the b* value of the sample is higher than the standard, the delta b* value is
positive and the yellow color is dominant. The blue color is more intense when delta

b* is negative.
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2. MATERIALS AND METHODS

In the present study, most commonly used colors of tattoo inks were used: blue,
green, red, yellow, black, and white. In each method, tattoo dyes were treated with

cold atmospheric plasma treatment in the form of liquid or agarose gel.

2.1.  Cold Atmospheric Plasma (CAP) Treatment

In this study, DBD cold atmospheric plasma was obtained microseconds by using an
AC pulsed power supply. Plasma treatment was performed at 2.5 kHz and 31.5 kV at
2 mm discharge range. The DBD plasma electrode’s dimensions are; 6 cm and 8.5
cm. And the copper surface dimensions of DBD electrode are; 3.7 cm, 6.2 cm.
Application for liquid samples was made in glass containers with 3 cm, 5.5 cm and 1
mm. And the agarose gel samples were placed on a glass slide in such a way that the
samples do not exceed the dimensions of DBD electrode and plasma treatment was

performed.

2.2.  Cold Atmospheric Plasma (CAP) Treatment on Tattoo Dye

Cold atmospheric plasma treatment was carried out with parameters which were

explained above for 3, 5, 7, 10, and 15 min; intermittently on the same sample.

2.3.  Cold Atmospheric Plasma Treatment on Liquid Form Tattoo Dye

2.3.1. Absorbance measurement of tattoo dye

Absorbance measurements were made to observe whether there was a change in
pigment density before and after cold atmospheric plasma treatment of tattoo dyes.
Dilution of various concentrations (%1, %0.5, %0.1, %0.01, %0.0075, %0.005,
%0.001, %0.0001) were made for 6 different color tattoo dyes and the absorbance
values between 190 and 900 nanometers were recorded on the spectrophotometer
(T70 UV-Vis Spectrophotometer, PG Instruments Limited, Leicestershire, United

Kingdom). Absorbance spectrum values were determined as a result of literature
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review made with tattoo dyes on laser applications. Concentration at 0.01% tattoo
dyes were determined specifically because of color specific peaks on absorbance
spectrum were clearly shown on this concentration. Cold atmospheric plasma
treatment was carried out to tattoo dyes for 5, 7, 10, and 15 minutes duration time
after the decision of tattoo dye concentration was made. For each color of tattoo dye,
the absorbance values between 190 and 900 nm were compared before and after
plasma treatment and then for subsequent steps duration time was determined as 15

minutes.

2.3.2. Reflectance measurement of tattoo dye

In this step, reflectance characteristics of tattoo dyes were investigated after and
before cold atmospheric plasma treatment for different concentrations and time
intervals. Dilution of various concentrations (%1, %0.5, %0.1, %0.01, %0.0075,
%0.005, %0.001, %0.0001) were made for 6 different color tattoo dyes and the
reflectance values between 400 to 900 nm wavelength were recorded on the
spectrophotometer. Cold atmospheric plasma treatment was carried out to tattoo dyes
for 5, 7, 10, and 15 minutes duration time after the decision of tattoo dye

concentration was made.

2.4.  Cold Atmospheric Plasma Treatment on Tattooed Agarose Gel

Agarose gel tests were started after the selection of tattoo dye concentration as %0.01
which showing the characteristic graphs according to the different colors on
absorbance and reflectance measurements. While agarose gel is prepared, the tattoo
dyes were mixed with 15 g/l hot agar (05039-500G Sigma-Aldrich®) to have %0.01
concentration of tattoo dye and poured into petri dishes with 3 mm thickness. Before
the plasma was applied, tattoo dyed agarose gels were cut into squares of 1 cm to 1
cm and exposed to the plasma for 15 minutes. The other 6 color tattoo dyed agarose
gel groups were exposed to plasma in two 15-minute sessions to mimic the multiple

sessions of laser tattoo removal in practice.

A setup was designed to observe the color change after plasma treatment of tattoo

dyed agarose gels (Figure 2.1). A black cardboard with a 2-mm thickness has been

employed that does not receive any light except for the LED illumination that

completely covers the lower surface. At the bottom, a surface LED (127 mm x 95

mm, Lumex Opto Components Inc., Illinois, USA) with a working voltage of 3.5 V
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is placed. A drawer (9 cm x 13 cm) was designed to carry multi well plate (8.5 cm x
12.5 cm) over 1 cm of surface LED lighting. A platform was placed on the center of
the camera of the phone to be used up to 9 cm from the drawer. Dimensions of
weight, length, and height of the setup taken from the outside surface: 10 cm x 15 cm
x 17 cm. The setup as described above has been designed to take photos of liquid or
agarose gel form of tattoo dye by transferring to the multi plate, unaffected by

ambient light and shadows.

Figure 2.1 : Figure of the photographing setup.

Control group consisting of untreated tattoo dyed agarose gels and with 15 minutes
and twice 15 minutes plasma treated two experimental groups were photographed by
the setup. Photographed agarose gel samples were transferred to MS Paint and used
the 'pick color' feature of the program and obtained the RGB value from the desired
point. RGB values of photographed tattoo dyed agarose gels were converted to CIE
Lab and CIE Yxy values. Conversion was provided through web sites that convert
RGB values to CIE Lab and CIE Yxy values (http://colormine.org). Five RGB data

from each sample were taken and necessary conversions were made. On the other
hand, plasma untreated tattoo dyed agarose gels were photographed by diluting one
to ten percent starting from 0.01% concentration (Figure 2.2). This process was
applied separately for each color. Afterwards, the intersection points of the plasma
groups were calculated by converting the RGB values of tattoo dyed agarose gels
which were diluted one tenth to the CIE Yxy values. The overlapping points in the
CIE Yxy color space give information about the color change of the plasma group
23
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compared to the control group. The overlapping points in the CIE Yxy color space
are also provided in RGB and CIE Lab spaces. CIE Yxy color space is interpreted
over the opening of the percentage color while in CIE Lab space redness-greenness,
blueness-yellowness and brightness in terms of differences between the plasma and

control group has been interpreted.

Figure 2.2 : Tattoo dyed agarose gel figures with %0,01 concentration diluted at a
rate of 1/10 percent each time. The dilution sequence starting with the upper left
corner and ends at the bottom right corner, for each color indicated by the letters

(A:Blue, B:Green, C:Red, D:Yellow, E:White, F:Black).

2.5. Application of Cold Atmospheric Plasma Treated Distilled Water on
Tattoo Dye

6 different colors of tattoo dye were prepared in 1 mL volumes at a concentration of
0.01%. Samples were transferred in 1.5 mL micro centrifuge tubes and centrifuged
for 10 min at 10000 rpm (Hettich® MIKRO 120). In control groups, the supernatant
is removed after centrifugation and then 1 milliliter of distilled water was added. In
plasma groups, plasma treated distilled water (PT-DIW) was added instead of
supernatant liquid after centrifugation. Plasma treatment was continued for 15
minutes. The difference between the control group and the plasma groups is based on
the observations of the plasma treated water immediately after addition (O hour) to
the tattoo dye, 24 hours, 48 hours and 72 hours. The observations were extended by
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changes in color spaces (RGB, CIE Lab, CIE Yxy) of tattoo dyes, pH measurements
and absorbance change of Kl solution according to the concentration of reactive

oxygen species (ROS).

2.5.1. Color space changes on plasma treated distilled water applied tattoo dye

Control and plasma groups prepared as described above and they were taken to a 48
well plate and photographed by the setup used in tattoo dyed agarose gel
experiments. RGB values obtained from the photos were converted to CIE Lab
values and it shows the difference of color intensity of plasma group according to
control group. Five RGB data from each sample were taken and CIE Lab, CIE Yxy
conversions were made. It has been tried to understand how much color has been
faded and the which colors are more successful than the others depending on time, on
behalf of color density between plasma groups and control group by calculating delta

E from CIE Lab color space.

In addition to the CIE Lab color space, tattoo dye removal was also studied in CIE
Yxy space. In CIE Yxy color space comparison, control group and plasma group
with the state of 72 hours after the addition of PT-DIW to the tattoo dye were placed.
The largest distance from CIE Yxy color space between control and plasma group

indicates which tattoo dye is faded more.

2.5.2. pH measurements of plasma treated distilled water applied tattoo dye
pH measurements of the tattoo dyes have been done after centrifuging and adding
distilled water or PT-DIW to their groups. Three samples from each tattoo dye

groups and subgroups were prepared and measured.

2.5.3. Absorbance change of potassium iodide (KI) solution of plasma treated
distilled water applied tattoo dye

K1 solution was prepared with 60 mg of potassium iodide and 30 mg of starch for 10
ml of distilled water. The control group and plasma groups (immediately after the
addition of PT-DIW, after 24 hours, after 48 hours and after 72 hours) were again
centrifuged at 10000 rpm for 10 minutes and then the remaining fluid was removed.
After removal of the liquid on the specimens, 1 ml of KI solution was added to each
sample and the solution was anticipated to change color for 30 minutes. At the end of

30 minutes, the absorbances of the specimens were measured at 680 nm. Absorbance
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measurements were performed three times for each sample. The KI solution, which
has a blurry white color because of containing starch, is expected to turn into a dark

purple color in samples where the reactive oxygen species are intensely present.
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3. RESULTS

3.1.  Cold Atmospheric Application (CAP) on Liquid Form Tattoo Dye

3.1.1. Absorbance measurement of tattoo dye

The absorbance values of 6 different color tattoo dyes between 190 and 900 nm were
measured at various concentrations (%1, %0.5, %0.1, %0.01, %0.0075, %0.005,
%0.001, %0.0001). The concentration of %0.01 tattoo dye was chosen which gave
characteristic peaks according to each color. Tattoo dyes at this concentration was
exposed to plasma treatment for 5, 7, 10 and 15 minutes and again absorbance was
measured between 190 and 900 nm. After measurement, it has been observed that 15

minutes plasma treatment time cause more color fading than others.

3.1.2. Reflectance measurement of tattoo dye

Reflectance measurements were performed at 400-900 nm at various concentrations
(%1, %0.5, %0.1, %0.01, %0.0075, %0.005, %0.001, %0.0001) of 6 different colors
of tattoo dye. Reflectance values were observed in parallel with the experiments
made with tattoo dye in the literature at 0.01% concentration. At this concentration,
tattoo dyes were treated plasma for 5, 10, and 15 minutes. Reflectance graphs of all
tattoo dye colors after plasma treatment, it was observed that 15 minutes plasma
treatment causes more color to be faded (Figure 3.1, Figure 3.2). After 15 minutes of
plasma treatment reflectance of green and black colored tattoo dyes were increased
compared to the control group; blue, red and white colors were reduced. There is
almost no difference in reflectance between the plasma and control group of yellow

color tattoo dye (Figure 3.3).
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Figure 3.1 : Figure of of blue (A), green (B), red (C), yellow (D), white (E) and
black (F) tattoo dyes with concentration of 0.01% in multi well plate. Each group
starts from the top respectively; control group, 5 min plasma treated tattoo dye, 10
min plasma treated tattoo dye, 15 min plasma treated tattoo dye.

BLUE YELLOW
GREEN WHITE
RED BLACK
CONTROL PLASMA CONTROL PLASMA

Figure 3.2 : Tattoo dyes with 0.01% concentration in 1 ml cuvettes that was not
photographed in the setup, the left side of images are control groups (untreated with
plasma) and the right sides are 15 min plasma treated samples.

28



BLUE

120

100

80

60

Reflection (%)

40

20

450 460 470 480

Wavelength (nm)

490

e Control Plasma

RED

120

100

80

60

Reflection (%)

40

620 670 720
Wavelength (nm)
o Contro]l = Plasma

Reflection (%o)

Reflection (%0)

GREEN

120
100

80

60
40

20

495 515 535 555

Wavelength (nm)

e Control Plasma

YELLOW

120
100
80
60
40

20

575 580

Wavelength (nm)

585 590

Control Plasma

Figure 3.3 : Comparison of the reflectance values of the tattoo dyes with 0.01%
concentration after 15 minutes plasma treatment (Plasma) and control group
(Control). Reflectance spectrum of colors are: 450-495 nm (blue), 495-570 nm
(green), 570-590 nm (yellow), 620-750 nm (red), 400-900 nm (white and black).
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Figure 3.3 (continuation): Comparison of the reflectance values of the tattoo dyes
with 0.01% concentration after 15 minutes plasma treatment (Plasma) and control
group (Control). Reflectance spectrum of colors are: 450-495 nm (blue), 495-570 nm
(green), 570-590 nm (yellow), 620-750 nm (red), 400-900 nm (white and black)

3.2.  Cold Atmospheric Plasma Treatment on Tattoo Dyed Agarose Gel

Tattoo dyed agarose gels with a concentration of 0.01% were exposed to plasma for
15 minutes and the RGB datas were obtained by taking photographs in the setup
(Figure 3.4). These values, which contain the data of the plasma group, were
investigated by comparing the control group with tattoo dyed agarose gel obtained by
diluting %10 ratio. The overlapping of plasma group and agarose gels prepared with
10% dilutions was examined in CIE Yxy color space (Figure 3.5). According to this
experiment in CIE Yxy color space, white color tattoo dyed agarose gel was faded at
20%; blue, green, and yellow tattoo dyed agarose gels were faded at %40; black and
red tattoo dyed agarose gels were faded their color at %70 according to control
group. The graphs of CIE Yxy color space where the above percentage change in
color is calculated are shown in Figure 3.6.
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Figure 3.4 : Tattoo dyed agarose gels with concentration of 0.01%. First line of the
image consists of control groups of agarose gels. The second line shows 15 minutes
plasma treated samples (A:Blue, B:Green, C:Red, D:Yellow, E:White, F:Black).

THE EFFECT OF PLASMA ON AGAROSE GEL

120
100 100 100 100 100 100
100

80

40

% of Tattoo Dye
2

20

Tattoo Dye

Figure 3.5 : The control groups of each tattoo dyed agarose gel were assumed to
have a 100% saturation. The color intensity of agarose gels after 15 minutes of
plasma treatment was calculated with the values in the CIE Yxy color space.
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Figure 3.6 : Coordinate of tattoo dyed agarose gels with 0.01% concentration in CIE
Yxy color space. The starting points of the arrows in the graphs show the coordinates
of the control groups of each color. And the end points were indicated their position
plasma treated samples for 15 minutes. The values next to the arrows indicate the
displacement between the starting and ending points, i.e. the absolute color change
between the plasma and control groups.
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Figure 3.6 (continuation): Coordinate of tattoo dyed agarose gels with 0.01%
concentration in CIE Yxy color space. The starting points of the arrows in the graphs
show the coordinates of the control groups of each color. And the end points were
indicated their position plasma treated samples for 15 minutes. The values next to the
arrows indicate the displacement between the starting and ending points, i.e. the
absolute color change between the plasma and control groups.

When looking at the values of tattoo dyed agarose gels in CIE Lab color space; blue,
green, red and yellow in the a*-b* axis approximation of zero point was observed,
that is the color intensities of tattoo dyed agarose gels were decreased. White tattoo
dyed agarose gel after plasma treatment yellow coloration is observed, while black
tattoo dyed agarose gel after plasma has increased brightness (Figure 3.7). Figure 3.8

shows delta E change of tattoo paints in CIE Lab space.
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Figure 3.7 : Coordinates of tattoo dyed agarose gels with 0.01% concentration in
CIE Lab color space. For L*, a*, and b* axes, there are two points on each image.
The dark spots indicate the control group, while the light colored spots show 15
minutes plasma treated samples.
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Figure 3.8 : Difference in delta e value due to color change in agarose gel after 15
minutes of plasma treatment according to control group.

3.3.  Application of Cold Atmospheric Plasma Treated Distilled Water on
Tattoo Dye

The indirect effects of plasma were investigated by adding plasma treated distilled
water to the tattoo dye. Plasma treated distilled water (PT-DIW) caused color to be
faded immediately after coming into contact with tattoo paint and increased
efficiency over time. The effects of color fading as well as the effects are examined

in the following titles.

3.3.1. Color space changes on plasma treated distilled water applied tattoo dye

RGB data was recorded for each sample with control group and plasma groups which
they were applied with PT-DIW over time (immediately after the addition of PT-
DIW, after 24 hours, after 48 hours and after 72 hours). RGB datas were converted to
CIE Lab values and delta E values calculated for each color and the color intensity
between control and plasma groups were investigated at which time interval (Figure
3.9). According to the data obtained; green, red, yellow and white colors were
reached their maximum level of color fading after 48 hours. The maximum color
fading effect of blue color was seen after 24 hours and the black color fading was
seen after 72 hours. The most color fading effect was seen in red colored tattoo dye.

The indirect effect of plasma in the CIE Lab color space was more common in red
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and yellow, while in blue and green there was less impact. The values of L *,a*, b *
which give these delta E changes are shown in figure 3.10.

AE CHANGING OVER TIME
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Figure 3.9 : AE value obtained from the CIE Lab color space of the tattoo dyes
added with plasma treated water is shown in the graph above. The color codes that
appear just below the bars in the graph show parallelism with the legend. In other
words, it proceeds from 0 to 24 hours, 48 hours and 72 hours from left to right for

each color.
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Figure 3.10 : The effect of plasma treated water on tattoo dye after 72 hours and the
control group are included in CIE Lab color space for each color. For L*, a-, and b*
axes, there are two points on each image. The dark spots indicate the control group,
while the light colored spots show 72 hours later plasma treated water on tattoo dye.

In CIE Yxy color space, the difference between the control group and the tattoo dye
that interacted with the PT-DIW for 72 hours was seen again in red color (Figure

3.11). The color fading was followed by yellow, blue, black, green and white colored

tattoo dyes respectively. Figure 3.12 shows the image of the tattoo dyes that give

changes in the color spaces as a result of the interaction of PT-DIW and tattoo dyes

over 24-hour time intervals.
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Figure 3.11 : 72 hours after the addition of PT-DIW to the tattoo dye and control
group are shown above in CIE Yxy color space. The starting points of the arrows in
the graphs show the coordinates of the control groups of each color. And the end
points were indicated their position 72 hours after the addition of plasma treated
water. The values next to the arrows indicate the displacement between the starting
and ending points, i.e. the absolute color change between the plasma and control
groups. All colors tend to approach white point (0.33, 0.33).
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Figure 3.11 (continuation): 72 hours after the addition of PT-DIW to the tattoo dye
and control group are shown above in CIE Yxy color space. The starting points of
the arrows in the graphs show the coordinates of the control groups of each color.

And the end points were indicated their position 72 hours after the addition of plasma
treated water. The values next to the arrows indicate the displacement between the
starting and ending points, i.e. the absolute color change between the plasma and
control groups. All colors tend to approach white point (0.33, 0.33).

Figure 3.12 : Images of tattoo dye interacted with PT-DIW giving CIE Yxy and CIE
Lab values above % in multi well plate. Each group starts from the top respectively;
control group, 0 hour interaction with PT-DIW and tattoo dye, 24 hours interaction
with PT-DIW and tattoo dye, 48 hours interaction with PT-DIW and tattoo dye, and
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72 hours interaction with PT-DIW and tattoo dye (A:Blue, B:Green, C:Red,
D:Yellow, E:White, F:Black).

3.3.2. pH measurements of plasma treated distilled water applied tattoo dye
The pH value of each tattoo dye of control group is close to neutral and ranges
between 5.7 and 6.5 (Figure 3.13). The lowest pH values were measured
immediately after the plasma treateds water and the tattoo paint interacted. These
values range from 0.58 to 0.63. PT-DIW and the effect of tattoo dye measured pH
value does not exceed 0.72 value shows tendency to unstable graph. Approximately
90% pH decrease was observed in each color according to control group and
immediately after the addition of PT-DIW.

pH MEASUREMENT OF PT-DIW APPLIED TATTOO DYE

pH

Control Oh 24h 48h 72h
Time (h)

mBlue mGreen mRed = Yellow  White mBlack

Figure 3.13 : pH graphs of control groups and 0, 24, 48, and 72 hours after the
addition of PT-DIW to the tattoo dye are shown respectively.

3.3.3. Absorbance change of potassium iodide (KI) solution of plasma treated
distilled water applied tattoo dye

K1 solution shows dark purple coloration in the presence of reactive oxygen species.
The most intense KI staining was observed immediately after the addition of PT-
DIW onto the tattoo dye, and the density of reactive oxygen species and Kl color
density decreased over time. No purple staining was observed in any of the control
groups. No correlation was observed between the color of the tattoo dyes and the
color intensity of the KI solution. However, when the absorbance measurements are
examined, the absorbance values decrease respectively at 680 nm; blue, green, black,
yellow, red, and white colored tattoo dyes at 0. Hour (Figure 3.14). Absorbance
values in all colors towards the 72th hour decreased. Reactive oxygen species were
found in all colors after 72 hours. Reactive oxygen species density was observed in
blue, green, yellow, black, red, and white colored tattoo dyes respectively.

40
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Figure 3.14 : Absorbance graph of the mixture of PT-DIW and tattoo dye with Kl
solution at 680 nanometers. In order to observe the difference in absorbance of the
control group after the interaction with PT-DIW, the absorbance values of non-
treated samples in 680 nanometers were excluded from the absorbance values after 0O,
24, 48, and 72 hours.
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4. DISCUSSION

Direct and/or indirect cold atmospheric plasma treatment causes discoloration or
change on the material that is applied. It has been experienced in several studies that
the factors causing the color fading or alteration in plasma treatment, the UV photons
and the RONS components that are exposed in the plasma-generated medium, have
changed the chemical composition of the tattoo pigments or have a disintegrating
effect. It has been noted that the color values have changed in some studies
conducted in food and agriculture to benefit from the antimicrobial activity of
plasma. For example, it has been observed that reactive species released during
plasma formation lead to a change in the color of meat. According to the ligands
bonded by the iron atom present in myoglobin, the color of meat can be purplish,
brownish or bright red. Red et al. has shown that redness is reduced but there was no
significant difference in b * and L * values after DBD plasma application on the
ready to eat meat [80]. Kim et al. proved that in the presence of oxygen and when the
power of cold atmospheric plasma was increased, a * and b * values increased and in
dry environments a decrease in brightness was observed [81]. Yong et al. also
perceived that myoglobin discolourization on pork, beef and chicken meat that is
redness of meat has been decreased and shown to be more greenish color after cold
atmospheric plasma treatments [82]. Cold atmospheric plasma is also proven to be
used in dental bleaching applications in dentistry, by providing antimicrobial
properties and without damaging the tooth surface [83-85]. Materials which
generally produce color on the tooth surface are organic compounds which have
expanded conjugated chains of alternate single or double bonds and are called
chromophores containing heteroatoms, carbonyl and phenyl rings. The bleaching of
the chromophore, which tends to color the teeth, can be caused by the breaking,
separation or oxidation of one or more double bonds in the conjugate chain [86]. It
has been observed in several studies that hydrogen peroxide, one of the reactive

species formed as a result of plasma treatment, which is widely used in tooth
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bleaching applications, has a whitening (increase in L* value) effect and removes

yellow color (decrease in b* value) as mentioned [86-88].

In present study, various experiments have been performed on the pigment of
permanent tattoo dye by benefiting from the color fading and modifying activity of
cold atmospheric plasma treatment. For this purpose, tattoo dye was applied on the
filter paper and cold atmospheric plasma was applied with DBD electrode for several
minutes, for the first time of experimental setup. In the filter paper, water was
dripped to prevent any damage during the plasma formation, and it was observed that
the color of the tattoo dye was degraded in interruptedly treatment at the end of

approximately 20 minutes.

The direct effects of the cold atmospheric plasma to the tattoo dye were examined in
two different ways as being in liquid form and embedded in the agarose gel. In liquid
state, absorbance and reflectance values of the tattoo dyes diluted in various
concentrations were examined by using tattoo artist’s tattoo dye diluting method. The
absorbance values were measured close to 100% since the pigments were too dense
which hindered most of the light falling on the particles. When measuring the
absorbance, except for the intensity of the diluted tattoo dyes, another problem was
the difficulty of finding the absorbance value proportional to the concentration. Due
to these difficulties, the reflectance measurements of the tattoo dyes were made by
detecting the reflectance value which is the wavelength of the object reflected with
the reflected light. In blue, green, red and yellow tattoo dyes, it is expected that, the
tattoo pigments may cause degradation of the pigment by breaking down or causing
different chemical effects with the effect of plasma. In blue and green color tattoo
dye, the expected effect is achieved both visually and in terms of increased
reflectance. However, in yellow and red color tattoo dye, although the color opening
is provided visually, there is no increase in reflectance value. Due to the
characteristic of black color, when the surface absorbs the light, it looks darker [89].
Therefore, it is expected that the reflectance value of black color tattoo dye will
increase. This prediction has been validated both visually and to increase of
reflectance value. When it comes to white color, it is reflecting the entire spectrum in
the visible region of electromagnetic spectrum [89 It is expected that there will be a
decrease in reflectance after plasma treatment or fluctuations in various regions of

the visible spectrum. It is expected that all colors of tattoo dye other than white will
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increase compared to the reflectance control group and will draw graphs similar to
water or white color. When it comes to white colored tattoo dye, it was predicted as
decreasing of reflectance values which it means to increase of absorbance values and
a darker color. White color tattoo dye has also shown a decrease in reflectance values

as predicted, but visually, the plasma effect is not obvious.

It has been proven by various studies that the pH value has decreased and the sample
surface has caused various chemical changes by the release of reactive species in the
samples which interact with cold atmospheric plasma. Reddy et al. examined that,
the oxygen-induced reactive species, especially hydrogen peroxide, hydroxyl radicals
and ozone formed by DBD plasma can degrade textile dye methylene blue [90].
Tiwari et al. observed that as the percentage of ozone in the environment increases, a
* and b * values approach to zero and the brightness increases, on carboxyl methyl
cellulose, which is a high molecular weight polysaccharides [91]. At the same time,
laser tattoo removal applications on darker tattoo dyes were found to be more
successful results but green, yellow, white and red colors were shown to be less
effective [15,92,93]. The mechanism of the laser not to fragment the melanin
pigment causes dyes to be disadvantageous on yellow, yellowish green and red
tattoos. In terms of reflectance spectrum, cold atmospheric plasma can be said to be
more effective in degrading green color tattoo dye, compared to laser tattoo removal

applications.

In tattoo removal applications, although laser is not used in UV spectrum (40-400 nm
wavelength), it is seen that red and black tattoo inks cause various problems with
sunlight [94]. From this point of view, the effects of sunlight and UV radiation on red
tattoo dye were investigated, it was observed that the sunlight degraded the entire red
color at the end of 110 days (water-like transparency) and UV radiation were
removed a little of red pigments after 4 hours (yellowish color) [95]. In studies on
red color tattoo dye, the components that are likely to occur after laser application are
methylnitroaniline (MNA) and nitrotoluene (NT) and their cancerogenic activity has
been investigated [95,96]. UV radiation-induced ROS formation is thought to cause
micro and nano-sized photosensitive reactions in the skin and tattoo pigments, but
best of our knowledge these studies have been performed only in red and yellow
color tattoo dyes. In yellow tattoo dye, xenon arc lamp was used to mimic the

sunlight and components that could cause toxic effects as a result of photochemical
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lysis reactions were observed [97]. In another study with yellow tattoo dye, it was
examined that the cadmium sulfide component giving pigmented color caused
phototoxic effect by sunlight [98]. In the light of these studies with UV radiation,
that occurs during plasma formation and do not show significant emission below 280
nm wavelength, might have thought to have a similar effect [21-23]. UV radiation
generated by the plasma treatment has various effects on the surface of the skin
together with the tattoo dye. The spectrum of UV radiation generated during the
plasma treatment and the intensity of toxic gases (O3, NO, and NO,) are limited to
various guidelines on dermatological applications. It does not exceed 30 J/m? of UV
radiation in spectrum of 180-400 nm wavelengths and has a limitation for presence
of toxic gases in the environment for ozone (O3: 50 ppb), nitrogen dioxide (NO,: 5
ppm), and nitric oxide (NO: 25 ppm) [24,25]. At the same time, studies performed
with DBD plasma showed that plasma power, which may cause long-term tissue
inactivation or wounds and burns, can rise above 300 J/cm? on human cadaver [26],
and reach 120 J/cm? on mouse skin [27] and 540 J/cm? on pig skin [27] to mimic

human skin.

After experiments with degradation in liquid form, agarose gel tests are the second
step of direct effect of cold atmospheric plasma treatment. Tattoo dye is injected into
the dermis approximately 1 mm deep from the skin surface in tattooed individuals.
According to the data obtained from the literature, 1 ml tattoo dye can paint a surface
of 11 cm square on the skin surface [7]. Since three of the first injected tattoo inks
were placed in the dermis [7] and the tattoo artist was able to transfer only half of the
dye to the skin, the concentration value of 0.01% used in our research confirms these
reasons. In literature, agarose gel was chosen from gelatin and agarose gel test setups
mimicking human skin by using laser on tattoo removal applications [106-108]. The
penetration depth of the cold atmospheric plasma on the agarose gel embedded tattoo
dye was tried to be predicted by agarose gel [109], textile dye [110] and in vivo
experiments [109,111] in literature. Cold atmospheric plasma, which can cause up to
50 um of apoptosis in cancer cells, has a penetration of 1.5 to 4 mm in textile
products, agarose gel and animal experiments. Studies on agarose gel embedded
tattoo dyes were first initiated by calculating the concentration of the plasma group
by diluting the control group agarose gel. According to this step, it was observed that

the tattoo dyed agarose gels which were treated for 15 minutes were mostly affected
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on red and black colored tattoo dyes. A parallel activity was observed with the
agarose gel embedded with black and some dark colors, which were parallel to the
laser applications that showed color fading effect [15,92,93,112]. This advantage of
the laser in dark colors turns into a disadvantage in iron and titanium containing
compounds of pigments in colors such as white and especially skin-colored. Laser
irradiation, iron-containing pigments in the presence of ferric oxide, titanium
compounds in titanium dioxide compound with the interaction of the pigment will
cause the pigment darkening [107,113,114]. In this study conducted with plasma, no
color darkening was observed after treatment of cold atmospheric plasma in any
tattoo dye.

Partial differences were observed in CIE Lab and CIE Yxy spaces when the effect of
plasma on the tattoo dyed agarose gel was observed on the color spaces. In CIE Yxy
color space, approaching the center to the white color, the most distant observed
between plasma and control groups color was blue while the least color was black.
Similar to the study with methylene blue, decrease in blue color was observed [90].
In CIE Yxy color space, since there is no data related to brightness, the comments
about this data are revealed by examining CIE Lab values. The success criterions of
the process in laser tattoo removal applications on color fading efficiency are usually
observational [113,115-117]. In the study of cold atmospheric plasma in the field of
dentistry and agriculture, the change of CIE Lab color space and delta E value has
been widely used as criterion for color change [80-85]. In this study, both
perspectives were used together.

Considering the criteria for fading of color in CIE Lab color space, it is anticipated
that the a* and b* values will approach the center, to the zero point, and increase the
brightness (L* value). The colors in which these two conditions are confirmed with
green and red tattoo dyes. With these results, superiority has been established over
laser applications on red and green color tattoo dye approach [15,92,93,118]. For
example, in blue color tattoo dye, it was seen that the bluish effect was reduced (b*
value increased) but the brightness decreased, after plasma treatment. And in yellow
color dye, again the effect of yellowish decreased (b* value decreased) but the
brightness decreased. In parallel with the prediction in black color tattoo dye, a very
high increase in brightness was observed. In white color tattoo, a slight increase in

luminosity and some yellowing effect were observed (b* value increased). When the
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delta E data obtained from L*, a*, b* values are considered, the most color fading
Impact was seen in black and blue color tattoo dyes. In terms of results in the CIE
Lab color space, plasma and laser applications have shown similarities on black and
blue colored tattoo dye degredation [119,120].

The third stage of the study was to investigate the effect of plasma treated water on
the degradation of tattoo dye. In CIE Yxy color space, up to 72 hours of interaction
with the plasma treated water on tattoo dyes, the most degradation impact on dyes
were observed on red tattoo dye while the least effect on white color. In contrast to
the direct effect of plasma in CIE Lab space, in all tattoo dye colors were closed to
zero-point at a*, b* values and brightness values were increased. In black color tattoo
dye, the pigments of the control group showed a decrease in their b* value after the
plasma treatment. In the studies on the effect of plasma treated liquids, color change
was not emphasized much. These studies are using plasma for the decontamination
of fruits or vegetables and declared that the color change in the products after
treatment is not remarkable [121-123]. However, indirect cold atmospheric plasma
treatment on meat obtained from various animals, red color increase in some
applications [124,81], and decrease in some were observed [80,82]. As a result,
except for color change researches of the indirect cold atmospheric plasma effect on
food (in which the red color has been investigated) and the pigments used in textiles
directly treated with cold atmospheric plasma, unfortunately there is not much

publication.

Considering the effect of plasma treated water on pH value of tattoo dye, it was
beheld that there was a decrease in pH values of tattoo dyes regardless of the color
[90,125-127]. It was observed that the pH of the control group, which gave a pH
value just below the neutral, decreased to level between 0.6 and 0.7 immediately
after the interaction of the plasma treated water and this activity was continued for 72

hours.

In the experiment with KI solution, which change color in presence of ROS
[128,129], it was realized that there was no reactive species in the control groups but
they were present after the addition of plasma treated water. The existence of ROS
and indirect cold atmospheric plasma treatment has been shown to be long lasting
[26,44,130]. Reactive oxygen species which continued their existence by declining

were the most blue in color and at least yellow at the end of 72 hours.
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5. CONCLUSION

Today, the most preferred tattoo removal method with many types of applications is
laser. Morover, cold atmospheric plasma has been shown to have a color fading
effect in dentistry, agriculture and textiles. In present study, the efficacy of cold
atmospheric plasma on the degradation of tattoo dye was investigated by combining
these two fields.

When the effect of direct cold atmospheric plasma on the liquid form tattoo paint is
considered, the most decisive observations were seen in green color tattoo dye and
this data was confirmed with reflectance graph.

In direct plasma applied agarose gel study, the highest color degradation was
observed in red and black color tattoo dyes, in CIE Yxy color space in blue and red
color tattoo dyes and in CIE Lab color space in blue and black color tattoo dyes. In
other words, as a result of plasma interaction with agarose gel, the colors with the
most fading effect on blue, red and black colored tattoo paints, on different
evaluation criteria.

When color fading feature of plasma with indirect effect is considered, the colors that
are the most degraded in the CIE Yxy color space are red and yellow, and the same
color is confirmed when the CIE Lab color space is examined. The various chemical
reactions of the RONS components that occurred during plasma formation resulted in
a decrease in pH, but no differences were observed in color-dependence. And when it
was tried to be predicted by the KI solution based on the ROS concentration, the
maximum absorption was observed in the blue color tattoo dye and the least in the
white color.

Best of our knowledge, cold atmospheric plasma was used for the degradation of the
tattoo pigments. Although visual evaluations and changes in color spaces supported
each other, UV radiation and RONS components as a result of the plasma application

were not fully understood. In other words, present study, which was the first trial in
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this area, can be carried forward by determination of RONS components by using
various analytical chemical methods and by further testing with animal experiments.
As a result, present study shows that plasma could be an alternative treatment to laser
tattoo removal applications because of red, yellow and green color tattoo dyes
degradation or it can be considered as an adjuvant procedure to laser tattoo removal
because of its effect on the black color.
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