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ABSTRACT

The skin accounts for approximately 16% of human body weight, with a surface area of
approximately 2 m? in adults. It provides a physical barrier to the environment, maintains
homeostasis by limiting the loss of water, electrolytes, and heat, and protects against
microorganisms, toxic agents, and ultraviolet radiation. The outermost layer of the skin, the
stratum corneum, serves as a first line of defense against volatile organic compounds, heavy
metals, and other hazardous substances. Hence, understanding the skin uptake of
environmental chemicals and particles is crucial for assessing the risks associated with
pollution and for developing strategies to mitigate these risks. Moreover, elucidating the
mechanisms of skin penetration by different pollutants and chemicals can contribute to the
development of protective skincare products and other preventive measures.

Lipids in the skin are one of the main protective components and are crucial components of
the stratum corneum where they play a significant role in the skin's barrier function. They fill
the spaces between corneocytes and create a hydrophobic barrier that prevents the easy
passage of substances, including chemicals and particles from the environment. The study of
skin uptake and lipids changes in skin is of great interest in understanding underlying
mechanisms of exposure to chemicals and environmental agents.

Mass spectrometry imaging (MSI) is a powerful label-free technique to study the skin
composition as well as the link between lipid changes and the permeation of different
chemicals. One of the most common MSI techniques is time of flight secondary ion mass
spectrometry (ToF-SIMS), which provides ultra-high spatial resolution due the use of the
focused ion beam to eject and ionize molecules in the sample surface.

The papers in this thesis describe the application of ToF-SIMS to investigate human skin tissue
samples to reveal the permeation of metals and chemicals through the skin layers, as well as
to study lipid changes caused by the uptake of these substances. Different sample preparation
methods and different human skin samples and models have been examined to provide the
best possible results. The method is now ready to be applied in testing pharmaceuticals,
cosmetics, occupational skin hazards, and skin allergens independently or as a complementary
approach to answer more complicated scientific questions.

Keywords: Mass spectrometry imaging, ToF-SIMS, lipids, skin, human skin models, toxicology,
allergen, permeation studies, contact allergy, sunscreen, skin lipids, lipid change.



Popularvetenskaplig sammanfattning

Huden &ar kroppens storsta organ med en yta pa totalt ca 2 kvadratmeter. Huden fungerar
som en forsta forsvarslinje mot virus, bakterier och andra skadliga @mnen. Varje dag utsatts
var hud for en mangd olika kemikalier genom till exempel luftféroreningar, solkramer,
rengoringsmedel och konserveringsmedel. Men det har hittills inte varit mojligt att veta
exakt hur huden tar upp dessa. Huden bestar av fler skikt och med hjalp av sa kallad
avbildande masspektrometri blir det nu mojligt att se alla skikt av huden och mata nérvaro
av i princip vilka dmnen som helst, i vilken del av huden som helst.

Med avbildande masspektrometri kan vi mata upptag av farliga @mnen och tekniken kan
aven utnyttjas for att utveckla exempelvis lakemedel som &r battre anpassade fér huden.
Avbildande masspektrometri innebar att man anvander en laser eller jonstrale for att
analysera hudsnitten med hjalp av en masspektrometer. | varje punkt, eller pixel, av snitten
som stralen traffar far vi information det kemiska innehallet. Den kemiska informationen
fran varje punkt kan sedan samlas ihop till en digital bild som visar ett &mnes fordelning i
huden. | den hdr avhandlingen har sekundarjonsmasspektrometri (ToF-SIMS) anvants vilket
ger en mycket hog rumslig upplésning ned till nanometeromradet.

ToF-SIMS metoden kan visa alla mdjliga @amnen med en bild, oavsett om det ar metall, ett
solskydds kemiska innehall eller ett toxiskt amne man letar efter i huden, eller om man vill
folja ett ldkemedels vag genom huden. Det racker med ett hudprov sa kan man soka efter
vilka molekyler som helst. Metoden behover inte anpassas pa forhand efter vad vi letar efter
vilket gor metoden snabb och effektiv. Vill man veta nagot om den manskliga hudens

passiva upptag, sa ar ToF-SIMS den ratta metoden att anvanda sig av.
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ABBREVIATIONS

MSI
ToF-SIMS
FA
TAG
DAG
MAG
ER

PC

PE

Pl

PS

CER
SM

CE

SC

Tls
Th1
Th 2
ILC
HPLC
UVv-VvIS
LSC
ICP-MS
MS

ESI
DESI
MALDI
RHE

Mass spectrometry imaging

Time of flight secondary ion mass spectrometry
Fatty acid

Triacylglcerol

Diacylglycerol

Monoacylglycerol

Enodoplasmatic reticulum
Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidylinositol

Phosphatidylserine

Ceramide

Sphingomyelin

Cholesterol ester

Stratum corneum

Tight junctions

T helper cells type 1

T helper cells type 2

Innate lymphoid cells

High performance liquid chromatography
ultraviolet-visible

Liquid scintillation counting

Inductively coupled plasma-mass spectrometry
Mass spectrometry

Electrospray ionisation

Desorption electrospray ionisation

Matrix assisted laser desorption ionisation

reconstructed human epidermis



SIMS
ToF
GCIB
LMIG
MD
COPD
Ml
SEM
MVA
PCA
PC
MAF

secondary ion mass spectrometry
Time of flight

Gas cluster ion beam

Liquid metal ion gun

molecular dynamic

Chronic obstructive pulmonary disease
Methylisothiazolinone

scanning electron microscope
Multivariate analysis

Principal component analysis
Principal component

Maximum autocorrelation factor

"



CONTENENTS

ABSTRACT 1
POPULARVETENSKAPLIG SAMMANFATTNING .....cvimiititiete sttt se et see s 1l
LIST OF PUBLICATIONS AND CONTRIBUTION REPORT ......cccoieiiiiiiiniiiniiieerceeeseneesessesenisvnsnnenens ]
RELATED PUBLICATIONS NOT INCLUDED IN THE THESIS: ...ccoiiiiiiiiiiiiieceriviiirvreneeeeeeeeene e \Y
ABBREVIATIONS . ...ttt ettt ettt e e ettt e e s e saeb e e s e e s b et e s ee s reseseesnrenenaesanrenenaesansen \"
INTRODUCTION ...cverieiiierereresereesrereesre e sneesesreressmnessneneesanersensneesnnesesnenessnnessonsnessannesensenesnns 1
LLLIPIDS ettt e e s et s s e e s s s e r e s s s e re s e e s rene s e e nnnes 3
Lipids classes and structures 3
FAtty @CIAS (FA) .....oouitiiiiiteiee ettt sttt et h et b e s e et e bt e h e s h e et b e s b et et et et bt b e b st et n et ebenne 4
GIYCEIONIPIUS ...ttt ettt ettt ettt e s bt et e e bt e s bt et e s et e beeabe bt ebeenbesae e beentenbeenseensesbeenbaeseenseenne 4
THIGIYCEIIARS (TAGS) ..ottt ettt ettt e a ettt s ae e s b e st e e bt e bt eatesae et e e bt e beenbesaeenbesasenseans 4
DiglYCeries (DAGS)..............ccuoecueeeeiueeeeiteecteeeeeteeste st esteese et e sseeseste e te et e sssesesas e baesseeaeesseeasesbeenseessesseeneenes 5
MONOACYIGIYCEIOI (IMIAGS) .........ocueeeieieieieieeeeee ettt ettt b ettt et e st e s b et e e st e bt e besatebeenbesseenseeates 5
PROSPRALIAY] CROIINE (PC) .......c..coeeeeieiieiieieeeeete ettt ettt st b et ae e s bt e be s st e b e et e saeenseeates 6

PhosphatidyletRanolamiNe (PE) .................c.ocueiuieierieieieeeeeesiesteneeee e eeesesesaesses e nseeesessessessessessensensenesnens 6

PROSPRAALIAYIINOSIEO] (Pl) ............oceeeeeeeeieieieeeeeteecee sttt et ste et et e et e s e esae s s esbaesbesasesseensesrsenseensesseennenaean 6
PROSPRALIAYISEIINE (PS) ..........couveeeiiieiiieeeieeeeet ettt ettt sttt st b et ae e bt st e s bt e beeatesaeenaesaees 6
SPRINGOIIPIAS ...ttt ettt et st e s b et b e et e eae e s ae e b e ea b e e bt e be st e she e beenrenreenee 7
COIAMUMES ...ttt st e bttt sa b e 8
SPRINGOMYEIIN (SIM) ..........ooueiiiiieeiieeet ettt sttt ettt st s bbbt ettt s at e b e e st e s beebesatesbeenbesbeenbeanne 8
STErols aNd ChOIESTEION .........c...oiuiiiiiiiiie ettt et b e s e bt et e st e s besatesbeeneeenne 9
Lipids in skin 10
2.SKIN coeeeereereit sttt e r e st e se s s s s e e rer e et eetetesaene s s rarrarerreraneereseeners 12
Human skin anatomy 12
Dermal absorption 14
Skin barrier and inflammation 16
Techniques to study skin penetration 17
Human skin models 18
3.MASS SPECTROMETRY ...ttt tr et e e e e e e e s e s s e s s ee e e e e eeeseeeeaeeeesesaesennnnnnsnsesnnnnnes 20

Mass spectrometry imaging (MSl) 20



Basic Principles of SIMS 22

THE STAtIC TIMIL ...ttt e b ettt eb b sa e et e 24
Different SIMS modes of operation 25
SEALIC SIMIS ... e e 25
DYNAMIC SIIVIS ...ttt ettt ettt et e s bt e st e s bt e e a bt e s bt e eabee e be e s bt e sabeeeabeeebee e bneeabeeeaneeenee 25
SIMS instrumentation .. 26
LAY E T3 T T 11T T=T R SOPSRURN 26
Time of flight (ToF) mass analyzer in detail .. .27
Primary 0N BEAMS ......couiiiiiiiiee ettt bttt et b et a et st e bt aee e 29
ToF-SIMS imaging 31
Bioimaging with ToF-SIMS 33
A.METHODS ...ttt et s e e e s e bt e s e e e sreressmre s s nsne s saneesanranesannessanenessnreesonne 35
Skin models 35
Diffusion cells 35
Sample preparation for ToF-SIMS 36
ToF-SIMS analysis with ToF.SIMS 5 37
Multivariate analysis 39
5.SUMMARY OF PAPERS ... .ottt te et s e e e e s se s st br st e seaeesaseeaeaeesesaesenasssnsesebaaaanes 41
CONCLUDING REMARKS AND FUTURE OUTLOOKS .......ciieiieeeiierien e eerees e seree s e seree s e senee 45
ACKNOWLEDGEMENTS ....coiiieirtiie ittt s e rerere e s ssren e e s nene e e s smener e e s smmneneesenns 47

REFRENCES ...ttt s bbb b s 49



INTRODUCTION

Human skin is the largest organ of the body with a variety of advanced functions. It protects
the body from xenobiotic and microbial attacks, helps regulate body temperature and permits
sensations of touch, heat and cold. Skin also functions as a barrier that regulates the
penetration of various compounds. Investigating how different substances pass into and
through the skin is of great importance in different fields including studying skin diseases, drug

and cosmetic development.

Chemical imaging is a very useful technique that allows us to see all layers of the skin with
very high precision and to measure the presence of any substances in any part of the skin.
Mass spectrometry imaging(MSlI) is a label free technique which is becoming widely used to
image biomolecules, drug and metal penetration in skin as well as localization in different
organs!™. The main advantage of MSl is the label free detection of large number of molecules
within one experiment on the same tissue section allowing detection of both endogenous and
exogenous compounds in parallel. Different MSI techniques have different characteristics
especially when it comes to achievable lateral resolution and so far, Time of flight secondary
ion mass spectrometry, ToF-SIMS, delivers the best possible, down to nanometer scale
resolution. This is due to the advantage of using an ion beam as ionizer, and this can be

focused to a small spot size.

In this thesis the imaging mass spectrometry technique that has been applied is ToF-SIMS.
ToF-SIMS is a technique where a focused ion beam bombards a sample surface to eject
material (secondary ions) that give us chemical information about the surface area. ToF-SIMS
is an excellent method to study lipids and lipid changes in various tissues. Lipids are a group
of substances that are found in all human tissues including skin tissue. They serve several
essential functions in the human body. Changes in lipids and lipid metabolism causes various
health effects in the human body including cancer, diabetes, obesity as well as
neurodegenerative diseases. Changes in skin lipid composition are involved in different skin

diseases including acne, atopic and seborrheic dermatitis>®. Another unique ability of



ToF-SIMS is the ability to also provide information about the elemental composition of a

sample and the ability to monitor metals and minerals in cells and biological tissues*’.

The aim of this thesis is to expand the application area of the ToF-SIMS imaging technique for
lipid analysis of the skin tissue and to study permeation of different chemicals and allergens
through the skin tissue using human skin biopsies, skin reconstruction and an ex-vivo human
skin model. Finally, an evaluation of skin models using ToF-SIMS is performed to get a better
understanding of similarity and differences between ex-vivo human skin and in-vitro human
skin reconstruction to get a better understanding and interpretation of results collected by
ToF-SIMS. The main goal of this thesis has been to advance the ToF-SIMS technique for
different skin applications and to generate knew knowledge from the sample studied likewise

taking a critical look at past research and the result validity using standard techniques.



Chapter 1

LIPIDS

Lipids is a general term used to refer to a group of substances that are insoluble in water but
dissolve in non-polar organic solvents. They include fats, waxes, sterols, fat-soluble vitamins
(such as vitamins A, D, E, and K), acyl glycerols and phospholipids. Lipids occur in all living
organisms and serve an important role as a key component of the cell membrane. Lipids are
also involved in various biochemical functions such as energy storing and cell signaling.
Changes in lipids and lipid metabolism are associated with a number of diseases such as
cancer, diabetes, obesity as well as neurodegenerative diseases!®3, The majority of the lipids
are amphiphilic, they have a hydrophilic or polar head and hydrophobic or nonpolar tails,

which make it possible to build the cell membrane in an agueous environment!4,

Lipids classes and structures

Lipid structures are very diverse and thus there are different ways to classify them. A number
of sources divide lipids into, simple and complex, based on their hydrolysis yielding, where
simple lipids yield at most two types of primary products per mole, while complex lipids yield
three or more primary hydrolysis products per mole. For example acylglycerol (fatty acid and
glycerol) is simple lipid, while glycerophospholipids (fatty acid, glycerol and head group) are
complex lipids'>16, Other sources add in a third group called derived lipids which contains
alcohols and fatty acids derived by hydrolyzing simple lipids?’.

The International Lipid Classification and Nomenclature Committee on the initiative of the
LIPID MAPS Consortium established a comprehensive classification system for lipids based on
chemical and biochemical properties!®'°, Based on this classification system, lipids have been
divided into eight main categories: fatty acyls, glycerolipids, glycerophospholipids,

sphingolipids, saccharolipids and polyketides, sterol lipids and prenols. Each category is



further divided into classes and subclasses. This section will not cover all lipid classes. It mainly

focuses on skin lipids detected by ToF-SIMS.
Fatty acids (FA)

Fatty acids are carboxylic acids with a long hydrocarbon side chain. The chain can be saturated
or unsaturated and can differ in length and number of double bonds (Figure 1.1). Fatty acids
build ester bonds with glycerol and are then called esterified fatty acids or circulate freely in
the plasma and are then called free fatty acids, in addition they can also be found as lipid
membrane constitute. Fatty acids are an important energy source of fuel for animals as they

yield large quantities of ATP when metabolized.

Carboxylic group

Stearic acid
0
/\/\/Z\/a/\/\/\)-kok|
Linoleic acid

Figure 1.1. General structure of saturated FA, stearic acid FA (18:0) and unsaturated
FA, linoleic acid (FA 18:2)

Glycerolipids

Glycerolipids are glycerol connected to fatty acids via an ester linkage. They can be mono-, di-
, and tri-substituted, (Figurel.2). The position where the glycerol connects to a fatty acid is
called the sn-position. They play a key role in membrane formation, caloric storage,

and intracellular signaling processes.

Triglycerides (TAGs)

Triglycerides or triacylglycerols are glycerol esterified to three fatty acids via ester linkage.
These mainly serve as energy storage as well as precursor for membrane lipid synthesis
providing fatty acids and diacylglycerols. TAGs are mainly synthesized in the liver and stored
in adipose tissue as lipid droplets wrapped in a monolayer of glycerol phospholipids decorated

with proteins?%21,



glycerol fatty acids
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Figure 1.2 General structure of tri-substituted (triacylglycerol) glycerolipids

Diglycerides (DAGs)

Diglycerides or diacylglycerols are formed by esterification of two fatty acids to a glycerol
backbone. DAGs are involved in a multitude of metabolic pathways. They function as
components of cellular membranes, as building blocks for glycerophospholipids, and as lipid
second messengers??, In the cell, DAGs can be either synthesized during de novo lipid
biosynthesis or generated from other intracellular lipid species. The generation of DAGs occur
in various subcellular compartments like the plasma membrane, the Golgi network, the

endoplasmic reticulum (ER), and in lipid droplets?3.

Monoacylglycerol (MAGs)

Monacylglycerols are formed by the esterification of two fatty acids to a glycerol backbone.
MAGs are generated by the hydrolysis of diglycerides. They are found at low levels in plants

and animals and mainly serve as intermediates or signaling molecules.

Glycerophospholipids

Glycerol phospholipids or more commonly referred as phospholipids are the main structural
component of biological membranes. They are highly amphiphilic, and this nature drives the
formation of the lipid bilayer structure of membranes.

Phospholipids are formed from a glycerol backbone connected to two fatty acid tails (nonpolar

part) and esterified with a phosphate group (the polar part) attached to the sn3-position of



the glycerol backbone. Depending on the polar head group structure, Glycerophospholipids

can be divided into different subclasses with different biological function, see Table 1.1.

Phosphatidyl choline (PC)

Phosphatidyl cholines are a class of phospholipids that incorporate choline as the head group.
The positively charged choline together with the negatively charged phosphate make PCs into
zwitterionic molecules. PC lipids are the most abundant lipids in the mammalian cell
membrane comprising about 50% of the total phospholipids pool and they dominate the outer
leaf of the lipid membrane. PCs serve as precursor and signaling molecules for variety of

signaling molecules including DAGs, phosphatic acids, choline and different lipases.

Phosphatidylethanolamine (PE)
Phosphatidylethanolamine is the second most abundant phospholipid in mammalian cells and

is asymmetrically distributed across the cell membrane bilayers, but mainly enriched on the
inner leaf. The positively charged ethanolamine head group together with the negatively
charged phosphate group form a zwitterionic compound, and thus can be detected in both

negative and positive ion mode with mass spectrometry.

Phosphatidylinositol (PI)
Phosphatidylinositol is a phospholipid that incorporates an inositol ring as the head group.

Although it makes up a small fraction of the cellular phospholipids, Pl has many key biological
processes in the cell membrane, regulating ion channels, pumps and transporters. Pls make
up about 10-15% of the total phospholipid concentration in mammalian cell membranes, and
are found in the inner cell leaflet of the membrane. Since they carry several OH groups on the

inositol ring, they are often observed in negative ion mode in ToF-SIMS spectra?*2>,

Phosphatidylserine (PS)

Phosphatidylserines are a class of phospholipids that incorporate serine as a head group
substituent. They are minor phospholipids in the mammalian cell membrane, they can freely
move between the membrane leafs. PSs have a key role in signaling during the early stage of
apoptosis by stimulating the phagocytosis of the apoptotic cells and the production of anti-

inflammatory mediators?®. PSs are also co-factors that activate signaling proteins like protein



kinase C?’. This group of phospholipids has less diversity of molecular species than PE and PC.
PSs can be synthesized by replacing the choline head group on PC lipids or the ethanolamine

on PE lipids®.

Table 1.1. General structure of glycerophospholipid consisting of two non-polar fatty acid chain
and phosphate group connected to different X-moieties.

Basic
glycerophospholipid Substituten Chemical structure Glycerophospholipid
structure X X

Hydrogen —H Phosphatic acid
Choline l+/ Phosphatidylcholine
. HO/\/ -
[e]

s Ethanolamine HO\/\ Phosphatidylethanolamine
NH

Inositol OH
HO. OH
Phosphatidylinositol
HO' 'OH
OH
Serine o}
hosphatidylserine
HO' OH phose v
NH,

Sphingolipids

Sphingolipids are lipids with a sphingosine base backbone connected to fatty acids via amide
linkage and a head group at the primary hydroxyl, (Figurel.3). The head groups range from a

simple hydrogen to more complex species, such as the phosphocholine moiety



of sphingomyelin. Sphingolipids are found in the outer leaf in all animals and function as
structural components of membranes, lipoproteins, skin, and as cell signaling modulators and

mediators®.

Ceramides
Ceramides (CER) are the simplest sphingolipids, consisting of a sphingosine base connected to

a fatty acid residue and having a hydrogen atom as a head group. Ceramides are the building
blocks of all sphingolipids in mammals. In addition, they participate in regulating signal
transduction, cell proliferation and apoptosis3931.

CER are found in high concentration in human skin membrane (in both inner-and outer-leaf).
Ceramides are the major lipid constituent of lamellar sheets present in the intercellular spaces
of the stratum corneum and thus involved in the barrier property of the epidermis®2.
Ceramides play an essential role in structuring and maintaining the water permeability barrier
function of the skin, which makes it a common component in skin care products33. Alternation
in ceramides metabolism is involved in many diseases such as cancer, diabetes and
inflammation34-3¢, Ceramide can be synthesized de novo, from the condensation of amino

acids. It can also be synthesized by the degradation of higher order sphingolipids.

Sphingomyelin (SM)

Sphingomyelin is a sphingolipid that consists of a ceramide with a phosphoryl choline moiety
attached to the sphingoid base component. It is one of the most abundant lipids in
mammalian cells, especially in myelin sheets covering the axonal part of the neuron. SM
together with PC are the major lipids in the cell membrane and are found mainly in the outer
leaf. Both lipids have a phosphocholine head group, consequently they are both zwitterions.
Unlike the phosphatidylcholine with two fatty acids, sphingomyelin is attached to the
sphingosine backbone with only one fatty acid. Sphingomyelin is primarily synthesized from
two precursors, ceramide and phosphatidylcholine .sphingomyelin has important impact in
cell signaling through its structural role in lipid rafts and also through its catabolic inter-
mediators, such as ceramide and glycoceramid®. It is also involved in endocytosis and

protein regulation.
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A) B) Q)

Figure 1.3. General structure of sphingolipids with sphingosine backbone.
A) sphingosine, B) ceramide and C) sphingomyelin

Sterols and Cholesterol

Sterols are lipids composed of cyclopentanoperhydrophenanthrene ring (composed of three
six-carbon rings along with a five-carbon ring) with differing hydroxyl groups and side-chains,
(Figurel.4). Sterols have been shown to influence fluidity and permeability of plasma
membranes®®. Cholesterol is a sterol composed of sterol four rings with a hydrocarbon tail
and hydroxyl group. It is an essential constituent of the mammalian cell membrane,
responsible for maintaining structure and fluidity. Moreover, Cholesterol serves as a building
block for synthesizing various steroid hormones, including vitamin D, and bile acids.

9



Cholesterol also plays a crucial role in regulating cell function and cancer development3%-41,
Cholesterol is converted into cholesterol esters to allow transportation in the blood stream.
Cholesterol esters are cholesterol with an ester bond formed between the hydroxyl group of
the steroid structure and a fatty acid. Cholesterol esters (CE) function as a transport form of

cholesterol in blood plasma and in cells in lipid droplets.

HO

sterol

Cholestrol

Figure 1.4. structure of sterol and cholesterol.

Lipids in skin

Skin lipids originate from either sebum or keratinocytes. Human sebum is a mixture of non-
polar lipids, mainly triglycerides, wax esters, squalene, fatty acids and smaller amounts of
cholesterol, cholesterol esters and diglycerides®*%43, While , epidermal lipids (produced by
keratinocytes) are a mixture of relatively equal proportions of free fatty acids, cholesterol and
ceramides®.

Human skin surface lipids consists of triglycerides, free fatty acids, wax esters, squalene,
cholesterol esters, and cholesterol*. The epidermis contributes only for a proportion of the
total surface lipid. In the lipid rich region such as the palm, sebum contributes to a big portion
of the lipid continents. In the other hand, palms and soles where lipid production is less, lipids
are mainly of epidermal origin®®. Epidermal lipids, such as ceramides, triglycerides, and

cholesterol, are integral components driving the formation and maintenance of the epidermal

10



permeability barrier as well as a barrier against microorganism invasion®®4’. Although the
main barrier functionality of skin is localized in the stratum corneum, sebaceous glands also
serves as a mediator of the permeability barrier by providing photo protection and
antimicrobial action®.

The skin has one of the highest lipogenic activities of all tissues. Skin lipids have a wide variety
of roles. They serve as sources of energy in the case of fatty acid oxidation, as a water barrier
(e.g., ceramide), as growth regulators (e.g., arachidonic acid and prostaglandins), and as
structural molecules in, for example, cell membranes.*. A balanced skin lipid composition is
necessary for barrier integrity and stability, antimicrobial activity and pH maintenance®°.
Alteration in skin lipid composition is associated with inflammatory diseases, such as acne
vulgaris, rosacea, atopic dermatitis, and psoriasis®?.

In this thesis lipids have been studied in human skin tissue after the exposure of different
allergens and other chemical compounds. Hence | will examine human skin in more detail in

Chapter 2.
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Chapter 2

SKIN

Skin is the body's largest organ, covering its entire external surface and serving as a first-order
physical barrier against external factors including bacteria, chemicals, and temperature.
Moreover, it serves as an arena for diverse immunological processes, inflammatory processes,
sensory receptors, water loss control, and homeostasis in general. The skin is also highly
adaptive with different thicknesses and specialized functions in different body sites>2. The skin
accounts for approximately 16% of human body weight, with a surface area of approximately

2 m?in adults®3°4,

Human skin anatomy

Skin contains three main layers. the epidermis, the dermis, and the hypodermis. Hair, nails,
sebaceous glands, and sweat glands (apocrine and eccrine) are considered to be skin

appendages, (Figure 2.1).

Epidermis «l:

Dermis —|

Hypodermis —|

Figure 2.1. Schematic illustration of basic human skin anatomy showing the different skin layers
and their components. Reprinted from Kolimi, P.et al. Innovative Treatment Strategies to
Accelerate Wound Healing: Trajectory and Recent Advancements. Cells. 2022 Aug 6;11(15):2439.
Copyright © 2022, with permission.
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The epidermal layer is formed from squamous epithelium and is subdivided into separate
layers, according to the degree of keratinization of the cells. The layers of the epidermis from
the bottom to the surface are stratum basale (basal cell layer), the stratum spinosum (spinous
or prickle-cell layer), the stratum granulosum (granular cell layer), and the stratum corneum
(horny layer)®>, (Figure 2.2). Stratum lucidum is located between the stratum corneum and

stratum granulosum and is only present in thicker skin such as palms and soles®®.

The stratum basale, stratum spinosium and the stratum granulosum form together the viable
epidermis (thickness: 50—100 um), whereas the SC (thickness: 10-20 um) is part of the non-
viable epidermis®’. The cells of the epidermis include predominantly keratinocytes. It also
includes melanocytes that produce melanin which protects against ultraviolet radiation, the
Langerhans cells that are involved in immune functions, and the Merkel cells which plays roll

in light touch sensation.>®

=—= S —
Dead keratin layer — —— = Stratum corneum

Stratum lucidum

Stratum granulosum

Desmosome v )

Langerhans cell

Stratum spinosum

Keratinocyte

Stratum basale
Melanocyte

Figure 2.2. Schematic presentation of the human skin epidermis layers and their components.
Reprinted from Ramadon, D. et al. Enhancement strategies for transdermal drug delivery systems:
current trends and applications. Drug Deliv. and Transl. Res. 12, 758-791 (2022). Copyright © 2021, with
permission.
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Lamellar granules or so called lamellar bodies are small organelles that first appear in the
spinous layer, increase throughout the granular layer, and extrude their contents at the
boundary between the granular layer and the stratum corneum. The lamellar granules contain
several types of lipids (ceramides, cholesterol, fatty acids) and hydrolytic enzymes including
proteases, acid phosphatases, lipases and glycosidases®®®!. Desmosomes are intercellular
junctions that mediate cell—cell adhesion and anchor the intermediate filament network to
the plasma membrane, providing mechanical resilience to the epidermis. They also serve as a

tool kit in modulating form and function of the epidermis.

Dermis is located between epidermis and hypodermis and is 1.5-4 mm thick. The dermis is
divided into the papillary dermis and the reticular dermis. The papillary dermis is a thin
superficial layer of the dermis lies beneath the epidermis and consists of collagen fibers,
fibroblast cells, fat cells, blood vessels, nerve fibers, touch receptors and phagocytes. The
reticular dermis hypodermis, also called subcutis or subcutaneous layer, is the deepest layer
of the skin and consists of a network of fat and collagen cells. It conserves the body's heat as
well as protects the inner organs. It also stores fat as an energy reserve for the body. The

thickness of the hypodermis varies throughout the body and from person to person®%63,

Dermal absorption

Dermal absorption occurs when a compound is taken up by the skin further to the rest of the
body. Chemicals penetrate the stratum corneum by passive diffusion. Active transport plays a
limited role in chemical transportation® and thus will not be discussed here. Chemicals pass
through stratum corneum into the viable epidermis and continue passively through to the
dermis via the dermal-epidermal junction the blood vessels will transport it to the systemic
circulation®®5. For a substance to be transdermally absorbed, it first needs to pass the
lipophilic stratum corneum and continue through a more aqueous layers, lower epidermis and
dermis to the blood vessels. A lipophilic compound crosses the stratum corneum easily, but
the penetration rate will decrease as it reaches the hydrophilic epidermis. The decrease in
penetration rate will slow down the diffusion of the substance will slow down leading to a
temporary deposition within the skin. When a substance accumulates in the skin instead of

passing directly through to the bloodstream it is described as a reservoir. A reservoir can be
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present in the stratum corneum, the viable epidermis or in the dermis®®. The substance staying
in the reservoir will either be released with a certain delay to the blood stream or travel back
to the skin surface. Amphiphilic molecules with a small molecular size have the best
permeability through the skin barrier®’. Electrolytes on the other hand are difficult to absorb
when they are applied in aqueous solutions. lons create a field of stable hydration that

increases the size of the diffusing component®,

The factors that affect absorption includes skin integrity, site of action (from fastest to
slowest: Scrotal>Forehead >Axilla = Scalp>Back = Abdomen>Palm and plantar), compounds
physiochemical properties, concentration and duration time. Molecules can permeate the
skin through either the trans-epidermal pathway or through appendages, Figure (2.3). The
trans epidermal pathway is divided into trans-cellular pathway where the where small
hydrophobic molecules passes between the cells through the lipid matrix. On the other
hand, the inter-cellular pathway allows small hydrophilic and moderate hydrophobic
molecules to pass through. The trans-appendageal pathway occurs through hair follicles,
sweat ducts and the sebaceous glands. The appendages cover about 1% of the total skin
area and allow extremely challenging molecules to pass through, for instance big hydrophilic
molecules. It is believed that the intercellular pathway is main passage that is used

by chemicals and other compounds to penetrate skin®-7%.

1

Stratum
corneum / \
corneocytes || *

b lipid matrix
i P
sebaceous
gland

Sweat duct

hair follicle

Figure 2.3. Schematic illustration of penetrations routes of a substance through passive diffusion
a) inter-cellular pathway, b) and c) trans-appendageal pathway and d) intra-cellular pathway.
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Skin barrier and inflammation

The epidermis contains two barrier structures, the stratum corneum (SC), which is unique to
the skin, and tight junctions (TJs), which are present in other epithelial surfaces as well”>73,
Both the SC and the TJs limit penetration of potentially toxic substances. A disruption in the

skin barrier caused by a cut or penetration of a foreign body initiates skin inflammation.

Skin inflammation is a sign of an immune response in the body, to the potential toxic
substances including allergies, infections, and autoimmune diseases. Skin inflammation can
be classified as acute, often triggered by allergy or germs, and chronic caused by autoimmune
disease like psoriasis. Acute inflammation is the initial response of the body to harmful stimuli.
It starts by an increased movement of plasma and leukocytes in particular granulocytes from
the blood into the injured tissues. A series of biochemical events occur and stimulates the
inflammatory response, involving the local vascular system, the immune system, and various
cells within the injured tissue. Prolonged inflammation, known as chronic inflammation, leads
to a progressive shift in the type of cells present at the site of inflammation and is
characterized by simultaneous destruction and healing of the tissue from the inflammatory

process’?.

Inflammation is also classified as type 1 and type 2, based on the type of cytokines and T helper
cells (Th1l and Th2) involved. Skin barrier disruption induces type 2 inflammation. Epidermal
damage activates the innate immune response in a pro-inflammatory cascade. Skin barrier
disruption permits access to external antigens by Langerhans cells and dermal dendritic cells,
which present antigens to naive T cells and activate allergen-specific Th2 cells, leading to the
release of the type 2 cytokines, IL-4 and IL-137>76, It is now suggested that the chemokine CCL2

derived by residential skin cells and neutrophils is a main key driver in skin inflamation””.

In response to barrier disruption and allergens, Keratinocytes and innate immune cells release
chemokines that attract pro-inflammatory cells. Skin barrier disruption also stimulates
keratinocytes to release alarmins that induce the type 2 innate lymphoid cells (ILC2s), Th2
cells, and basophils to release type 2 cytokines’®. Type 2 inflammatory cytokines contribute

to skin barrier disruption. In areas of active atopic dermatitis, type 2 inflammation leads to the
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recruitment of additional innate immune effector cells, including eosinophils, basophils, and
mast cell. These effector cells release mediators such as histamine that worsen skin barrier

disruption by downregulating SC structural proteins and disrupting TJs7%20,

Techniques to study skin penetration

The main methods to study skin penetration use a combination of vertical diffusion cells (this
will be discussed in Chapter 4) with HPLC analysis of the fluid reservoir, UV-VIS
spectrophotometry or Liquid scintillation counting (LSC)31-84,

For both HPLC and UV-VIS spectrophotometry, the concentration of the substance is derived
from a previously composed standard calibration curve. While, in LSC the measured substance
is radio labelled and the amount of substance is measured by a scintillator counter.

Another method for drug quantification is tape stripping, that can also be combined with
classical analytical methods such as HPLC®>. Tape stripping is a relatively simple method where
the formulation of interest is applied on a marked skin area and then an adhesive tape is
pressed on the skin, followed by removal of the tape. The tape strips remove parts of the
stratum corneum and amounts of any topically applied substances, for analysis. Despite the
simplicity of this method, there are several parameters that can affect the result, including,
site of application, type of tape, application of the tape strip, application pressure, velocity of
removing the tape, quantification methods of the amount of SC removed, surface
topography®®7. In addition, it is limited to study the penetration through the stratum
corneum.

Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) can also be applied to study metal
permeation in skin-2C With this technique localization of metals in the different skin layers
is possible but the layers need to be separated prior to analysis.

All these approaches study how much of a compound penetrates the skin but typically do not
address the distribution in the skin itself. The other common problem is the choice of acceptor
media, which can give false conclusions because of solubility issues of the different
chemicals®®.

The detection techniques that are routinely used to localize drugs in different compartments

of skin are mainly imaging methods such asconfocal microscopy or fluorescence
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measurements®>%3, These techniques require labeling of the substance, or are dependent on
native fluorescence, which limits the number molecules that can be detected. Those
limitations can be avoided by using mass spectrometry imaging as a complementary method
to HPLC.

Mass spectrometry imaging(MSI) a label-free technique increasingly used to image the
penetration of biomolecules, drugs, and metals in skin as well as in other organs'™. The main
advantage of MSI is the label free detection of large number of molecules within one
experiment on the same tissue section allowing detection of both endogenous and exogenous
compounds in parallel. Different MSI techniques have different characteristics especially when
it comes to achievable lateral resolution and so far time of flight secondary ion mass
spectrometry, ToF-SIMS, delivers the best possible lateral resolution for molecular
imaging.®#%. Previously, in the field of dermatology, imaging mass spectrometry has been
applied to study follicular transport of drugs in skin using DESI* and ToF-SIMS has been used
to image basal cell carcinoma®®, age related lipid changes in stratum corneum®’, and mapping

endogenous lipids in human skin®. MSI will be further discussed in a later chapter.

Human skin models

Skin models are experimental systems that mimic aspects of human skin physiology, function
or disease. They include in vitro methods and ex-vivo skin cultures. In vitro skin models are
important tool for studying different compounds penetration in human skin. Itis a crucial step
in the early phase of the development of pharmaceuticals and cosmetic products. Human skin
tissues such as cadaver skin, biopsy material and surgical discards, provide the best possible
model for such in vitro studies but the availability of human tissue is limited. In addition, there
are a number of ethical issues concerning the use of human skin. Animal skin is another
possible alternative, but the anatomical inter-species differences often compromise the
translatability of animal based studies®®1%1, Moreover, the use of animals for gathering data
for toxicological and cosmetic purposes is prohibited, according to the EU regulations®2.
Reconstructed human skin models have been widely used in drug testing, cosmetics and
toxicology studies as an alternative to animal testing®31%4, They are cell culture derived that
usually consist of human keratinocytes and/or fibroblasts'%. Several other skin cell types have
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also been used in 3D bioprinted skin, including melanocytes, endothelial cells, pericytes,
microvascular endothelial cells, follicle dermal papilla cells and also stem cells from various
sources 106108 Despite the progress that has been made in the reconstruction of more
complex skin models containing different cell types, there are still several tasks to tackle in
order to model human skin in vitro mimicking all the structures and functions essential for
skin research. The majority of published RHE models show a simplified two-layer setup,
epidermal compartment represented by keratinocytes and dermal compartment represented
by fibroblasts. While this set up is sufficient to reproduce the dominant structures and
functions of the epidermis, a more accurate micro-architecture as well as a more diverse
cellular composition would be needed to capture cell-cell, cell-matrix and dermal-epidermal
signaling events. Other disadvantage when using in-vitro skin is the lack of the skin
appendages, high cost and short shelf-life( up to one week) %°. Human skin samples are
always better alternative than a reconstruct and they can be kept alive in cultures for 4 weeks
without losing the barrier function!®. Hence, ex vivo skin models are robust enough to
support toxicity and efficacy testing of pharmaceuticals, chemicals, and cosmetics. More
relevant and comprehensive data can be delivered by the ex-vivo skin. Both reconstructed
human skin epidermis and ex-vivo skin have been used in this thesis to examine the
penetration and permeation of different compounds through skin. The RHE model used in this

thesis Is a 3D tissue model consisting of normal, human-derived epidermal keratinocytes.
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Chapter 3

MASS SPECTROMETRY

Mass spectrometry imaging (MSI)

Mass spectrometry imaging is a fast-developing analytical method, to analyze the surface of
biological samples. MSI makes it possible to get information about the distribution of
biomolecules in cells and tissues. It is the only analytical method that makes it possible to get
the spatial distribution of virtually all biomolecules over a biological sample surface in a single
run'l, There are a wide variety of mass spectrometry imaging instruments. The main basic
components that all mass spectrometers share are the ion sources, the mass analyzer, and
the detector. The ion source, transfers molecular species to the gas phase and ionizes them'*2,
The mass analyzer separates the ions according to their mass to charge ratio. The detector
records the relative abundance of each ion, and the signal is recorded by a computer. The
result is then presented in a plot of ion signal against mass to charge ratio (m/z), (Figure3.1).

The most common MSI techniques used in the analysis of biological materials are secondary
ion mass spectrometry (SIMS), matrix assisted laser desorption ionization (MALDI), and
desorption electrospray ionization (DESI). All three techniques have proven to be successful
in lipid detection and imaging. The MALDI and DESI techniques cover a broader range of
biomolecules (proteins, peptides, and nucleotides) which give them higher chemical
specificity. SIMS on the other hand has higher spatial resolution and can visualize metals and
elements, but covers a much smaller effective mass range of biomolecules, fatty acids and
lipidst13-118,

All three techniques can deliver spatially resolved MS data in different ways on biological
samples. In each case it is important to know the identity of the chemicals being sought and
how that influences sample pre-treatment and analysis procedure. It is important to bear in

mind, during data interpretation, the possibility of matrix effects on the ion signals observed.
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For all three techniques the absence of signals cannot directly be translated as absences of
chemicals. These techniques can provide information that chemicals are present, although
signal intensities may be influenced by the presence of other chemicals so any sort of
conclusions on relative concentrations must be taken with care. All three techniques can
provide 2D image information, but the spatial resolution capability in 2D is dependent on the
size of the probe used and the intensity of the signal obtained from the pixel size
specified. SIMS is the only technique able to provide 3D images with nanometer scale
resolution in the z direction. These three techniques can be selected for an application
depending on how their particular strength matches the problem to be studied!**.

In some cases, it will be wise to apply more than one technique to provide complementary

data delivered by each method*?0-122,

Mass spectrum

Figure 3.1. A schematic diagram showing the components of a mass spectrometer. The inlet device
loads the sample into the ionisation chamber where the analyte is ionised by a suitable method and
directed towards the analyser. In the analyser ions are sorted on the basis of their m/z value and
are sent to the detector. Within the detector the ion flux produces an electrical current proportional
to the number of ions reaching it. The processing unit records the magnitude of these electrical
signals as a function of m/z and gives an output in the form of a mass spectrum.
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Basic Principles of SIMS

Secondary ion mass spectrometry is a surface sensitive analytical technique that provides
chemical information of a sample surface by applying a focused high energetic ion beam, so
called primary ions, to sputter a surface. The sputtered materials ejected from the surface are
both neutral and charged particles (Figure 3.2). It is only the charged particles, so called
secondary ions, that can be detected and it is a very small fraction that correspond to less than
1% of the total sputtered material (at the so called static limit, see below). Sputtering is a term
used to describe a phenomenon as energetic ions, atoms or molecules bombard a solid and
thus leads to the ejection of particles out of the target from near the point of impact. The
sputtered secondary ions carry information about the chemical composition of the sputtered
surface'?3. The formation of the secondary ions, the so called ionization process, takes place

at or close to the emission of the sputtered particles.
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Figure 3.2. Schematic of the sputtering process in SIMS, where a focused ion beam
bombards a sample surface and secondary ions, neutrals and electrons are ejected.
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In order to understand the parameters that affect secondary ion yield, it is of interest to know

the basic SIMS equation:
Im=lpyma® Bm

where In is the secondary ion current of species m, Ipis the primary ion flux, ymis the total
yield of sputtered particles of species m, a? is the ionisation probability to positive/negative
ions, Gn is the fractional concentration of the chemistry m in the surface layer, n is the
transmission of the analysis system. The secondary ions generated in SIMS arise from the top
layer of the sputtered sample; consequently, it is only the surface concentration n that is
relevant for the resulting secondary ions Im,

The sputter yield includes all the secondary particles neutrals and charged increases linearly
with increased primary ion dose, and also increases with the mass of primary ions, the energy
applied and the incident angle of the primary ions'?#125, The optimum beam energy to apply
for maximal sputter yield lies between 5-50 keV'?®. The beam energy is limited by the
instrument. The sputter yield as the name indicates, includes all the secondary particles both
neutrals and charged species. The sputter yield and ionization probability can differ from one
sample to another depending on the sample topography and roughness!2>127,128,

While sputter yield provides atomic information of the material under sputtering, ionization
probability delivers chemical information about the secondary ions. The ionization probability
indicates the fraction of secondary particles that are ionized'?°. The ionization process is not
fully understood. Several theories have been suggested!3°-133, A simplified explanation for the
ionization mechanism of molecular SIMS, is that ion emission is initiated by a momentum
transfer processes, and some atomic and molecular species are sputtered by momentum
transfer, while ion ejection occurs continuously. Within a dynamic region, known as the
selvedge, extensive mixing occurs. Associations and disassociation reactions of the ions and
molecules occur and lead to new ionic species including molecular ions, cat-ionized molecules,
clusters, and fragment ions*3*. There are some properties that can affect the ionization. For
example, the nature of the sample affects the ionization process, including the physiochemical
properties of the sample i.e., electronegativity of the atoms in the compound, the
ionic/covalent, morphology, etc. The ion yield varies greatly for the elements; the positive ion
yield has a trend inversely dependent on ionization potential, and the negative ion yield has a

similar trend, depending on electron affinity!3>. Environmental factors and target materials
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also affect the ion yield. For example, a study showed that an increase of oxygen pressure in
the analysis chamber, caused Si*ion yield to increase by 3 orders of magnitude during
Ar* bombardment of silicon?3®. Another example is that the ion yield from an oxidized metal
surface is much higher than that from non-oxidized metal surface®’. The ionization probability
is also affected by the primary ion beam used. Using a reactive primary particle such as O
results in oxidation of the metal atoms in the impacted area thus increasing the ionization
probability!38. In general, SIMS detection efficiency for organic molecules is low and, yet,
increasing ionization probability is crucial for expanding SIMS applications in this field3%-147,
Laser post ionization has shown to increase secondary ion yields'*. Matrix enhanced
secondary ion mass spectrometry is a method used to increase the ionization efficiency of
high mass molecules!®. Analyzing samples in a frozen hydrated state has shown to increase
the formation of [M+H]* due to proton availability from the water clusters formed!4°.

The ionization probability is highly dependent upon the material, or matrix, which surrounds
the analyte, and the effect inhibits the ability to translate secondary ion intensities into
quantitative measures of composition. Matrix effects cause enhancement or suppression of
the ionization rate of an analyte in the present of other species and thus the secondary ion
yield is not proportional only to the concentration of that analyte in the sample. Therefore,
lacking internal standards, SIMS is not considered a quantitative but rather a semi-quantitative
method. Semi-quantification can be performed by for example, comparing the signal
intensities of a specific ion of interest in a sample to the intensity of the same ion in other
samples?0151,

The transmission of the analysis system is largely dependent on the instrument design used
for the analysis and the adjustment of this parameter often requires exchange of components.
In some instruments adjustment is more flexible but it results in uneven transmission for the

analyte, i.e. transmission get enhanced for some analytes while decreases for others.

The static limit

An important consideration in SIMS is the static limit. In order for the analysis to reflect the
nature of the undamaged ‘static’ surface, the sputtering process needs to be controlled so

that statistically each primary ion hits an area only once, and that less than 1% of the top
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monolayer of the sample is sputtered. This means that the fluence of primary ions is limited

to a maximum of 1x10%3 jons /cm?, a value known as the static limit.

The development of large polyatomic primary ion beams and gas cluster ion beams has
overcome this limitation to a significant extent in many materials, as these species provide
very high sputter yields and do not penetrate the surface to the same depth, thereby leaving
significantly less chemical damage in the sputter crater, allowing the static limit to be

overlooked 152153

Different SIMS modes of operation

There are two operational modes in SIMS, based on the fluence of the primary ions and the
mass analyser: static SIMS and dynamic SIMS154155,

Static SIMS represents acquisitions with primary ion fluencies below 10*3 ions/cm? (due to
static limit). Hence, less than 1 % of surface molecules are affected and the primary ion beam
will not bombard any area more than once , ensuring that the signal is coming from the
original species and not as a result from reaction between ions and the non-sputtered
molecular fragments.= Static SIMS instruments typically employ pulsed primary ion sources
with an energy range of a few keV to tens of keV while using ToF mass analyzers. The ion
sources are often poly- or clustered ion sources, generating molecular ions and larger
fragments. Thus, they are more suitable for studying biological tissues'>. ToF-SIMS
instruments can be used to obtain chemical and spatial information as a function of depth;
however, they are unable to collect data during the sputtering process. Depth profiles are
obtained by continuously alternating between data acquisition and sputtering cycles, resulting
in low duty cycle depth profiles.

Dynamic SIMS uses a higher fluence of primary ions (few tens of keV) to bombard the sample
surface and chemical information is often acquired as a function of depth. This makes dynamic
SIMS a highly destructive method. Dynamic SIMS uses continuous primary ion beams (usually
Cs*, O) and often applies scanning-based mass analyzers (magnetic sector). The continuous
generation and detection of secondary ions results in high duty cycle acquisitions. Although

instruments with scanning-based mass analyzers are able to continuously monitor secondary
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ion generation during sputtering, they are limited in the number of ions detected per depth
profile’®-160 The main application areas for this method is studying elements, semi-

conductors and geological sciences?®?,

SIMS instrumentation

A basic SIMS instrument consists of:

e A primary ion beam source to supply the bombarding species

e Target or sample that must be solid and stable in a vacuum

e A method for collecting the ejected secondary ions

e A mass analyzer to isolate the ion of interest

e An ion detection system to record the magnitude of the secondary ion signal
(photographic plate, Faraday cup, electron multiplier or a CCD camera and image
plate).

Here | will discuss the mass analyzer and the primary ion beam source in more detail.

Mass analyzers

The mass analyzer in SIMS plays a crucial role. There are three types of mass analyzers that
are mainly used in SIMS instruments. Quadruple, magnetic sector and Time-of-Flight. The
quadrupole basic principle in mass spectrometry (MS) is to separate and detect masses by
letting oscillating ions pass through the quadrupole to reach a detector. Quadrupole mass
spectrometry is the simplest and most affordable. The limitations of quadrupole analyzers are
the low mass resolution (< 3000) and poor mass accuracy (> 100 ppm) %62, The magnetic sector
analyzers use a magnetic and or electrostatic field to separate ions of different m/z values at
a mass resolution of about 10,000 and with an accuracy of less than 10 ppm.

The Time of flight mass analyzer separates the ions in a field-free drift path according to their
velocity. Previous ToF-SIMS instruments utilized time-of-flight analyzers with parallel-plate ion
mirrors or toroidal ion mirrors, providing moderate mass resolution (<10,000) and accuracy
(for low mass, 60 ppm). The introduction of reflection technology has significantly improved
the mass resolution to about 13,000 and provided a better mass accuracy to ca 10 ppm163,

In recent years, hybrid mass analyzers have been increasingly used in ToF-SIMS. an integration

of a quadrupole and a ToF mass analyzer can be applied'641%5, where the quadrupole mass
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analyzer is used to pre-select ions within a certain mass range before entering the ToF mass
analyzer. By pre-selecting specific mass ranges using the quadrupole mass analyzer, the ToF-
SIMS analysis can focus on the species of interest, resulting in improved signal-to-noise ratio
and reduced interference from other species. This approach is particularly useful for analyzing
complex samples such as biological tissues. Another type of hybrid mass analyzer combines
ToF and Orbitrap mass analyzers'®®, where both analyzers share the same secondary ion
extraction optics and consequently analyze the same point on the sample providing high
speed and high mass resolution , about 150,000 at m/z 200 with an acquisition rate of >20
spectra/s in a broad range of ions. This hybrid mass analyzer makes it a great tool for analyzing

metabolites within biological samples.

Time of flight (ToF) mass analyzer in detail

The ToF mass analyzer separates the ions based on the fact that in a field free path, ions with
the same m/z have the same velocity. The secondary ions formed by the sputtering process
get accelerated into a flight tube (field free zone), where they are separated by differences in
their velocities. The lighter ions travel faster than the heavier ions. The velocity of anionin a
flight tube is directly proportional to its mass and inversely proportional to its charge. The
relationship between the ions m/z and the time it takes for it to travel through the tube can
be derived from the potential energy equation together with the kinetic energy equation of
the charged particle®’.
The potential energy, Ep, of a charged particle in an electric field can be described in the
Equation below:

Ep=qV
where q is the charge of the ion and V is the acceleration potential (the strength of the
electric field).
When an ion with a mass m and a charge q is accelerated by a potential V. The electric
potential energy is converted into kinetic energy E.

1
Ezimv2

Where m is the mass of a particle, and v is the velocity of the particle.
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Since all potential energy is converted to kinetic energy we can combine both equations and

expressing velocity as distance (length of the flight tube), L, divided by time, t, the following

fo b [m
T V2V4|q

Both L and V are dependent on the instrument and therefore can be assumed to be constant

equation is produced:

value K. The equation can be written as
m
t=K |—
q

The equation shows that the time it takes an ion to travel through a flight tube depends on
the square root of mass to charge ratio.

This equation assumes that all ions enter the flight tube with the same kinetic energy. In
reality, there is a different range of initial kinetic energy in the emitted ions with the same
masses. The energy distribution is due to sample topography. This broad energy distribution
leads to low mass resolution of the secondary ions'?®. The development of the
reflectron, (Figure3.3) also called ion mirror, helped to improve the mass resolution by
correcting the kinetic energy dispersion of the travelling ions'. Usually, a reflectron consist
of a field free region and an ion mirror. As the secondary ions enters the mass analyzer they
get accelerated in a potential field and then travel towards the field free region where the
mirror is located at the end of the flight tube. The ions get reflected by the mirror, travels back
into the field free region with new energy and a different angle and finally reach the detector.
If the ion mirror of a reflectron consists of evenly spaced electrode plates that can have a
single electric field region, then the reflectron is a single staged. The single-stage reflector
utilizing a homogeneous field can be applied where the variation of energies of ions leaving
the ion source is small. In contrast, the dual stage reflectron uses an ion mirror with two
regions (stages) with different fields. Typically, the first part has high electric field followed by
lower field where ions get repelled to the first region. This arrangement can compensate flight

times over larger variations in ion kinetic energy compared to single-stage reflectron.
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Figure 3.3 Schematic representation of a ToF analyzer with a reflector. lons with low kinetic energy
(red) penetrate only a short distance into the reflector, while ions with higher kinetic energy (blue)
penetrate deeply into it.

Primary ion beams

Most static SIMS instruments applied atomic primary ion beams such as Ar*, In*, and Ga* until
the beginning of the 215t century. These atomic ion beams have high energies, which allow the
beam to penetrate deep into the sample analyzed and cause chemical damage. As a
consequence, the molecular species disappear and get replaced by fragments that are
uncharacteristic of the original chemistry of the sample being analyzed. In contrast, rastering
the easily focused liquid ion beams that are generated from liquid metal sources, such as Ga*,
over a solid surface gives two dimensional chemical images with high spatial resolution. When
primary ion beams are used, the static limit should be maintained and as a consequence the

useful ion yield for the sub um image resolution was very low.
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Generally; however, the efficiency of secondary ion formation particularly that of complex
molecular species is significantly enhanced with polyatomic ion beams instead of atomic
species.

It was demonstrated in the 1990s that it is beneficial to increase primary ion nuclearity®®, but
no primary ion beam had been developed for this purpose at this time. The interest of using
heavier ion metals and cluster beams generated from liquid ion sources was growing again
and Manchester University in a collaboration with lonoptika developed a liquid gold ion gun
that delivered 20 keV ions in high yield. At the same time IONTOF introduced the Bismuth ion
gun'’®171 The cluster ion beams Aus* and Bis* provided a very high increase in signals
especially in higher mass region, compared to Ga* ion beams due to a larger proportion of
larger molecules emitted. The static limit requirement still applies, so the ionization
probability is still the same although there is some evidence of increased ionization probability
but the main reason for the high signal is due to higher sputter yield’2.

Apart from the sensitivity increase, cluster ion bombardment also appears to allow for
molecular depth profiling studies without the accompanying damage accumulation normally
associated with atomic projectiles. It appears that much of the benefit associated with cluster
bombardment is connected to the fact that these projectiles give access to very high sputter
yields which are not accessible with atomic primary ions, (Figure 3.4).

Gas cluster ion beam development for processing surfaces dates back to the 20™ century.
Industrial applications of cluster ion beams did not start to be explored until commercial
equipment was first introduced to the ion beam community in around 2000%73, The use of a
cluster ion sources in a secondary ion mass spectrometry (SIMS) apparatus for the analysis of
surface composition was investigated by experiments and by MD simulations in 200174,
About ten years later, the production of gas cluster ion beams, GCIBs was announced. GCIBs
are now routinely used for low damage etching of samples for SIMS and also as analysis
beams. Low energy GCIBs have low ionization efficiency of secondary ions, but they provide
an increased signal in intact lipid regions in comparison with Ceo beams which already have
been shown to provide increased signals in comparison to other atomic and polyatomic ion
beams!’>. GCIBs provide a significant reduction in the chemical background noise in
comparison to Ceo'’. The disadvantage of Using GCIB as primary ion gun is a reduction of
secondary ion yield and lower lateral resolution in comparison to Ceo*'*'. However, a

deposition of Ce" can occur on the surface when used with higher energies (higher
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than10KeV)””. For argon cluster ion gun, no apparent deposition on the surface have been
noticed with higher energies (20 keV), and a high increase in the sputter yield have been

noticed!’8,
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Figure 3.4. Comparison between a monoatomic ion beam (to the left) and a cluster ion beam, showing
the differences in sputter yield and penetration depth. The mono atomic beam results in high
penetration depth and less sputtered material. While the cluster ion beam causes less penetration
damage to underlying layers and more material are sputtered.

ToF-SIMS imaging

Mass spectrometry imaging involves generating spectra from each specific pixel point on a
sample surface using a focused ion source to ablate material and a chemical map of the sample
surface is generated by assembling all the pixel data. ToF- SIMS provides the ability to focus
the ion beam down to a very small spot size, thus, allowing high spatial resolution. Two
different modes of detection are possible for ToF-SIMS imaging. In the microprobe
configuration which is the main mode used (Figure 3.5), mass spectra a collected from a pre-
selected pixel array and images are rebuilt retrospectively from an extended raw data set. The
spatial resolution in this mode is dependent on the spot size of the ion source.

In contrast, the microscope mode uses a defocused ion source so that a large area is ablated

and secondary ions are transported to the mass spectrometer with spatial distribution
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maintained. Secondary ion distribution is magnified before detected at a position sensitive
resistive a detector!’®. The spatial resolution here is dependent on the position sensitive ion
detector instead of the spot size of the ion beam. The drawback with this mode is that
simultaneous measurement of the spatial information and the time-of-flight of different ions
is not possible. To obtain the spatial localization of multiple analytes, the sample analysis has
to be repeated for each desired analyte!®°. Hence, this approach is less suitable for the analysis

of biological tissues.
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Figure 3.5. Schematic showing the microprobe imaging mode of ToF-SIMS. The ion beam is rastered
over a sample surface to ablate the material from a pixel point on the sample and secondary ions are
generated. One spectrum for each pixel point is generated, and these spectra are summed in a total
mass spectrum. the intensity of each ion can be plotted against m/z ratio. Finally, a chemical map is
created where it is possible to see exactly where each ion is localized.

Depth profiling (3D imaging) of biological tissues is also possible in ToF-SIMS. The most
commonly employed approach in ToF-SIMS instruments is the dual beam mode, where an
alternation between two ion sources is applied*®1182, One ion source is used for etching the
sample and the other one is used for the actual analysis. The analysis beam applied is usually
a liquid metal ion gun, due to the ability to focus down to nm spot size and creates a regular
2D image. The sputter beam is usually a poly atomic or GCIB used to clean the sample surface
stripping away layers and the alternation between cycles is continuous. The 2D images are
then fused together in sequence and a 3D image is created. Despite the simplicity of the 3D
imaging, there are factors to take into account when evaluating the data. These issues include
surface topography, differences in sputter rates of materials, matrix effects, surface damage,

and shifting of images due to changes in the sample height from material removal*®3,
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Other approaches that are used in SIMS for depth profiling are for example eroding the
sample with one ion beam, which is mainly applied in Nano-SIMS analyzing semi- conductors.
Another procedure is to perform a 2D imaging to image a series of consecutive sections that

are pre marked. The images are then fused together 184,

Bioimaging with ToF-SIMS

ToF-SIMS is a powerful imaging tool for studying biological samples, due to the ultra-high
sensitivity, specificity and high spatial resolution offered by this technique. ToF SIMS has been
applied to image biological samples since the late 1990s'®. The instrument advancements
including the development of new primary ion sources and mass analyzers led to improved
capabilities of ToF-SIMS for studying biological samples at the sub-cellular level. The ability of
ToF-SIMS to detect diverse molecules in situ, and the ability to image with high spatial
resolution, makes it exceptional tool for analyzing single cells'®187 |t has been successfully
applied to study cellular heterogeneity and function at single cell level'8-1%0 Another
application in single cell imaging is to study drug uptake and the interaction between drug
molecules and the cell. In a study performed on macrophages, the uptake of the
antiarrhythmic drug (amiodarone) and its metabolite were investigated. It was found that
both the drug and its metabolite were present in the cell membrane and the subsurface
region, while being absent in the nucleus. This study showed the mechanism of cellular uptake
and distribution of pharmaceutical compound, providing the basis for studying cellular uptake
of pharmaceutical compounds and their metabolites on the single cell level*1.

ToF-SIMS can also be applied to study lipidomics, due to the ionization and sputtering
properties of ToF-SIMS and that the lipids are in a mass range that is detectable for this
technique. ToF-SIMS has been successfully used to map lipids and elucidate lipid changes in
different tissues, including skin, kidney, brain, heart, breast and liver®®192-1% TgF-SIMS
imaging has been used to investigate lipid alteration in response to two drug treatments in
Drosophila melanogaster brain tissue. Significant changes in phospholipid composition were
observed in the central brain. Lipid changes occurred mainly for phosphatidylcholines,
phosphatidylethanolamines, and phosphatidylinositols. When the lipid changes caused by the
two different drugs were compared, it was shown that these drugs exert opposite effects on

the brain lipid structure®¥’.
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The ability of ToF-SIMS to image low-mass molecules with high sensitivity and specificity has
made it possible to study metabolites such as sugars, amino acids and nucleotides!®&1%,
ToF-SIMS can reveal complex metabolic processes and interactions that may be difficult to
detect using traditional metabolomics techniques, for example, TOF-SIMS in combination with
immunofluorescence was used to directly visualize metabolite distribution in different cell
types, to find potential biomarkers for cell type classification?%,

ToF-SIMS also has the ability to detect elements in biological tissues?°t. ToF-SIMS was used to
visualize and relatively quantify iron accumulation in lung tissue sections of healthy donors
versus chronic obstructive pulmonary disease (COPD) patients. It was demonstrated that ToF-
SIMS can be successfully employed to image iron distribution at cellular level in human lung
tissue sections, and that iron levels were twelve times higher in lung tissue sections from COPD
patients compared to healthy donors. Most of this iron was shown to be heterogeneously
distributed within the iron-positive cells, consistent with accumulation within discrete cellular
organelles such as mitochondria or lysosomes®.

The ability to detect both organic and inorganic compounds during the same analysis makes
ToF-SIMS a suitable technique for bone studies. ToF-SIMS is able to visualize and differentiate
different areas of the mineralized bone as well as non-mineralized based on the chemical
composition, with a high spatial resolution202-205,

The examples listed here show that ToF-SIMS is a versatile and powerful tool that can be
applied in many biological applications; however, there are still some limitations and aspects
to be improved. The chemical complexity of biological samples can be challenging,
distinguishing between different molecular species. Hence, a higher mass resolving power is
needed for some applications. With the development of polyatomic ion sources and GCIB ion
sources, more data is generated, making the data more complex to interpret, thus more
specified multivariate data analysis are needed. More accurate spectral libraries are also
needed for the identification of molecular species.

Another aspect for further improvement is the optimization of the sample preparation. For
successful ToF-SIMS analysis of a biological sample, an optimized sample preparation is always
required to ensure the preservation of the biological structures and that no artifacts are
introduced. Poor preparation method can give false interpretation of the result (discussed in

more detail in chapter 4).
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Chapter 4

METHODS

Skin models

In this thesis three different skin models have been used in order to study the permeation of
different metals and chemicals and also lipid composition and/or lipid changes in the different
skin tissues. For studying sunscreen permeation in skin, a fresh frozen skin tissue from breast
reduction surgery discard was used (paper 1). For studying Cr'"" and Cr¥' permeation, the
previously mentioned skin tissue as well as reconstructed human epidermis were used (paper
I). Ex-vivo human skin model was used to follow the permeation and the lipid changes owing
to the application of the low molecular allergen methylisothiazolinone (Ml), (paper lll). the
reconstructed human epidermis and ex-vivo human skin model were used in the evaluation

study of different skin models.

Diffusion cells

The principle of a diffusion cell apparatus or Franz cell is based on in-vitro diffusion. The Franz
vertical diffusion cell is the most commonly used instrument for the dermal drug testing for
in-vitro permeation tests?%. The first description of the method is named after Thomas J.

Franz2%?

. Basically, it consists of two compartments, a donor compartment (top chamber) and
a receptor compartment (bottom chamber), separated by a membrane e.g. skin or skin
equivalent. The sample is introduced at the top through the donor compartment, (Figure 4.1).
The receptor compartment contains fluids from which samples are extracted over a time
interval. The sample collected determines the amount permeates through the membrane. The
receptor compartment of a diffusion cell or Franz cell has a fixed volume, and this allows the
stirring of both the receptor and donor chamber?®, In a flow diffusion cell, the receptor
medium is circulated at the bottom from which samples are extracted for analysis over a time

interval?®. In a static diffusion cell, the medium is stirred using a magnetic stirrer. The receptor

medium can be any fluid of interest with regard to the observed substance. Phosphate
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buffered solution (PBS) is predominately used, since it closely mimics body fluid in terms of

pH and salt contents?1°,

<
(— A Donor chamber

Donor compound

Skin s —

tissue - 2

</‘ Sampling port
Receptor

chamber

Heat control

—

~_

Figure 4.1. Schematic illustration of a Jacketed vertical static Franz diffusion cell used for
transdermal penetration studies. The donor compound is introduced to the skin the donor
chamber. The permeated substances are then collected in the receptor chamber that is prefilled
with aporooriate receotor medium.

Typically, the cell is held at a constant temperature that is appropriate for skin, or for body
conditions?!!, This can be done by using a jacketed cell where water is circulated outside the
receptor chamber. The extracted samples from the donor and/or receptor medium can be
estimated with different analysis techniques that were mentioned earlier. The jacketed
vertical diffusion cell has been used in the exposure experiments in paper |, Il and Ill. The skin

tissue used in paper IV was received pre-mounted by the company’s in-house diffusion cell.

Sample preparation for ToF-SIMS

ToF-SIMS is a label free technique and does not need any sample pre-treatment. The main
requirement is that the studied sample needs to withstand vacuum. Biological samples
contain large amounts of water and thus pre-treatment is needed to make them vacuum

compatible, whilst maintaining the sample integrity. Chemical fixation is a well-established
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preparation method, and it has been widely applied in other high vacuum techniques, such as
scanning electron microscopy. Chemical fixation employs agents which permeate tissues and
cells and combine covalently with their major biochemical constituents (lipids, proteins and
carbohydrates) and fix them into place and thus preserve structural integrity. It is possible to
analyze chemically fixed samples, but a big part of the chemical information will be lost?'2.
Cryopreservation is a physical fixation method where the sample is frozen using a cryogenic
liquid followed by a drying step. Cryofixation is a suitable preparation method for ToF-SIMS
analysis?!3. However, three problems could occur during this process. The first problem is
formation of salt crystals and salt migration to sample surface. Salt crystals and other
interferences can be eliminated by washing the sample with a volatile buffer salt such as
ammonium acetate and ammonium formate prior to drying. The best washing solutions to
use are volatile buffers such as ammonium acetate and ammonium formate?!421> The relative
volatility of these buffers allows any residue remaining after the drying procedure to
evaporate. The third problem that could occur during freeze drying is re-localization of some
lipids due to the loss of water during the drying process. Changes of the distribution or a
migration of some ions have been noticed in fly brain tissue during the freeze-drying
procedure’®?192216 The third problem is water crystal formation during the freezing process.
Ice crystals cause molecular displacement and thus sample structural changes. Large crystal
formation can be avoided using the plunge freezing, where the sample is immersed in liquid
nitrogen cooled cryogen, such as propane. High pressure freezing is another approach that
can be applied to convert the samples water content into amorphous ice. The freeze-dried
sample preparation can be used in all ToF-SIMS imaging instruments. Some instruments have
the ability to analyse the sample in frozen state (so called frozen hydrated). Frozen hydrated
analysis has shown to increase the signal of protonated ions, due to proton availability from

the water matrix?’’. All samples in this thesis have been analyzed after freeze-drying.

ToF-SIMS analysis with ToF.SIMS 5

All ToF-SIMS experiments in the papers included in this thesis were performed using the
industry standard ToF.SIMS 5 imaging instrument, IONTOF GmbH, using the imaging and the
depth profiling mode. The instrument is equipped with a 25 KeV bismuth cluster ion gun for

nanometer scale imaging along with a 10 keV Ceo* sputter gun for depth profiling of organic
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and inorganic materials. It is equipped with a gridless reflectron type TOF analyzer giving high
secondary ion transmission with high mass resolution, a sample chamber with a 5-axis
manipulator (x, y, z, rotation and tilt) for flexible navigation, a fast entry load-lock, charge
compensation for the analysis of insulators, a secondary electron detector for SEM imaging, a
state-of-the-art vacuum system, and an extensive computer package for automation and data

handling.
Measurements modes with the ToF.SIMS 5

1. Surface spectrometry: surface spectrometry or static SIMS mode, elemental as well as
molecular information about the chemical composition of the surface can be obtained
with high sensitivity. In order to analyze the original surface (unchanged by the primary
ion beam), the applied primary ion dose density is kept low enough that the
contribution of already damaged surface areas can be neglected.

2. Imaging: For this mode, the primary ion beam is scanned over a defined surface area.
At each pixel of the raster, a spectrum is recorded that can be assigned to a certain
position on the sample surface. By selecting certain mass peaks out of the spectra,
surface images can be generated for the corresponding species.

3. Depth profiling: depth profiling is performed in the dual beam mode. In this mode,
sample erosion and analysis are performed by two different guns. A sputter gun is used
to erode the surface (i.e. to generate the crater) and the analysis gun analyses an area
in the center of the crater bottom. This principle allows adjustment of both ion guns
independently for optimum conditions on a large variety of samples. Selected peak
intensities or concentrations versus sputter time or depth can be displayed.

4. Secondary electron imaging: In addition to secondary ions, the ion bombardment of
the sample surface leads to the emission of secondary electrons. The IONTOF V is
equipped with a secondary electron detector, which allows to record images
comparable to a scanning electron microscope. This mode is very helpful in cases
where the mass analyzer cannot be used. A typical application is the initial alignment
of the target deflection unit for the analysis gun prior to the adjustment of the analyzer

ion optics.
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Multivariate analysis

In order to generate data for one ToF-SIMS image, a large data set is acquired. For every pixel
point in the image, a mass spectrum is generated. Each mass spectrum contains both
background peaks and actual peaks, that could be very difficult to interpret, when it comes to
biological tissues that contain large amounts of chemical information. Extracting the biological
relevant information from biological tissue can be challenging. Hence, the use of multivariate
analysis techniques has become a necessity. Several multivariate data analysis techniques
have been applied and proved to be useful reducing the amount of ToF-SIMS data?!8. Of all
the MVA methods, principal component analysis (PCA) is the most used. PCA transforms high-
dimensions data into lower-dimensions, while retaining as much information as possible, by
translating the data into a number of principal components. Thus, PCA attempts to explain as
much variation as possible in as few components as possible. In ToF-SIMS data the
relationships between the variables (m/z values) are presented in a score plot, and the
corresponding loading (peak intensities) that give rise to the separation are presented in a
loading plot. Before applying the PCA, the data needs to be pre-treated. Normalization of the
ToF-SIMS data is important to minimize the variation due to sample charging, topography
and/or instrumental conditions. A critical step in PCA is the data scaling, where each peak
intensity (variable) is divided by the scaling factor. The scaling method influences how noise is

separated from actual peaks.

Maximum auto correlation factor (MAF) is a PCA based multivariate analysis. It correlates the
data to space domain in addition to m/z domain. MAF analysis produces better results for
images than PCA, regarding subtle features and image contrast?!®. Moreover, MAF analysis is
scaling independent, which makes it a more attractive option when analyzing images. The
analysis procedure maximizes the autocorrelation between neighboring pixels where actual
signal has high autocorrelation and noise has low correlation, with the assumption that noise

in neighboring signal is similar.

PCA was applied in paper lll, to detect changes in lipids owing to Ml application to ex-vivo
human skin. Data was normalized to total ion intensity, where the intensity of each peak was

divided by total secondary ion intensity. The data were scaled using pareto scaling, dividing
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each variable by the square root of the standard deviation. This helps to reduce the relative

importance of large values, but keeps data structure partially intact?®.

MAF was applied in paper V to capture correlated spectral features arising from different parts
of the samples features in two different human skin models, reconstruct human epidermis

and ex-vivo human models.
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Chapter 5

SUMMARY OF PAPERS

In paper | a study was performed to demonstrate the use of ToF-SIMS to monitor active
substance penetration and localization through human skin tissue by studying sunscreen as
one of many possible applications in the medical field. The method can serve as an alternative
to artificial skin models and animal skin-based toxicology studies or product testing. Sunscreen
is a term to describe products used to protect skin from UV light. They are usually
administrated through topical routes which makes dermal penetration studies highly valuable.
Chemical off-the-shelf sunscreen was applied to fresh frozen human skin using Franz type
diffusion cells and imaged with a TOF.SIMS 5 imager, equipped with a bismuth liquid metal
ion gun as a primary ion source and a Ceo* ion source as a sputter source.

The study produced images that could be used to visualize the distribution of the chemical
components of the sunscreens (Avobenzone, Bemotrizinol, Biscotrizole and Ethyl
hexyl triazine), as well as endogenous skin substances such as fatty acids, cholesterol sulfate
and phospholipids. lon images, line scans as well as H&E images were used to investigate the
penetration of the four substances. The chemical components showed different abilities to
penetrate the skin depending on their structure and physicochemical properties but in general
remained in the stratum corneum. An exception was seen with Avobenzone which penetrated
into the dermis through a sebaceous gland. Similar results have been reported earlier in the
literature using other techniques indicating that the model can be used to study skin

permeation of active pharmaceutical compounds and other chemical compounds.

In the work presented in paper I, chromium, an element with complex chemistry and toxicity
was investigated. Exposure to Cr¥'is an important risk factor for the development of lung
cancer and can also cause allergic contact dermatitis. The aim of this study was to investigate
the distribution and penetration of Cr¥' and Cr'" species in a reconstructed human epidermis

(RHE) model comparing this to human skin ex vivo, focusing on skin uptake and distribution in
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the skin tissue layers. Human skin and the RHE model were exposed to chromium prior to
analysis by using Franz-Type diffusion cells.

The distribution of the metal (two valence states, Cr¥' and Cr'") in the skin was imaged, using
ToF.SIMS 5 imager, equipped with a bismuth liquid metal ion gun as a primary ion source and
a Ceo ion source as a sputter gun. In addition, the concentration of Cr'' in donor and receptor
fluids was measured to calculate the amount penetrated through the skin. The
phosphatidylcholine head group fragment and cholesterol were used as markers to separate
the stratum corneum from the epidermis. Line scan analysis was used to evaluate the
difference in skin penetration of Cr¥'and Cr'"' in the RHE model compared to human skin ex
vivo.

Both CrV'and Cr'" penetrated into the reconstructed human epidermis layer corresponding
to the stratum corneum; however, Cr¥' penetrated further in the tissue and was evenly
distributed.

Compared to the ex-vivo human skin, the RHE model gave similar results for the penetration
of CrV'. On the other hand, the penetration of Cr'" into the tissue differed markedly. In the RHE
model the Cr'"species accumulated in the tissue layer corresponding to stratum

corneum whereas in human skin ex vivo, the Cr'"

species penetrated evenly through the skin
tissue.

Analysis of Cr¥! concentrations in the donor fluids indicated no significant reduction to Cr'. In
the other hand, the Concentration of Cr' that were in direct contact with the human skin had
about 50% reduction. This might indicate a reduction of Cr"' due to the presence of certain
biomolecules in skin, which are lacking or present in low abundance in the RHE mode. The
percentage that penetrated the human skin ex vivo was less than the RHE model. This further
supports that human skin ex vivo has a reduction capacity for CrY!, resulting in lower
penetration rates.

Line scan analysis showed that the penetration pattern of Cr¥' into the skin is similar between
the RHE model and the human skin ex vivo. In the other hand, the pattern of skin penetration
of Cr'is different between the two models. The RHE model indicates that Cr'" will not
penetrate further than the layer corresponding to the stratum corneum, but the results from

the human skin ex vivo indicate that Cr'" is able to penetrate into the epidermis.
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Further, skin lipids such as cholesterol were less abundant in the RHE model compared to the
human skin tissue. Results presented indicate that the RHE models do not possess the same

fundamental properties as human skin tissue.

In paper lll, MSI was used to follow the distribution of 2-methyl-4-isothiazolin-3-one (Ml) in
the skin using the concentration used in diagnostic patch-test and ToF-SIMS to investigate the
uptake and the localization of Ml in human ex-vivo skin tissue and follow possible lipid changes
caused by it. (MI) is a low molecular weight (m/z 115) molecule used in an extensive variety
of products including cosmetics, household detergents, paints, metalworking fluids, textiles
and plastics. Ml is associated with skin allergy. The incidence of contact allergy is decreased in
Europe due to governmental regulation limiting concentrations of MI. However, incidence
continues to rise in the USA.

MI was applied to ex-vivo human skin in accordance with the instructions supplied by the
manufacturer and imaged with a TOF.SIMS 5 imager, equipped with a bismuth liquid metal
ion gun as a primary ion source.

It was not possible to detect the pseudo molecular ion of the Ml, hence an Ml fragment m/z 63
was used to determine the substance distribution in the skin tissue. lon images combined with
line scans reveal an accumulation of Ml in skin surface about 30-40 um inside the skin, which
represents the stratum corneum as well as the upper part of the viable epidermis. The Ml
exposed tissue showed a major increase in phosphatidylcholine and sphingomyelin lipids, and
lower diacylglycerol content, indicating a direct effect of Ml on skin lipids in the stratum
corneum region. However, no apparent differences were observed in the viable epidermis

between controls and Ml-treated samples.

The aim of Paper IV was to gain a better understanding of similarity and differences between
ex-vivo human skin and in-vitro human skin reconstructs via ToF-SIMS analysis, so that in
future MSI analyses, more accurate data and interpretation of results can be done leading to
relevant conclusions depending on which model is used.

The study of skin uptake and lipids changes in skin is of great interest in understanding
underlying mechanisms of exposure to chemicals and environmental agents. Here | have

utilized time of flight secondary ion mass spectrometry (ToF-SIMS) which is a powerful tool to
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chemically map biological tissues and simultaneously localize both endogenous and
exogenous compounds.

A reconstructed human skin was compared to an ex-vivo human skin by applying a TOF.SIMS 5
imager, equipped with a Bismuth cluster liquid metal ion gun as a primary ion source.
ToF-SIMS and subsequent MAF image analysis were successful in detecting different regions
in both the ex-vivo and in-vitro skin tissues. The ex-vivo model resemble an actual human skin
tissue biopsy, with respect to its size, appearance in the ToF-SIMS images, the distribution of
the most detected lipids and lipids fragments in the tissue and thus the ionization and
fragmentation pattern. The in-vitro skin tissue ion images do not closely resemble human skin
in size, appearance, and the distribution of several important lipid fragments. Extra care
should be taken when using the in-vitro skin model since it differs much from actual human

skin.
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CONCLUDING REMARKS
AND FUTURE OUTLOOKS

ToF-SIMS imaging is a well-established technique and routinely used in inorganic material
analysis in the semiconductor and coating industries. Over the years, ToF-SIMS instruments
have undergone significant advancements. The new designs of mass analyzers as well as the
development of ion sources offers extraordinarily high spatial resolution and sensitivity.
Owing to these improvements, and its unique ability to carry out label-free localization of
molecules across a sample surface, ToF-SIMS has become a powerful tool for various
applications in the life sciences. ToF-SIMS can be used to image biological samples at the
cellular and even subcellular level.

In this thesis work, it was shown that ToF-SIMS can be used to probe multiple compounds in
biological tissues while being able to also trace the endogenous molecules in that tissue in the
same run without labelling. This was demonstrated by studying how different active
ingredients in sunscreen permeate through human skin. The uptake and subcellular location
of multiple active ingredients of the sunscreen have been revealed. ToF-SIMS ion imaging was
also used to detect the appendageal permeation pathway of the active ingredient,
avobenzone.

It was also shown that ToF-SIMS can be used to trace metals and localize them at the
subcellular level by studying the permeation of chromium Il and chromium VI through
different layers of the skin. The application of ToF-SIMS to study the uptake of the
methylisothiazolinone allergen demonstrates that ToF-SIMS can be used to detect and localize
low molecular organics, in addition to the ability to investigate lipidomics. An evaluation of
skin models using ToF-SIMS was carried out as an application of using lipidomics to
differentiate between different tissues and different sublayers in each tissue.

The ToF-SIMS methods developed, and the results obtained in this thesis demonstrate that
ToF-SIMS can be used to study any metal or chemical permeation pathways, including the
appendageal pathway, through all skin layers and sublayers. In addition, the effect of the

penetrated substance on skin lipids in the different layers can also be detected. The method
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developed here can be used to provide basis for creating correct limiting values for harmful
levels of substances that can come into contact with the skin. In order to develop the
maximum values for chemical exposure, one must know how much of the dose on the skin
surface penetrates into and through the skin. This approach could also be used to study drug
uptake in skin tissue as a complementary technique. Moreover, applying this method can
replace the use of animals in drug development and toxicological studies.

In conclusion the ToF-SIMS method, with the strategies discussed in this thesis, is ready to be
routinely used in testing pharmaceuticals, cosmetics, occupational skin hazards and skin
allergens independently or as a complementary approach to answer other complicated
scientific questions, including transdermal drug delivery, drug transport to the outer surface

of the skin for sampling and monitoring, etc.
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