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Abstract

It is estimated, approximately $5.6 billion dollars is invested globally in
agrochemicals to enhance crop yields and improve crop quality. This is achieved by
controlling invasive species from competing with or damaging the desired crop.
While this is has led to financial benefits to farmers, there is a significant gap in the
knowledge surrounding the molecular compositions of skin and leaves. This
significantly impacts the fundamental understanding and development of
optimised foliar delivery of agrochemical products including mandatory risk

assessments for exposure to agricultural workers.

To understand the dermal absorption of compounds, a comprehensive
understanding of the molecular architecture of the skin, particularly the primary
barrier, the stratum corneum, is necessary. The research detailed in this thesis
employs the OrbiSIMS in conjunction with an Arseee* gas cluster ion beam (GCIB) to
initially investigate the molecular chemistry of the stratum corneum. This
exploration entails studying the non-homogeneity of the barrier layer in terms of
depth and lateral distributions. Through in situ depth profiling and SIMS-MFP
filtering of the dataset, the identification of over 140 species across five compound
classes (amino acids, fatty acids, ceramides, phospholipids, and triglycerides) was
achieved. Additionally, the chemical gradients of pivotal components involved in
the cholesterol sulfate cycle, including the major fatty acid palmitic acid, were
unveiled. Ultimately, the study demonstrated the permeation of an anti-aging

peptide, Pal-GHK, through human skin at relatively low concentrations (100 ppm).
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To address the limitations of conventional techniques used in evaluating
agrochemical permeation into skin tissue, the OrbiSIMS was utilised to map the
depth distribution of model agrochemical formulation, CCZ EC, simultaneously at
application rates relevant to real-life conditions. The localisation of the active
ingredient, cyproconazole, along with the co-formulants of the formulation, was
illustrated as a function of depth at varying exposure levels within the layers of the

skin.

Similar to the skin, there is limited knowledge available concerning the chemical
composition of leaves, specifically the barrier layer known as, cutin. The limited
understanding significantly affects the comprehension of product function and the
development of optimized pesticide delivery systems. A thorough understanding of
the molecular composition of leaves would also contribute to the formulation of
more targeted pesticides with fewer adverse human health effects. Employing the
recently developed OrbiSIMS profiling method, this study identified the in situ
precise localisations of over 90 individual species across seven compound classes
(amino acids, fatty acids, aldehydes, vitamins, flavones, nucleic acids, and
phospholipids) within wheat leaves. Key fatty acids and aldehydes related to cutin
and epicuticular waxes were identified, including flavones and vitamins relevant to
the underlying epidermis. Subsequently, the CCZ EC model formulation was applied
ata 1 % v/v dilution, representative of what is typically applied to crops, for various
exposure times. The entirety of the formulation was successfully depicted in a
label-free manner at a relatively low concentration, revealing intricate differences

in permeation characteristics at different time points.
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The Franz cell method has a relatively low throughput, to address this issue the
dermal absorption of a model agrochemical formulation containing the three active
ingredients mefenoxam, isopyrazam, and cyproconazole was effectively
demonstrated. Highlighting varied levels of permeation attributed to their distinct
physicochemical properties. Similarly, the limitations of the Franz cell methodology
become apparent when the test compound remains undetectable within the skin
tissue post-procedure, leading to inefficiencies and cost-ineffectiveness. Therefore,
20 active ingredients spanning the pharmaceutical, cosmetic, and agrochemical
sectors were screened using the OrbiSIMS to evaluate the method's sensitivity

across a range of different chemistries.

The insights gained from this work holds substantial implications for attaining more
precision and optimisation in pesticide delivery into plant systems. Simultaneously,
the research can aid in the generation of a refined understanding of exposure risks
for agricultural workers. Comprehensive knowledge of the molecular architecture
of the skin has the potential to enhance drug delivery and diagnostics. Similarly,
insights into the molecular composition of leaves can contribute to the
advancement of pesticide development, fostering more effective and targeted

formulations.
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Chapter 1. Literature Review

1.1 Introduction

Gaining an understanding of the molecular architecture of the skin particularly, the
stratum corneum, is essential for enhanced diagnostics and tailored delivery of
topical formulations in pharmaceutics and cosmetics. Presently, our
comprehension of the barrier layer largely relies on the extraction of key
compounds inherent to this layer, followed by quantification using liquid
chromatography mass spectrometry>23#> While this approach provides precise
identification, crucial information regarding the distribution of key species within
the stratum corneum, both laterally and as a function of depth, is lost. A
comprehensive understanding of the in situ distribution patterns of endogenous
species would be immensely valuable for understanding the regulatory processes

of bioactive compounds, particularly lipid species®.

An improvement in the fundamental understanding of the skin's structure would
contribute to a more profound comprehension of the dermal absorption
mechanisms of compounds. The topical delivery of pharmaceutics and cosmetics is
highly attractive, as it bypasses the first pass metabolism, thereby significantly
reducing the systemic side effects’. Transdermal delivery of peptides is currently of
great interest® due to the reduction in degradation and improved patient

compliance. The ability to monitor the permeation characteristics of these
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compounds within the skin including the distribution patterns would be a valuable

tool.

Since 1989, the utilisation of agricultural chemicals has surged nearly five-fold, with
a remarkable 1169 % increase in the past two decades, primarily driven for the
sustenance of the ever-growing popullation®. While pesticides contribute
significantly to crop intensification and enhanced productivity, it is imperative to
acknowledge potential health risks, particularly for agricultural users consistently
exposed to formulations during application. Notably, crops treated with pesticides
are deemed safe for consumption, given the judicious use of these chemicals.
Furthermore, residues of agrochemicals undergo processes of physical, chemical,
and biological degradation. Risk assessments are routinely carried out to monitor
potential adverse effects of human exposure to pesticides which can encompass
respiratory issues'®!!, endocrine disruption??!3, and reproductive hinderance#*>,
Dermal penetration emerges as the most common route of exposure 6, often
occurring during mixing, application, or cleanup operations, highlighting the critical

need for comprehensive understanding and mitigation measures.

While skin permeation kinetics have been extensively explored for various
compounds, including pharmaceuticals!”*® and cosmetics'®?° using a combination
of Franz diffusion cells and time-of-flight secondary ion mass spectrometry (ToF-
SIMS), there remains a significant gap in understanding the skin permeation and
distribution of agrochemicals. Previous studies have employed static diffusion cells
coupled with high-performance liquid chromatography (HPLC)?*?2 or liquid
chromatography-mass spectrometry (LC-MS)%3. However, HPLC methodologies

exhibit relatively poor sensitivity due to UV-vis based detection systems. The
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effective detection of analytes depends upon the presence of the chromophore
thus the method is not suitable for all types of samples. This knowledge void
underscores the need for comprehensive investigations into the skin's response to
agrochemicals, a critical aspect that has not been adequately addressed in existing

research.

Recent studies?® have emphasized, agricultural productivity has plateaued in recent
years, experiencing a global annual increase of 1 %, which is lower than the
population growth rate. Addressing the requirement to sustain the ever-growing
population necessitates innovative approaches to enhance both crop yields and
guality. Enhancing our comprehension of the seemingly simple structure of plant
leaves would enable the development of optimised, targeted and efficient

agrochemicals for the production of high-quality, high-yield crops.

The cuticle, serving as the barrier layer, has emerged as a highly intricate and
dynamic system?> 26, Despite this recognition, there exists a significant gap in our
understanding of the inherent chemical composition of this structure. The
molecular composition and functionality of plant leaves have been shown to have
significant implications on the efficacy of agrochemical formulations?”2%2°,
Consequently, it is crucial not only to comprehend the intrinsic chemical
composition of leaves but also to delineate the foliar permeation kinetics of

pesticides into the tissues.

This research project seeks to evaluate the efficacy of the OrbiSIMS 3° as a tool for
label-free imaging and depth profiling of skin and plant leaf tissues, aiming to

elucidate the inherent diverse chemistries. Additionally, the study aims to
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investigate the percutaneous uptake of a model agrochemical formulation at
concentrations relevant to real-life conditions and explore the impact of exposure
time on the uptake process. The investigation extends to assessing the foliar uptake
of a model agrochemical formulation and understanding the permeation kinetics of
the entire pesticide at concentrations applied in crop systems. The anticipated
outcomes of this research promise to contribute valuable insights into both skin
and leaf structure. The elucidation of tissue architecture and absorption
characteristics, when combined, may offer essential insights that can aid in the
development of pesticide delivery systems tailored to target specific areas, thereby

mitigating risks for agricultural workers.

1.2 Skin

With an approximate surface area of 2 m? in healthy adults, the skin stands as the
largest organ within the human body. Given its perpetual interaction with the
external environment, the skin assumes a crucial immunological function, serving
as a robust barrier that shields against pathogens3! and offers protection from

fluctuations in temperature, pressure, radiation, and chemical exposures®2.

The epidermis, dermis and the subcutaneous tissue (hypodermis) illustrated in
Figure 1.1 are the main three layers, comprising the structure of the largest organ.
The outermost layer, the epidermis, functions to provide protection by acting as a
barrier against pathogens but also offers waterproofing and prevents water loss3334
. The dermis is the middle layer of the skin, a fibrous structure consisting of

collagen and other extracellular components for example nerves, vasculature, hair
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follicles and glands. The dermis aids in homeostasis, by regulating internal
temperature, producing sweat and distributing blood3. The hypodermis, or
subcutaneous tissue, represents the innermost layer of the skin, encompassing
adipose tissue, significant blood vessels, connective tissue, and glands. This layer
assumes multifaceted roles, including fat storage, protective functions, and the
connection of the epidermis and dermis to underlying tissues, such as cartilage and

bones, thereby providing additional structural support3®.
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Figure 1.1: Schematic diagram of skin in cross-sectional view illustrating the anatomy (Taken
from Voegeli et al®*).

1.2.1 Epidermis

The epidermis is approximately 0.05 - 1 mm in thickness dependent upon the body

region, with variations such as increased thickness on the palm compared to the
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armpit. Keratinocytes, melanocytes and Langerhans cells are the three main types
of cells composing the epidermis layer3”’. Comprising the epidermal layer are three
primary cell types: keratinocytes, melanocytes, and Langerhans cells. Keratinocytes,
deriving from stratified epithelium, constitute approximately 85 % of the total cell
population in the epidermis. Keratinocytes establish tight junctions with skin
nerves, maintaining the position of Langerhans cells and lymphocytes, and
contribute significantly to immunological defense by forming a barrier against
pathogens. Keratinocytes also play a crucial role in immune modulation, triggering
inflammation by activating Langerhans cells post-injury38. Melanocytes, responsible
for melanin production, fulfil an immunological role by serving as UV radical
scavengers. Beyond shielding against skin cancer induced by UV radiation,
melanocytes possess phagocytic properties, acting as antigen-presenting cells to T-
cells and produce cytokines®®. Meanwhile, Langerhans cells contribute to immune
homeostasis by absorbing microbial antigens and transforming into antigen-
presenting cells. Additionally, Langerhans cells can transition into dendritic-like

cells, relocating to lymph nodes for interaction with T-cells*.

Additionally, the epidermis is continually regenerated, with an estimated renewal
time of approximately 2 months. It consists of five layers: the stratum corneum,
stratum lucidum, stratum granulosum, stratum spinosum, and stratum

germinativum**.
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1.2.2 Stratum Corneum

The stratum corneum, also known as the cornified layer, is the outermost layer of
the epidermis comprising of 10 - 30 layers of cells called corneocytes with an
approximate thickness of 10 - 40 um*2. Corneocytes are terminally differentiated
keratinocytes without nuclei or cytoplasmic organelles, formed via a process
known as cornification. Keratinocytes proliferate within the stratum basale of the
epidermis through cell division and migrate to the surface of the skin*3. As these
cells migrate, they undergo multiple stages of differentiation and transform into
corneocytes in the stratum corneum. The physiological function of the stratum
corneum is to offer impact resistance and withhold against mechanical shear. The
stratum corneum provides an immunological barrier, not only impeding the entry
of pathogens but also, owing to the non-living nature of corneocytes, resisting viral

attacks and preventing DNA damage induced by UV radiation?44>46,

1.2.3 Stratum Lucidum

The stratum lucidum also referred to as the ‘clear layer’, due to its translucent
appearance, is a thin transitional layer located between the stratum corneum and
stratum granulosum. The clear layer is exclusively found in thicker regions of skin
for example the palms of hands or the soles of feet where it is composed of dead
keratinocytes approximately three to six layers thick. The function of the stratum
lucidum is to provide the skin with the capability to stretch and also lower friction
particularly in the soles of feet and palms of hands. In addition, keratinocytes
contain the protein eleidin and other various oily components improving skin

waterproofing®’.
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1.2.4 Stratum Granulosum

The stratum granulosum or granular layer is composed of granular cells made from
keratinocytes migrating from the underlying stratum spinosum. The granular cells
contain keratohyalin granules responsible for aggregating keratin filaments in the
cytoplasm with the aid of cysteine and histidine rich proteins*. Moreover, these
cells secrete lipid-rich lamellar bodies into the extracellular space between the
stratum granulosum and stratum corneum, forming a hydrophobic region which
gives rise to the skins barrier properties and prevents excessive water loss*.
Moreover, it is evident granular cells also possess the ability to lose their nuclei and
cytoplasmic organelles to transform into corneocytes that can migrate to the

stratum corneum™3.

1.2.5 Stratum Spinosum

The stratum spinosum also known as the prickle cell layer is found between the
stratum granulosm and stratum basale with an approximate thickness of 8 - 10
layers of keratinocytes°. Similarly, this structure contains desmosomes which
interlock with one another to provide additional strength. Langerhans cells,
interspersed among keratinocytes, function as dendritic cells with macrophage-like
properties, engulfing foreign materials such as pathogens. Keratin synthesis
commences in the stratum spinosum contributing to waterproofing of the skin by
releasing hydrophobic glycolipids. As keratinocytes are produced in the stratum
basale, those within the stratum spinosum are progress toward the stratum

granulosum?.
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1.2.6 Stratum Basale

The stratum basale also called the stratum germinativum is the deepest layer of
the epidermis composed of cuboidal shaped stem cells called basal cells which rest
on the basement membrane zone separating the epidermis from the dermis. These
basal cells continually undergo mitosis and the existing cells are driven superficially
away from the stratum basale®. Among the keratinocytes exist Merkel cells,
responsible for stimulating nerve cells for sensory input. Within the basale layer
exist melanocytes responsible for the production of melanin which not only
provides hair and skin with colour but also provides protection against UV

radiation.

1.2.7 Current Insights into Skin Chemistry

Numerous studies have investigated the composition of the stratum corneum,
continually updating the exact composition of the lipid matrix. Currently, 17
subclasses of ceramides have been identified in the human stratum corneum®?,
including the identification of 1,000 various ceramide molecules from human and

porcine stratum corneum®2.

Saturated and unsaturated free fatty acids comprise a diverse group, encompassing
30 different species identified, featuring chain lengths spanning 14 to 34 carbon
atoms. Among these, lighoceric and hexacosanoic acid (C 24:0 and C 26:0) have
been identified as the most abundant®33. Beyond this intricate mixture, the stratum
corneum hosts compounds associated with surface sebum and a blend of
hygroscopic species collectively termed natural moisturizing factor (NMF). These

compounds play a pivotal role in skin hydration>*°>, The molecular speciation of the
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skin consists of LC-MS3°6°7 and HPLC>%°° based quantification, necessitating the
bulk analysis via laborious and complex solvent-based extraction. Consequently, all
information regarding the localisation of compounds is lost both laterally and as a

function of depth.

Sjovall et al®® employed the ToF-SIMS for the most comprehensive analysis of the
2D spatial distribution of skin lipids in human skin. The localisation of ceramides
and saturated long-chain fatty acids in the stratum corneum was demonstrated
including the abundance of cholesterol sulfate in the upper regions of the
epidermis. However, due to the limitations in sensitivity and resolution (discussed
in later sections) of the ToF-SIMS instrumentation, the presence of subtle chemical

gradients specifically in the various layers of the skin were not detected.

1.3 Plant Leaves

Plant leaves consist of a layered structure (Figure 1.2), each layer performing
distinct roles in safeguarding and supporting the plant's well-being. These are
identified as the cuticle, upper epidermis, palisade mesophyll, spongy mesophyll
and lower epidermis®®. Collectively, the various layers contribute to several
essential functions including facilitating photosynthesis for plant growth®%63,
enabling the gaseous exchange of CO; and 0,%4%%, regulating water balance through

transpiration®®” and maintaining temperature®.
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Figure 1.2: Cross-section of a typical leaf depicting the anatomy (Taken from Levin and
Nackley®).

1.3.1 The Cuticle

The outermost layer, known as the cuticle, is a relatively thin (1 — 10 um)
hydrophobic polymeric structure that serves as a primary defence barrier against
environmental elements, for example biotics and xenobiotics’®. It offers regulation
of water and heat loss’?, providing a selective filter for absorption of UV’2 and

permits resistance to mechanical stress.

Multiple studies’®747> have confirmed the composition of the cuticle, comprising of
two primary components. The first component is cutin, a polyester formed from
hydroxylated Cis and Cig fatty acids and glycerol, integrated into the epicuticular
waxes. The waxes, in turn, constitute a complex mixture of aliphatic hydrocarbons,
alkanes, alcohols, ketones and aldehydes’®’”.787° Recent studies have highlighted
the intricate roles of specific molecular species involved in various metabolic.
Notably, these pathways include the regulation of epidermal cell division through
fatty acids®® and the involvement of cuticular polymeric signalling molecules in cell

adhesion®.
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The cuticle exhibits a comparative thinness in comparison to the stratum corneum
found in skin tissue. A notable similarity between the structures is discernible,
predominately in the fatty acid composition. The notable enrichment at the surface
of both structures is known to contribute significantly to the primary barrier
function against biotic and abiotic environmental stresses®-%2. However, the
resemblance between the two ceases here, as the stratum corneum displays a far
more intricate composition including ceramides, amino acids triglycerides and
cholesterol which serve additional functions such as moisturisation, regulation of
water loss and cell signalling. In contrast the cuticle is primarily comprised of waxy
components, aimed at the safeguarding of the plant surface.

1.3.2 Upper Epidermis

The upper epidermis is a single layer of transparent cells permitting the penetration
of light through to the underlying chloroplasts for photosynthesis®® as well as
providing an extra layer of protection to the leaf structure. Housing guard cells, the
upper epidermis plays a pivotal role in the stomatal exchange of CO; for O, as well
as regulating water levels. Additionally, the upper epidermis contributed to

sensory function, aiding in the orientation of leaves towards light®*.

1.3.3 Palisade Mesophyll

The palisade layer is composed of densely packed columnar-shaped cells abundant
in chloroplasts, in addition to, housing nuclei and cytoplasm for photosynthetic
purposes®®. The primary function of this layer is to carry out photosynthesis whilst
maintaining the continuous exchange of CO;and O; including regulating water

content.
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1.3.4 Spongy Mesophyll

The spongy mesophyll is a complex, porous layer consisting of ‘gaps’ allowing the
exchange of gases necessary for photosynthesis® Additionally, the mesophyll layer
is responsible for the storage of carbohydrates and glucose to serve as a source of

energy for the plant®®.

1.3.5 Lower Epidermis

Similar to the upper epidermis, this layer is also a single layer thick providing
protection to the leaf structure. The cells of this the lower epidermis are squarer in
shape, containing guard cells and stomata for the regulation of gas exchange and
water retention. In addition, some plants contain trichomes in this layer for

additional protection against herbivores®®.

1.3.6 Current Insights into Leaf Chemistry

The molecular speciation of the cuticle consists of LC-MS quantification®”-88
resulting in the loss of spatial resolution due to extraction procedures. It is widely
acknowledged that the cuticle matrix is predominately (<80 %) composed of Cis
and Cys fatty acids at approximately 1000 pug/cm=2 8 however, localisation of these
individual species and others is not known. Waxes are a vital constituent of the leaf
cuticle, serving a pivotal role in mitigating water loss and safeguarding against
environmental stressors. Jefree et al.® demonstrated the homogenous dispersion
of the epicuticular wax throughout the entire depth of the cuticle with a degree of
embedding into the cutin layer, nevertheless, the precise composition, structure,

and biosynthetic pathways governing leaf waxes have not been elucidated.

Currently, there is limited knowledge regarding the exact distributions of wax
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constituents, including alkanes, aldehydes, alcohols, and esters. In addition to
cuticular compounds, there are various species that are localised in the underlying
epidermal layers of leaves. Flavonoids are diverse secondary metabolites in leaves,
synthesised via the phenylpropanoid pathway®°. Kaempferol and vitexin are two of
the abundant flavonoids functioning as antioxidants, protect against oxidative
stress, influence plant-microbe interactions, and are regulated by environmental
and physiological factors. Huang et al.** successfully quantified the presence of
flavonoids within the leaf however, due to solvent-based extraction procedures
spatially resolved data was not acquired. Additional compounds associated with
the deeper palisade and mesophyll layers encompass nucleic acids, vitamins, sugars
and phospholipids, the depth distributions of which remain largely unexplored. As
stated by Kerstiens®, in situ analysis without prerequisite extraction would be
crucial in understanding surface specific molecular information. Further research is
required to unravel the complex and dynamic nature of leaf waxes and their
contribution to the overall functionality of the leaf cuticle. As the fatty acids and
waxy esters primarily compose the barrier cuticle layer, the interaction between
the two could provide vital insights into the absorption characteristics into the leaf.
A comprehensive understanding of the molecular architecture of the leaf can
contribute to refining the optimisation of pesticide development with improved

delivery and efficacy.

1.4 Agricultural Chemicals

Chemical compounds or combinations thereof employed to manage pests,

encompassing insects, fungi, rodents, and weeds, fall under the category of
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pesticides. Additionally, public health systems utilize these substances to prevent
vector-borne diseases by eradicating vectors, such as mosquitoes and other

organisms.

Agricultural chemicals possess a variety of advantages particularly increasing crop
yields and improving crop quality by controlling invasive species from competing or
damaging the desired crop. A study conducted by Pimentel et al®® concluded an
average of $10 billion dollars is spent yearly on pesticides resulting in $S40 billion
worth of savings in crops portraying the great monetary gain for farmers. Pesticides
have also been linked to reducing malaria by controlling the population of
mosquitoes however, certain vectors have gained resistance in particular, DDT
resistance in Aedes and pyrethroid resistance in C. quinquefasciatus®*. Various
classes of pesticides exist, categorised based on the type of pest they aim to
control. Table 1.1 illustrates the diverse classes of pesticides and the mechanisms

of action they employ.

Table 1.1 The prevalent types of pesticides and their respective functions.

CATEGORY PURPOSE EXAMPLES
INSECTICIDES Controls the population of insects, Organochlorides- DDT
mites and ticks. Also effective Carbamates- Carbofuran
against insect eggs and larvae. Neonicotinoids- Acetamiprid
HERBICIDES Substances used to control Atrazine
unwanted plants and weed species Simazine
whilst unharming the desired crop. 2,4-dichlorophenoxyacetic
acid
FUNGICIDES Biocidal pesticide used to kill Sulfur
unwanted parasitic fungi and Captan
spores. Mancozeb
RODENTICIDES | Non-specific pesticides used to kill Warfarin
rodents for example mice, beavers Bromadiolone
and gophers. Difenacoum
DISINFECTANTS | Also known as antimicrobials these Oxytetracycline
are designed to reduce the Ammonia
populations of bacteria, viruses and  Bleach
in some cases fungi.
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1.4.1 Toxicity Associated with Agricultural Chemicals

The toxicity in terms of agricultural chemical safety refers to the poisonous ability
of a compound to cause injury or illness (hazard). The acute toxicity of a compound
is expressed in terms of lethal dose (LDsp) or lethal concentration (LCso), the dose or

concentration at which a compound will kill 50 % of an organism®>.

The potential for adverse effects on humans (risk) depends upon a range of factors
including concentration/dosage of the pesticide, exposure time and route of entry
into the body. Agricultural chemicals, such as glyphosate and carbofuran, can pose
a threat through poisoning (systemic effects), potentially causing harmful effects on
biological reactions, molecules, or organs within the body, resulting in severe injury
or fatality. Conversely, pesticides that are external irritants (local effects) for
instance, pyrethroid insecticides can also cause injuries for example burns or

rashes?®.

As reported by the World Health Organisation®®, agrochemical poisoning is
responsible for approximately 200,000 deaths per year with 99 % occurring in the
developing world. The cases for acute pesticide poisoning accounts for significant
mortality for occupational and non-occupational exposure however, due to the lack
of understanding of the uptake of agrochemicals through and into the skin,
preventative measures are not greatly effective®®. Personal protective equipment
(PPE), such as gloves, masks, and coveralls, faces limited availability in third-world
countries and poses financial challenges for economically disadvantaged nations
due to their relatively high costs. Furthermore, occlusion effects can exacerbate the

dermal absorption of substances if they manage to infiltrate the PPE.
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Percutaneous uptake is particularly relevant to agricultural workers that manually
apply these pesticides to crops and come into treated crops and surfaces. By
understanding the mechanisms of delivery and the distribution characteristics of
these compounds in the various layers of skin, formulations can be produced to

prevent the exposure and reduce pesticide poisoning.

1.4.2 Types of Exposure
The toxicity linked to exposure to agricultural chemicals can be categorised based
on the correlation between the promptness of symptom development and the

duration of exposure®’.

Acute toxicity refers to a single incident of exposure also known as short-term
exposure. From the acute toxicity profile, it can be deduced how poisonous a
pesticide is to an organism after a single incident and helps describe toxic effects
appearing immediately (within 24 hours)'6. Generally, insecticides exhibit the
highest acute toxicity®, such as carbofuran, due to their neurotoxic properties.
Sub-chronic toxicity is the exposure to pesticides from repeated incidents which
can span over several weeks or months but not exceeding 10 % of the lifespan of

100js an example of a sub-chronic

the organism®. Dichlorodiphenyltrichloroethane
pesticide, causing adverse effects on the liver, kidney and immune system. Lastly,
chronic toxicity is repeated exposure for several months or years, lasting for the

101

entire lifespan of the organism. Chlorpropham*“* can cause detrimental chronic

effects lasting for the organism’s lifespan including retarded growth, congestion of

the spleen and increased organ weights.

1.4.3 Pesticide Classification
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1.4.3.1 Organochlorine Pesticides

Dichlorodiphenyltrichloroethane (DDT) (Figure 1.3a)'%%is an organochlorine
pesticide first synthesised in 1874 gaining popularity in WWII for combat against
disease including typhus, malaria and the bubonic plague'®. Due to the potency of
this organochlorine, cost effectiveness and relatively large half-life of 10 years%4,
over the years it was adopted as a pesticide. DDT is one of the most commonly
used pesticides worldwide and is applied to various crops to improve yields by
fighting against insects and pests. By facilitating the opening of sodium ion
channels in neurons, DDT causes repeated depolarisation leading to spasms and
the eventual death'® of the pests. Although DDT is effective in terminating pests its

action is not limited to them, and in mammals similar effects for instance tremors

and seizures may occur.

DDT has proven to be advantageous in the past for improving crop quality and
increasing yields by conserving the environment and preventing insect transmitted
disease®, however, human exposure to this chemical has proven to be

detrimental to health.

The US Environmental Protection Agency (EPA) has categorised DDT as a B2
carcinogen due to its ability to promote the growth of malignant cells specifically
breast cancer in women!%’. It has been proven DDT accumulates within tissue
specifically adipose stores and the metabolism of this chemical can cause liver and
kidney toxicity'®. A number of studies'®>*® have suggested DDT can act as an
endocrine disruptor, by inhibiting the androgen receptor and interacting with other

endocrine disruptive pollutants the risk of mammary cancer increases. Excessive
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exposure to DDT has been linked to cause lung tumours, liver tumours and

Iym phomaslll,112,113

1.4.3.2 Organophosphorus Pesticides

The most common organophosphorus pesticide is the ‘weed-killer’, glyphosate
(Figure 1.3b) used to kill broadleaf weeds and grass which compete with crops. The
herbicide is responsible for impeding the shikimate pathway therefore, preventing
the biosynthesis of vital aromatic amino acids essential for plant growth!4,
Glyphosate disrupts plant growth shortly after application by efficiently

translocating through roots and leaves, making it highly advantageous.

However, similar to organochlorine compounds, glyphosate and other
organophosphorus chemicals have been associated with endocrine disruptors in
human cell lines, having been linked to the promotion of carcinogenicity, birth
defects, cognitive and developmental brain disorders!!®. Furthermore, it has been
noted by Jaga and Dharmani'!®, organophosphorus compounds effect the function
of the enzyme cholinesterase, responsible for the lysis of choline-based esters
specifically, the neurotransmitter acetylcholine!’. The inhibition of cholinesterase
by glyphosate has been linked with a decrease in insulin secretion!!8, oxidative

119

stress due to the disruption of oxidative phosphorylation in mitochondria**” and

other nervous system related diseases.

1.4.3.3 Carbamate Pesticides
Carbofuran (Figure 1.3c) is a broad-spectrum carbamate pesticide used for a variety
of crops including potatoes, soya beans and corn to prevent insect, mites and

nematode attack. Carbofuran is classed as a systemic pesticide whereby it is
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absorbed through the roots of the plant and circulates within plant tissue and
organs killing insects that feed on them??°, Carbofuran induces acute toxicity within
pests by reversibly inhibiting acetylcholinesterase, an enzyme responsible for the
hydrolysis of the neurotransmitter acetylcholine. The inhibition of
acetylcholinesterase results in the accumulation of acetylcholine at neuromuscular

junctions causing overstimulation of nerves and eventual death of the insect??!.

In addition to the advantages carbofuran possesses, it is also recognised as one of
the most toxic agricultural chemicals, with a LDsp of 8-14 mg/kg in rats and since

been banned in Canada and the European Union®?2. In addition to its reported

endocrine-disruption and potential impact on reproductive conditions'??

carbofuran is documented to suppress cytokine production, leading to apoptosis
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and necrosis of T-lymphocytes'**. Moreover, carbamates have been associated

with amplifying neurobehavioral disorders for example Alzheimer’s and Parkinson’s

disease!®.
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Figure 1.3: Structures of Dichlorodiphenyltrichloroethane (a), glyphosate (b) carbofuran (c)
(Adapted from Pubchem?0%126127,
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1.5 Characterising Skin Permeation

Since dermal penetration is the most common route of exposure!® to
agrochemicals occurring during splashes or spills, whilst mixing, loading or
disposing it is a key area of interest. The skin permeation of pesticides can
potentially be more detrimental to health compared to ingestion due to eliminating
first pass metabolism and entering directly into the bloodstream for distribution??2,
While percutaneous uptake of agrochemicals represents the primary route of
exposure, there remains a significant gap in our understanding of the specific
routes of permeation, the underlying mechanisms of delivery, and the precise
localisation of these substances within the skin. This knowledge gap is critical for

developing products with minimized risks of exposure for users.

Pesticides can interact with the skin in three distinct ways firstly, the chemical may
penetrate the skin and contribute to the systemic load. Secondly, local effects may
be induced ranging from irritation to degradation of tissue. Lastly, by affecting the
immune system agrochemicals can trigger allergic reactions at the point of contact
or even across the entire body. Respiratory sensitisation has also been linked to
excessive exposure to pesticides via the dermal route causing hypersensitivity of

the airways and the development of allergies??°.

1.5.1 Factors Affecting Skin Permeation of Agrochemicals

The physicochemical properties of a pesticide play a pivotal role in skin permeation
including sufficient aqueous solubility in order to partition into the epidermis via
the aqueous pores. Moreover, the hydrophilicity and lipophilicity of the molecule
must be balanced in order for the molecules to partition between the polar and
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non-polar environments of the body. Studies 13 have indicated that substances
with a molecular size below 500 Da experience an elevated rate of absorption
through the skin, a factor that holds relevance in the context of agrochemical skin
permeation. Chen et a/*3! investigated the permeation of pesticides through
nanofiltration membranes mimicking human skin. It was established, the length of
the pesticide had a greater effect on pesticide permeation rejection in comparison
to pesticide width. As noted by the researchers, the molecular sizes of pesticides
typically do not surpass 500 Da, suggesting that agrochemicals can be readily
transported into the skin. The impact of pesticide molecular size and weight on
percutaneous absorption in human skin has not been extensively investigated,

creating a knowledge gap that warrants further exploration.

Numerous biological factors influence the skin permeation of pesticides, with one
critical determinant being the specific anatomical site of exposure. The thickness of
the skin varies from as little as 0.5 - 4 mm depending on the body part due to the
presence hair follicles, glands and other morphological differences*®. Where the
skin is relatively thin, for instance the armpits, molecules can be absorbed relatively
easily and at faster rates compared to thicker sections. Research conducted by
Feldman and Maibach®32 on human males proved the skin permeation of pesticides
parathion and malathion increased 50-fold when applied to the genital areas
compared to the leg where the skin is thicker due to the presence of hair follicles
and glands. Moreover, the structural integrity of the stratum corneum is pivotal
since any open wounds, abrasions or dermal diseases may increase skin
permeation significantly. Akomeah et a/*33 conducted research into the effects of

abrasions on dermal penetration of caffeine, acyclovir and angiotensin Il and it was
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noted epidermal permeation increased up to a 100-fold when skin was damaged.
With respect to agrochemicals, the same increased percutaneous absorption may
be present, especially with farmers who are more likely to cut or bruise their skin.
The use of gloves is a common practice to mitigate this issue; however, occlusion
may still occur when pesticides infiltrate beneath clothing, leading to increased skin

permeation34,

It has been noted skin penetration of pesticides is more effective and faster with an
increase in temperature. A study presented by Thredgold et al***> deduced by
increasing the temperature of the insecticide, dichlorvos from 25 to 37 °C there
was an approximate 13-fold increase in skin permeation over an 8-hr period. The
rise in temperature is attributed to the increased flexibility and fluidity of the
stratum corneum, making it more susceptible to permeants. Regions with warmer
climates may require additional skin protection to prevent the absorption of
agrochemicals. However, in many developing countries, providing such protection

to users is often challenging due to cost constraints.

The hydration of the skin is an important factor when considering dermal
penetration since, a balanced level of hydration acts as a barrier against permeants.
However, if the water content of the skin increases above the optimal levels,
permeability also increases. A study conducted by Zhai et a/*3® concluded the
absorption of nicotinate significantly increased following hyper-hydration of the

stratum corneum.

Pesticide users administering skin permeation enhancers which promote the

absorption of a substance through the skin for example dimethylsulphoxide
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(DMSO) or pyrrolidones are at elevated risked of dermal exposure of
agrochemicals. These penetration enhancers have various modes of action
including; disruption of the packing motifs within intercellular lipid matrices, may
act as a solvent for the permeant therefore increasing partitioning into the tissue or
alter the metabolic activity within the skin3’. A study conducted by Brand!3?
conveyed sunscreen led to a significant enhancement of the dermal exposure to
the herbicide 2,4-dichlorophenoxyacetic acid compared to non-sunscreen users.
Agricultural workers are advised to use sunscreen to prevent skin melanomas,
however, additional precautions are necessary to avoid unintended chemical

exposures.

It is evident that the growing use of agrochemicals poses an escalating risk of
excessive and harmful exposure to farmers. As dermal penetration is the most
common route of exposure to pesticides, it becomes crucial to conduct further
research in this area to delineate absorption and distribution characteristics.
Investigating how pesticides impact skin chemistry and understanding the
permeation characteristics of agrochemicals is imperative for formulating products

that exhibit high efficacy with minimal risk to users and consumers.

1.6 Methods to Assess Skin Permeation

Numerous methods have been devised for the assessment of percutaneous
permeation of molecules, aiming to evaluate dermal and transdermal delivery

systems. The standardisation and validation of models including, in vitro and in vivo
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methods have been of great interest during the last decade, each of which

possessing unique advantages and disadvantages.

1.6.1 /n Vivo Analysis

In vivo techniques are generally studies performed on animals or humans where
the biological system is metabolically and physiologically integral. Initially, in vivo
studies involved the use of rodents specifically rats due to availability, simple
handling and structural similarities to human skin. However, several studies
comparing skin permeation between the two organisms proved rat skin was more
permeable and resulted in the overestimation of penetration in human skin3%140,
Conversely, porcine skin is generally accepted as a suitable surrogate to human skin
due to many histological similarities between the two. A study conducted by
Barbero and Frasch!*! proposed porcine and human skin exhibited similar
permeation profiles for many compounds including caffeine, benzoic acid and
testosterone. There was also a positive correlation between the two organisms and

the slopes were close to unity.

1.6.2 Traditional /n Vivo Method

The traditional in vivo method involves applying the test compound to the skin of
humans or animals and after a certain time period the amount of the compound
present in blood, urine or faeces can be measured thus, providing an indication of

penetration. Hueber-Becker!#?

performed a study examining the human systemic
exposure of an oxidative dye ([**C]-para-phenylenediamine), achieving a
comprehensive measurement of the compound in blood, urine, and faeces

compared to in vitro studies. The traditional in vivo approach is advantageous

because it takes into account the condition of the body for example metabolism
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however, this method falls short when the compound being tested has unknown

characteristics giving rise to ethical and moral concerns.

1.6.3 Tape Stripping

The skin permeation of topically applied formulations can be quantified by entirely
stripping the stratum corneum using an adhesive tape. The test compound is
allowed to penetrate the skin for a predetermined time after which the
microscopic layers of the stratum corneum are removed by repeated application
and removal of adhesive films (up to 100 times)!*3. The removed layers of the
stratum corneum can be analysed using analytical methods for example HPLC and
LC-MS. Tape stripping is commonly used for the assessment of the quality and
efficacy of drugs. Research involving tape stripping includes assessing the
bioavailability of topical formulations like eutectic mixture of local anaesthetics
(EMLA)*#in the stratum corneum and profiling dermal exposure to methacrylates

found in cosmetics#>.

Tape stripping is an advantageous technique due to its simplicity, minimal invasion,
cost-effectiveness and specific layers of the skin can be easily analysed'#°.
However, the drawback of this method is the difficulty in reproducing results due
to variation in models. The amount and thickness of layers removed depends upon
the type of adhesion film also the location of the tape strip on the skin can also give

varying results4e,
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1.6.4 In Vitro Analysis

In vitro methods are conducted externally to the organism and typically involve
isolated tissues, organs, or cells. The primary in vitro techniques employed in skin

permeation research encompass flow-through systems and static diffusion cells.

1.6.5 Static-diffusion Cells

The static diffusion cell method (Figure 1.4) is considered as the ‘gold standard’ for
skin permeation studies due to its simple design and cost effectiveness. A section of
excised skin is positioned between an upper (donor) chamber and a lower receptor
(acceptor) chamber and the extent of permeation through the tissue is
quantifed!?®. The skin, whether full or split thickness, remains in continuous contact
with the receptor fluid. The Franz cell is the placed within a water bath at 37°C
maintaining the skin temperature at 32°C. The receptor fluid remains constant

throughout the experiment and can be sampled at regular intervals.

Franz cell experiments are widely used to assess the permeation characteristics of
various types of compounds including agrochemicals'#”:*#8, cosmetics'#*° and
pharmaceutics®%%°1, Studies using the Franz cell approach include investigating
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skin permeation of methotrexate for the treatment of psoriasis®>? and transdermal

delivery of galantamine for the treatment of Alzheimer’s'*3,

The primary advantage of Franz-type static diffusion cells lies in their relatively
simple design and cost-effectiveness. Additionally, these cells offer a larger
absorption area compared to other flow systems, leading to improved absorption
indicators®®. Since this method can be automated all technical difficulties can be
eliminated.
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Figure 1.4: Diagram of a Franz -type static diffusion cell.

1.6.6 Flow-Through Systems

The flow-through system developed by Bronaugh and Stewart in 1985 (Figure
1.5) shares similarities with the static diffusion cell presented by Franz'*¢. Where
the static cell has a fixed receptor fluid system, the flow-through system continually
replaces the receptor fluid and may be collected at regular intervals>’. A key
advantage of the flow-through system is its ability to mimic physiological
conditions, specifically the blood circulation. This system also addresses solubility
issues of compounds within the receptor fluid and maximises sink conditions*>2,
However, compared to static diffusion cells, the flow-through systems are more

expensive and require greater technical expertise whereas, static diffusion cells are

relatively inexpensive and are simpler to operate®>*.
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Figure 1.5: Schematic of the flow-through diffusion cell (Taken from SES'*).

1.7 Methods for Assessing Foliar Permeation

Several techniques have been devised for evaluating the permeation of compounds
through plant leaves. This short review focuses on the standard in vivo methods

used to quantify the uptake of substances into the various layers of the leaf.

1.7.1 Assessment of /n Vivo Foliar Permeation

Conventional methodologies for evaluating the absorption of pesticides by plant
leaves primarily involve direct application onto the leaf surface via spraying
methods. These approaches are considered optimal as they replicate real-world
application conditions, thereby offering accurate insights into permeation
characteristics. Yao et al*® investigated the leaf uptake of epoxiconazole through
direct spraying of the formulation. The study successfully identified the partitioning

into the leaf tissue, including its retention. However, the authors observed uneven

49 |Page



permeation across the leaf, attributed to the deposition of the pesticide at the leaf

tips influenced by aerodynamics and leaf microstructure.

Numerous studies'®%162:163 haye employed leaf disc assays for the evaluation of the
absorption for various compounds into the leaf. Leaf discs are extracted from plant
leaves and placed on a solution containing the test substance. The solution is
periodically sampled, and the concentration of the substance is subsequently

analysed over time?6*

. This method is advantageous due to its cost-effectiveness
and simplicity, enabling high-throughput screening of various treatments or
conditions. However, the leaf disc environment may not accurately replicate real-
life conditions resulting in the unreliable permeation characteristics. Additionally,

the cutting of the plant leaves may induce undesired wounding stress which may

not faithfully reflect the plant's response to a specific treatment.

The static diffusion cell method (Figure 1.4) can also be adapted for foliar
permeation studies due to its simple design and cost effectiveness. A section of
plant leaf can be placed between a donor and receptor chambers and the extent of
permeation through the tissue is quantifed!>®. The receptor fluid remains constant

throughout the experiment and can be sampled at regular intervals.

The agrochemical industry heavily utilises this methodology!6>166:28 for pesticide
absorption into leaf tissues owing to the many benefits it possesses. The primary
advantage of Franz-type static diffusion cells lies in their relatively simple design
and cost-effectiveness. Furthermore, these cells provide a larger absorption area
compared to other flow systems, resulting in enhanced absorption indicators *>4.
Automation of this method helps eliminate reduce technical difficulties.
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1.7.2 Analytical Methods for Assessing Foliar Permeation

Current methodologies for the evaluation of the uptake of pesticides through plant
leaves necessitate laborious and time-consuming organic solvent extraction or
mechanical stripping prior to analysis. The extracted material is typically analysed
using chromatographic mass spectrometry analytical techniques?®167.168 providing
excellent identification and quantification, however, all information regarding the
distribution of key species both laterally and as a function of depth is lost. A
combination of FTIR6%170.171 gnd Raman spectroscopy?’?173174 s a staple for non-
destructive and relatively quick chemical and structural analysis unfortunately, FTIR
techniques are limited to the identification of functional groups with limited
information regarding chemical structures. Similarly, Raman spectroscopy can be
significantly affected by fluorescence naturally emitted by biological samples. Here
the weak Raman scattering signal can be overwhelmed by the strong fluorescence

as a result, significantly reducing sensitivity and reliability of measurements'’>,

176 is a popular method employed in the agricultural sector for

Liquid scintillation
the evaluation of the uptake of foliar permeation of agrochemicals. The underlying
principle involves the measurement of low-energy radioisotopes, predominantly
alpha and beta emitting isotopes. The methodology enables automation, rapid
qualitative analysis with high sensitivity'”’. Nevertheless, challenges associated
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with this technique include the requirement of radiolabelling’¢, influencing

permeation characteristics. Additionally, the sample preparation is time consuming

and quenching effects can affect the accuracy of the data'”°.
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Currently, there exists a deficit in analytical methodologies for assessing the foliar
absorption of compounds, particularly those offering label-free, in situ permeation
analysis without the reliance on radiolabelling or complex sample preparation such

as solvent extraction.

1.8 Analytical Methods for Assessing Skin Permeation
Numerous analytical techniques can be paired with skin permeation studies for
further quantification of compounds. Conventional chromatographic techniques for
example high performance liquid chromatography (HPLC) and more recently, LC-
MS methods have been employed for testing various compounds. The selection of
a specific technique depends heavily on the nature of the compound under

investigation and the type of data required.

1.8.1 Chromatographic Techniques

Liquid chromatography coupled with UV-Visible (UV-Vis) spectroscopy is widely
employed for investigating skin permeation. HPLC stands out as a valuable method,
delivering fast quantitative results with relative ease and inexpensively. Its
application in skin permeation studies facilitates the determination of absolute
concentrations in receptor fluids. However, since the analyte is required to be
within solution, extraction or full recovery is required for samples like tape strips.
The extraction of analytes presents drawbacks involving additional steps,
contamination and the loss of spatial resolution of the analyte within the skin

layers4®,

In order to obtain the necessary sensitivity, and precise determination of analytes,

a strong chromophore is essential. This is a region within the molecule that absorbs
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light strongly in the UV-vis region, allowing accurate detection/identification using
a UV detector. Alternatively, molecules may need isotopic labelling or fluorescent
tagging. It is also important to note the addition of a fluorescent tag may modify
the physiochemical properties of the test compound and have a direct effect on

permeation characteristics*®.

The UV detection system can also be replaced with a mass spectrometer (MS) to
provide quantitative results however in contrast to HPLC, LC-MS isolates analytes
by physical separation of the target compound in combination of their mass-based
detection. In addition, the structural determination of a molecule can be deduced

using the combination of fragmentation patterns and molecular ions (m/z).

Extensive skin permeation research in pharmaceutics®%'81182 cosmetics'® 184 anti-
microbials®18 and agrochemicals'*®18” has been conducted using HPLC as the
analytical technique. Nielsen et al*® effectively examined the impact of molecular
weight and solubility of the percutaneous permeation of five pesticides using a
combination of Franz cells and HPLC. However, limitations were observed in the
HPLC method when attempting depth profiling, and spatial distributions were

unattainable due to the constraints of the extraction procedure employed.

1.8.2 Spectrophotometry Imaging Techniques

In contrast to chromatographic methods, imaging techniques have the potential to
offer crucial insights into the spatial distribution of compounds, such as
agrochemicals, within the different layers of the skin. These methods can provide
valuable information about the mechanisms of penetration and distribution within
the tissues.
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Two-photon microscopy (illustrated schematically in Figure 1.6) is a relatively
‘voung’ fluorescence imaging technique in skin permeation research, operating via
the two-photon absorption concept. In this model, two photons are used to excite
electrons from a ground state to an excited state'8®, This technique has been
employed over the years for various types of research including imaging the
stratum corneum pH gradient and investigating the permeation characteristics and
impact of xylitol on lipid dynamics within the skin®1%°, Two-photon microscopy is
a valuable technique since it is non-destructive as skin samples can be studied
without cryofixation and cutting. Additionally, the possibility of photo-bleaching
and photo-damage is decreased, since the two-photon excitation occurs at small
focal volumes on the fluorophores'#®, However, this technique is limited to
molecules with a strong fluorophore otherwise, fluorescent tagging may be
required. Tagging with fluorescent dyes can change the physicochemical properties
of compounds and affect permeation characteristics. Regarding agrochemicals, the
compounds generally do not exhibit strong fluorescence therefore, detection
within skin compounds may be hindered. DiScenza et a/.'*! addressed this
challenge in their study by employing cyclodextrin tags. However, it is important to
note that this approach may impact skin permeation characteristics. Consequently,
the use of alternative analytical techniques might be necessary to ensure accurate

assessments.
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Figure 1.6: Diagram of two-photon microscopy for imaging skin samples. OBJ, Objective
lens; SPF, single band pass filter; DBS, dichroic beam splitter; BPF, band pass filter; PMT,
photomultiplier tube. (Taken from Ahn et al*%?).

Raman scattering microscopy is a label-free imaging tool with the ability to provide
three-dimensional images of biological samples with high resolution, fast
acquisition rates and in a non-destructive manner. Although this analytical method
has not been employed for the study of agrochemical skin penetration, it has been
utilised to visualise the penetration of drug molecules?®® and cosmetics'4. A study
conducted by Saar et a/**> was able to directly visualise the distinct penetration
pathways of ketoprofen and ibuprofen with the deduction of differences in the
kinetic behaviours between the two routes. Moreover, Tippavajhala®® was able to
characterise the percutaneous penetration of sunscreens in the stratum corneum,
up to 10 um in depth and conveyed the distribution characteristics of the
compound in real time. Raman spectroscopy is an advantageous technique due to
its non-destructive characteristics however, since Raman signal is generally weak it
can be masked by fluorescence emitted by biological tissue. Therefore, it is vital the

molecule of interest is of enough concentration to allow accurate visualisation®’.
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1.9 Mass Spectrometry Imaging Techniques

Mass spectrometry imaging (MSI) techniques have been used extensively for the
evaluation of skin permeation of various compounds including drugs'’1981% and
cosmetics?%126, These techniques offer significant advantages over
chromatographic and spectroscopic methods. Enabling the visualization of spatial
distribution of molecules by scanning molecular masses without requiring
fluorescent labelling. This allows for the mapping of molecules within different

layers of the skin with high selectivity and specificity.

1.9.1 Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)
Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) stands out as a highly
sensitive (detection threshold below 0.1 um) and provides exceptional spatial
resolution (less than 1 um). This vacuum-based surface analytical technique has

been effectively employed for the analysis of diverse biological compounds!?’.

ToF-SIMS employs a pulsed primary ion beam typically Cs or Ga, bombarding the
surface of a sample inducing a fragmentation cascade. This collision cascade results
in the production of ‘sputtered material’ which are neutral ions that are desorbed
and not analysed'?’. Whereas the ionised species are accelerated via a flight tube
to the detector portrayed in Figure 1.7. The mass of the ionised species is
determined by measuring the time at which they reach the detector. The ToF-SIMS
apparatus can map the ions in 2D and 3D, if the incident beam is focussed across

the entire surface of the sample a chemical (ion) map can be obtained?,

a b
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Figure 1.7: Schematic representation of the ToF-SIMS (a) apparatus and generation of
secondary ions (b) (Taken from Mazel et al and Aoki et al?+2%2),

1.9.1.1 Applications of the ToF-SIMS

The utilisation of ToF-SIMS on skin samples aims to visualise the spatial distribution
of both exogenous and endogenous skin compounds with high spatial resolution
and chemical specificity. An early attempt to map an active substance in skin was
undertaken by Judd et al?%3, focusing on the distribution of chlorohexidine within
the skin. The approach demonstrated the delivery of chlorhexidine into the upper
layers of the stratum corneum with very limited to no permeation into the
underlying epidermis. However, the investigation focussed on a small fragment
(C7H4NCIY) of the compound rather than the molecular ion due to sensitivity issues
inherent to the ToF-SIMS and the increased fragmentation caused by the liquid
metal ion gun (LMIG). The inability to detect the molecular ion within the skin
represents a significant limitation, as this can significantly reduce the sensitivity of

the analysis and, consequently, offer restricted insight into permeation behaviour.

ToF-SIMS has also been applied to evaluate the chemical structure of skin?04205, A

notable publication from Starr et a/?°® delved into the metabolomics of the stratum
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corneum, exploring the lipid composition and age-related changes to the
architecture. Key components of the stratum corneum were identified including the
relatively abundant fatty acids, lignoceric acid (C24:0) and hexacosanoic acid
(C26:0). Starr et al were able to confirm the increase in intensity of these
compounds in post-menopausal women suggesting, an increase in overall fatty
content with intrinsic aging. Additionally, the authors were able to reveal the
chemical maps of the major epidermal component, cholesterol sulfate. The
secondary ion maps revealed the non-uniform distribution of the compound
showcasing, the non-homogenous increases with photoaging. The significant
limitation of the study was the extensive fragmentation caused by the Biz* LMIG,
leading to the generation of smaller fragmented ions that were challenging to
unequivocally identify. The Bis*ion beam lacked the sufficient mass resolving power
(ability to differentiate between to adjacent peaks) to distinguish between the

many structurally similar stratum corneum lipids.

In terms of the agrochemical field, ToF-SIMS is a relatively unexplored technique

207 syccessfully profiled a number

however recent research conducted by Converso
of biocidal active ingredients (44 compounds) including herbicides, insecticides and
fungicides. Only 15 out of the 44 compounds could be identified as molecular ions,
while the remaining compounds were observable as solely fragments, posing a
significant challenge for confident assignment. In addition, many compounds
produced negligible signal at the concentration (1000 to 0.1 pg nL™?) they were

tested. Once again, the Biz* LMIG induced excessive fragmentation leading to

heightened sensitivity and resolution issues.
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Moreover, Cliff et al?°® attempted to detect chlorinated pesticides, lindane on the
surface of fungi. Although, there has been various research conducted for the
direct analysis of agrochemicals and evaluation of pesticide penetration into leaf

cuticles?%?

using ToF-SIMS, there is insufficient data for skin permeation. Thus, this
technique could be utilised for evaluating the permeation characteristics and

spatial distribution of agrochemicals within skin.

As displayed by Figure 1.8, it is evident ToF-SIMS has been applied to evaluate the
percutaneous penetration of various topical formulations. A notable study from Al-
Mayahy et al*’ studied the penetration of imiquimod, highlighting the skin depth
and lateral distribution of the compound within the layers of skin. Figure 1.8(a)
depicts ToF-SIMS analysis of tape strips of imiquimod treated skin, as witnessed the
authors were able to distinguish the localisation of the drug within the stratum
corneum and observe lateral permeation. In terms of agrochemical skin
permeation, there have been no notable publications investigating the skin and
lateral depth distributions of formulations however, the utilisation of ToF-SIMS can

aid in defining the mechanisms of skin penetration.

Sjovall et al®® examined the distribution of skin lipids and the effect of topically
applied compounds on their physicochemical properties. As portrayed by Figure
1.8(b) the authors successfully imaged a variety of molecular species from the
stratum corneum to the dermis. The authors highlighted the distribution of
ceramides and fatty acids within the stratum corneum and cholesterol sulfate in the
epidermis. Furthermore, the authors were able to provide details on the effects of

topically applied carvacrol to the endogenous compounds in skin. The ability to
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assess the spatial distribution of compounds within skin in addition to the effects of
the permeation of compounds on the exogenous species within skin is beneficial to

understand the toxicities and mechanisms of delivery of pesticide formulations.

Other publications (presented in Figure 1.8 (c)(d)) have also successfully obtained
3D skin permeation profiles of compounds within the skin layers including,

210 and pseudo-ceramides'®. As Holmes et a/?*° has demonstrated

chlorohexidine
the ability to evaluate permeation enhancers is highly advantageous for the

assessment of the uptake of agrochemicals since, the effects of co-formulants

including solvents and emulsifiers on active ingredients can be reviewed.

Although the ToF-SIMS proves to be a viable tool for the in situ, label-free imaging
with relatively high sensitivity and exceptional resolution, the approach possesses
significant drawbacks. The employment of liquid metal ion guns induces excessive
fragmentation leading to the non-detection of molecular ions and large
biomolecules. Furthermore, the small high energy ion beams are adept at
deciphering the lateral distribution of in situ key compounds but less suitable for
depth profiling. The high energy ion beams are susceptible to channelling effects,
causing significant sub-surface damage. The insufficient mass resolving power
(>12000) of the technique poses a challenge, making it difficult to distinguish

between similar ions.
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Figure 1.8: ToF-SIMS imaging data highlighting the distribution of various compounds within
skin. (a) ToF-SIMS images illustrating the distribution of imiquimod in human skin. (b)
Negative ion ToF-SIMS data of the dermis showing the distribution of lipids within the skin
layers. (c) Secondary ion images of chlorohexidine and PAMAM dendrimers within porcine
skin. (d) ToF-SIMS analyses of ceramides from cross sections of the epidermis. Adapted

from: 17,60,19,210
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1.9.2 OrbiSIMS

The OrbiSIMS technique® is the next development in the area of secondary ion
mass spectrometry (SIMS), based on the ToF-SIMS platform however, hybridised
with an Orbitrap™ mass analyser. This detection system operates by employing
electrodynamic confinement to capture ions, subsequently inducing their
oscillation around a central electrode. The frequency of these oscillations
correlates directly with the mass-to-charge ratio of the ions. Utilising Fourier-
transform techniques, the resultant frequencies are converted into mass spectra.
This label free mass spectrometry imaging technique combines the high spatial
resolution of SIMS with the high mass resolving power of an Orbitrap™, allowing
the visualisation of exogenous and endogenous compounds at a subcellular

resolution.

As depicted by the schematic presented in Figure 1.9, the OrbiSIMS is based on the
ToF-SIMS platform which is hybridised with an Orbitrap™ mass analyser. The
hybridisation offers higher mass accuracy (1 - 2 ppm), high sensitivity (10° for ratio
of total ion counts to noise) and high mass resolving power (up to 480,000 at m/z
200)3°. A primary ion beam consisting of gas clusters (GCIB) is used to remove
monolayers of cells with precision in the Z-direction. Moreover, the ion source can
also be equipped with bismuth metal liquid ion gun giving the ability to achieve
resolutions as low as 200 nm. An electrostatic deflector placed at 90° allows
switching between time of flight and Orbitrap mass analyser?!!. The time of flight
mass analyser allows for fast scans at relatively low mass resolving power.
Conversly, the Orbitrap™ analyser allows for high resolution scans albeit at lower

acquisition rates.
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Figure 1.9: Schematic diagram of the OrbiSIMS spectrometer (Taken from Aoki et al??).

1.9.3 Applications of OrbiSIMS

Passarelli et al’° demonstrated the advantages and adaptability of OrbiSIMS by
visualising and mapping the subcellular localisation of sulfoglycosphingolipids and
glycerophospholipids in mice hippocampus with a spatial resolution of under 2 um.
Moreover, by single cell metabolomic profiling of mice macrophage cells shown in
Figure 1.9.1, the visualisation of the upregulation of amiodarone was possible with
great confidence. The high spatial resolution is advantageous for the analysis of
pesticide formulations as this can help in the differentiation between the

chemically similar constituents of the formulations.
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Figure 1.9.1: OrbiSIMS images of rat alveolar macrophage cell at 400 nm depth incubated
with amiodarone (Taken from Passarelli et al*?).

Aoyagi et al*'? employed OrbiSIMS to study the compartmentalisation and
distribution of endosymbionts including biomolecular interactions within C.
variabilis. Using conventional methods, studying molecular composition within C.
variabilis was difficult due to the fragile nature of the membrane however, the
utilisation of OrbiSIMS allowed the analysis without any damage to the sample. As
depicted by Figure 1.9.2, sputtering with an argon gas cluster ion beam, Aoyagi was
able to deduce the identity and distribution within the perialgal vacuole of C.

variabilis without damaging the sample.
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Figure 1.9.2: OrbiSIMS images of the perialgal vacuole of C. variabilis containing various
metabolites including: chlorophyll (green), phosphocholine (red) and peptide markers
(grey). (Taken from Aoyagi et al 21?).

100 pm
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A study presented by Zhang et al?** employed OrbiSIMS to visualise the spatial
distribution of signalling molecules, nucleobases and bacterial membrane
molecules in P. aeruginosa biofilm. As depicted in Figure 1.9.3, 97 different
compounds were identified including lipids and nucleobases with high spatial-
resolution and high mass-resolution. By using cryo-OrbiSIMS the problem of water
condensation on the sample surface was averted allowing better resolution and
specificity. The cryo-OrbiSIMS technique would be advantageous in pesticide
analysis featuring higher spatial and mass resolution. Additionally, this technique
prevents the chemical redistribution of lipids and other artifacts, while reducing the
risk of cell membrane rupture and tissue damage through the formulation of water

crystals, ultimately enhancing the precision of analyses.
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Figure 1.9.3: OrbiSIMS images of P. aeruginosa biofilm deducing the spatial distribution of
adenine, PE lipids and 2-nonyl-4-hydroxyquinoline (NHQ). (Taken from Zhang et al?3).
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The utilisation of large GCIBs opens up the opportunity for conducting depth
profiling of samples, offering insights into the in situ depth distributions of
compounds within the sample. Kotowska et al**4facilitated the in situ imaging and
depth profiling of peptides in human skin samples, showing the depth distributions
of keratin, collagen and corneodesmosin (Figure 1.9.3). The ToF-SIMS Bis* approach
was flawed, yielding single amino acid secondary ions while the Arspee* ion beam
generated larger peptide fragments. The application of the GCIB minimised the
sub-surface damage to the sample, enabling the detection of the localisation of
these peptides in the various layers of the skin. It was revealed corneodesmosin,
keratin and collagen were situated in the stratum corneum, epidermis and dermis,

respectively.

OrbiSIMS can prove to be a vital tool, with the ability to not only provide
information about the spatial distribution of molecules inside the skin layers but
also deduce the mechanisms of penetration. ToF-SIMS shows great promise for the
assessment of the in situ and label-free skin permeation of compounds however
falls shorts with inherent issues highlighted in previous studies?°® 297. 6% jncluding,
excessive fragmentation by the Bis* ion beam, insufficient mass resolving power

and difficulties to depth profile due to sub-surface damage.

The OrbiSIMS hold the potential to address the limitations of the ToF-SIMS,
boasting a higher mass-resolving power of >240,000 at m/z 200 and mass accuracy
of <1 ppm. Prior investigations?? 21> 214 highlight, this approach overcomes
numerous drawbacks associated with alternative methods including, the necessity

for solvent-based extraction procedures required for HPLC/LC-MS approaches, the

66 | Page



elimination of isotopic labelling necessary for spectrophotometry and the excessive

fragmentation and mass resolving power associated with ToF-SIMS.

The OrbiSIMS, as a relatively recent analytical method, has not been employed
extensively for generating permeation profiles of compounds. The dermal
absorption of agrochemicals is a relatively unexplored domain, and the utilisation
of OrbiSIMS to deduce the spatial distribution of pesticides represents uncharted

territory.

The employment of the OrbiSIMS has the potential to build on our existing
understanding of the chemical architecture of skin and leaves. With the utilisation
of the Arsooo*, larger biomolecules can be preserved, and the enhanced mass
resolving power may facilitate the differentiation of compounds with similar
structure. Similarly, the OrbiSIMS holds promise in providing crucial insights into
the dermal absorption of agrochemical formulations, thereby contributing to
improved pesticide development with minimised exposure risks to agricultural

workers.
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Chapter 2. Elucidating the molecular landscape of

the stratum corneum

Disclaimer: The contents of this work reflect a collaborative effort involving multiple
contributors. Each contributor has played a distinct role in the conception,
execution, and refinement of the presented work. My contributions are
demonstrated in the native skin analysis and molecular assignment for the key
endogenous species. Additionally, my involvement extends to the dermal peptide

delivery including Franz cell and OrbiSIMS analysis.

2.1 Abstract

Characterization of the molecular structure of skin, especially the barrier layer, the
stratum corneum, is a key research priority to generate understanding to improve
diagnostics, aid pharmaceutical delivery and prevent environmental damage. Our
study uses the recently developed 3D OrbiSIMS technigque to conduct in situ
analysis of ex vivo human skin tissue and reveals the molecular chemistry of skin in
unprecedented detail, as a result of the step change in high mass resolving power
compared to previous studies. This characterization exposes the non-homogeneity
of the stratum corneum, both laterally and as a function of depth. Chemical
variations relating to fundamental biological processes, such as the epidermal
cholesterol sulfate cycle, are visualized using in situ analysis for the first time. We
are able to resolve the debate around the chemical gradients present within the
epidermis, for example, whether palmitic acid is of sebaceous origin or a true

component of the stratum corneum. Through in situ depth analysis of cryogenically
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preserved samples, we are able to propose that it is actually a component of both
surface sebum and the intrinsic lipid matrix. This approach also confirms a high
degree of similarity between the epidermis compounds found in human and
porcine skin as a function of depth. Since porcine skin is a widely used model for
testing within the pharmaceutical sector, this result has significant clinical
relevance. In addition to endogenous species, we have also used this technique to
demonstrate the permeation of a commercially important anti-aging peptide into
human stratum corneum. Due to its chemical similarity to native skin components
and exceptionally low effective concentration, this information was previously

unattainable.

Significance Statement

Skin is recognized as an intricate assembly of molecular components, which
facilitate cell signaling, metabolism and protein synthesis mechanisms in order to
offer protection, regulation and sensation to the body. Our study takes significant
steps to characterize in more detail the complex chemistry of the skin, in particular
generating a better understanding of the uppermost layer, the stratum corneum.
Using a state-of-the-art 3D OrbiSIMS technique we were able to observe the depth
distribution, in situ, for a wide range of molecular species. This unprecedented
molecular characterization of skin provides understanding that has the potential to
benefit research into fundamental processes, such as those associated with skin
aging and disease, and the development and delivery of effective topical

formulations.
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2.2 Introduction

The skin is described using its three distinct layers, the hypodermis, dermis and
epidermis. The outermost layer, the epidermis, is chemically complex and contains
five sub-layers, defined by the differentiation stage of keratinocyte cells. The
uppermost sub-layer, the stratum corneum (SC), is the body’s primary defense
against the environment, despite an average thickness of only 20 cell-layers?!®. This
protective role includes the regulation of water and heat loss, resistance against
mechanical stress, the prevention of xenobiotic permeation and protection against
UV exposure. Once thought to act as a physical barrier of ‘dead’ corneocyte cells, it
is now recognized that the surrounding lipid matrix acts as a sophisticated
‘biosensor’, regulating metabolic activity in response to external stimuli*>43®, This
lipid matrix is unique among biological membranes, both in terms of composition
and organization, and it is known that these lipids act as bioactive compounds in
numerous cellular processes. However, the mechanisms behind these regulatory
processes and the involvement of individual lipid species are still not fully
understood®. Improving the molecular characterization of the SC is therefore at the
forefront of current skin research, to provide the basis to enable better diagnostics,
improve pharmaceutical delivery and enable strategies to reduce environmental

damage.

It is widely acknowledged that the main lipid classes present in the SC matrix are
ceramides, free fatty acids and cholesterol, cholesterol sulfate and cholesterol

esters?®, Unlike the underlying epidermal layers, the SC contains almost no
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phospholipids, as their depletion accompanies the differentiation of the
keratinocyte cells, known as cornification, which creates the skin’s physical barrier.
Although the main components are known, the exact composition of this lipid
matrix is continually being updated through ongoing research. To date, 17
subclasses of ceramide have been recognized in human SC?'’, with Laffet et al.
recently demonstrating the identification of 1000 different ceramide molecules
from human and porcine SC>2. Free fatty acids exist as both saturated and
unsaturated compounds, with 30 different species currently detected with chain
lengths ranging from 14 to 34 carbon atoms. Of these, lignoceric and hexacosanoic
acid (C24:0 and C26:0) have been demonstrated to be the most abundant®3°2, In
addition to this complex mixture, the SC is also populated with compounds relating
to both surface sebum and a mix of hygroscopic species termed natural
moisturizing factor (NMF). These compounds play a key role in the hydration of the
skin?185>, Sebum, secreted onto the surface through sebaceous glands, is known to
contain triglycerides, wax esters, free fatty acids and squalene, with smaller
quantities of cholesterol and cholesterol esters also present?'%22°, Enzymatic
degradation of the binding protein filaggrin results in SC localization of free amino
acids, notably histidine, glutamine, arginine, and their derivatives, urocanic acid,
pyroglutamic acid or 2-pyrrolidone-5-carboxylic acid (PCA) and urea/ornithine

respectively>>221,

Given the complex nature of the SC it is unsurprising that imbalances within this
chemical matrix have been associated with numerous biological changes, including

aging?06222.223 YV damage?°6:222.224225 gnd multiple skin disorders**226:51,227 (3 20-
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23). Different analytical techniques have been employed to investigate the SC,
most notably chromatographic mass spectrometry>?2%, However, although this
technique enables accurate identification and quantification of biological
molecules, it relies on the physical separation of individual skin layers, followed by
successful extraction of the compounds of interest. This is not only time
consuming, but much information regarding the distribution of key species within
the SC, both laterally and as a function a depth, is lost. This means that, for most
analytical studies, the chemical composition of the SC is assumed to be
homogenous. The use of tape stripping as a sampling method, removing individual
corneocyte layers for analysis, can be used to circumvent this issue. Yet, this
method of sampling can be subject to large variabilities and requires the strict
control of multiple parameters!#3, Limited instrument sensitivity can also dictate

that strips need to be pooled for analysis, causing a loss of depth resolution.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) offers an advantage
over other techniques as it can provide in situ analysis with minimal sample
preparation, whilst still offering high chemical sensitivity and specificity. Another
unique feature of this technique is its ability to probe compound distribution both
laterally and as a function of sample depth, through either surface or depth profile
analysis modes down to a microscopic scale for molecular characterization. It is
therefore becomingly increasingly popular for skin tissue analysis, with numerous

groups demonstrating the effectiveness of this technique to analyze both native
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and exogenously altered skin samples, including analysis of tape stripped SC, cross

sections and ex vivo full thickness skin206.20,229,60,230,17,231,203

A small number of analytical studies, using various instrumentation, have
demonstrated a change in lipid composition with epidermal depth?206:229,232,233,234,
(15, 27, 33-35), suggesting that the assumption that the lipid matrix is
homogeneous is an oversimplification. However, all of these suffer from limited
depth resolution or lipid specificity. The most comprehensive analysis carried out
using ToF-SIMS was by Sjévall et al. in 2018, imaging a cross sectioned skin
sample to reveal the 2D spatial distribution of a variety of molecular species and
highlight their localization within the main skin layers. However, due to limitations
with the time of flight SIMS instrumentation, the presence of subtle chemical

gradients, in particular within individual skin layers, remains unexplored.

In order to address the lack of insight into the 3D molecular landscape of the SC, we
have exploited the improved capabilities of the recently developed 3D OrbiSIMS
profiling technique using a Hybrid SIMS instrument (IONTOF GmbH)3°. This
instrument combines traditional ToF-SIMS with Orbitrap™ mass spectrometry and
as a result can offer significant analytical advancements for biological analysis
compared to previous ToF-SIMS instruments. The exceptional mass resolution
(>240,000) and mass accuracy (< 1 ppm) enables unique biological molecule
identification of large diagnostic molecular fragments, generated by a low-energy
argon gas cluster primary ion beam. In addition, the ability to conduct this analysis

on samples maintained in a cryogenic state is hugely important, to preserve the
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native state and improve the detection of biomolecules?3>213, The in situ analysis
employed in SIMS, combined with gas cluster etching to generate depth profile
analysis, is ideally suited to 3D characterization of skin and has allowed us to
delineate the chemical composition of human SC, revealing previously unreported

trends in the chemistry of this important sensory skin barrier.

2.3 Materials and Methods

2.3.1 Skin Acquisition

In our study ex vivo porcine skin refers to full thickness skin taken from the
posterior ear tissue of 6 month old pigs (full method in Sl) and ex vivo human skin
refers to full thickness skin tissue that was purchased from Tissue Solutions
(www.tissue-solutions.com). Skin tissue was obtained from three different
Caucasian female donors, between 35 - 70 years old, all non-smokers, removed
during cosmetic surgery. The specific details of each donor can be found in the
supplementary information (Table S9). The tissue was frozen immediately post-
surgery, shipped and stored at — 20 °C prior to use. It is to be noted, the human skin
was obtained with all ethical considerations and the approval of the Human Tissue
Authority.

Skin samples were also collected ex vivo from the flexor forearms of one healthy
volunteer, who participated after providing consent and confirming they were free
from skin conditions and medication. In order to remove individual layers of the SC,
tape stripping experiments were performed using D-Squame skin sampling discs

(CuDerm, Dallas, TX, U.S.A.). The circular discs had a diameter of 22 mm and used a
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fully cured medical grade synthetic polyacrylate ester adhesive. The disc was
applied to the skin, a constant pressure was applied using a pressure disc applicator
(CuDerm), and the disc was removed in one fluent motion. Consecutive tape strips
were taken to remove individual corneocyte layers, with strip 1 specified as the

uppermost layer of the SC. Samples were stored at —20 °C prior to analysis.

2.3.2 3D OrbiSIMS Single Beam Depth Profile Analysis of ex vivo Skin

For the analysis of frozen hydrated skin samples, the skin samples were first
introduced into the airlock on the cryo stage of the instrument. This was flooded
with Argon gas and the cooling process initiated. Once the stage had reached - 80
°C, the vacuum pump was initiated, which accelerated the cooling process and
brought the stage, and consequently skin, temperature down to -170 °C. During
both the vacuum transfer and the analysis, the sample was maintained at this
temperature using a novel closed-loop liquid nitrogen pumping system (IONTOF
GmbH), which allowed stable cryo operation for more than 24 h, with a single
dewar filling. The depth profiling settings were as follows: An Arzgoo* analysis beam
with an energy of 20 keV and diameter of 20 um was used as the primary ion beam.
The duty cycle of the beam was set to 4.4 % and the GCIB current was 250 pA. The
depth profile was run on an area of 200 x 200 um using a sawtooth raster mode
with crater size 280 x 280 um. The cycle time was set to 200 us. Optimal target
potential varied for different samples, averaging at approximately +/- 384.5 V.
Depth profiles were collected in both positive and negative polarity, in the mass
range 75— 1125 m/z and the injection time was set to 500 ms. Mass-resolving

power was set to 240,000 at 200 m/z.
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All data analysis was carried out using Surface Lab 7.1 (IONTOF GmbH). Using the
software, some depth profiles have been compressed using a running average
method (100 data points), where the individual data points represent the
secondary ion intensities for a selected mass peak at subsequent depths of the

sample. Where this has been done it has been confirmed in the figure caption.

2.3.3 3D OrbiSIMS Analysis of Individual Corneocyte Layers Permeation
analysis.

For permeation analysis, consecutive tape strips from healthy volunteers were
used. 3D OrbiSIMS analysis was performed on a hybrid instrument (IONTOF GmbH)
instrument. For the acquisition of 3D OrbiSIMS permeation analysis, a 20 KeV
Arsooo" analysis beam with a diameter of 20 um was used as primary ion source.
Samples were analyzed at room temperature across a 400 x 400 um area in
positive polarity with sawtooth raster mode and a crater size of 486 x 486 um.
Arsoo0* primary ions were used with a target current of 230 pA with charge
compensation performed using a low energy (20 eV) electron flood gun. Duty cycle
was set to 4.4 % and cycle time to 200 ps. Argon gas flooding was in operation to
aid with charge compensation, which led to a pressure of 9.0 x 10-7 bar in the main
chamber. Optimal target potential was at approximately +130 V at average. Mass
spectra were recorded at a resolution of 240 000 at m/z 200 in the mass range of
75—1125 m/z. The AGC target was off with the maximum injection time set at 500
ms. 30 scans were conducted for each tape strip as well as 3 areas per tape strip as
technical replicates. Both data acquisition and the subsequent data processing

were performed using Surfacelab 7 software (IONTOF GmbH). Orbitrap™ data was
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acquired using a Thermo Fisher Orbitrap HF mass spectrometer. Assignments were

determined by accurate mass within 3 ppm error of the calculated mass.

High Resolution Imaging. The images were acquired using a 20 keV Ari700* cluster
ion beam with a primary ion current of 9 pA. The beam size was around 2 um in
diameter, but the final pixel size was set to 4 um to reduce image acquisition time.
The primary ion dose was distributed equally across each pixel area by rastering the
beam in a 10 x 10 pixel micro raster. Four imaging scans were acquired from a field
of view area of 500 x 500 um? leading to a total primary ion dose density of 3.53x
10'* ions/cm?. Charge compensation was performed by flooding the sample using
20 eV electrons. The mass resolution was set to 240,000 (at m/z 200) and a fixed

injection time of 500 ms was used.

2.3.4 SIMS-MFP software

To help perform a more comprehensive search on classes of compounds present in
the data, SIMS-MFP software was used. This software is optimized for SIMS data
and is based on molecular formula matching, first described by Kind et al.?%¢. This
was used to perform molecular formula prediction over the negative ion depth
profile 3D OrbiSIMS dataset acquired from frozen hydrated human skin. After
performing a peak search using the SurfacelLab software (IONTOF, GmbH)
(minimum count = 70,000) we created a dataset containing 11,000 discrete ion
signals. We searched for compounds containing C,H,O> (fatty acids), ChHnO¢"
(triglycerides), ChHnOnN1 (ceramides), ChnHnOnS1™ (sulfates), C<eH<20N<4O<3™ (amino

acids) and C,Hn,OnN,P1 (phospholipids) where n = any integer value and
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assignments were made from the output data tables. All assignments were made
with < 2 ppm mass deviation. The assignments were then verified by comparing

against the LIPID MAPS® Structure??’ and/or previous literature.

2.4 Results and Discussion

2.4.1 Identifying the importance of cryogenic sample fixation for skin analysis.

Ex vivo full thickness human skin tissue samples were primarily used for this study
and a single gas cluster ion beam was employed to both sputter through the skin
and generate secondary ions, which were analyzed using an Orbitrap™ analyzer to
generate a depth profile (Figure 2.1a). As part of the initial method development,
ex vivo full thickness porcine skin samples were analyzed in either a dehydrated
state at room temperature (RT) or frozen (-170 °C) to maintain the native hydration
state of the sample (termed “frozen hydrated”). There was a significant intensity
reduction for the majority of ions generated from the dehydrated sample,
especially the higher mass species (Sl Figure. S1a), with some ions absent from the
spectra altogether (examples in Sl Figure. S1b). This is consistent with previous
studies that postulate an ionization enhancement due to the presence of

water?3>213238239 cryo-fixation of samples for SIMS analysis also has the advantage
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of preventing lipid migration and maintaining native structure. The frozen hydrated

sample preparation method is therefore used subsequently.

2.4.2 Elucidating stratum corneurm molecular gradients.

Depth profiling was conducted on frozen hydrated ex vivo human skin samples in
both negative and positive polarity with more than 8,000 ions detected with an
intensity above 1 x 10° in the former and more than 1,000 ions in the latter.
Secondary ion mass spectra consist of both ionized molecular species with very
little modification, such as gain or loss of a proton, or more fragmented ions. An
example negative polarity 3D OrbiSIMS spectrum is shown in Figure 2.1b. In order
to assign structures to the large number of detected ions and delineate the
chemical complexity of this tissue, the recently developed chemical filtering (SIMS-
MFP) method was used?*°, This predicts the molecular formula of species in a 3D
OrbiSIMS data-set based on accurate mass determination of an elemental formula
and categorizes the species based on their double bond equivalents. This enables
targeted searches to be carried out for different compound classes based on
unique functional groups contained within. For the purpose of our study we focus
on the negative polarity data, due to the large number of species present. This data
is taken from one analysis area, yet it was repeatable across the four different
areas analyzed. The following molecular compositions were used to focus the
software search, in order to focus on species known to be present within the SC
and underlying epidermis: ChH,O> (fatty acids, wax esters, cholesterol esters);

CnHnOs (triglycerides); ChHnOnN1 (ceramides, amino acids and derivatives);
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CnHnOnNrP1 (phospholipids); ChHnS10n (sulfate-based lipids). The assignments were

237 and/or

then verified by comparing against the LIPID MAPS® Structure Database
previous literature, allowing us to putatively annotate over 140 molecular species

across 5 different compound classes (Figure 2.1b).
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Figure 2.1. OrbiSIMS depth profile analysis of frozen hydrated ex vivo human skin tissue. (a)
A schematic illustrating the process. (b) An example negative polarity spectrum. The
spectrum presents the total ion intensity for the 250 x 250 pm area summed across the
whole depth profile (total applied ion dose is 2.88 x 10%3). Using the SIMS-MFP software we
were able to putatively assign over 140 different species across 5 compound classes (amino
acids, fatty acids, ceramides, phospholipids and triglycerides). The mass regions for these
classes are highlighted on the spectrum and an example compound is labelled for each
class, detailing the molecular assignment, chemical formula and the observed mass (m/z)
and deviation.
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Examining the depth profiles for these assignments revealed that these different
compound classes exhibited different trends with depth away from the surface of
the skin, with some classes even showing a variation between individual species.
The negative polarity depth profile data for an example ion from each detected
compound class, specifically, triglycerides, ceramides, fatty acids, phospholipids
and amino acids and their derivatives and sulfated compounds is shown in Figure
2.2a. The full list of identified species and their respective depth profiles, separated
by class, can be found in the supplementary information, Tables $2.1-52.5 and
Figures S2.1-S2.6 respectively. The ion intensity, representing the relevant
concentration of a molecule, is plotted as a function of total ion dose, which
equates to the depth below the surface of the skin. Due to the non-homogeneity of
the SC thickness across the 250 x 250 um area analysed, distinct ion intensity
changes are not expected, and gradual molecular gradients are observed in
comparison to a sample with a flat interface. However, our study demonstrates
that different molecular species demonstrate different sloped gradients, which
suggests that these are “real” molecular variations with depth and not artefacts of

a heterogeneous SC layer.
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Figure 2.2. OrbiSIMS negative polarity depth profile data showing the ion intensity variation
as function of ion dose/skin depth for various putatively assigned compounds. The primary
ion beam was Arsgoo’. The ion intensities have been normalized to the total ion count and
the profiles have been compressed using a running average method (using a 100 data point
average). The stratum corneum — epidermal boundary, approximated with a dotted vertical
line, has been determined based on the ion intensity variation of the phospholipid species
(Fig. S2). (a) Example ions from each identified compound class: PL — phospholipids
(Ca1H77NPOg), TG —triglycerides (CssH1010¢7), Cer — ceramides (CasHssNOs), FA1 and FA2 —
fatty acids (C57H470, and CigH3:0,7), AA —amino acids (CsH11N,0,7) and CS — cholesterol
sulfate (C27H45S0y47). The normalized intensity for the phospholipid ion has been multiplied
by a factor of 50. (b) Cholesterol sulfate molecular ion (C,7H4sSOx4). (c) Fatty acids, palmitic
acid (C16H31027) and lignoceric acid (C2aH47077). (d) NMF compounds, the amino acid arginine
(CeH13N40O77) and amino acid derivatives PCA (CsHgNOs) and ornithine (CsH1:N2057). The
normalized intensity for the arginine ion has been multiplied by a factor of 10.
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This heterogeneity, plus the impracticalities of physically measuring the SC depth
for every individual analysis area, resulted in a method to intrinsically monitor the
location within the SC in situ while profiling?°. Specifically, the intensity of a
phospholipid ion was monitored throughout the profile, as phospholipids are at a
minimal level within the SC until the transition into the underlying epidermis. This
intensity increase is clearly observed in all the phospholipid species that we
identified (SI Figure S2.1), enabling the SC — epidermal boundary to be easily
identified as a function of skin depth. In contrast, both triglycerides and ceramides
were shown to be present within the SC, but exhibited different trends to each
other. Triglyceride species showed a high ion intensity at the surface of the skin
which rapidly decreased to a baseline level in the latter part of the SC, which agrees
with their known skin sebum origins. However, the depth profiles (Sl Figure $2.3)
highlight that these species are also present, to a much lesser extent, in the upper
part of the epidermis. Ceramides on the other hand are solely localised to the SC,
as previously believed, reaching a baseline level once the SC— epidermal boundary
has been passed. Yet the profiles for these species (Sl Figure S2.4) highlight that
this localisation is not uniform across the SC layer, with the ion intensity decreasing
initially from the skin surface before reaching a maximum in the upper-central part
of the SC. These observed molecular gradients exemplify the usefulness of this in
situ depth profiling approach. Although it is currently understood that ceramides
are only found within the SC, demonstrating their localisation to the central portion
has not previously been achievable.

Although cholesterol sulfate is a minor component of the SC lipid matrix in terms of

concentration, it plays an essential key role in desquamation and skin regeneration,
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with increased levels linked to both ageing and skin disorders?°642.241 The ‘epidermal
cholesterol sulfate cycle’ was first hypothesized in 1984 by Epstein et al.?*? and
describes fluctuating levels of this molecule throughout the epidermis, increasing
from the basal layer to reach a peak in the stratum granulosum, before decreasing
once the SC is reached. Quantification of cholesterol sulfate levels in extracted skin
layers has been achieved through chromatographic mass spectrometry*?, but to date
this concentration fluctuation has not been visualized in situ. Recent work by Sjovall
et al. used ToF-SIMS analysis of ex vivo human skin cross sections to illustrate a
decrease in cholesterol sulfate intensity in the SC region compared to the underlying
epidermis®. The depth profile for the cholesterol sulfate molecular ion (C27H45S04)
observed in this study (Figure 2.2b) not only confirms this trend but also offers a
more detailed insight into the distribution gradient of this molecule within individual
layers. It is apparent that cholesterol sulfate steadily increases throughout the SC but
then reaches a maximum concentration in the upper portion of the underlying
epidermis, which based on its location is assumed to correlate to the stratum
granulosum, before then starting to decline. This agrees with the proposed relative
levels of cholesterol sulfate and the mechanisms behind the epidermal cholesterol
sulfate cycle, which has previously only been shown through a layer vs. layer
comparison. This trend is shown repeatedly for the three different human donor
samples analyzed (Si Figure S2.7). The use of the in situ 3D OrbiSIMS profiling method
has enabled the subtlety of this continuous cholesterol sulfate gradient to be

observed as a function of skin depth.
Free fatty acids are a major lipid class within the SC. Not only is the 3D OrbiSIMS
method able to uniquely identify individual fatty acid species with mass deviations
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< 0.9 ppm, it also revealed differing depth distributions within the skin for
individual species within this class (Sl Figure $2.5). The intensity profiles for two
example fatty acids, palmitic and lignoceric acid, are shown in Figure 2.2c. Palmitic
acid (C16:0) exhibits an initial rapid decrease in molecular ion (C16H3107") intensity,
reaching a baseline level in the upper part of the SC. However, towards the deeper
part of the SC the intensity for this molecule starts to increase again, achieving a
local maximum intensity as the underlying epidermis is reached. This fatty acid has
previously been shown to be present within the SC, but there is debate over
whether it is sebum-related or originates from the intrinsic lipid matrix®2. The
results seen here suggest that palmitic acid comes from both sources. It appears to
be present on the very surface of the skin before its rapid decrease in intensity,
behavior which would be expected from sebum components, but is also present to
a lesser extent within the lipid matrix of the lower part of the SC. In contrast to
palmitic acid, the molecular ion (C24H47077) intensity of lignoceric acid (C24:0)
experiences an initial increase once the surface of the skin has been passed. This is
followed by a gradual decline in intensity, reaching a baseline level upon entering
the underlying epidermis. This trend is consistent with previous studies highlighting
its localization solely within the SC layer, as one of the most abundant fatty acids
present in the lipid matrix>>°1, However, the profiling method used here suggests
that, although localized to the SC, lignoceric acid is not uniform across this layer. It
is almost devoid at the skin surface and then present to a greater extent within the
upper layers compared to the lower layers (Figure 2.2c). These trends are
reproduced in the three human donor samples analyzed with a reduced relative

intensity of lignoceric acid observed in donor 2 (SI Figure $2.7b). It is known that
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fatty acids are present within the SC as free species, but also as components of
larger species, such as ceramides. Without more comprehensive analysis we cannot
say conclusively that the ions we are observing originate from the free form of this
species. However, as the fatty acids present a different depth profile trend
compared to the larger lipid species, it suggests that they are likely to be free fatty

acid molecules rather than fragment ions.

In addition to the major lipid components, the SC also contains natural moisturizing
factor (NMF), a mix of hygroscopic molecules including amino acids and their
derivatives, some of which we were able to identify and show their SC localization
(SI Table $2.5 and SI Figure S2.6). These compounds are a product of the enzymatic
breakdown of filaggrin and although previously demonstrated to be present within
the SC, little information is known about their depth distribution. A recent paper by
Kubo et al.??° focused on the localization of one of these amino acids, arginine,
through ToF-SIMS ion image analysis of cross-sectioned mouse tail. Their findings
suggested that the SC was made up of three distinct layers, with arginine present to
a greater extent in the upper and central portions of the SC. Our study was able to
accurately identify secondary ions relating to not only arginine but also the other
main NMF components. The molecular ion intensity profiles of three of these
compounds, arginine (CeH13N402), its derivative ornithine (CsH11N20>’) and the
most abundant NMF molecule PCA (CsHsNO3)>>?2! are highlighted in Figure 2.2d. It
is apparent that they are all localized within the SC, as expected (shown for the
three donor samples analyzed in Sl Figure S2.7, and all follow the same intensity
trend with depth. Specifically, an absence at the immediate surface, before

reaching a maximum intensity within the upper portion of the SC, followed by a
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constant decrease in intensity as the underlying epidermis is approached. This
result confirms the outcome published by Kubo et al.??°, with greater levels of
these molecules present in the upper and central part of the SC. However, this
profiling method provides the ability to assess the relative quantities of these
molecules as a constantly changing gradient throughout the SC, rather than the
three distinct layers portrayed in the ion images presented by Kubo et al.?%°.

It is important to note that in addition to the epidermal lipids we were also able to
detect and observe trends as a function of skin depth for peptide sequences
characteristic to three key skin proteins, corneodesmosin, keratin and collagen.
Protein analysis of skin using cryo-OrbiSIMS has been previously demonstrated by
Kotowska et al.?*4, but a detailed investigation into these trends is outside the
scope of this current study.

Overall, the 3D OrbiSIMS profiling method, coupled with the SIMS-MFP analytical
approach, has enabled an extensive analysis of the chemical species present within
the upper layers of the skin, revealing previously unexplored gradients with skin
depth for various compound classes. This has been achieved by successfully
combining the chemical specificity usually associated with traditional mass
spectrometry techniques with the localization information produced from in situ
SIMS analysis. Positive polarity data was also assessed and showed a similar series
of trends and behaviors denoting the same species as observed in the negative
data-set within different layers of the skin. As with the negative polarity data within

similar chemical species both similar and dissimilar trends were observed (SI Figure

88| Page



$2.8). A more comprehensive list of ceramides, fatty acids and amino acid

secondary ions observed in the positive data-sets are shown in Table $S2.6-52.8.

The general trends discussed in skin chemistry from human samples were also
observed within porcine skin tissue analyzed with a comparison of the data shown
in SI Figure S2.9. Porcine skin is routinely used as an alternative to human skin for
pharmaceutical and clinical testing, as it has been demonstrated to be similar in
both structure and chemical composition to human skin'*%243, Our data would also
suggest that there is a significant similarity extending to the subtle chemical

gradients we can now identify using the 3D OrbiSIMS method.

2.4.3 Exogenous Species within native tissue.

From the native ex vivo human skin analysis we also detected the exogenous
species, sodium lauryl sulfate (SLS), a popular anionic surfactant used in many
hygiene products. The depth profile for this compound, identified from the [M-Na]
ion (C12H255047) (SI Figure S2.1.1) also highlights a localization to the SC. However, it
is apparent that this molecule did not decrease to zero intensity once the skin
surface has been passed, as was observed with sebum-related native species like
palmitic acid (Figure 2.2c). Instead it shows an initial increase in the upper layers of
the SC, before declining rapidly and then at a lower rate. This suggests that this

exogenous compound, not designed to intentionally penetrate the skin, is not

89 |Page



solely present on the surface but has actually permeated into the SC as a result of

exposure to SLS containing products.

2.4.4 Lateral distribution of stratum corneum compounds.

Although the 3D OrbiSIMS single beam profiling method applied used here can
provide useful insights into the chemistry of the SC as a function of depth, it is not
able to offer information regarding lateral composition. A combination of in vivo
tape stripping sampling method with 3D OrbiSIMS imaging was therefore used to
investigate the lateral distribution of SC compounds within an individual corneocyte
layer. Molecular ion images for four example compounds found in the SC,
specifically cholesterol sulfate, lignoceric acid, 2-pyrrolidone-5-carboxylic acid (PCA)
and the exogenous SLS, are displayed in Figure 2.3, following analysis of a tape strip
sample proposed to represent the middle of the SC layer (tape strip number 7).
These compounds displayed divergent depth distributions and from these ion
images it is clearly apparent that they also present different lateral distributions
within a single SC layer. This further confirms that the SC is not a homogenous
layer, as regularly portrayed, but in fact a complex mixture of compounds that vary
in concentration both within and between layers. Although cholesterol sulfate
(Figure 2.3a), lignoceric acid (Figure 2.3b) and PCA (Figure 2.3c) all display a similar
level of coverage across the imaged area, there are clear areas of localization that
differ between the compounds. We were even able to demonstrate that the lateral
localization varied between different NMF compounds (SI Figure $2.1.2), indicating
that the breakdown of these amino acids into their derivatives is not a uniform

process within a layer. The depth profile for sodium lauryl sulfate (SI Figure S2.9),
90| Page



highlighted the permeation of this molecule into the SC, which is confirmed by a
clear presence of this molecule within this sampled corneocyte layer (Figure 2.3b).
However, it appears that this permeation is not uniform across the SC layer, instead
localizing in small patches of corneocytes within the imaged area. This example
data set confirms that the method can be utilized to study the localization of both
native and exogenous species within a single corneocyte layer, even within
individual corneocyte cells. It should be noted that the primary ion dose applied for
this analysis (even for a single image scan) exceeds the static SIMS regime and as
such the data is not surface specific but actually represents the chemistry from
both the surface and subsurface of these individual corneocytes. The extent of
sample etching resulting from the total of 4 imaging scans acquired is
demonstrated in the pre and post optical images (shown Sl Figure S2.1.2aand b
respectively) where a significant reduction in the visible corneocytes is observed

post analysis within the analytical crater region.
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Figure 2.3. OrbiSIMS high resolution negative polarity ion images, produced from the
analysis of an individual human corneocyte skin layer, collected in vivo using a tape stripping
method. The primary ion beam was Ari700*. The data shown is from tape strip 7, which
represents the middle of the stratum corneum. The ion images illustrate the 2D spatial
distribution for the following molecular ions (a) Cholesterol sulfate (C27H4sS047) (b)
Lignoceric acid (Ca4H47027) (c) Pyrrolidone carboxylic acid (CsHsNOs') (d) Sodium lauryl sulfate
(C12H25S04). All ion images have been normalized to the total ion image and their relative
intensity scales set to 50 % of the maximum.

2.4.5 Peptide delivery through the stratum corneum.
In addition to the endogenous species discussed, we have demonstrated the ability
to detect and identify exogenous molecules present in human skin following topical

application of compounds.
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Palmitoyl Tripeptide-1 (Pal-GHK) is a synthetic palmitoyl oligopeptide that is highly
utilized in the anti-aging cosmetic market?**. Commercial formulations containing
the peptide have been shown to have clear anti-aging benefits?4>245, stimulating
the deposition of fibrillin-1 microfibrils and reducing facial wrinkle clinical grade?*.
Using the 3D OrbiSIMS profiling method, we were able to track the permeation of
this peptide through ex vivo human skin at commercially relevant levels, following
the application of a commercial analogue formulation containing Pal-GHK at
guantities <100 ppm (See Sl for Franz cell method details). The data presented in
Figure 2.4a demonstrates that the Pal-GHK molecular ion [M+H]* decreases in
intensity with increasing skin depth, reaching a baseline level at the SC — epidermal

boundary, hence showing delivery within the SC layer.

We were also able to monitor the permeation of this compound through individual
layers of the SC, through analysis of tape strip samples collected from human
volunteers in vivo, following the application of a commercial analogue formulation
containing Pal-GHK (method details in the SI). This data, presented in Figure 2.3b,
supports the findings from the ex vivo depth profile method, confirming that this
Pal-GHK molecule is present at significant levels above the baseline level
throughout the SC.

Kawashima et al. have recently demonstrated the analysis of a similar collagen
tripeptide in skin using ToF-SIMS?'2. However, despite using a highly concentrated
solution (10% by weight) their results state that the molecular ion peak of the
tripeptide was “scarcely detected” in the second layer of the SC and multivariate

analysis was needed to confirm its presence. Our analysis was conducted following
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application of a complex formulation with the active compound at levels <100 ppm,
so 1000 fold less. Yet despite its low concentration within the skin and its chemical

similarity to native skin components, we were able to clearly identify the molecular
[M+H*] ion (C30Hs5N60s*) and assess its permeation as a function of skin depth from

human in vitro and in vivo delivery.
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Figure 2.4. 3D OrbiSIMS data showing the ion intensity variation as function of skin depth for
various different compounds, highlighting the subtle changes in skin chemistry that can be
detected using this method. The primary ion beam was Arspe*.The ion intensities have been
normalized to the total ion count. (a) Data demonstrating the permeation of an exogenous
compound, the palmitoyl oligopeptide Pal-GHK (C30HssNgOs*), into the stratum corneum
layer of ex vivo human skin tissue. The stratum corneum — epidermal boundary has been
determined, and approximated with a dotted vertical line, based on the ion intensity
variation of the intrinsic phosphocholine molecular ion (CsH1sNO4P*). The profiles have been
compressed using a running average method (100 data points) and the skin depth is
represented by total ion dose. (b) Data showing the normalized intensity for the Pal-GHK
molecular ion (CsoHssNgOs*) as a function of tape strip number, produced from OrbiSIMS
analysis of human tape strips collected in vivo following application of a commercially
relevant formulation. The graph contains data from 15 sequential tape strips collected from
both treated and untreated sites and is represented as the average and standard error of
three different volunteers (n=3).
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2.5 Conclusions

Overall, our study has illustrated that the 3D OrbiSIMS technique, both single beam
depth profiling and 2D high resolution imaging, can provide a detailed molecular
characterization of the stratum corneum, by investigating the intricate distribution
of both native and exogenous species within this tissue. The data presented has
demonstrated the huge potential of this approach to provide molecular
information for skin research, aiding the understanding of both fundamental

biological processes and agricultural/pharmaceutical delivery.
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Chapter 3. OrbiSIMS Profiling for Elucidating the
Surface Chemistry of Wheat Leaves and Assessing

Agrochemical Permeation

3.1 Abstract

The estimated size of the global agrochemicals market in 2022 amounted to USD
227.9 billion with a projected increase to USD 234.27 billion in 2023. At present
there is limited knowledge of both chemical composition of leaves, namely the
cuticle and epidermal layers, as well as the permeation mechanisms of pesticides.
This significantly impacts the understanding of product function and hinders
development. Our study uses the novel approach of OrbiSIMS depth profiling to
elucidate the in situ molecular composition of these outermost layers of interest in
wheat leaves. This investigation enables the precise localisation of endogenous
species inherent in the leaf cuticle, for example, fatty acid species unique to the
cutin and aldehydes associated with epicuticular waxes. Overall, <90 individually
assigned species, across 7 compound classes were identified including their
respective depth distributions. Following the application of a multi-component
fungicide formulation in vivo to wheat leaves and to in vitro porcine skin, it was
possible to identify and localise the active chemical ingredient (cyproconazole) as
well as all other components. A range of concentrations reflecting typical
application rates (<100 ppm) and potential exposure doses were analysed in leaves

and skin and in all cases the relative distribution of all components could be
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localised. We believe this methodology provides new insights into leaf chemistry
and can be used as a highly effective tool to enable agrochemical product

development.

Keywords: Agrochemicals, Wheat Leaves, Cuticle, 3D OrbiSIMS, Pesticides,

Fungicides, Dermal Absorption, Skin, Stratum Corneum

3.2 Introduction

Plant leaves are composed of multiple layers, each serving specific functions in
protecting and maintaining the health of the plant. These are defined as the cuticle,
upper epidermis, palisade mesophyll, spongy mesophyll and lower epidermis®!. The
outermost layer, known as the cuticle, is a hydrophobic polymeric structure that
acts as a primary defence barrier against environmental factors, for example biotics
and xenobiotics’®, regulation of water and heat loss’?, providing a selective filter for

absorption of UV7? and resistance to mechanical stress.

Despite its seemingly simple structure (1 - 15 um thickness), recent research?>24’
has revealed that the cuticle is a complex and dynamic system composed of various
components including lipids, waxes, and cutin polyesters playing critical roles in
plant physiology. Recent studies have highlighted the complex roles of individual
molecular species involved in various metabolic pathways including fatty acid
regulation of epidermal cell division® and cuticular polymeric signalling molecules
involved in cell adhesion’®. The molecular composition and functionality of
individual cuticular compounds have been shown to have significant implications
for the development of agrochemical formulations?’282°, Agrochemicals,

encompassing pesticides and fungicides are extensively employed to safeguard
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crops and enhance agricultural output. Nevertheless, there is a lack of knowledge
regarding their translocation through leaf tissues and the specific patterns of

localization and distribution within the plant.

Numerous studies’®’47> have confirmed the composition of the cuticle, comprising
of two major components firstly, cutin, a polyester of hydroxylated Cis and Cis fatty
acids and glycerol and secondly, the epicuticular waxes consisting of a complex
mixture of aliphatic hydrocarbons, alkanes, alcohols, ketones and
aldehydes’®77.7879 The molecular speciation of the cuticle consists of LC-MS
quantification®”8 resulting in the loss of spatial resolution due to extraction
procedures. It is widely acknowledged that the cuticle matrix is predominately
(<80%) composed of Ci6 and Cys fatty acids at approximately 1000 pg/cm=2 81
however, localisation of these individual species and others is not known. Waxes
are a vital constituent of the leaf cuticle, serving a pivotal role in mitigating water
loss and safeguarding against environmental stressors. Jefree et al.8° demonstrated
the homogenous dispersion of the epicuticular wax throughout the entire depth of
the cuticle with a degree of embedding into the cutin layer, nevertheless, the
precise composition, structure, and biosynthetic pathways governing leaf waxes
have not been elucidated. Currently, there is limited knowledge regarding the exact
distributions of wax constituents, including alkanes, aldehydes, alcohols, and
esters. In addition to cuticular compounds, there are various species that are
localised in the underlying epidermal layers of leaves. Flavonoids are diverse
secondary metabolites in leaves, synthesized via the phenylpropanoid pathway®°.
Kaempferol and vitexin are two of the abundant flavonoids functioning as

antioxidants, protect against oxidative stress, influence plant-microbe interactions,
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and are regulated by environmental and physiological factors. Huang et al.**
successfully quantified the presence of flavonoids within the leaf however, due to
solvent-based extraction procedures spatially resolved data was not acquired. The
resulting absence of the specific distributions of the key components is vital to
understanding biological functions, stress responses and the effects of the

absorption of pesticides.

Additional compounds associated with the deeper palisade and mesophyll layers
encompass nucleic acids, vitamins, sugars and phospholipids, the depth
distributions of which remain largely unexplored. As stated by Kerstiens®?, in situ
analysis without prerequisite extraction would be crucial in understanding surface
specific molecular information. Further research is required to unravel the complex
and dynamic nature of leaf waxes and their contribution to the overall functionality

of the leaf cuticle.

Current methodologies®”2482%° for the characterisation of the plant cuticle
necessitate laborious and time-consuming organic solvent extraction or mechanical
stripping prior to analysis. Extraction procedures have some inherent issues for
example the non-selectivity of the extractants including mesophilic

contamination?®°.

Time of flight secondary ion mass spectrometry (ToFSIMS) is a label free imaging
technique offering the ability to provide in situ analysis with high chemical
specificity and sensitivity. It allows simultaneous molecular speciation in addition
to, tracking key molecular species both laterally and as a function of sample

depth?®®, ToFSIMS has gained a lot of interest in the pharmaceutical'’?% and
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cosmetic industries?%2°! for tracking active ingredients in skin permeation studies.
Converso et al?*” conducted an extensive study screening biocidal agrochemicals
using ToFSIMS and attempting to visualise the permeation into biological samples.
In total only 15 out of 44 compounds were reliably detected with the technique
and only fludioxonil was observed in the biological sample. Although ToFSIMS
offers several advantages including minimal sample preparation and label free
analysis the technique suffers from limited chemical sensitivity and mass resolving

power.

Many limitations of ToFSIMS are overcome by the recently developed OrbiSIMS
technique3’. Based on the ToFSIMS platform however, hybridised with an
Orbitrap™ mass analyser, OrbiSIMS, can offer significant improvements with a
mass resolving power of >240,000 at 200 m/z, permitting the detection of
exogenous and endogenous species. The inclusion of gas cluster ion beams (GCIB)
permits retention of intact molecules and large fragments. The present study
exploits the improved capabilities of the OrbiSIMS to enable the observation of the
molecular structure of wheat leaves specifically, exploring the chemical

composition and distribution of key compounds present within the leaf cuticle.

Additionally, the surge of agrochemical usage has been increasingly linked to
harmful health effects?°2:253254255 jn farmers from unintentional excessive dermal
exposure. With the employment of the OrbiSIMS approach, the depth distribution
of a model multi-component agrochemical fungicide formulation is also
investigated with simultaneously observed skin and native leaf chemistry providing

an in-situ context for localisation.
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3.3 Materials and Methods

3.3.1 Reagents

HPLC grade methanol, acetonitrile, Teepol™ 610 S and phosphate buffered saline

tablets were purchased from Sigma Aldrich, UK. An emulsifiable concentrate (EC)

formulation of cyproconazole at a concentration of 50g/L containing a range of co-

formulants (CCZ EC) were provided by Syngenta.

Cyproconazole, Synperonic™ L11, Solvesso™ 200 ND, Emulsogen EL 360, Atlox™

4838B, Hallcomid® M-8-10 and the CCZ EC formulation were provided by Syngenta,

UK (see Table 3.1).

Table 3.1: The composition of the CCZ EC formulation.

COMPONENT COMPONENT CHEMICAL TYPICAL ROLE IN COMPONENT
TRADE NAME DESCRIPTION FORMULATION CONCENTRATION
IN
FORMULATION
(G/100ML)
CYPROCONAZOLE 2-(4-Chlorophenyl)-3- Hydrophobic 5
cyclopropyl-1-(1H-1,2,4- active ingredient
triazol-1-yl)-2-butanol
EMULSOGEN Castor oil based Non-ionic 3
EL360 ethoxylate, 36 mol EO emulsifier
ATLOX™ 4838B Calcium alkylaryl Anionic 3
sulphonate in solvent (2- emulsifier
ethylhexan-1-ol)
SYNPERONIC™ Polyoxyethylene (11) lauryl Non-ionic 3
L11 ether emulsifier
HALLCOMID® M- Mixture of N, N- Partially water- 27
8-10 dimethyloctanamide and soluble solvent
N, N- dimethyldecanamide
SOLVESSO™ Aromatic solvent derived Water- 27
200ND from crude oil immiscible
solvent
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3.3.2 OrbiSIMS Depth Profile Analysis of Wheat Leaves

Winter wheat plants of the Motown variety (3 weeks old) were cultivated and
supplied by Syngenta, Jealott’s Hill, UK. Using a vacuum oven at room temperature,
the fully expanded leaves were dehydrated for 10 mins followed by analysis using

the OrbiSIMS.

3.3.3 Leaf /in vivo Permeation Study

The wheat leaves (still attached to the plant) were mounted between the donor
and receptor chamber in a Franz-type static diffusion cell (PermeGear™, surface
area 1.1 cm? and 3 ml receptor compartment) and 10 pL of the CCZ EC formulation
was applied directly to the donor compartment. The leaves were exposed to the
formulation for 2, 4 and 6 hours followed by dehydration at room temperature
using a vacuum oven. The dehydrated leaves were then analysed using the

OrbiSIMS.

3.3.4 Agrochemical Reference Preparation

Cyproconazole (active ingredient) and the co-formulants of the CCZ EC formulation
including Emulsogen EL 360, Atlox™ 4838B, Synperonic™ L11 and Solvesso™ 200 ND
were blotted onto individual silicon wafers and dehydrated in a vacuum oven for 4
hours at room temperature. The remaining residues on the silicon wafers were

analysed using the OrbiSIMS.

3.3.5 Porcine Skin Preparation

The ex vivo full thickness skin samples were obtained from the flank regions of 4-6
month old pigs immediately after slaughter. Following storage for a maximum of 24

hours at 4°C, the skin was thoroughly washed with ultrapure water and the hair
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was trimmed. Using a scalpel, any excess subcutaneous fat and cartilage was
removed carefully without damaging the skin. Aluminium foil was used to wrap the
skin and subsequently stored at -20°C for a maximum of 3 months prior to use. 2

mm full thickness skin sections were used for skin permeation analysis.

3.3.6 Franz Cell Permeation Set-Up

Once defrosted, the ex vivo porcine skin was cut into 2 x 2 cm sections and
mounted (dermal side up with the stratum corneum exposed to the donor solution)
between the donor and receptor chamber in a Franz-type static diffusion cell with
an exposed surface area of 1.1 cm? and a receptor compartment capacity of 3 ml.
The agrochemical formulation, CCZ EC was applied (infinite dose, 0.5 ml) (1% v/v (1
part formulation and 99 parts water)) via the donor compartment and 3 ml of
Phosphate Buffer Saline (pH 7.4) was placed in the receptor compartment. The skin
was exposed to the formulation for 24 hours in a stirring water bath set to 37.5°C.
Following the allotted exposure time, the Franz cell was disassembled and the
excess formulation was removed using a sponge soaked in Teepol solution (3% v/v).
Using a vacuum oven, the skin was subsequently dehydrated at room temperature

for 24 hrs before analysis with the OrbiSIMS.

3.3.7 OrbiSIMS Depth Profile Analysis of Skin and Leaves

Single beam depth analysis was performed with the employment of the OrbiSIMS
using an Arsooo* cluster primary ion source operated at 20 keV and a GCIB current of
218 pA. For the acquisition of the depth profiles of the porcine skin, a 20 keV
Ar3000+ ion beam was employed with a diameter of 20 um. A random raster mode

was utilised with a crater size of 280 x 280 um with a total ion dose of 1.17 -
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1.27x10Yions/cm?. To aid charge compensation argon gas flooding was in
operation with a chamber pressure of 9 x 10”7 bar. The cycle time was set to 200 s
with the optimal target potential averaging at approximately -384.5 V. The depth
profiles were collected in both positive and negative polarities with the mass
resolution set at 240,000 at 200 m/z with a mass range of 75 - 1125 m/z and
injection time of 500 ms. All data analysis was carried out using Surface Lab 7.1
(IONTOF GmbH) and molecular formula prediction (MFP)?%° was used to filter

through the dataset.

3.3.8 Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS) Analysis
LC-MS/MS quantification of active ingredient CCZ extracted from different Franz
cell compartments (receptor fluid, skin wash, donor chamber wash, tape strips and
remaining skin) was carried out using a QTRAP 6500 instrument, a hybrid triple
quadrupole/linear ion trap (AB SCIEX). The QTRAP system was operated in the
positive electrospray ionization (ESI) mode. An ACE 5 C18 Column, 160 X 4.6 was
used, 5 pL of sample was injected. RP-LC separation was performed at a flow rate
of 0.5 mL/min using solvent A (0.2 % v/v Formic Acid in Water) and solvent B (0.2 %
v/v Formic Acid in Acetonitrile) in a gradient. The fragment ion transitions m/z 70
and m/z 125 of CCZ molecular ion m/z 292 had the highest peak intensities and
were selected for quantification. LC-MS/MS data analysis was carried out using

SCIEX Analyst® Software.
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3.4 Results & Discussion

3.4.1 Determining the molecular composition of wheat leaves

A single ion beam (Arsoo0*) OrbiSIMS depth profiling method was utilised to sputter
through the wheat leaf from the cuticular surface. Secondary ion species were
collected as a depth profile with the data yielding a range of species including both
molecular species and fragment ions. The chemical profiling resulted in the
detection of approximately 5000 ion species at an intensity of >1 x 10°. The

chemical filtering process?4°

was employed due to the volume and complexity of
the data obtained. The dataset was deconvoluted based on a combination of
elemental composition (functionality) and double bond equivalents (DBE). With this
approach, it was possible to assign approximately >90 different species across
seven compound classes (namely fatty acids, aldehydes, amino acids, nucleic acids,
phospholipids, vitamins and flavonoids). An example of each of these systems is
assigned in the spectra and illustrated as a depth profile in Figure 3.1a and b,

respectively. The assignments were then confirmed using a combination of

previous literature and the LIPID MAPS® Structure Database??’.
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Figure 3.1. OrbiSIMS for label free imaging of in situ wheat leaf with mass resolving power of
>240,000 and mass accuracy of <1 ppm. (a) A mass spectrum of negative polarity
highlighting the molecular speciation of seven distinct compound classes (fatty acids,
aldehydes, amino acids, nucleic acids, phospholipids, vitamins and flavonoids) employing
the SIMS-MFP technique. (b) Overall localisation trends of example ions including: FA- Fatty
acids (FA 18:1) (CisH3307) Ald- Aldehydes (2,4-Nonanedione) (CsH15037), AA- Amino acids
(Histidine) (CeHsN30y7), Fla- Flavones (Kaempferol) (CisHeOg'), Vit- Vitamins (Niacin)
(CeH4NO3) and Nuc- Nucleic acids (Uracil) (C4H3N,057). (c) Chemical structures of the key

ions explored and localisation within the leaf structure.
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The OrbiSIMS depth profiling method revealed that the seven compound classes
displayed a variation in distribution trends within the wheat leaf as depicted in the
example depth profile for each compound class in Figure 3.1b. The full molecular
speciation and their respective depth profiles can be found in the supplementary
information (SI Figures S3.2-S3.8 and Sl Tables $3.1-S3.7). By etching a crater into
the leaf and subsequently measuring the primary ion dose required to reach 10 um,
we were able to monitor the depth of the leaf cuticle, specifically, the transition
from the leaf cuticle into the underlying epidermis. The cuticle-epidermal boundary
was revealed to be at 500s in the OrbiSIMS depth profile, with the fatty acids and
aldehydes abundant within the cuticle producing the cutin and epicuticular wax
respectively. In contrast, the presence of amino acids for example histidine, and
phospholipid fragments within the cuticle is minimal; however, their concentration

significantly increases upon transition into the underlying epidermis.

Where previous studies have only demonstrated the quantification/presence of the

lipid composition of the cuticle?*®

and with no localisation information, using the
OrbiSIMS a range of chemistries have been identified alongside their depth
distribution. Fatty acids, a major constituent of the cuticle, responsible for a range
of roles including antimicrobial agents®*”-**¢, water homeostasis®*® and UV filtration??
were identified including their respective depth distributions (SI Figure $S3.3). The
localisation of the most abundant fatty acid monomers of cutin®®, FA 18:1, is
displayed in Figure 3.1b. FA 18:1 exhibits a rapid initial decrease in molecular ion

intensity reaching a baseline as the cuticle-epidermal boundary is reached. The

behaviour exhibited by the fatty acids observed in this analysis, are consistent with
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previous studies?! highlighting the localisation within the cuticle and concentrated

at the cutin waxy layer exposed to the environment.

The leaf cuticle also consists of the epicuticular wax layer. Comprised of an array of
hydrophobic organic compounds bound to the cutin, this layer plays multiple roles
such as reducing water loss, providing protection against pathogens, and acting as
a barrier against excessive UV radiation?*2. Among the major components of the
epicuticular wax, we successfully identified and examined the depth distributions
of monounsaturated aldehydes (Sl Figure S3.4). The localisation trends of 2,4
nonanedione, is depicted in Figure 3.1d, where the intensity of the molecular ion
rapidly decreases to baseline at the boundary between the cuticle and epidermis,
confirming abundance in the cuticle. The distribution trends of fatty acids within
the cuticle and aldehydes in the epicuticular wax layer exhibit minimal differences,
indicating that the epicuticular waxes are integrated within the cutin polymer
rather than being separate layers. Previous studies?®*?®* have emphasised the
cohesive nature of the epicuticular waxes within the cutin structure however, our
study (Figure 3.1b) extends to exposing the localisation of individual components

within the entire structure.

Flavones are a prominent subclass of flavonoids, exhibiting diverse roles and
functions in the physiology of leaves. They act as natural sunscreens, absorbing and
filtering harmful UV-B and UV-A radiation to shield leaf tissues?®®. The antioxidant
attributes of flavones facilitate the effective scavenging of reactive oxygen species
(ROS)%*¢, while some flavones demonstrate allelopathic effects, inhibiting
neighbouring plant growth?®’. The distribution pattern of kaempferol, involved in

the inhibition of ROS-generating enzymes 28 is depicted in Figure 1b. The depth
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distribution of kaempferol is characterised by negligible presence within the cuticle
and a subsequent continual increase in intensity within the underlying epidermal

region. Earlier investigations?®°

proposed a complete absence of flavonoids within
the cuticle. Nevertheless, our present study has successfully detected the small
amounts of these compounds within the cuticular structure. This advancement

enriches our comprehension of fundamental leaf chemistry, offering potential

insights into refining agrochemical delivery methods.

Vitamins were also identified and their localisation patterns within the wheat leaf
are presented in Figure 3.1b. These compounds play a pivotal role in the regulation
of plant growth and development?”?, encompassing vital functions in stress
response mechanisms?’%. Niacin is recognized for its role in stress signal induction
and protection against cell leakage and DNA damage exerting its influence by
modaulating the activity of transcription factors, pivotal regulators of gene
transcription?’2. The ion intensity of niacin exhibits a progressive rise as it traverses
the cuticle-epidermal boundary, succeeded by a gradual decline beyond 1000
sputter seconds within the epidermis. Prior investigations?’® provide evidence for
the presence of niacin in the mesophyll layers, specifically within the cytosol,
however, our study was able to identify negligible amounts of vitamins/derivatives,
including niacin within the cuticle. Currently, it is unknown why there is a presence
of vitamins within the cuticle as these are typically distributed within the cells of
plant tissues where they are responsible for metabolic processes. A comprehensive

list can be found in the Figure S3.8.

The label-free in situ imaging of wheat leaves without the need for prior sample

preparation was successfully achieved. This enabled the molecular speciation
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analysis of different leaf layers and the exploration of their depth distributions.
Enhanced understanding of the molecular composition and localization patterns
within the leaf, particularly the cuticle, is of utmost significance for the

development of pesticide formulations with improved delivery and efficacy.

3.4.2 Agrochemical formulation delivery through wheat leaves

Cyproconazole is a widely employed broad-spectrum fungicide, extensively utilized
for managing biotic stress, such as Septoria and powdery mildew prominent in
cereal crops and fruit trees?”*. The CCZ EC comprises cyproconazole (50 g/L) as the
active ingredient along with a range of co-formulants (see Table 3.1) with distinct
roles, including ionic/anionic emulsifying agents and solvents. At present, liquid
scintillation counting (LSC) represents the prevailing method for the quantification
of pesticide foliar uptake, as demonstrated by Liu et al 27> in their study on
pyraoxystrobin monitoring in cucumber plants. Additionally, LC-MS/MS is
extensively utilized for the assessment of pesticide foliar permeation 27,
Nevertheless, these techniques are not without intrinsic limitations, such as their
ability to quantify only the active ingredient, extraction procedures that
compromise spatial resolution, and the requisite labelling or tagging for accuracy.
No data is available regarding the in-situ permeation characteristics of
cyproconazole or the constituents of the formulation which could be used to aid

the understanding and development of crop protection systems.

Following the in vivo treatment of Motown wheat leaves (3 weeks old) with CCZ EC
(1% v/v dilution), the OrbiSIMS depth profiling method was employed to

investigate the permeation of the active ingredient and all co-formulants,
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simultaneously. The OrbiSIMS depth profile data (Figure 3.2) shows the permeation
of both the cyproconazole and each of the co-formulants can be evaluated within
the leaf exhibiting varying behaviour for 2, 4 and 6 hrs. This information reveals an
unprecedented level of detail in observing the complete agrochemical formulation
in-situ from in vivo treated wheat leaves at application levels simulating real-life

conditions (i.e. with the cyproconazole at <100 ppm applied dose).

The depth profiles depicted in Figure 3.2, highlight the distribution of the active
ingredient and all the formulation constituents in in vivo wheat leaf across
exposure time of 2, 4 and 6 hours. The presence of cyproconazole (Figure 3.2a) was
observed using the chlorobenzyl molecular cation (CICeH4CH2+). The results
revealed distinct temporal dynamics where after a 2-hour period, the molecular ion
peak intensity was observed at the leaf surface, followed by a rapid decline to
baseline levels. The 4 and 6 -hour exposure samples show the ion at relatively
higher intensity within the upper surface of the cuticle. This ion intensity then
reduces to negligible levels as it reaches the epidermal boundary, however, in both
cases it then gradually increases to higher levels within the underlying epidermis
suggesting significant permeation into the epidermal layer. Additionally, the 6 -
hour time point exhibited a higher ion intensity compared to the 4-hour time point
in the underlying epidermis. These findings reveal an increase in permeation with
exposure time taking place between 2 and 6 hrs. Cyproconazole functions as a
systemic fungicide, participating in the inhibition of ergosterol biosynthesis?’’. Our
findings indicate that a minimum application period of 4 hours is necessary for

cyproconazole to permeate into the leaf to execute its intended role.
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The co-formulants incorporated into the emulsifiable concentrate undertake
diverse functions. These encompass serving as stabilizing emulsifying agents
(Emulsogen EL 360, Synperonic L11 SS CQ and Atlox™ 4838B) for the formulation,
serving as carrier solvents for the active ingredient (Hallcomid M-8-10), and
functioning as water-immiscible solvents for maintaining emulsion stability in
aqueous dilution (Solvesso™ 200 ND). We achieved simultaneous detection of all
formulation constituents from the analysis of the in vivo testing (Figure 3.2),
eliminating the requirement for solvent extraction or the use of fluorescent
markers. Hallcomid M-8-10, a carrier solvent for cyproconazole was monitored
using the molecular ion (CoH1sNO-). The ion intensity data (Figure 3.2b) revealed
permeation characteristics similar to cyproconazole, whereby at the 2 -hour time
point, localisation was predominant within the cuticle. However, with the
progression of time, we observe a gradual permeation into the underlying
epidermis, following a similar pattern to cyproconazole at 4 hours, and to a greater
extent at 6 hours. Emulsogen EL 360 (C11H1902-), a non-ionic castor oil ethoxylate
emulsifier, exhibited negligible permeation within the leaf during the initial 2 -hour
exposure period, as indicated by the baseline ion intensity. However, at the 4 -hour
point, the ion intensity remained at baseline within the cuticle but steadily
increased in the underlying epidermis, suggesting localisation in the deeper tissues
of the leaf. Remarkably, at the 6 -hour time point, the ion intensity for the
molecular ion reached baseline levels throughout the leaf, indicating Emulsogen EL
360 may have potentially translocated through the leaf. The overall trend observed

for the co-formulants implies they are predominantly localized at the leaf surface
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with limited permeation into the leaf tissues, aligning with their intended role of

formulation stabilisation as opposed to active permeation.
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Figure 3.2. OrbiSIMS depth profile analysis of the fungicide, CCZ EC, through in vivo wheat
leaf. (a) Localisation trends for the active ingredient CCZ- cyproconazole (ClC¢H4CH,*) at 2, 4
and 6 hr exposure intervals. (b) Depth distributions of five co-formulants (Emulsogen EL
360- non ionic emulsifier, Hallcomid M-8-10 Al carrier solvent, Synperonic™ L11 non-ionic
emulsifier, Atlox™ 4838B- anionic emulsifier, Solvesso™ 200 ND- water immiscible solvent)
through in vivo treated wheat leaves including ionic/anionic emulsifying agents and carrier
solvents.

3.4.3 Assessing the dermal absorption of an agrochemical formulation

Previous studies by Starr et al.?’8, have demonstrated the capability of the
OrbiSIMS approach to monitor the transdermal penetration of exogenous
compounds at very low concentrations, exemplified by the anti-aging peptide Pal-
GHK. Considering the potential for unintentional skin exposure to agrochemical
products at different concentrations during the process of mixing, loading, and
application of the compound onto crops, initial experiments were conducted to

examine the impact of dilution concentration (10%, 50% and 100% v/v) on the
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transdermal absorption. Porcine tissue samples were tested in vitro using a Franz
diffusion cell under infinite dose and subsequently the tissue was depth profiled
using the OrbiSIMS approach to explore the dispersion of CCZ EC within ex vivo
porcine skin (Figure 3.3). Infinite dose conditions were chosen to maximise the
active permeation rate into skin as this should increase the concentration of active
ingredient within the skin tissue and aid the detection with OrbiSIMS. Further
studies have refined this method to include finite dose conditions that are closer to
typical exposure scenarios. This data will be presented in separate publications at a

later date.

Following 4 -hour exposure, this study successfully detected the presence of the
cyproconazole molecular ion (CIC¢H4CH,+) at all pertinent concentrations within the

porcine skin, as depicted in Figure 3.3b.

The OrbiSIMS profiling method allowed observation of permeation of the different
concentrations of the agrochemical formulation through the porcine skin. A
phosphocholine secondary molecular ion (CsH15sNO4P*) was employed as an
intrinsic marker to indicate the depth of the stratum corneum. Given the absence
of phospholipids in the keratinized stratum corneum?', an elevation in ion
intensity signifies a transition into the underlying epidermis. Notably, at 4000
sputter seconds (Figure 3.3c), an increase in ion intensity of the phosphocholine
marker was observed, indicating the boundary between the stratum corneum and
the epidermis had been reached. The depth profile data for cyproconazole
presented in Figure 3.3d clearly demonstrates that an elevation in the
concentration of the fungicide correlates with an increase in its penetration into

the skin after a 4 -hour period. The cyproconazole in the 10% v/v dilution of the
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formulation exhibits negligible penetration into the skin, as indicated by the
baseline ion intensity of the chlorobenzyl cation throughout the skin sample. At
50% there is @ marginal increase in the observed ion intensity relative to the 10%
concentration. Permeation follows as a steady state into the underlying epidermis,
albeit at a relatively low ion intensity. In the case of the concentrated 100%
undiluted formulation of cyproconazole, a significantly higher degree of
permeation is observed, with the ion intensity increasing at the skin surface and
reaching a maximum at the upper layers of the stratum corneum. Subsequently,
there is a gradual decrease in ion intensity as the underlying epidermis is reached.
The collected data indicates that higher concentrations of cyproconazole result in
an intensified permeation process. This underscores the necessity for farmers to
follow safe working practices including the use of the specified protective

equipment while dealing with these systems especially, in the undiluted forms.
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Figure 3.3. (a) Static Franz cell permeation study conducted under infinite dosing, assessing
the dermal absorption of SAN 619 (EC) at 10%, 50% and 100% v/v dilutions. (b) OrbiSIMS
mass spectra depicting the chlorobenzyl molecular ion for the overall depth profile at
varying concentrations within ex vivo skin. (c) Data demonstrating the determination of the
stratum corneum-epidermal boundary depicted by the phosphocholine biomarker
(CsH1sNO4P*). (d) In situ profiling of cyproconazole within porcine skin at 10%, 50% and
100% v/v dilution post 4 -hour exposure time.

Considering fungicide products are typically applied as a 1% v/v dilution for the
treatment of cereal and vegetable crops, an important unintentional exposure
scenario may involve this diluted form. The dermal absorption of the active
ingredient in CCZ EC was examined using liquid chromatography-mass
spectrometry (LC-MS/MS), to overcome the drawbacks relating to quantification

using the OrbiSIMS.

As depicted in Figure 3.4a and Supplementary Information (SI Table $S3.8 and
Figures $3.1.1-3.1.2). Figure 3.4a illustrates the percentage recoveries obtained for
the bulk analysis of tape strips relating to the stratum corneum and the remaining
skin associated with the dermis. The analysis of tape strip quantification reveals a
noticeable decline in recoveries on average, transitioning from 0.86% at the 4-hour
exposure to 0.68% at the 7-hour exposure. This observation hints at a potential
reduction of cyproconazole within the stratum corneum. However, this trend is
reversed after a 24-hour exposure, with recoveries increasing to 2.27%, indicating
an accumulation of the active ingredient over this time period. Conversely, the
average recoveries for cyproconazole exhibit a gradual increase with extended
exposure, measuring at 5.56% at 4 hrs, 9.14% at 7 hrs, and 13.16% at 24 hrs
successively in the remaining skin. This pattern implies an accumulation of the

compound within the underlying epidermal layers.
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Despite the robustness of LC-MS/MS as a quantitative tool, it is not without
limitations for quantifying skin permeation. The notable drawbacks are the loss of
spatial resolution of the analyte caused by the bulk analysis of the stratum corneum
via tape strips and the solvent-based extraction of the remaining skin required for
the analysis of the dermis. The procedures for the sample preparation including the
various washing procedures for the skin and extraction procedures are not highly
accurate therefore the percentage recoveries are not precise and the ability to
differentiate between samples is difficult. Additionally, the methodology suffered
inherent issues with column carry over effects, affecting the accuracy of the
quantitative analysis resulting in subpar total recoveries (<52%). LC-MS/MS of CCZ
proved to be challenging highlighting the significant time investment required in
order to develop a recovery and quantification method that results in an

acceptable level of recovery and variability.

As depicted in Figure 3.4b, the permeation characteristics of cyproconazole from a
1% v/v dilution of CCZ EC in the stratum corneum were evaluated over different
exposure times namely 4, 7 and 24 hrs. Following a 4-hour exposure, minimal
permeation of cyproconazole in the stratum corneum was observed, with a gradual
decrease in ion intensity from the skin surface to baseline. However, after a 7-hour
exposure, a notable increase in ion intensity was observed at the surface of the
stratum corneum, followed by a gradual decrease as the underlying epidermis was
reached. Notably, after 24 hours, the ion intensity associated with the molecular
ion of cyproconazole exhibits a diminished localisation within the stratum corneum
and an elevated localisation within the underlying epidermis, signifying a deeper

penetration into the skin. The relatively hydrophobic nature of the active
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ingredient (LogP 2.9) suggests a rationale for its potential retention within the
stratum corneum. According to Fick's law, the compound may diffuse slowly into
the underlying epidermis when there is a significant concentration difference
between these two regions, as previously reported by Sabri et al 18. These findings
provide insights into the kinetics of cyproconazole permeation and highlight the
potential role of the stratum corneum as a reservoir for this hydrophobic
compound. In comparison to the LC-MS/MS recoveries, the OrbiSIMS data suggests
a notable increase in permeation of cyproconazole into the stratum corneum
between 4 hr and 7 hrs however, the LC-MS/MS recoveries across the three
replicates for the exposure times show a decrease from 0.86% to 0.68%. The
difference is not statistically significant. In contrast, following 24 hrs of exposure we
see a decrease in abundance of cyproconazole in the stratum corneum according to
the depth profile data however, the LC-MS/MS recoveries suggest an increase of
2.27%. The LC-MS/MS quantification is unclear due to the inherent flaws with carry

over issues with this analyte thus affecting recoveries (<50%).

Interestingly, even at this relatively low applied concentration of 1% v/v, each of
the co-formulants can also be observed throughout the series of experiments. After
a 4 -hour exposure, minimal permeation of the formulation constituents into the
skin was observed. The ion intensities of each co-formulant were notably high at
the skin surface, followed by a rapid decrease to baseline within the mid regions of
the stratum corneum. These findings suggest limited penetration of the co-
formulants beyond the superficial layers of the skin, highlighting the role of the
stratum corneum in acting as a barrier to their percutaneous uptake. Subsequently,

following 7 -hours of exposure, a notable shift in the permeation behaviour of the
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emulsifiers, Emulsogen EL 360 (C11H19077), Atlox™ 4838B (C¢HsSO37) and solvent,
Solvesso™ 200 ND (Ci14H11%) is observed. All three excipients exhibit an increase in
ion intensity at the surface of the stratum corneum, followed by a relatively stable
distribution within the underlying epidermis, indicating a uniform presence across
the skin. After 24 -hours of exposure, distinct distribution patterns emerge among
the emulsifiers. The ion intensity of Emulsogen EL 360 appears to be at baseline
across the entire skin, implying potential complete translocation through the skin.
The observed trend may stem from the Emulsogen EL 360 containing ‘free’ castor
oil, known for its affinity for skin as an emollient thus allowing the permeation. In
contrast, the ion intensities of Atlox™ 4838B and Solvesso™ 200 ND demonstrate
an increase at the surface of the stratum corneum, peaking in the upper layers of
the skin, and gradually decreasing as the underlying epidermis is reached. This
distribution trend suggests Atlox™ 4838B and Solvesso™ 200 ND may have a
higher degree of localization within the stratum corneum compared to the 7 -hour

exposure period.

The utilization of the OrbiSIMS technique has facilitated the in-situ visualization of
the distribution patterns of the complete CCZ EC formulation, eliminating the need
for conventional solvent extraction methods, fluorescent labelling, or complicated
sample preparation. The obtained skin permeation data, along with the analysis of
wheat leaf uptake, offers crucial insights which can be utilised in the development
of pesticide formulations with improved delivery within targeted species while
minimising the risk of unintended percutaneous uptake for agricultural workers

and spray operators.
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Figure 3.4. OrbiSIMS depth analysis of the fungicide, CCZ EC, through ex vivo porcine skin

including the quantification of the dermal absorption of cyproconazole using LC-MS/MS. (ai)
LC-MS/MS analytical standard calibrations.) (aii) Total recovery of cyproconazole in the tape
strips and remaining skin post-Franz cell permeation after 4, 7 and 24 -hour exposure
intervals. (b) Depth distributions of cyproconazole (CIC6H4CH2+) in ex vivo porcine skin at 4,
7, and 24 hours. (c) Distribution trends for the CCZ EC formulation excipients in ex vivo
porcine skin after 4, 7 and 24 -hour exposure intervals.

3.5 Conclusions

The utilization of the OrbiSIMS depth profiling has provided the ability for label-
free, in situ analysis of the molecular composition of wheat leaves. By employing
the chemical filtering process, we successfully identified and assigned putative
molecular species across seven distinct compound classes, including fatty acids,
aldehydes, amino acids, nucleic acids, phospholipids, vitamins, and flavonoids.
Notably, the absence of solvent-based extraction methods enabled us to precisely
map the depth distribution of these molecular species within specific layers of the
leaf. In particular, this analysis uncovered the presence of fatty acids associated
with the cuticular cutin and aldehydes associated with epicuticular waxes,

elucidating their abundance at the leaf surface and highlighting the intricate
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interplay between these two layers. These findings offer valuable insights into the
chemical architecture of wheat leaves and contribute to our understanding of the

complex molecular landscape within plant tissues.

Furthermore, our study encompassed an additional analysis of exogenous
compounds in addition to endogenous species within the leaf. The depth
distribution of the CCZ EC fungicide formulation (active ingredient and all co-
formulants) in both wheat leaves and porcine skin, considering different exposure
durations. Notably, a complete formulation has been successfully tracked in-situ,
obviating the necessity for solvent extraction or fluorescent labelling. This has been
performed at relevant concentrations including the as applied, 1% v/v dilution
(<100 ppm). The outcomes derived from this investigation establish a solid basis for
advancing targeted pesticide delivery methods, thereby helping mitigate some of
the recognized detrimental consequences associated with conventional

approaches.
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Chapter 4. OrbiSIMS Screening of Active
Ingredients spanning Agrochemical,

Pharmaceutical and Cosmetic Industries

4.1 Abstract

Franz cell diffusion stands as a frequently employed method for investigating the
dermal absorption of various compounds utilised in pharmaceutical, cosmetic, and
agrochemical applications. However, a primary limitation of this methodology
arises when the test compound remains undetectable in the skin tissue following
the procedure, resulting in inefficiencies and cost ineffectiveness. The OrbiSIMS is a
relatively recent technique that can be employed for the label-free assessment of
in-situ analyte absorption with sub-micron resolution. Here we report a high-
throughput screening of 20 active ingredients relevant to the pharmaceutical,
cosmetic and agrochemical fields within porcine skin homogenate to assess the
sensitivity of the technique. Additionally, we effectively assessed the distribution
patterns of a multi-component agrochemical formulation comprising three
commonly used fungicidal active ingredients; cyproconazol, isopyrazam, and
mefenoxam across ex vivo skin. The findings indicated, mefenoxam demonstrated
minimal permeation across the entire membrane, however isopyrazam exhibited
the highest penetration with cyproconazole displaying relatively low percutaneous

absorption.
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4.2 Introduction

The skin stands as the largest organ of the human body, forming a formidable
primary physical and sensory barrier to the environment. Comprising three discrete
layers, the epidermis establishes a formidable barrier against external biotic and

abiotic stresses?’®. The dermis, functioning as a structural support?®® also plays a

281 282

pivotal role in thermoregulation?®! and aids in sensation®®?. Meanwhile, the

283

hypodermis serves as an energy reservoir?®® and provides attachment points

connecting the skin to skeletal muscle and bone structures?®4,

Recent research has highlighted the skin as an accessible and promising avenue for
pharmaceutical?®> and cosmetic delivery?®®. This preference is attributed to several
advantages, such as circumventing the first-pass metabolism?®’, the skin acts as a

reservoir for sustained drug delivery?8®

, and the presence of numerous dermal sites
which contribute to minimizing toxicity and the potential for adverse systemic
effects?®. On the contrary, the skin, specifically the stratum corneum, is also a
remarkable barrier to the topical absorption of compounds. Toxicologists routinely
examine the percutaneous permeation kinetics of substances as an integral
component of their standard investigative methodologies aimed at evaluating
potential adverse health effects!®2%°, Agrochemicals represent a category of
substances subject to regular scrutiny for dermal absorption?91,292,293,294,

particularly concerning the possibility of excessive exposure among farmers during

the application of these chemicals to crops.

156

Currently, Franz diffusion cells'~® are the ‘gold’ standard for the assessment of

dermal penetration, enabling the application of test compounds to the skin and

123 |Page



facilitating the quantification of the permeation rate. These static diffusion cells
replicate physiological skin conditions, providing a framework for 'realistic'
absorption kinetics. However, a typical regulatory study involves radiolabelling the
active ingredients in a formulation followed by liquid scintillation counting.
Although this method provides accurate measures of the active ingredients within
the skin, formulations containing more than one active ingredient require
individual experiments with each radiolabelled active in turn. This therefore results

in a relatively low throughput.

Additionally, the efficacy of Franz cell permeation studies can be compromised if

the test compound remains undetectable at the target site, leading to inefficiencies
and resource wastage. The OrbiSIMS3°is a recent innovation in secondary ion mass
spectrometry (SIMS) offering the ability to rapidly screen compounds in-situ at sub-

micron levels.

Based on the ToF-SIMS platform, the OrbiSIMS is hybridised with an Orbitrap™
mass analyser, providing exceptional improvements in mass resolution (>240,000)
and the incorporation of large cluster ion beams has significantly improved
chemical sensitivity?®>. Due to the numerous advantages the technique offers, we
have witnessed an increase in the implementation for biological sample
analysis?®6214213 passarelli?’® displayed the capability of the OrbiSIMS with the
label-free detection of etoposide and olaparib in various sections of ex vivo brain at
relatively low concentration levels. Starr et al*®” has demonstrated the penetration
of the collagen synthesis promoting, Pal-GHK, within ex vivo skin, specifically the

various layers of the stratum corneum at sub-micron levels.
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Assessing the sensitivity of an analytical method is crucial to determine its
capability to detect a wide spectrum of compounds with various chemistries. The
capacity to detect these compounds within the skin is essential, considering that
matrix effects can influence detection, and compounds inherent in the skin may
overlap with the test compounds. In our prior investigation (Chapter 3 Section
3.4.3), we assessed the label-free dermal absorption of a comprehensive model
agrochemical formulation, elucidating the localisation of each component within
distinct layers of the stratum corneum. In this study, we present the percutaneous
uptake of a model agrochemical formulation containing multiple active ingredients
(cyproconazole, mefenoxam, and isopyrazam) at concentrations relevant to
agricultural application. Additionally, we conduct a high-throughput screening of 20
compounds spanning the pharmaceutical, cosmetic, and agrochemical industries to

assess the sensitivity of the OrbiSIMS across a spectrum of diverse chemistries.

4.3 Materials and Methods

4.3.1 Reagents

HPLC grade methanol, acetonitrile and phosphate buffered saline tablets were
purchased from Sigma Aldrich, UK. Cyproconazole, Isopyrazam, Metalaxyl-M,
Thiamethoxam, Trinexapac-ethyl, Glyphosate salt, Acibenzolar s-Methyl,

Azoxystrobin and Cyantraniliprole were provided by Syngenta UK.

Cyproconazole, Isopyrazam, Mefenoxam, Synperonic™ L11, Solvesso™ 200 ND,
Emulsogen EL 360, Atlox™ 4838B, Hallcomid® M-8-10 and an emulsifiable
concentrate formulation containing Mefenoxam, Isopyrazam and Cyproconazole

were provided by Syngenta, UK (see Table 4.1).
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Table 4.1: The composition of the multi-Al formulation.

Component Component chemical description Typical role Concentration
Trade name in in
formulation formulation
(g/100ml)
Isopyrazam | 3-(difluoromethyl)-1-methyl-N- Active 5
(11-propan-2-yl-3- ingredient
tricyclo[6.2.1.02,7]undeca- (fungicide)
2(7),3,5-trienyl)pyrazole-4-
carboxamide
Mefenoxam | Alanine, N-(2,6-dimethylphenyl)-  Active 5
N-(2-methoxyacetyl)-, methyl ingredient
ester (fungicide)
Cyproconazole | 2-(4-Chlorophenyl)-3-cyclopropyl- Active 5
1-(1H-1,2,4-triazol-1-yl)-2- ingredient
butanol (fungicide)
Emulsogen | Castor oil based ethoxylate, 36 Nonionic 3
EL360 | mol EO emulsifier
Atlox™ 4838B | Calcium alkylaryl sulphonate in Anionic 3
solvent (2-ethylhexan-1-ol) emulsifier
Synperonic™ | Polyoxyethylene (11) lauryl ether  Nonionic 3
L11 emulsifier
Hallcomid® | Mixture of N, N- Partially 24.5
M-8-10 | dimethyloctanamide and N, N- water-
dimethyldecanamide soluble
solvent
Dowanol™ | Dipropylene glycol monomethyl Water- 24.5
DPM | ether miscible
solvent
Solvesso™ | Aromatic solvent derived from Water- 24.2
200ND | crude oil immiscible
solvent

4.3.2 Porcine Skin Preparation

Ex vivo full-thickness porcine skin specimens were procured from the full thickness

regions of 2 - 4week old pigs. Subsequent to a storage period of up to 24 hours at

4°C, the skin underwent thorough cleansing with ultrapure water, and excess hair

was meticulously trimmed. Employing a scalpel, any surplus subcutaneous fat and

cartilage was delicately excised without compromising the skin. The prepared skin

specimens were enveloped with aluminium foil and subsequently preserved at -
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20°C for a maximum duration of 3 months before implementation. Sections of 2

mm full-thickness skin were utilized for the purpose of skin permeation analysis.

4.3.3 Franz Cell Permeation Set-Up for Multi-Al Formulation

The ex vivo porcine skin specimens were sectioned into 2 x 2 mm fragments and
positioned (dermal side facing up) between the donor and receptor chambers of a
Franz-type static diffusion cell. The cell featured an exposed surface area of 1.1 cm?
and a receptor compartment capacity of 3 ml. An infinite dose of the multi-Al
agrochemical formulation, constituting a 1% dilution, was administered through
the donor compartment (0.5 ml), while 3 ml of Phosphate Buffer Saline (pH 7.5)
was introduced into the receptor compartment. Sink conditions were diligently
maintained throughout the experimental duration, during which the skin was

exposed to the formulation for 24 hours within a stirring water bath set to 37.5°C.

4.3.4 Preparation of Porcine Skin Homogenates for Al Screening

Ex-vivo full-thickness porcine skin tissue was sectioned into small sections
measuring 0.5 x 0.5 mm and weighing 50 mg. These sections were then placed in a
homogenizer microtube, along with 2 beads of 6 mm in diameter and 1 ml of
deionized (DI) water. The skin underwent homogenization using the BeadBug 3
instrument at 10,000 rpm for a duration of 180 seconds. Subsequent to
homogenization, the skin was spiked with 100 pl of a 10 mg/ml active ingredient,
followed by vortexing for 30 seconds. Specific details regarding the solvents
employed in this process can be found in Table 4.1. The prepared skin was then
situated on a microslide and subjected to dehydration using a vacuum oven for a

period of 2 hours, rendering it ready for subsequent analysis.
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4.3.5 OrbiSIMS Analysis of Skin with Multi-Al Formulation and Al Screening
Single-beam depth analysis was employed with the OrbiSIMS, utilizing an Arzoeeo*
cluster primary ion source operating at 20 keV and a GCIB current of 218 pA. For
the acquisition of depth profiles of porcine skin, a 20 keV Ar3000+ ion beam with a
20 um diameter was employed in a random raster mode, featuring a crater size of
280 x 280 um and a total ion dose ranging from 1.17 - 1.27x10ions/cm?. Argon
gas flooding was implemented for charge compensation, maintaining a chamber
pressure of 9 x 107 bar. The cycle time was set at 200 ps, with the optimal target
potential averaging approximately -384.5 V. Depth profiles were collected in both
positive and negative polarities, with a mass resolution of 240,000 at 200 m/z, a
mass range spanning 75 to 1125 m/z, and an injection time of 500 ms. The spiked
skin homogenates were also analysed with the aforementioned parameters
however, each sample was analysed for 250 scans. Data analysis was executed

using Surface Lab 7.1 (IONTOF GmbH).

4.4 Results

4.4.1 Multiple-Al Agrochemical Formulation Delivery Through Skin

Previous studies, as detailed in Chapter 2 and 3, delved into the dermal absorption
of an anti-aging active ingredient (Pal-GHK) and a multi-component agrochemical
formulation at concentrations applicable to real-world conditions. Although this is
useful for understanding permeation kinetics and enabling improved product
development, the method has a relatively low throughput. As such, an investigation
has been carried out to establish if multiple Als could potentially be used in the

same formulation simultaneously and therefore spatially resolved within the skin.
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The positive polarity spectra, obtained through OrbiSIMS depth profiling in the
range of 100 — 150, 150 — 200, 200 — 260 and 270 — 285 and 350 - 400 m/z, is
illustrated in Figure 4.1a-e respectively, for treated porcine skin samples containing
the multi-Al agrochemical formulation alongside control porcine skin. The
molecular ion fragments specific to the active ingredients, including cyproconazole
[CICsH4CH2*], mefenoxam [CisH22NO4*] and isopyrazam [CaoH24F2N3O*], are
exclusively detected in the spiked skin samples, with no presence in the control skin
samples (Figure 4.1a, d, e). This establishes them as effective diagnostic ions for

monitoring permeation into the skin.

Notably, the endogenous species were also identified in both skin sample types,
with Figure 4.1b and c depicting the molecular ions, [M-H]*, of two example native
compounds, phosphocholine [CsH1sNO4P*] and palmitic acid [C1sH3302*]. The
relative intensities exhibited by both of these endogenous compounds in both skin
sample types are comparable. This would be beneficial for evaluating the impact of
the dermal absorption of substances on the skin structure. Particularly, the

distribution changes of key compounds present within the skin which allow the

129 |Page



determination of specific skin layers as function of analysis depth as shown in the

native skin and leaf analysis (Chapters 3).
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Figure 4.1. OrbiSIMS mass spectra showing the molecular ions identified for the active
ingredients within the multi-Al formulation spiked into skin, including two endogenous

chemical constituent examples of the skin, specifically (a) cyproconazole ([CIC6H4CH2+]) (b)

Our earlier investigations using OrbiSIMS depth profiling, have successfully

[C1sH2oNO4™] and (e) isopyrazam in spiked skin, [CaoH24F2N3O].

phosphocholine fragment, [CsHisNO4P*], (c) palmitic acid, [C1sH330,"], (d) mefenoxam

demonstrated the dermal absorption of a relatively low concentration (< 100 ppm)

of an active ingredient (Pal-GHK) from an applied cosmetic formulation (Chapter 2,

Section 2.4.5). Subsequent studies then demonstrated the same capability for a
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model fungicide agrochemical formulation (Chapter 3). In this case, the method
provided an in situ and label-free assessment of the active ingredient and all co-
formulants at relatively low (applied) concentrations. Here the OrbiSIMS depth
profiling approach has been extended to evaluate the in situ distribution of a model
agrochemical formulation containing three active ingredients; cyproconazole,
mefenoxam and isopyrazam at concentrations relevant to ‘real life’ conditions (1%

v/v dilution), as displayed by the depth profiles in Figure 4.2a.
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Figure 4.2. OrbiSIMS depth profiles of a multi-Al agrochemical formulation through ex vivo

porcine skin showing (a) isopyrazam (CaoH24F2N30"), mefenoxam (CisH22NO4*) and
(CICeH4CH,") and (b) six co-formulants (Emulsogen EL 360- non-ionic emulsifier, Hallcomid
M-8-10 Al carrier solvent, Synperonic™ L11 non-ionic emulsifier, Atlox™ 4838B- anionic

emulsifier, Solvesso™ 200 ND- water immiscible solvent, Dowanol™ DPM water miscible
solvent) through ex vivo treated porcine skin, including the replicate depth profiles.
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Previously, the dermal depth distribution of cyproconazole in the CCZ EC
formulation was revealed, as shown in Chapter 3, Figure 3.4. It is evident that the
cyproconazole has penetrated deeper into the stratum corneum and into the
epidermis. Cyproconazole (CICsH4CH>*) demonstrates a similar behaviour with the
multi-component formulation where the active ingredient is also localised in the
underlying epidermis. However, there appears to be a steady distribution within
the stratum corneum and epidermis possibly caused by the lower concentration of
the carrier solvent, Hallcomid® M-8-10, used in the latter formulation causing

reduced permeation.

The presence of isopyrazam was observed using the ion (C20H24F2N30%). After 24
hours of exposure, the ion intensity initiates at baseline, rapidly increases, reaching
a maximum at the upper region of the stratum corneum, followed by a subsequent
gradual decrease as the underlying epidermis is reached. Conversely, the ion
intensity for mefenoxam (CisH22NO4*) remains consistently at the baseline
throughout the skin. The illustrated trends imply isopyrazam permeates to a
greater extent compared to cyproconazole, while mefenoxam exhibits no

discernible absorption into the skin.

From the replicate depth profiles (Figure 4.2 a,b,c), it is apparent that Replicates 1
and 2 portray similar permeation kinetics for the active ingredients. Conversely,
Replicate 3 displays minimal permeation of all active ingredients except
mefenoxam, which has penetrated into the deeper regions of the stratum corneum
and into the earlier portions of the epidermis. This variation is proposed to result
from the use of biological material which can vary or may result from an as-yet

unidentified issue in the third Franz cell experiment.
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The permeation kinetics may be influenced by the lipophilicity of each of the active
ingredients. Isopyrazam, with a quoted LogP of 4.25, exhibits higher lipophilicity
compared to cyproconazole (2.91) and mefenoxam (1.71), indicating higher LogP
values are correlated with enhanced permeability. Lee et a/?>*® further reinforced
the relationship between lipophilicity and skin permeability, demonstrating the
increase in skin penetration of drugs including lidocaine, ketoprofen and ibuprofen.
The observed trends are likely solely due to the LogP values as opposed to the ion
intensities of the compounds (will be discussed later). Molecular weight serves as
another significant parameter commonly employed to anticipate skin permeation,
wherein compounds below 500 Da typically demonstrate greater penetration.
However, the distribution profiles reveal a departure from this norm for these
active ingredients. Contrary to expectations, an escalation in molecular weight
resulted in an increase in penetration. It can be deduced the increase in
permeation can be attributed to the lipophilicity of the compound but also
potentially the toxicity of the agrochemical. It is widely accepted that these
compounds can adversely affect the chemistry and composition of the skin?9%:300.301,
It is possible that in this case the increase in permeation may be attributed to the
extent of the damage to the skin which in turn increases the penetration of the

compound.

Significantly, as with previous work using single Als (Chapter 2, Section 2.4.5) each
individual component of the formulation is also identified within the skin at the 1%
v/v concentration. Following 24 hours of exposure, a variety of different trends are
evident for each co-formulant, portraying distinct localisations within the various

skin layers. The ion intensities (Figure 4.2b, Replicate 1) for the emulsifying agent,
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Synperonic™ L11 (C12H,307), and solvents, Hallcomid M-8-10 (CsH1sNO") and
Solvesso™ 200 ND (Ci14H11*) consistently remain at baseline, indicating minimal to
no dermal absorption. Notably, Hallcomid® M-8-10 exhibits little to no skin
penetration despite serving as a carrier solvent for the active ingredients. The data
suggests the stratum corneum serves as an effective barrier against these
compounds, reducing the risk of exposure to agricultural workers. Conversely, the
ion intensity for the anionic emulsifier, Atlox™ 4838B (C¢HsSO3), gradually
increases reaching a maximum in the middle regions of the stratum corneum
followed by a subsequent gradual decrease into the underlying epidermis.
Similarly, the ion intensity for the castor oil based ethoxylate, Emulsogen EL360
(C11H19077), maintains a relatively stable distribution throughout the skin in contrast
to Dowanol™ DPM, exhibiting a continued increase, reaching a peak in the surface
layers of the epidermis. Since Emulsogen EL360 is an oil-based compound, it can
readily traverse the barrier layer. As indicated by prior research3%393:3%4 qijls exhibit
the capacity to markedly enhance the penetration of other compounds, and this

phenomenon may be applicable in this context.

The replicate datasets (Figure 4.2b) reveal some variations in the co-formulant
behaviour, showing differences in the distribution patterns within the skin.
However, higher permeation of Emulsogen EL 360 and Dowanol™ DPM is
consistently observed compared to the other constituents of the formulation.
Emulsogen EL 360 demonstrates permeation into the underlying epidermis, while
Dowanol™ DPM is localised in the outermost region of the stratum corneum in
Replicate 2 and exhibits absorption into the epidermis in Replicate 3. The observed

differences in the penetration of co-formulants and active ingredients may be
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attributed to inherent variations in biological samples, leading to varied results.
Specifically, for Replicate 3, potential issues with the Franz cell experiment are
apparent, raising the likelihood of formulation loss and consequently reduced skin

exposure.

The combination of Franz cell diffusion tests and the OrbiSIMS effectively facilitated
the label-free, in situ identification and visualisation of the distribution of a
complete formulation eliminating the need for complex sample preparation and
solvent extraction procedures. Based on the preliminary experiments it could be
possible to apply this methodology to systems with multiple Als to accelerate the
initial skin permeation evaluation phase. Evidently, the findings from this study
portray, the dermal absorption of compounds can be predicted by their respective
LogP values. Molecular weight is another parameter generally used for the
prediction of skin permeation, with compounds below 500 Da exhibiting larger

penetration.

Variability observed in the replicate Franz cell studies may stem from inherent
differences in biological samples such as skin, as well as potential issues within the
Franz cell experimental setup. A more comprehensive investigation is needed to
delineate the underlying factors contributing to the observed variability in results.
It is possible to control Franz cell variability by employing tritiated water3® and

possibly utilising reference samples for the validation of the technique3°®.
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4.4.2 Evaluation of the Sensitivity of the OrbiSIMS for Active Ingredients

The Franz cell method is a regulatory requirement in the agrochemical industry,
proving to be a relatively robust and reliable approach for the assessment of the
dermal absorption of compounds. We have demonstrated the efficacy of the
approach in tracking a single Al (Chapter 2), an Al with co-formulants (Chapter 3)
and a formulation containing multiple Als (Chapter 4). However, a notable
limitation of the method is compounds can often go undetected, including the

laborious and cost-ineffectiveness nature of the technique.

Dosing skin homogenates is routinely used in skin research397:39%830 for the

prediction and classification of the behaviour of compounds. A comparison of the
ion intensities of namely, cyproconazole and Pal-GHK, to concentrations in spiked
skin homogenates would provide essential insights into whether a compound can

be detected in the skin and yield suitable permeation data.

A small database comprising 20 frequently employed active ingredients across the
agrochemical, pharmaceutical and cosmetic sectors were spiked in skin
homogenates at a concentration of 10 mg/ml, these are outlined in the summary
Table 4.1. Molecular ions, [M-H*] and [M-H], of 12 compounds were identified in
both positive and negative polarities, with four compounds detectable exclusively
in one polarity and another four compounds detectable solely as fragments.
Molecular ions are generally preferred, attributed to their ability to offer higher
sensitivity and specificity when identifying a compound in a complex biological
system. However, the detected fragment ions are of significant mass and
representative of the compound structure, including their absence in the native

skin chemistry.
137 |Page



Table 4.3. A breakdown of the active ingredients investigated in this study, encompassing

their respective structures, structural formulas, molecular weights and

ions/fragments identified using the OrbiSIMS.

molecular
Agrochemicals
0 "~ 0 3 ob Moo
N—N OH 5 o A j\fﬁc{ I o N
cl . N ®) Nk/o
HoLp N o~
CHy \u ) {B \@/ [e]
d o
1) Cyproconazole 2) Cyantraniliprole 3) Azoxystrobin 4) Metalaxyl 5) Trinexapol-ethyl
C,5H1gCIN;O C15H14BrCIN;O, C,5H14BrCIN;O, Cy5H,NO, C,3H1605
MW: 291.1138 MW: 472.0050 MW: 403.1168 MW: 279.1471 MW: 252.099775
Molecular lon/Fragments Molecular lon/Fragments Molecular lon/Fragments ~ Molecular lon/Fragments
(m/z) (m/z) (m/z)
292.1208 (+ve) 473.0114 (+ve)
290.1074 (-ve)

470.9986 (-ve)

(m/z)
406.1403 (+ve)

Molecular lon/Fragments

(m/z)
277.0051 (+ve) X (+ve)
404.1246 (-ve) 274.8815 (-ve) 251.0926 (-ve)
| O
HO\P//O H\)CJ’\ S_o | O‘l}l o
’ N. N
Ho 7 oM s, Y
N O_ _N >\CI
N' ~ S
6) Glyphosate 7) Acibenzolar-s-methyl 8) Thiamethoxam
C,;HNOP C4HeN,0S, CgH1oN5CLOSS
MW: 169.0140 MW: 209.9922 MW: 291.0193
Molecular lon/Fragments Molecular lon/Fragments Molecular lon/Fragments
(m/z) (m/z) (m/z)
X (+ve) 159.0363 (+ve) X (+ve)
168.0071 (-ve) 175.0331 (-ve) 243.0555 (-ve)
Pharmaceuticals
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9) Acyclovir 10) Benzocaine 11) Hydrocortisone 12) Imiquimod 13) Lidocaine
CgH14N504 CgH1NO, C51H35005 CiaHigNs Ci4HzoN,0
MW: 225.0862 MW: 165.1891 MW: 362.4599 MW: 240.3036 MW: 234.3373
Molecular lon/Fragments Molecular lon/Fragments Molecular lon/Fragments Molecular lon/Fragments ~ Molecular lon/Fragments
(m/z) (m/z) (m/z) (m/z) (m/z)
226.0935 (+ve) 166.0862 (+ve) 363.2165 (+ve) 241.1449 (+ve) X (+ve)
224.0785 (-ve) 164.0712 (-ve) X (-ve) 239.1297 (-ve) 183.0119 (-ve)
Cosmetics
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14) Salicylic acid 15) Niacinamide 16) Trans-retinoic acid 17) Vitamin C 18) Pal-GHK
C;HeOs CoHeNO CaoH260, CeHsOg CioHsaNgOs
MW: 138.0317 MW: 122.0480 MW: 300.2089 MW: 176.0321
Molecular lon/Fragments Molecular lon/Fragments Molecular lon/Fragments
(m/z) (m/z)
X (+ve)

123.0553 (+ve)
137.0238 (-ve)

121.0403 (-ve)

[1 AOJKQ
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19) Benzoyl peroxide
C‘MHmoA
MW: 242.0579
Molecular lon/Fragments
(m/z)
243.0652 (+ve)
241.0496 (-ve)

(m/z)
301.2162 (+ve)
299.1999 (-ve)

Molecular lon/Fragments
(m/z)
X (+ve)
175.0239 (-ve)

20) Vitamin E
C1oH500,

MW: 430.3811
Molecular lon/Fragments
(m/z)

431.3836 (+ve)

429.3712 (-ve)

MW: 578.4156
Molecular lon/Fragments
(m/z)

579.4231 (+ve)

577.4050 (-ve)
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The OrbiSIMS depth profiling spectra in the range of 150 — 500 m/z for the
agrochemical active ingredients are depicted in Figure 4.3. Evidently, the molecular
ions, [M-H] and [M-H]*, of cyproconazole, azoxystrobin and cyantraniliprole are
discernible in positive and negative polarities while the molecular ion for

trinexapol-ethyl is exclusively present in the negative polarity.

Acibenzolar-s-methyl and metalaxyl can be traced within the skin homogenates as
fragments, present in both polarities, however, thiamethoxam can only be
observed as a fragment in the negative polarity. Notably, all of the diagnostic peaks
identified are completely resolved from the peaks present in the control skin

homogenates, allowing for the tracking of these compounds in the skin tissue.

The species with higher molecular mass (>290 m/z) particularly, those containing
more than one benzene group are identifiable as molecular ions. Polycyclic
compounds such as cyproconazole, azoxystrobin and cyantraniliprole, contain
various electron-donating groups, including methyl groups (—CHs), ethyl groups (-
C2Hs), alkoxy groups (—OR), ethoxy (—OC;Hs) and amino groups (—NHz). These
electron-donating groups contribute to increased electron density around the
benzene ring, resulting in a stable structure undergoing reduced fragmentation by
the Arsooo™ ion beam. Previous work by Dzepina et al**® and Herring et af*!
provides additional support to the notion that these functional groups are
responsible for the stabilisation of these structures. Their work demonstrates that
the molecular ion was the predominant species identified for the 53 polycyclic
compounds analysed using mass spectrometry. The combination of the Arsgg* ion

beam and Orbitrap™ has led to the detection of numerous molecular ions for
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Figure 4.3. OrbiSIMS depth profiling mass spectra of the agrochemical active ingredients

spiked in skin homogenates, illustrating the molecular ions and fragments detected within

the spiked skin homogenates and their absence in the control skin homogenates.

The OrbiSIMS spectra for pharmaceutical active ingredients spiked into porcine skin

homogenates, ranging from 160 to 370 m/z overlayed with control skin tissues is

presented in Figure 4.4. The molecular ions of benzocaine (164.0712 m/z and

166.0862 m/z), acyclovir (224.0785 m/z and 226.0935 m/z), imiquimod (239.1297

m/z and 241.1449 m/z) are observed in positive and negative polarities, while

hydrocortisone (363.2165 m/z) is identifiable as a [M-H]* ion in the positive
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polarity. Lidocaine (183.0119 m/z) was the only compound from the

pharmaceuticals to be detected as a fragment ion in the negative polarity with the

potential loss of the ethylamine group (C;HsNH,'). Similarly, the diagnostic peaks

for the active ingredients are absent in the control skin tissue, facilitating for the

tracking of the skin permeation.
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Figure 4.4. OrbiSIMS mass spectra of the pharmaceutical active ingredients spiked in skin
homogenates, showing the molecular ions and fragments detected within the spiked skin

homogenates.
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The cosmetic active ingredients were all identified in the skin homogenates as
molecular ions in negative and positive polarities except for salicylic acid (137.0238
m/z) and niacinamide (175.0239 m/z), which were solely present in the negative

polarity (Figure 4.5).

The highlighted ions in Figures 4.3, 4.4 and 4.5, are all completely resolved from
the peaks present in the skin homogenates however, there is notable variability in
the detection of the compounds. This variability in detecting the molecular ions or
fragments of certain active ingredients can be attributed to the size of the
compounds and functional groups. However, matrix effects exhibited by biological
samples such as skin can lead to compound signal suppression including weak

ionisation potentials for specific chemistries3'2.
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Figure 4.5. OrbiSIMS mass spectra ranging from 100 to 600 m/z of the cosmetic active
ingredients spiked in skin homogenates.

The analysis of skin homogenates treated with active ingredients proves to be a
valuable approach for the rapid and efficient screening to determine the
detectability of these compounds within the skin. The OrbiSIMS screening
successfully identified 20 commonly used active ingredients across the
agrochemical, pharmaceutical and cosmetic industries. Among these, 16 were
detectable as molecular ions with 4 active ingredients being identified as large
fragments representative of the chemical structures. The diagnostic ions were
entirely resolved from the native skin chemistry, indicating their suitability for

potentially observing the dermal absorption in skin.

4.4.3 lon Intensity Comparison of the Active Ingredients

In Chapter 3 the dermal absorption of a 1% v/v concentration of an agrochemical
formulation containing cyproconazole was detailed. The ion intensity for the
compound proved adequate for tracking its distribution within the different layers
of the skin. Consequently, the molecular ion of cyproconazole serves as a
benchmark to provide insight into whether an agrochemical can be spatial resolved

within skin.

To compare the signal intensity for the active ingredients the most intense
molecular ion or fragment peaks were selected for each compound and plotted in
order of most intense to least. The ordered ion intensities for the agrochemical
active ingredients are presented in Figure 4.6. The glyphosate molecular ion
exhibits the most intense signal (1.089 x 107) with thiamethoxam displaying the

weakest (141015.8).
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As shown in Figure 4.6, the cyproconazole molecular ion exhibits an ion intensity of
1.2473 x 108 which was successfully employed to track the dermal and foliar
absorption demonstrated in Chapter 3. In comparison, the [M-H] ions for
glyphosate, cyantraniliprole and the fragment for acibenzolar-s-methyl display a
greater extent in intensity in the negative polarity. The heightened signal would be
advantageous for more accurate tracking of the compounds when evaluating
percutaneous uptake. In contrast, thiamethoxam (217955) and metalaxyl (554960)
show the weakest signal which may be difficult to detect at lower concentrations in
the skin. The differences in the relative ion intensities for each compound are
difficult to explain as they may be due to inherent ionisation potential of a given
molecule. Similarly, the compounds may also experience potential matrix effects
leading to signal suppression or enhancement. To better understand the variability
in ion intensities further investigations are needed. Nevertheless, the reported
method provides a relatively rapid and efficient way to assess whether a test

compound is detectable within skin without necessitating Franz cell studies.
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Figure 4.6. The highest ion intensities of the 8 agrochemicals detected in the skin
homogenate samples, ordered from high to low, with ‘+' and ‘- denoting the polarity in
which the ion or fragment was observed. (a) The unadjusted scale for the normalised
intensity. (b) A split y- axis bar chart illustrating the large range of values.
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The drug compounds also demonstrate variability in the ion signal (Figure 4.7), with
the lidocaine fragment exhibiting the highest intensity 1.4 x 102, while the
hydrocortisone [M-H]* displayed the weakest signal. The molecular ions for
imiquimod, acyclovir and benzocaine show very little differences in ion intensities

compared to the other drug molecules.

Al-Mayahy et al*’ elucidated the permeation depth and lateral distribution
characteristics of 5% w/v imiquimod into porcine skin using the ToF-SIMS equipped
with a Bis* primary ion source. Despite achieving a relatively low ion intensity of
approximately 2.0 x 108, the authors successfully localised the drug in the stratum
corneum. Through the use of the Arsgo0* and Orbitrap™, a higher ion intensity of
2.13 x 108 was obtained for a lower concentration of the drug within the skin
homogenates. Lidocaine emerges as a promising candidate for skin permeation,
exhibiting the highest ion intensity, alongside acyclovir and benzocaine, which
demonstrated a similar response to imiquimod. Hydrocortisone, with the lowest
ion intensity (12329.1), due to possible matrix effects causing ion suppression, may
provide inaccurate permeation data. The concentrations of active ingredients used
for this analysis are relatively higher in comparison to commercially used products
therefore, this increases the likelihood of detecting the analytes. Despite this, the
method offers a rapid means to compare compound intensities and provides

insights into their potential detectability within biological tissues.
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Figure 4.7. The highest ion intensities of the 5 pharmaceutical drugs detected in the skin
homogenate samples, ordered from high to low, with ‘+" and ‘-’ denoting the polarity in
which the ion or fragment was observed. (a) The unadjusted scale for the normalised
intensity. (b) A split y- axis bar chart illustrating the large range of values.
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Chapter 2 highlights the investigation of the skin permeation of the anti-aging
peptide, Pal-GHK, at relatively low, commercially relevant concentrations (<100
ppm), demonstrating the delivery into the stratum corneum. As shown in Figure
4.8, the peptide displays a relatively good ion intensity (3.91 x 107) allowing the
detection of small amounts within the skin tissue. Similarly, trans-retinoic acid used

in acne313

and psoriasis3!4 treatment is also good candidate for skin permeation
studies, showing the highest ion intensity (5.17 x 107) for the molecular ion.
Salicylic acid (1.69x 107), vitamin E (364997), vitamin C (327883) and niacinamide
(249496) have similar ion intensity outputs with benzoyl peroxide (59601.1) having

the lowest ion intensity. Currently, the reason behind the variability in ion

intensities for each of the compounds is unknown and further work is required.

Nonetheless, all the cosmetic active ingredients were effectively identified and
completely resolved from the inherent skin chemistries. Additionally, we have
treated the skin homogenates at relatively low concentrations in comparison to
levels used in commercially available formulations. Starr et al was able to
demonstrate the percutaneous uptake of 5% vitamin C with the utilisation of the
ToFSIMS equipped with the Bis* primary ion beam. Here we employ lower
concentrations of the active ingredients and still achieve favourable relative ion

intensities.
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Figure 4.8. The highest ion intensities of the 7 cosmetic actives detected in the skin
homogenate samples, ordered from high to low, with ‘+" and ‘- denoting the polarity in
which the ion or fragment was observed. (a) The unadjusted scale for the normalised
intensity. (b) A split y- axis bar chart illustrating the large range of values.
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Lipophilicity is an important parameter routinely used to predict the dermal
penetration behaviour of compounds particularly, their transport across the
stratum corneum?3>316317 The partition coefficient, LogP, is a measure of the
lipophilicity or hydrophobicity of a given compound, represented by the ratio of its
concentration in two immiscible solvents3!8, Generally, a larger LogP value signifies
a greater degree of lipophilicity, suggesting a greater potential for skin permeation.
Given the stratum corneum is predominantly lipid-based, a lipophilic compound
experiences enhanced solubility in the lipids, facilitating its efficient traversal

through the tissue317:319,320,321,

The LogP value has previously been employed for the empirical prediction of the
relative sensitivity for a given drug in doped liver tissue homogenates to the SIMS
analytical technique 2°6. The study revealed a positive correlation between the
lipophilicity of the drug and SIMS sensitivity, indicating an increase in ion yield with
an increase in the drugs lipophilicity. The linear correlation observed was
hypothesised to be attributed to the relative solubility of the drug in the tissue or
the potential reduction in ion suppression effects associated with the decreased

salt concentration.

Similarly, the influence of the lipophilicity of the 20 active ingredients on the ion
intensities obtained with the OrbiSIMS was examined. In Figure 4.9, we plot the ion
intensities of all 20 active ingredients against their LogP to determine any potential
trends. As illustrated, there was no discernible relationship observed between the
lipophilicity of the active ingredients and the perceived ion intensity within the
dosed skin homogenates. Presently, there is no apparent explanation for the

absence of a trend, but it could be likely be attributed to matrix effects causing ion
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signal suppression and weak ionisation for specific chemistries. Additionally, Vorng
et al?*®inferred that the ion yield for drug compounds detected as negative ions
where not dependant on the LogP values, and this effect was exacerbated with
concentration of drugs above 1%. As such, it is possible there is an accumulation of
all the aforementioned effects leading to the variability in ion intensities yielded.
Further investigation is needed to fully understand the factors affecting the ion
intensity yield however, the screening method proposed provides a relatively
simple and cost-effective way to quickly assess whether a compound is detectable

in skin tissue with necessitating Franz cell studies at the preliminary stage.
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Figure 4.9. The impact of the LogP of an active ingredient on the ion intensity obtained by
the OrbiSIMS in dosed skin homogenates.
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4.4.4 Assessment of the Linearity of OrbiSIMS Intensity with Concentration
The linearity of a method refers to its capacity to yield results within a specified
range that exhibit a proportional relationship to the concentration of the
analyte®?2, This parameter is generally used to validate assays to establish the
reliability/robustness of the methodology including determination of detection

limits and revealing the concentration of unknown samples323:324325,

The active ingredients were spiked into the skin homogenates at a concentration
range of 2.5 — 10 mg/ml, ensuring uniform distribution within the tissue. The
linearity of cyproconazole, Pal-GHK and lidocaine was demonstrated, as shown in
Figure 4.9.1. Following OrbiSIMS depth profiling, the three active ingredients
provided satisfactory linear relationships, with R, values spanning from 0.82 to
0.98. Notably, the compounds are detectable at the lowest, 2.5 mg/ml
concentration, suggesting the skin homogenates can possibly be dosed at a lower

concentration and be calibrated to suitable levels for skin permeation studies.
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a) b)

Cyproconazole

Pal-GHK Lidocaine

Spiked Skin Homogenates 5 0005 . L e

Concentration in Tissue (mg/ml) Concentration

Figure 4.9.1. Assessment of the linearity of the OrbiSIMS approach for three actives
ingredients; cyproconazole, Pal-GHK and lidocaine. (a) The principle of the skin homogenate
analysis, utilising the Arsgoo™ primary ion beam for depth profiling. (b) Calibration curves for
three active ingredients; cyproconazole, Pal-GHK and lidocaine, displaying a linear
relationship.

4.5 Conclusion

In this work we have effectively employed the OrbiSIMS to demonstrate the
percutaneous uptake of a multi-Al agrochemical formulation comprising
cyproconazole, isopyrazam and mefenoxam at relevant ‘real-life’ concentrations
(<100 ppm). Additionally, the investigation revealed the distribution patterns of all
the constituents of the formulation, providing insights into their delivery into the
various layers of the skin. These findings can contribute to high-throughput
screening of multiple Al containing agrochemical formulations in addition to, the
development of pesticides with multiple active ingredients and aid in minimising

the risk to excessive exposure to agricultural workers.

Following on, 20 active ingredients most commonly utilised across the

agrochemical, pharmaceutical and cosmetic industries were screened in skin
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homogenates with the OrbiSIMS approach. All active ingredients were successfully
identified in the skin homogenates, exhibiting varying ion intensities. The
differences in ion signal cannot be explained currently, however, the molecular ion
and fragment peaks depicted were completely resolved from the skin tissue,
permitting potential skin permeation studies of these compounds. The linearity of
the method was assessed at a concentration range of 2.5 — 10 mg/ml,
demonstrating satisfactory linear relationships. The calibration curves not only
offer insight into the robustness of the technique but also enable the calibration of
appropriate concentrations for analysis and facilitate the potential elucidation of

unknown compound concentrations in the skin tissue.

The OrbiSIMS screening approach shows promise for a reliable high-throughput
method for the rapid and efficient assessment of compound sensitivity within the

skin, bypassing the laborious Franz cell methodology at the preliminary stage.
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5. Concluding Remarks and Future Perspectives

5.1 Conclusions

The primary objective of this thesis was to enhance the comprehension of the
percutaneous uptake of agrochemicals with the employment of the advanced
capabilities of the OrbiSIMS approach. Using the Arsgoo* primary ion beam and the
Orbitrap™ mass analyser, our investigation aimed to explore the in situ
distributions and localisations of active pesticide ingredients, including the
constituents of formulations across the various layers of the skin. As delineated in
Chapter 1, current methodologies for the evaluation the skin permeation of
compounds suffer notable limitations, particularly evident in liquid
chromatography, necessitating the need for laborious solvent-based extraction
procedures, leading to the loss of spatially resolved data for analytes. Similarly,
fluorescence-based analytical techniques mandate the isotopic labelling of
compounds, introducing potential adverse impacts on the dermal absorption of

compounds.

Comprehending the chemical composition of the stratum corneum is imperative for
gaining insights into fundamental biological processes and the percutaneous
absorption of substances through this pivotal barrier. Chapter 2 provides an
elucidation of the molecular architecture of the stratum corneum, encompassing
the major key compounds that constitute the structure. The significant
improvements in mass resolving power (>240,000 at 200 m/z) and mass accuracy
(<0.1 ppm for biological samples) facilitated the identification and elucidation of

the in situ localisation patterns of the endogenous species within the skin. Using a
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chemical filtering software, a comprehensive breakdown of over 140 chemical
species spanning five compound classes: amino acids, fatty acids, ceramides,
phospholipids, and triglycerides were putatively assigned including their chemical

gradients within the skin tissue.

The dermal absorption of a fungicidal agrochemical formulation containing the
active ingredient, cyproconazole, was explored in Chapter 3. For the first time
reported, we were able to demonstrate the percutaneous penetration of an entire
pesticide formulation including all co-formulants at relevant real-life concentrations
applied by agricultural workers. The localisation of each constituent was revealed

including the effects of exposure time on the degree of permeation.

Currently, there is limited knowledge concerning the molecular composition of
leaves specifically, the cuticle with scarce insight into the in-situ localisation of
native compounds. This knowledge gap impedes advancements in crop
management and the optimisation of product development. As such this chapter
focused on the application of the OrbiSIMS coupled with the Arsgee* primary ion
beam for probing the endogenous species of leaf cuticles and the underlying
epidermis. The investigation entailed OrbiSIMS depth profiling of in vivo Motown
variety of wheat leaves, providing the assessment of the in situ distribution of the
endogenous species. Particular focus on the leaf cuticle, yielded the chemical
distributions of over 70 species encompassing, fatty acids and aldehydes in addition
to, flavones, amino acids, nucleic acids and vitamins relating to the underlying
epidermis. Similarly, the foliar absorption of the CCZ EC formulation was evaluated,
resulting in the ability to track the entire formulation including effects of exposure

times. The work highlighted was possible without the requirement of solvent-based
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extraction procedures or isotopic labelling. The improvements in comprehending
the molecular architecture of wheat leaves, encompassing permeation kinetics in
both skin and wheat leaves, will prove advantageous in facilitating optimised crop

management and product development.

Franz cell diffusion testing stands as the ‘gold standard’ for the assessment of the in
vitro permeation of test compounds into various membranes, including the skin.
Nevertheless, the inherent issue with this methodology is the frequent inability to
detect the analyte of interest post-permeation study and the relative low output.
Chapter 4 offers a relatively rapid and efficient screening method for 20 commonly
used active ingredients spanning across the agrochemical, pharmaceutical and
cosmetic industries. The approach facilitated the identification of all the
compounds as either molecular ions or large fragment ions representative of the
overall chemical structure. It was difficult to pinpoint the variability in ion
intensities between each compound however, the method provided satisfactory
linearity potentially allowing the deduction of unknown concentrations of
compounds. Lastly, the dermal absorption of a multi-Al pesticide formulation was
assessed, providing the label-free, in situ distributions of all of the constituents. The
skin permeation of the active ingredients was potentially dependent upon the
lipophilicity of the compound, with a higher LogP value indicating a greater extent
of penetration into the deeper layers of the skin. The findings of the Chapter
provide a relatively rapid and robust approach to gauge the sensitivity of
compounds within skin tissue and a high-throughput Franz cell study approach,

providing the ability to test multiple active compounds simultaneously.
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5.2 Future Perspectives

The PhD project has provided unprecedented insight into the delivery of
agrochemical formulations into the various layers of skin and wheat leaves. This is
the first reporting of the in situ, label free visualisation of the depth distributions of
a complete pesticide formulation at concentrations relevant to real-life conditions.
Further work could extend this work by assessing the impact of these chemicals on
the endogenous species of the skin and leaves. Such assessments are pivotal for
ascertaining potential routes of exposure to agricultural workers and offer valuable
perspectives on potential adverse effects. The comprehension of how
agrochemicals influence the plant cuticle holds the promise of furnishing data for
more precisely targeted delivery strategies. This avenue of research not only
enhances our understanding of agrochemical interactions with plant surfaces but
also carries implications for optimizing delivery methods and minimizing

unintended ecological consequences.

Additionally, here we report the skin and foliar permeation of three fungicidal
active ingredients. Subsequent experiments can expand upon these by exploring
various categories of pesticide compounds including insecticides, herbicides and
rodenticides. The distinct modes of action associated with different types of active
ingredients likely contribute to varied penetration characteristics and interactions

with both the skin and leaves.

Moreover, our present findings focus on an emulsifiable concentrate formulation.
Subsequent studies may delve into alternative formulations such as suspension

concentrates and wettable powders, each characterized by unique co-formulants.
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These diverse formulations can elicit distinct behaviours when in contact with
biological tissues, thereby warranting a comprehensive examination to better

understand their respective impacts.
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6. Supporting Information

6.1 Chapter 2 Supporting Information

Supplementary Information Text

Materials and Methods

Porcine skin acquisition. Porcine skin was obtained post-slaughter from pigs reared
specifically for food, which ensured that removing the skin tissue was a secondary
use of the animal. The ears were removed immediately after slaughter, prior to
cleaning or hair removal in order to maintain skin integrity. The skin was stored for
a maximum of 24 h at 4 °C, after which the tissue was washed with ultrapure water
only and the hair trimmed with scissors. Using a scalpel, the outer-ear skin was
detached from the underlying cartilage and any excess subcutaneous fat was
removed. The skin was wrapped in aluminum foil and stored at -20 °C for a
maximum of 3 months prior to use. Full thickness skin sections of approximately 2

mm were used for analysis.

In vitro Permeation Studies. Once defrosted, circular ex vivo human skin was cut
and mounted, dermal side down, between a donor and receptor chamberin a
Franz-type static diffusion cell set-up (1) with an exposed surface area of 1.1 cm?
and a receptor compartment volume of 3 mL. The receptor compartment was filled
with Phosphate Buffered Saline (pH 7.5) and an infinite dose (200 mg) of a
commercial analogue formulation containing Pal-GHK at <100 ppm was applied via

the donor compartment. Sink conditions were maintained throughout the
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experiments. The skin was exposed to the formulation for 4 h in a water bath set to
36.5 °C, which maintains a skin temperature of 32°C. After 4 h, the Franz cell was
dismantled and the excess formulation was removed with a dry sponge. The skin
was wiped with a sponge soaked in Teepol Solution (3 % v/v) and then dehydrated
under vacuum at RT for 24 h before loading into the Hybrid-SIMS instrument for
analysis. As the focus of the analysis was an exogenous peptide and not a native
compound, for practical and time saving reasons we chose to prepare the samples

under dehydrated conditions rather than frozen hydrated.

In vivo Permeation Studies. Three Caucasian subjects (2 females, 1 male) aged
between 30-55 were used for the study. All subjects gave informed consent to
participate. The study was performed in a constant environment of 22 + 2 °C and
50 + 5 % humidity and subjects were acclimatized for 15 minutes prior to product
application. A commercial analogue formulation containing Pal-GHK at <100 ppm
was applied to one site on the volar forearm at 2 mg/cm? and one site was left
untreated. Four hours post-application the sites were gently wiped with a tissue
and 15 sequential tape strips were collected from each site using D-squame® strips
(CuDerm). A D-squame® pressure instrument (CuDerm) was used to apply
consistent pressure for 5 seconds before removing strips from the skin. Tape strips

were then stored at 4°C until analysis.
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Supplementary Information Figures
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(b) Example negative molecular ions absent from the dehydrated spectrum
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Figure S2.1. OrbiSIMS negative polarity spectral data, showing a comparison of the
spectra for frozen hydrated (<-170 °C) vs. dehydrated (RT) ex vivo porcine skin
tissue. The primary ion beam was Arsooo*. The total applied ion dose for the frozen
hydrated and dehydrated sample was 1.8 x 10'3and 6.79 x 10*3 respectively. (a) An

overview of the spectrum from m/z 100 -700. The ion intensity has been
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normalized to the total ion count. (b) Three example ion peaks that are absent
from the dehydrated spectrum. Specifically, the putatively assigned molecular ions
of amino acid threonine (C4HsNOs3), phospholipid PE 36:2 (Ca1H77NPQOs’) and

ceramide C48:0;03 (C4gHgos04N").
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Figure S2.2. OrbiSIMS negative polarity depth profile data showing the ion intensity
variation as function of ion dose/skin depth for the putatively assigned

phospholipid species. The primary ion beam was Arsooo*. The 10 most intense ions
are presented. These ions have been used to determine the stratum corneum —
epidermal boundary, which is approximated with a dotted vertical line. The profile

has been compressed using a running average method (100 data points).
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Figure S2.3. OrbiSIMS negative polarity depth profile data showing the ion intensity
variation as function of ion dose/skin depth for the putatively assigned triglyceride
species. The inset is a zoom in of the region between 2 x 102and 2 x 10*3 ion dose.
The primary ion beam was Arzooo*. The stratum corneum — epidermal boundary has
been determined, and approximated with a dotted vertical line, based on the ion
intensity variation of the phospholipid species (Figure $2.2). The profile has been

compressed using a running average method (100 data points).
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Figure S2.4. OrbiSIMS negative polarity depth profile data showing the ion intensity

variation as function of ion dose/skin depth for the putatively assigned ceramide

species. The primary ion beam was Arsoeo*. The stratum corneum — epidermal

boundary has been determined, and approximated with a dotted vertical line,

based on the ion intensity variation of the phospholipid species (Figure $2.2). The

profile has been compressed using a running average method (100 data points).
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Figure S2.5. OrbiSIMS negative polarity depth profile data showing the ion intensity

variation as function of ion dose/skin depth for the putatively assigned fatty acid

species. This class of compounds presented two different trends with depth. The

primary ion beam was Arsgeo*. The stratum corneum — epidermal boundary has

been determined, and approximated with a dotted vertical line, based on the ion

intensity variation of the phospholipid species (Figure S2.2). The profile has been

compressed using a running average method (100 data points).
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Figure S2.6. 3D OrbiSIMS negative polarity depth profile data showing the ion

intensity variation as function of ion dose/skin depth for the putatively assigned

amino acid species. The primary ion beam was Arsgoo*. The stratum corneum —

epidermal boundary has been determined, and approximated with a dotted vertical

line, based on the ion intensity variation of the phospholipid species (Figure S2.2).

The profile has been compressed using a running average method (100 data

points).
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Figure S2.7: OrbiSIMS data showing the ion intensity variation as a function of skin

depth for various native compounds in three different human skin samples (SI

Table S$2.6) with sample 1 analyzed in the cryo hydrated state and samples 2 and 3

analyzed in a dehydrated state. The ion intensities have been normalized to the
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total ion count. The variation of depth distributions of the following compounds
was assessed; cholesterol sulfate (C27H455047), palmitic acid (Ci6H31077), lignoceric

acid (C24H4702'), arginine (C5H13N402'), PCA (C5H5N03') and ornithine (C5H11N202').
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Figure S2.8: OrbiSIMS positive polarity depth profile data showing the ion intensity
variation as function of ion dose/skin depth for various putatively assigned
compounds. The primary ion beam was Arsooo*. The ion intensities have been
normalized to the total ion count and the profiles have been compressed using a
running average method (using a 100 data point average). The stratum corneum —
epidermal boundary, approximated with a dotted vertical line, has been
determined based on the ion intensity variation of the phospholipid species (Figure
$2.2). Example ions from each identified compound class: PL — phospholipids
(CsH1sNPO4*), TG — triglycerides (C7H11*), Cer — ceramides (C39H7104%), FA1 and FA2

— fatty acids (C1sH3502* and Cz6Hs6NO2*) and AA —amino acids (CsH1sN4O,*). The
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normalized intensity for the phospholipid and amino acid ions have been multiplied

by a factor of 10.

(i} Human (i) Porcine
_ — PL Cer — FA2 2. — PL Cer — FAZ
4.5x10 ’-| — FA1— AA 451077 _ i an !
1 y &
> sC E Epidermis > 5C : Epidermis
- ‘ ] TE :
G 3x102- : g 3x107- '
IE i E :
— I
g : : :
= i = -
E ! E 1.5x10%- '
5 ] b
Z i = .
\ L]
D r : T T - 1 ﬂ-.r_-._._-._u..'_q_ﬂﬂ__ - -
o 4x10"  Bx10%*  1.2x10" ] 4x1012  gx102  1.2x10¥

Total Dose (ions) Total Dose (ions)

Figure S2.9. Data produced from 3D OrbiSIMS negative polarity depth profile
analysis of frozen hydrated ex vivo skin, both human and porcine. The primary ion
beam was Arsgoo*. Depth profiles for both (i) human and (ii) porcine samples,
showing the ion intensity variation as function of ion dose/skin depth for various
putatively assigned compounds. The ion intensities have been normalized to the
total ion count and the profiles have been compressed using a running average
method (using a 100 data point average). The stratum corneum — epidermal
boundary, approximated with a dotted vertical line, has been determined for each
species based on the ion intensity variation of the phospholipid ion. Example ions
from the following compound classes are shown: PL — phospholipids (Ca1H77NPOg),
Cer — ceramides (Cs4HssNOs'), FA1 and FA2 — fatty acids (C27H4702 and Ci6H3107),
AA — amino acids (CsH11N2077). The normalized intensity for the porcine ceramide
and phospholipid ions has been multiplied by a factor of 100 and 1000

respectively.
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Figure S2.1.1. 3D OrbiSIMS negative polarity depth profile data showing the ion
intensity variation as function of ion dose/skin depth for the putatively assigned
exogenous compound sodium lauryl sulfate (C12H255047). The primary ion beam was
Arsoo0*. The stratum corneum — epidermal boundary has been determined, and
approximated with a dotted vertical line, based on the ion intensity variation of the
phospholipid species (Figure S2.2). The ion intensity has been normalized to the
total ion count and the profile has been compressed using a running average

method (100 data points).
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Figure S2.1.2. OrbiSIMS high resolution negative polarity ion images, produced
from the analysis of an individual human corneocyte skin layer, collected in vivo
using a tape stripping method. The data shown is from tape strip 7, which
represents the middle of the stratum corneum. The ion images illustrate the 2D
spatial distribution for the following molecular ions (a) Histidine (CsHsN3O2') (b)

Urocanic acid (CsHsN2037") (c) Pyrrolidone carboxylic acid (CsH7NOs") (d) Ornithine
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(CsH12N207). All ion images have been normalized to the total ion image and their

relative intensity scales set to 50 % of the maximum. Corresponding optical image

taken pre and post analysis in (e) and (f) where white scale bar = 500 um.

Supporting Information Tables

Table S2.1. Tabulated output from the SIMS-MFP software (2) showing the putative

phospholipid assignments. The observed mass (m/z), chemical formula, molecular

assignment and mass deviation are documented. All assignments were compared

against the Lipid Maps Structural Database ® (3) and/or verified manually from

previous literature.

Observed Chemical Formula Molecular Mass
Mass (m/z) Assignment  Deviation
671.4656 C37HesPOsg PA 34:2 0.7
673.4811 C37H70POg” PA 34:1 0.4
697.4811 CagH70POg PA 36:3 0.4
699.4968 C39H72POg" PA 36:2 0.4
701.5125 C39H74POg PA 36:1 -0.3
714.5076 C39H73NPOg PE 34:2 0.3
716.5234 C39H7sNPOg PE 34:1 0.4
738.5076 Ca1H73NPOg PE 36:4 0.3
740.5234 Ca1H75sNPOg” PE 36:3 0.5
742.5391 Ca1H77NPOg PE 36:2 0.5
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744.5548 Ca1H79NPOg PE 36:1 0.6
766.5390 Ca3H77NPOg PE 38:4 0.4
768.5543 Ca3H79NPOg" PE 38:3 0.0
786.5287 Ca2H77NPO10 PS 36:2 -0.4
788.5444 Ca2H79NPO10° PS 36:1 0.4
812.5444 Ca4H79NPO10° PS 38:3 0.3
835.5331 C43HgoPO13" Pl 34:1 -0.7
861.5495 CasHg2PO13° Pl136:2 0.2
885.5499 C47Hg2PO13” Pl138:4 0.7

Table S2.2. Tabulated output from the SIMS-MFP software (2) showing the putative
triglyceride assignments. The observed mass (m/z), chemical formula, molecular
assignment and mass deviation are documented. All assignments were compared
against the Lipid Maps Structural Database © (3) and/or verified manually from

previous literature.

Observed Chemical Molecular Assignment Mass

Mass (m/z) Formula Deviation

803.7136 | CsiHssOg TG(16:0/14:0/18:1(92)) 0.2

827.7136 | CssHesOg¢  [TG(16:1(92)/16:1(92)/18:1(92)) 0.2

829.7293 | CssHesOs | TG(16:1(92)/16:1(9Z)/18:0 0.0

831.7452 Cs3Hg906 TG(16:0/16:1(92)/18:0) 0.2
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853.7291 | CssHesOs | TG(18:2(9Z,127)/16:0/18:2 0.0
855.7449 | CssHogOs TG(16:0/18:1(92)/18:2 -0.2
857.7606 | CssHi0106 TG(16:0/18:1/18:1) 0.1
881.7605 | Cs7H10106 TG(18:1/18:1/18:2) 0.2
883.7762 | Cs;H1030¢ | TG(18:1(9E)/18:1(9E)/18:1 -0.1

Table S2.3. Tabulated output from the SIMS-MFP software (2) showing the putative
ceramide assignments. The observed mass (m/z), chemical formula, molecular
assignment and mass deviation are documented. All assignments were compared
against the Lipid Maps Structural Database ® (3) and/or verified manually from

previous literature.

Observed Chemical Molecular Assignment Mass
Mass (m/z) Formula Deviation

436.4160 CogHs40,N" Cer 28:1;0 -0.5
438.4316 CogHs60,N" Cer 28:0;0 -0.5
450.4317 C29Hs560,N" Cer 29:1;0 -0.7
452.4110 CogHs403N" Cer 28:1;02 -0.1
454.4266 CagHs603N- Cer 28:0;02 0
466.4265 Ca9H5603N- Cer 29:1;02 -0.2
652.6253 Cs1Hg204N" Cer 41:0;03 0.2
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654.6044 CaoHgoOsN- Cer 40:0;04 -0.1
666.6409 Ca2Hg404N- Cer 42:0;03 0.1
668.6202 Ca1Hg20sN" Cer 41:0;04 0.2
678.6407 Ca3Hga04N" Cer 43:1;03 -0.2
680.6564 Ca3HgsOsN- Cer 43:0;03 -0.2
680.6564 Ca3HgsOsN- Cer 43:0;04 -0.1
682.6356 Ca2HgaOsN- Cer 42:0;04 -0.2
692.6564 CasHgsOaN" ACer 44:0;02 or Cer 44:1;,03* -0.2
694.6357 Ca3Hg4aOsN- Cer 43:1;,04 -0.2
694.6721 CasHgg04N- Cer 44:0;03 -0.1
706.6721 CasHgsOaN- ACer 45:0;02 or Cer 45:1;03* -0.1
708.6514 CasHgsOsN™ | ACer 44:0;03 or Cer 44:1;04* -0.1
708.6877 CasHgo004N" Cer 45:0;03 -0.1
710.6671 Ca4HggOsN- Cer 44:0;04 -0.1
720.6878 Ca6Ho004N" | AcCer 46:0;02 or Cer 46:1;03* -0.1
722.6671 Cs5HgsOsN- ACer 45:0;03 or Cer 45:1;04* -0.1
722.7035 CasHo204N" Cer 46:0;03 0.0
724.6827 CasHgoOsN" Cer 45:0;04 0.0
734.7034 C47H9204N" ACer 47:0;02 or Cer 47:1;,03* 0.0
736.6827 Ca6H900sN™ | ACer 46:0;03 or Cer 46:1;04* 0.0
736.7192 Ca7H9404N" Cer 47:0;03 0.0
738.6985 CasH9205N" Cer 46:0;04 0.0
748.7189 CagHo404N™ | ACer 48:0;02 or Cer 48:1;03* -0.4
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750.6981 C47H9205N" ACer 47:0;03 or Cer 47:1;04* 0.0
750.7346 Cs8Ho604N" Cer 48:0;03 -0.3
752.7138 Ca7H940sN" Cer 47:0;,04 -0.3
764.7139 CagHo40sN" ACer 48:0;03 or Cer 48:1;04* 0.0
764.7502 Ca9HogO4N" Cer 49:0;03 -0.1
766.7295 CagHoeOsN" Cer 48:0;04 -0.2
778.7659 | CsoH10004N" Cer 50:0;03 -0.1

* Without further investigation we were unable to distinguish whether the

structure related to the ceramide or the acyl-ceramide.

Table S2.4. Tabulated output from the SIMS-MFP software (2) showing the putative

fatty acid assignments. The observed mass (m/z), chemical formula, molecular

assignment and mass deviation are documented. All assignments were compared

against the Lipid Maps Structural Database © (3) and/or verified manually from

previous literature.

Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment  Deviation
235.1704 C15H230;- FA 15:3 0
237.1861 C15H250,. FA 15:2 0
239.2017 C15H290,. FA 15:1 0.1
241.2174 C15H290,. FA 15:0 0.1
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249.1861 C16H2502- FA 16:3 0.3
251.2018 C16H270:. FA 16:2 0.3
255.2332 C16H3102- FA 16:0 0.5
263.2019 C17H2702- FA17:3 0.5
265.2175 C17H2902- FA 17:2 0.6
267.2332 C17H3102- FA17:1 0.6
269.2489 C17H330:- FA 17:0 0.7
277.2174 Ci8H2902- FA 18:3 0

279.2331 C18H3102- FA 18:2 0.1
281.2488 C18H3302- FA 18:1 0.2
283.2644 C18H3502- FA 18:0 0.1
291.2332 C19H310:. FA 19:3 0.4
293.2488 C19H3302- FA 19:2 -0.5
295.2642 C19H3502- FA 19:1 -0.5
297.2799 C19H3702- FA 19:0 -0.4
303.233 C20H3102- FA 20:4 -0.3
305.2487 C20H330,- FA 20:3 -0.2
307.2643 C20H3502- FA 20:2 -0.1
309.2799 C20H3702- FA 20:1 -0.1
311.2957 C20H3902- FA 20:0 0

319.2641 C21H3502- FA 21:3 -0.8
321.2798 C21H370:. FA 21:2 -0.7
323.2955 C21H3902- FA 21:1 -0.2
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325.3111 C21H4102- FA 21:0 -0.6
331.2642 C22H350,- FA 22:4 -0.4
333.2799 C22H3702- FA 22:3 -0.2
335.2956 C22H390,- FA 22:2 -0.2
337.3113 C22H410,- FA 22:1 -0.2
339.3267 C22H430,- FA 22:0 -0.9
349.3111 C23H4102- FA 23:2 -0.5
351.3268 C23H4302- FA 23:1 -0.5
353.3424 C23H4502- FA 23:0 -0.5
365.3423 C24H450,- FA 24:1 -0.9
367.3581 C24H470,- FA 24:0 -0.8
377.3424 CasHas50,- FA 25:2 -0.5
379.3581 C2sH4702- FA 25:1 -0.5
381.3737 Ca5H190,- FA 25:0 -0.6
391.3583 C26H4702- FA 26:2 -0.1
393.3739 C26H490,- FA 26:1 -0.1
395.3894 Ca26Hs5102- FA 26:0 -0.8
405.3738 C27H4902- FA 27:2 -0.4
407.3894 C27H5102- FA 27:1 -0.4
409.4051 Ca7Hs30,- FA 27:0 -0.5
419.3895 Ca28Hs510,- FA 28:2 0

421.4052 Ca28Hs30,- FA 28:1 -0.2
423.4208 C28Hs502- FA 28:0 -0.2
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433.405 C29H530:. FA 29:2 -0.3
435.4207 C29H550:. FA 29:1 -0.5
437.4364 C29Hs703- FA 29:0 -0.5
447.4208 C30Hs502- FA 30:2 -0.1
449.4365 C30Hs702- FA 30:1 -0.3
451.4521 C30Hs5902- FA 30:0 -0.3
463.4522 C31H590;. FA 31:1 0
465.4676 C31H6102- FA 31:0 -0.6

475.452 C32Hs5902- FA 32:2 -0.6
477.4676 C32H6102- FA 32:1 -0.5
479.4833 C32H6302- FA 32:0 -0.5

Table S2.5. Tabulated output from the SIMS-MFP software (2) showing the putative

amino acid assignments. The observed mass (m/z), chemical formula, molecular

assignment and mass deviation are documented. All assignments were compared

against the Lipid Maps Structural Database © (3) and/or verified manually from

previous literature.

Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment Deviation

118.0509 C4HgNO3 Threonine -0.3

128.0353 CsHeNOs™ | Pyroglutamic acid -0.5
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130.0872 CsH12NO2 Leucine -1.0
131.0825 CsH11N2Oy Ornithine -0.8
137.0355 CeHsN202" Urocanic acid -0.9
145.0981 CeH13N20y Lysine -1.0
154.0621 CeHsN3O2 Histidine -0.6
164.0716 CoH1oNOy Phenylalanine -0.6
173.1042 CsH13N4O> Arginine -1.0
180.0665 CgH10NO3" Tyrosine -0.6

Table S2.6. Tabulated output from the SIMS-MFP software (2) showing the putative
ceramide assignments in positive mode. The observed mass (m/z), chemical
formula, molecular assignment and mass deviation are documented. All
assignments were compared against the Lipid Maps Structural Database ® (3)

and/or verified manually from previous literature.

Observed Chemical Molecular Mass

Mass (m/z) Formula Assignment  Deviation

578.5131 C36HesOsN+ | Cer 36:3;03 2.0
638.6079 CaoHgoOsN+ | Cer 40:1;03 -0.4
666.6390 Ca2HgaOsN+ | Cer 42:1;04 -0.7
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Table S2.7. Tabulated output from the SIMS-MFP software (2) showing the putative
fatty acid assignments in positive mode. The observed mass (m/z), chemical
formula, molecular assignment and mass deviation are documented. All
assignments were compared against the Lipid Maps Structural Database © (3)

and/or verified manually from previous literature.

Observed Chemical Molecular Mass

Mass (m/z) Formula Assignment  Deviation

101.0597 CsHoO2+ FA5:1 0.0
115.0752 CeH1102+ FA6:1 1.5
115.0752 CeH1102+ FA6:1 1.5
255.2316 Ci6H3102+ FA 16:1 -1.0
257.2473 C16H3302+ FA 16:0 -0.8
281.2473 C18H3302+ FA 18:2 -0.7
283.2630 C18H3502+ FA 18:1 -0.5
297.2786 C19H3702+ FA19:1 0.6
307.2630 C20H3502+ FA 20:3 -0.5
309.2786 C20H3702+ FA 20:2 -0.6
311.2942 C20H3902+ FA 20:1 -0.8
323.2943 C21H3902+ FA 21:2 0.4
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Table S2.8. Tabulated output from the SIMS-MFP software (2) showing the putative
amino acid assignments in positive mode. The observed mass (m/z), chemical
formula, molecular assignment and mass deviation are documented. All
assignments were compared against the Lipid Maps Structural Database © (3)

and/or verified manually from previous literature.

Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment Deviation
130.0497 CsHsNOs,  |Pyroglutamic acid -1.3
132.1017 CeH1aNO2+ Leucine -1.6
133.0970 CsH13N202+ Ornithine -1.2
139.0500 CeH7N202+ Urocanic acid -1.2
147.1126 | CeH1sN,0,+ Lysine -1.4
156.0765 | CeH10N302+ Histidine -1.6
166.0860 CoH12NO2+ Phenylalanine -1.5
175.1187 | CeH15N4O24 Arginine -1.4
182.0810 CoH12NO34 Tyrosine -0.9
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Table S2.9. Ex vivo Human Skin Donor Information

Donor # Location Ethnicity
1 38 Abdomen Caucasian
2 53 Arm Caucasian
3 69 Abdomen Caucasian
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6.2 Chapter 3 Supporting Information

Supplementary Information Figures
Negative Polarity Spectrum of Wheat Leaf (100 - 800 m/z)
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Figure S1. OrbiSIMS negative polarity mass spectral replicate data showing the

differences between three separate Motown wheat leaves.
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Figure S2. OrbiSIMS negative polarity depth profile data showing the ion intensity

variation as function of ion dose/leaf depth for the putatively assigned

phospholipid species present within Motown wheat leaves.
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Figure S3. OrbiSIMS negative polarity depth profile data showing the ion intensity

variation as function of ion dose/leaf depth for the putatively assigned fatty acid

species present within Motown wheat leaves.
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Figure S4. OrbiSIMS negative polarity depth profile data showing the ion intensity
variation as function of ion dose/leaf depth for the putatively assigned aldehyde

species present within Motown wheat leaves.
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Figure S5. OrbiSIMS negative polarity depth profile data showing the ion intensity
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variation as function of ion dose/leaf depth for the putatively assigned amino acid

species present within Motown wheat leaves.
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Figure S6. OrbiSIMS negative polarity depth profile data showing the ion intensity
variation as function of ion dose/leaf depth for the putatively assigned flavone

species present within Motown wheat leaves.
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Figure S7. OrbiSIMS negative polarity depth profile data showing the ion intensity
variation as function of ion dose/leaf depth for the putatively assigned nucleic acid

species present within Motown wheat leaves.
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Figure S9. OrbiSIMS negative polarity depth profiles (a, b and c) replicated data

demonstrating the variation in ion intensity as a function of ion dose/leaf depth for

six compounds spanning six distinct compound classes. The compounds include FA

18:1 (C18H3302-), 2,4 nonanedione (CoH150;-), histidine (CsHgN302-), kaempferol

(C15H906-), niacin (CsHaNO;-), and uracil (C4H3N20,-).
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Supplementary Information Tables

Table S3.1. Comprehensive data from SIMS-MFP software displaying the putatively
assigned phospholipids. The dataset includes the observed mass (m/z), chemical
formula, molecular assignments and mass deviations. Each assignment was cross-

referenced against the Lipid Maps Structural Database and previous literature.

Observed Chemical Mass
Mass (m/z) Formula Deviation
198.9654 CsH4POg’ 2.6
296.9808 C11HePOsg" 0.9
219.0816 C12H1aNPO -1.3
379.0310 C12H1aNPO11” 0.1
429.0828 C17H20NPO10° -0.5
443.0986 C18H22NPO1¢° -0.2
473.1091 C39H75NPOg 0.4
563.1409 C22H30NPO14 -0.2
451.1416 C15H3409P3" -1.1
593.1517 C23H32NPO15 0.3
354.0701 Ci6H21P303" -2.3
564.1444 C23H35P301¢° -0.9

Table $3.2. Comprehensive data from SIMS-MFP software displaying the putatively

assigned fatty acid species. The dataset includes the observed mass (m/z), chemical
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formula, molecular assignments and mass deviations. Each assignment was cross-

referenced against the Lipid Maps Structural Database and previous literature.

Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment Deviation
241.2173 C15H2907 FA 15:0 0.1
255.2330 C16H310,- FA 16:0 0.2
267.2330 C17H3102- FA17:1 0.0
269.2485 C17H3302- FA17:0 -0.2
277.2172 C18H290,. FA 18:3 -0.4
279.2328 Ci1gH3102- FA 18:2 0.4
281.2485 C18H330,- FA 18:1 0.3
283.2644 C18H350,- FA 18:0 0.1
309.2799 C20H3702- FA 20:1 0.3
311.2955 C20H390>- FA 20:0 -0.1
353.3425 C23H4502- FA 23:0 -0.1
365.3424 C24H450,. FA 24:1 -0.1
367.3580 C24H470,- FA 24:0 -0.2
381.3738 Ca5Hag0,- FA 25:0 0.1
393.3739 Ca6Ha902- FA 26:1 0.3
395.3894 Ca26H5102- FA 26:0 -0.2
409.4051 Ca7Hs302- FA 27:0 0.1
421.4053 Ca8Hs530,. FA 28:1 0.4
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423.4209 CagHs502- FA 28:0 -0.4
437.4363 C9H570,. FA 29:0 -0.2
447.4208 C30H550,- FA 30:2 0.1
449.4365 C30H570,- FA 30:1 0.2
451.4521 C30H590- FA 30:0 0.2
465.4676 C31He102- FA 31:0 0.4
475.4519 C32H590,. FA 32:2 -0.3
477.4676 C32He10,- FA32:1 -0.0
479.4833 C32He30,- FA 32:0 -0.0
445.4051 C30He30,- FA 30:3 0.1
167.0350 CgH704. Vanillic acid -0.3
169.0142 C7Hs0s. Gallic acid -0.1
137.0244 C7Hs0s3. Salicylic acid -0.5
102.0560 C4HsNO2- | Aminobutyric 0.2

acid
153.0193 C7Hs04- Gentisic acid -0.2
117.0194 C4Hs04- Succinic acid 0.3
115.0401 CsH;0s. alpha- 0.1

Ketoisovaleric

acid
129.0193 CsHs04. Glutaconic -0.1

acid
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163.0400 CoH70s3- Phenylpyruvic 0.1
acid

205.0356 CgH130,5,. DL-a-Lipoic 3.0
Acid

135.0451 CsH70,- Phenylacetic 0.0
acid

Table $S3.3. Comprehensive data from SIMS-MFP software displaying the putatively
assigned aldehyde species. The dataset includes the observed mass (m/z), chemical
formula, molecular assignments and mass deviations. Each assignment was cross-

referenced against the Lipid Maps Structural Database and previous literature.

Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment Deviation
155.1076 CoH1502 Cis-6-nonenal -0.5
435.4571 C3oHs590" Triacontanal -0.1
379.3945 Ca6Hs510 Cyclohexane -0.1
405.4102 CasHs30° Octacosadienol 0.1
407.4259 Ca8Hs50° Hexacosanal 0.1
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501.5041 CasHesO" (9E,26E)- 0.2
pentatriaconta-9,26-
dien-18-one
529.5355 C37He90" 28- 0.2
Heptatriactontadien-
2-one
177.0407 CeHoO6 Gluconolactone 1.2
409.4415 Ca8Hs70° Octacosanol 0.1

Table S3.4. Comprehensive data from SIMS-MFP software displaying the putatively

assigned amino acid species. The dataset includes the observed mass (m/z),

chemical formula, molecular assignments and mass deviations. Each assignment

was cross-referenced against the Lipid Maps Structural Database and previous

literature.

Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment Deviation
130.0873 CeH12NO2 Leucine -0.6
154.0622 CeHsN3O2 Histidine 0.3
164.0717 CoH1oNOy Phenylalanine -0.0
203.0827 C11H11N20y Tryptophan 0.2
180.0665 CoH10NO3 Tyrosine -0.6
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130.0873 CeH12NO2 L-isoleucine -0.6
145.0982 CsH13N202 Lysine -0.3
131.0825 CsH11N20y Ornithine 0.5
128.0353 CsHeNO3 Pyroglutamic acid 0.1
104.0353 CsHNO3" Serine 0.0
145.0609 CsHgN203" Glutamine 0.6
131.0461 C4H7N,05" Asparagine 0.5
116.0718 CsH10NO> Valine 0.1
136.0403 CsHsNOy Salicylamide -0.5

Table S3.5. Comprehensive data from SIMS-MFP software displaying the putatively
assigned flavones species. The dataset includes the observed mass (m/z), chemical
formula, molecular assignments and mass deviations. Each assignment was cross-

referenced against the Lipid Maps Structural Database and previous literature.

Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment Deviation
447.0936 C21H19011" Cynaroside 0.6
461.1086 C22H21011 Peonidin-3-0O- -0.7
glucoside
301.1269 CisH9O7 Quercetin -0.0
609.1467 Ca7H29016 Rutin 0.9
163.1128 C11H150° Jasmone -0.1
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165.0557 CoHs03 Caffeyl-alcohol -0.4
285.0404 CisH9O6 Kaempferol 0.1
299.0561 Ci16H1106" Pratensin -0.1
269.0456 C15HgO5 Apigenin 0.2
271.0613 Ci5H1105 Naringenin 0.5
431.0987 C21H19010° Vitexin 0.8

Table $3.6. Comprehensive data from SIMS-MFP software displaying the putatively

assigned nucleic acids species. The dataset includes the observed mass (m/z),

chemical formula, molecular assignments and mass deviations. Each assignment

was cross-referenced against the Lipid Maps Structural Database and previous

literature.
Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment Deviation
111.0200 C4H3N202" Uracil 0.1
113.0357 C4HsN20y Hydrouracil 0.3
134.0472 CsHaNs Adenine -0.1
151.0250 CsH3N4O2 Xanthine -0.2
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Table S3.7. Comprehensive data from SIMS-MFP software displaying the putatively

assigned vitamin/sugar species. The dataset includes the observed mass (m/z),

chemical formula, molecular assignments and mass deviations. Each assignment

was cross-referenced against the Lipid Maps Structural Database and previous

literature.

Observed Chemical Molecular Mass
Mass (m/z) Formula Assignment Deviation
122.0247 CeHaNO2 Niacin -0.1
173.0093 CeHsO06" Dehydroascorbic 1.2
acid
166.0509 CsHgNOs Pyridoxal -0.3
161.0455 CsHoOs Levoglucosan -0.2
195.0511 CeH1107 Gluconic acid 0.7
221.0667 CsH1307 6-Acetyl-D- 0.2
glucose
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Supplementary Information- LC-MS

Table $3.8. Comprehensive data from LC-MS full recovery, displaying the total
recoveries (%) of cyproconazole (CCZ) in the donor compartment, skin wash, tape

strips, remaining skin and receptor fluid.

Total Recovery (%)

Replicates Donor Skin | Tape | Remaining | Receptor
Compartment | Wash | Strip | Skin Fluid
4hr R1 5.96 2.84 | 0.45 3.21 8.60
4hr R2 3.82 18.50 | 1.03 4.67 0.33
4hr R3 3.81 13.55 | 1.09 9.62 0.62
7hr R1 3.31 4.67 |0.43 11.23 0.43
7hr R2 6.15 431 082 |9.39 0.87
7hrR3 4.36 13.94 0.80 |6.81 1.29
24hr R1 17.45 5.61 | 1.44 14.80 1.05
24hr R2 21.11 571 | 1.73 19.21 2.72
24hr R3 8.56 14.79 | 3.65 5.47 0.11
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Figure S3.1.1. Comprehensive data from LC-MS full recovery, displaying the total
recoveries (%) of cyproconazole (CCZ) in the donor compartment, skin wash, tape

strips, remaining skin and receptor fluid.
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Figure S3.1.2. Comprehensive data from LC-MS full recovery, displaying the matrix

matched calibrations for cyproconazole (CCZ) in the donor compartment, skin

wash, tape strips, remaining skin and receptor fluid.
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